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Development of A Novel Dual-Layer Thick Ag Substrate for Surface-Enhanced Raman
Scattering (SERS) of Self-Assembled Monolayers
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A dual-layer, thick (70 nm) vapor-deposited Ag substrate has been developed that gives enhancement factors
on the order of 10for surface-enhanced Raman scattering (SERS) experiments. This substrate has a total
thickness of~70 nm but also has an outermost surface morphology that approximates that of a thin Ag
island film (AglF) substrate. This is accomplished using a dual overlayer/underlayer structure in which a
thick underlayer of 45-nm Ag is vapor-deposited onto a treated glass slide. This Ag underlayer is exposed to
ambient conditions under which the surface chemisorbs oxygen, leading to the thermodynamically favorable
formation of an active AgD interface. An overlayer of 25-nm Ag is vapor-deposited on top of this structure.
The first Ag/AgO underlayer produces an active interface that decreases the diffusion of the Ag atoms from
the second vapor-deposited overlayer, thereby forming Ag particles with shapes favorable for SERS
enhancement. Atomic force microscopy results show that the Ag overlayer particles have ideal shapes for
SERS enhancement with morphology comparable to thin, vapor-deposited AglFs. X-ray photoelectron
spectroscopy in the O(1s) region showed the presence of multiple forms of oxygen in the@gl/Aderlayer;

the main forms were identified as dissolved bulk oxygen and chemisorbed oxygen. Using self-assembled
monolayers (SAMs) of 1-dodecanethiol, a SERS intensity increase460% was obtained for this new
overlayer/underlayer Ag substrate when compared to SAMs formed on traditional thick Ag substrates.
Enhancement factors calculated from the Raman intensitsan6-1,2-bis(4-pyridyl)ethane showed a SERS
enhancement of approximately“for this new Ag/AgO/Ag substrate compared with the bulk. This compares
favorably with the SERS enhancements obtained using thin AglF substrates. The,B{8gsubstrates
showed reproducible SERS intensities (RSD0.45-5%). The mechanisms responsible for the overall
enhancement on this new substrate are proposed to be the ideal surface morphology of the Ag overlayer
particles as well as a combined enhanced electromagnetic field produced by both the@\giiterlayer

and the Ag overlayer.

Introduction As has been reviewed in detail elsewhere, two primary

Surface-enhanced Raman scattering (SERS) has emerged J@echanisms are believed to be_responsible for t_he SERS
a routine and powerful tool for the investigation and structural €nhancement: a long-rart§e? classical electromagnetic (EM)
characterization of interfaces and thin-film solid materials. The effect and a short-range chemical (CHEM) effédthese two
excellent sensitivity and selectivity of SERS allows for the Mechanisms contribute simultaneously to the overall enhance-
determination of chemical information from single monolayers Ment in various amounts with the EM mechanism proposed to
on planar surfaces and extends the possibilities of surfacecontribute the most¢10°) to the overall enhancement of the
vibrational spectroscopy to solve a wide array of chemical adsorbate while the CHEM mechanism is proposed to contribute
problems. Since the discovery of the SERS effect in the 1970s,2 Smaller amount~10—10?). . .
this phenomenon has matured into a widely used techriique. ~ The intensity enhancement attributed to the EM mechanism
Comprehensive reviews on the SERS phenomenon have beefs due primarily to a localized surface plasmon resonahtee
published that discuss the fundamental mechanisms responsiblé'iteria. for production of a surface plasmon depend on the
for the effect as well as its applicatiod8:12 Despite its recent ~ €Xcitation frequency and the dielectric constants of the surface.
popularity, SERS does have its limitations, including strict When excited v_wth visible light, the free-electron metals (i.e.,
requirements that must be met to achieve optimal enhancementAd; Au, Cu) fulfill the necessary surface plasmon requirements
One of these requirements involves the critical need for an idealPy having dielectric constants with a large negative real
surface morphology of the SERS metal substrate, a condition Component and a small imaginary compon€t. Therefore,
that is predicted from the long-range classical electromagnetic these metals are the substrates of choice for SERS experiments.
(EM) theory?13-15 Experimentally, the goal of achieving a For Ag, the real component of its dielectric constant gives an
reproducible surface morphology for a roughened metal surfaceOptimized local electric field for small, spherical Ag particles
can be quite challenging. This crucial limitation lends itself to With radii less than 25 nm when using visible excitatiéror

the need for reproducible and practical SERS-active substrates!his reason, Ag has become a popular SERS substrate.
" - In predicting the optimal SERS enhancement, the importance
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relationship between scattering intensity and the distance of theSERS substrates. Two papers have appeared that use these types
adsorbate from the surface, as well as the overall enhancéfment. of substrates; one dealt with the use of cold-deposited thick Ag
EM theory predicts that a range of Ag particles sizes (from rough films3° and the other discussed SERS-active thick films vapor-
Ag particles with radii less than 25 nm down to clusters of four deposited on top of polymer nanosphetes.
Ag atoms) can potentially be used to achieve high SERS In this paper, we describe the preparation of a thick Ag SERS
enhancemeri£2>26although a limitation to EM theory is that ~ substrate that has a total thickness~af0 nm but also has an
these calculations take into consideration only a single metal outermost surface morphology that approximates that of an ideal
particle with ideal shape. EM theory does not consider particle thin AglF. This is accomplished using a dual overlayer/
particle interactions, adsorbatadsorbate interactions, or in-  underlayer structure consisting of two distinct vapor-deposited
homogeneous patrticle size and shape distributions on the metalayers of Ag clusters separated by an active@g@xide layer
surface, conditions that exist on all SERS substrates and thatformed by chemisorption of ambient@at adheres to the first
contribute to SERS efficiency. Ag underlayer. We have characterized the formation of this
Many substrate preparation techniques exist that attempt tonOvel substrate using atomic force microscopy and X-ray
form metal surfaces consisting of an ideal SERS surface Photoelectron spectroscopy. Using this substrate, we studied the
morphology. The discovery of the SERS effect occurred on a SERS spectra of self-assembled monolayers (SAMs) of 1-dode-
Ag electrode that became SERS-active upon the roughening ofcanethiol. An intensity increase 0f400% was obtained for
the surface by oxidatioareduction cycles (ORC).Conse- this novel overlayer/underlayer Ag substrate compared to SAMs
quently, this is a popular method of substrate preparation andformed on traditional thick Ag §ubstrates. Enhanc.emer!t factqrs
achieves the highest SERS enhancement factors, although it igVere calculated from observation of the Raman signal intensity
a difficult method to reproduce and resuilts in the production of from adsorbed molecules tns-1,2-bis(4-pyridyl)ethene and
substrates with nonuniform, pitted surfaces. A widely used are about 18for this new substrate. Analysis of multiple
nonelectrochemical method of SERS substrate preparation isSamPles showed that the SERS intensity from SAMs adsorbed
the use of metal sols, which are prepared by chemically reducing©nto these new substrates is reproducible to with&%o.
a dilute solution of a metal salt. However, the experimental \jaterials and Methods
variables for producing colloidal dispersions are difficult to
control and this method is plagued by the aggregation of the
colloids into macroscopic particles. Other methods that attempt
to fabricate an ideal Ag surface morphology for SERS substrates
include laser ablation of metals by high-power laser pulées,
acid-etched Ag foils, roughened films prepared by Tollen’s
reagent, and photodeposited Ag films on anatase. 380

ReagentsWater was filtered and deionized using a Barnstead
Nanopure reverse osmosis/deionization system to a resistance
of 18.2 MQ. A Piranha solution consisting of 1:4 30%®}/
ACS reagent grade concentrategSay (J. T. Baker) was used
to clean all glassware. (3-Mercaptopropyl)trimethoxysilane
(97%) (MPS) (Alfa Aesar, Ward Hill, MA) and HPLC grade
] _ 2-propanol (J. T. Baker) were used for the pretreatment of the

Of all the methods discussed above, none have the potential \pstrate. Silver wire (100% purity) was obtained from SPI
f_or reproducibility and stab_il_ity like vapor-deposit_ed Ag_metal (West Chester, PA). 1-Dodecanethiol (98%) (Aldrich) and 200
films.2* The vapor deposition method results in a film of proof ethanol (Pharmco, Brookfield, CT) were used for the self-
discontinuous particles of ellipsoidal geometry. These silver assembly of molecular monolayers. A 20104 M solution
island films (AgIF) are more stable than metal sols and produce ¢ trans-1,2-bis(4-pyridyl)ethene (Aldrich) in HPLC grade
a surface of particles that are more uniform in shape than the athanol (J. T. Baker) was used to calculate the enhancement
electrochemical method. To obtain the optimal shape for the t5ctors. Al reagents were used as received.

Ag particles, the experimental variables of vapor deposition must  g,pstrate Preparation. Glass microscope slides (VWR
be controlled, which include proper substrate material, temper- Scientific; 25 mmx 75 mm) were used as the substrate. The
ature of the substrate during and following the deposition, total gjijes were cut to dimensions of 1.5 cm 1.5 cm. Visible
thickness of the film, and rate of depositi&hControl of these residue was wiped off of the surfaces of the cut slides which
variables results in surfaces of reproducible roughness featureSyere then immersed into a 1:4,8,/H,S0, (Piranha) solution
across a given metal film. Vapor-deposited substrates have theyt >~ 70 °c for about 15 min. The slides were then rinsed with
potential to selectively “tune” the electromagnetic properties .o stripped of visible surface water with a stream of &hd

of a surface for a given experimefftSERS EM theory predicts placed in an oven at-110 °C for 10 min. MPS application
relatively small enhancements-4—30) for smooth metal  fqj0wed published procedur8s.MPS was applied from a
surfaces? therefore, the total thickness for SERS-active vapor- boiling agueous alcohol solution. The silanization solution
deposited films has been kept to less than 10 nm. This thicknessygnsisted of 10 g MPS in 10 g2 + 400 g of 2-propanol.
limitation helps to maintain the ideal rough surface morphology Thjs solution was brought to a boil, and the clean, dry, cut slides
of ellipsoidal metal clusters. were immersed into this solution for 10 min. After 10 min, the

While thin, vapor-deposited Ag films have been successfully slides were carefully rinsed with 2-propanol and blown dry with
employed as SERS substrates, a thick metal film would be a gentle stream of N The slides were then placed into a drying
advantageous in Raman experiments for several reasons. (1) Aven (~110°C) to cure. This MPS application procedure was
thick film would allow the excitation radiation to avoid striking  carried out twice.
the underlying substrate, which generates unwanted background Formation of Vapor-Deposited Silver Island Films (AgIF).
in the spectrum (i.e., substrates are commonly glass slides, whictSilver vapor deposition was carried out in a conventional
have a characteristic Raman spectrum). (2) Thick films have vacuum deposition bell jar system equipped with a resistive
minimal specular reflectance from the reflecting laser beam heating evaporation apparatus. The clean, MPS treated slides
compared to traditional thin metal films. (3) The same metal were placed-~10 cm above a tungsten boat (SPI, West Chester,
film could be used for a dual experiment utilizing SERS and PA) containing silver wire. The chamber was evacuated to a
Infrared Reflectior-Absorption Spectroscopy (IRRAS) to gain  pressure<1 x 1078 Torr for silver deposition. A current of
a complete vibrational characterization of a given adsorbate. approximately 8.0 A vaporized the Ag. The typical deposition
Thick (>10 nm) metal films have not been frequently used as rate was~0.5 nm/sec (estimated).
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The total thickness of each film was monitored by ellipsom-
etry. Ellipsometric measurements were performed using a
multiangle Sentech SE 400 ellipsometer (Micro Photonics Inc., .
Allentown, PA). Each thickness measurement was the average = /" “v-_|
of at least three different spots per film and was reproducible -
in thickness to withint1l nm. The reproducibility for consecu-
tive films of the same thickness also varied within 2-nm total
thickness (RSD is less thah3%). The average total thickness
was divided by the total time of the evaporation to estimate a
deposition time. The reproducibility of this method was proven
through SERS activities and AFM measurements of each film.

Self-Assembly of 1-DodecanethiollThe AglIF surfaces were
immersed in a 15 mM 1-dodecanethiol solution in 100% ethanol
for at least 12 h to allow the self-assembled monolayers to form.
These surfaces were then removed from the solution, rinsedFigure 1. (A) A representative AFM image with corresponding line
carefully with copious amounts of 100% ethanol, and allowed scan plot of the traditional thick Ag island film (AgIF) substrate (45-

0 nm

to completely air-drv before analysis took place. nm thick). (B) A represgntative AFM image with corresponding line
F.) y . y Y P scan plot from the AFM image of the overlayer/underlayer Ag substrate
Atomic Force Microscopy MeasurementsThe AgIF sur- (total 70-nm thick). Ag substrates were prepared at room temperature

faces were profiled using a Nanoscope Il (Digital Instruments, with a deposition rate-0.5 nm s*.

Santa Barbara, CA) atomic force microscope. The images

described in this article were obtained using constant-force GRAMS/32 (Galactic Industries, Salem, NH) software package.
mode, where the piezo moved the sample to keep the cantilevercCD spike removal was accomplished using a statistical
deflection signal essentially constant. The cantilevers were 115approach for identification of spurious signéfghis algorithm

um in length with SiNg tips, and the backsides were coated was adapted in our laboratory for the Grams/32 environment.
with Au to reflect the laser beam used to monitor the deflection. The SERS spectra presented here have not been smoothed.
The spring constant of the tips was 0.58 N/m. All images

presented in this article represent raw data obtained in air. Results and Discussion

Topographical roughness profiles were extracted from digital
image data using a postacquisition line section analysis program

X-ray Photoelectron Spectroscopy (XPS)XPS spectra were

Characterization of Ag Overlayer/Underlayer Substrates
‘by Atomic Force Microscopy. We have constructed a thick
; i Ag substrate consisting of an overlayer/underlayer structure
collected using an unmonochromatized X-ray source (VG \gnor.deposited onto glass. The initial step in creation of this
Scientific) and hemispherical analyzer (Leybelderaeus) g pgirate involved producing the underlayer structure by vapor
mounted in an ultrahigh vacuum chamber (UHV) with a base depositing a Ag layer of-45-nm thickness onto MPS-treated

pressure of 1x 10 Torr, maintained with an ion pump and 4555 sfides. Once this initial Ag deposition was complete, the
cryopump. The sample was placed into the chamber by iy was removed from vacuum and allowed to sit under

introduction into an antechamber under an atmosphere of highampient conditions for at least 12 h. After this time period, the
purity argon (BOC). After pumping away the argon and reaching i was placed back into the bell jar system and a second layer
UHV pressures, the sample was transferred into the main ot ag (25-nm thick) was deposited onto the first layer to create
chamber for analysis. XPS spectra were obtained usingeAl K e “gyerlayer. Both depositions followed the experimental
X-rays (1486.362 eV). The gold 4 peak (83.98 eV) was used  qnitions described in the Materials and Methods section. After
for calibration: the overlayer was complete, the film was removed from vacuum
Surface-Enhanced Raman ScatteringThe Raman instru-  and immediately used for the self-assembly of alkanethiol
ment used in these experiments consisted of an ISA 50@M  monolayers.
monochromator equipped with a Spectrum One CCD2000 The substrates created by this dual-step vapor deposition
charge-couple device detector (Instruments SA, Edison, NJ). process were characterized using atomic force microscopy. AFM
The CCD chip (SITe ST-005A) was 2000800 pixels in size,  has been shown to be a powerful tool in determining morpho-
back-illuminated, with an individual pixel size of AB. The logical properties of Ag island films (AgIF). In particular, a
detector was Litcooled to a temperature 6f140°C and back-  correlation has been demonstrated between the Ag island particle
thinned, resulting in a QE of 85% at 550 nm. The grating used shape and the requirements for optimal SERS enhancement as
in the spectrometer had 1200 grooves/mm with a blaze predicted by EM theor§? A parameter called the shape factor,
wavelength of 750 nm. The slit widths used in the experiments R = p/a, was introduced, which is defined as the ratio of the
were typically 0.30 mm. semiminor axis (particle height b) to the semimajor axis
The optical interface used for the collection of the surface- (particle diameter= a). The shape factor identifies a given
enhanced Raman spectra has been described in detail elseparticle as prolateR > 1), oblate R < 1), or sphericalR =
where3? The excitation was incident on the sample at an angle 1). The larger the departure from a spherical shape, the stronger
of 60° and was produced by the 514.5-nm line of a Coherent the local electric field [, ) will be and hence the more SERS
Radiation Innova 300 Series Ataser. The typical laser power active the particlé® The shape factofR, successfully relates
at the sample was 150 mW with an average spot size @80  the optical properties (i.e., plasmon resonance frequency) of thin,
in diameter. The scattered radiation was collected at the surfacevapor-deposited AglF substrates to their SERS activities. The
normal through an optical interface designed in our3f@b. optimum Ag thickness providing the greatest SERS enhance-
Integration times were typically 60 s with 5 coadds. For the ment was shown to be 8 nm because of the oblate naRure (
trans-1,2-bis(4-pyridyl)ethene (BPE) experiments, a single 0.36) of the Ag particled?
spectrum was collected ugjra 5 sintegration time. Baseline We have analyzed the nature of the new dual overlayer/
correction and spectral averaging were accomplished using theunderlayer Ag substrate using AFM. Figure 1A shows a
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TABLE 1: Particle Size and Shape Properties for a Thick values differ slightly, a comparison of our current results with

(S45t;nm) AgASl/JRStg/tAe ar;d for ag Ovlerlay/ir/UnderI%yeq _ the previous study of thin AglFs for SERS substrates produces
ubstrate (AQIAGOIAG, 25-nm Overlayer/45-nm underlayer; some striking similarities. In particular, particles for the new

70-nm Total Thickness
f overlayer/underlayer Ag substrate are oblate and well separated,

substrate thickness particle size (nm) leading to a surface that has an optimal shape for SERS
(nm) a b R=bla enhancement. The AFM data indicate that the new thick (70-
45 68.94+21.3 79452  0.114+0.04 nm) overlayer/underlayer Ag substrate described here has a
70 31.5+6.7 6.7+1.9  0.21+0.03 similar outermost surface morphology to that of a traditional
a Particle sizes values are reported as mea®SD for 30 individual thin (<10-nm) AgIF substrate that exhibited maximal SERS
Ag particles obtained from AFM images. enhancement.

Formation of 1-Dodecanethiol Self-Assembled Monolayer

: X . o Films. Self-assembled monolayers have received a great deal
deposited film (45-nm total thickness), while Figure 1B shows ¢ atention in the literature because of their use in applications

a substrate prepared by our dual overlayer/underlayer Ag ranging from biosensors and protective layers to surface and

deposition technique (70-nm total thickness). Itis clear from gjecirode modificatiod? 1-Dodecanethiol adsorbed to a rough-
these images that the particles in the image of the dual overlayer/g o4 silver surface has been widely used as a model sj3#8m.
underlayer Ag substrate are smaller, more uniform, and more g 4jkanethiol SAM has been studied and characterized using

isolgted tha_n the trad_itional thick surface. . . SERS?5 Therefore, for comparison with this previous work in

Line section gnalyss was performed on these images 0 gaiNhe Jiterature, self-assembled monolayers of 1-dodecanethiol
further |n3|_ght into the topography of these _s_ubstrates. F|g_ure were selected as the model system to study using the new
1A shows line section analysis data for a traditional 45-nm thick overlayer/underlayer Ag substrate

Ag substrate. The surface in Figure 1A is very nonuniform with Figure 2 shows representative SERS spectra of 1-dode-

particles that are fairly large in diameter because of the ; . i
coalescence of individual particles. The spaces between thecane'[hIOI SAMs adsorbed onto two different Ag substrates: a

particles create smooth valleys of small overlapped particles tradolltlonzl ;15-nm thick Agll SUb/Strzteland adthlck .,?g SUbSttrr]atg
with no distinguishable shape. This is a typical morphological producead Irom our overiayerunderiayer deposition method.

representation of a thick metal substrate. In contrast, Figure 1B F|gurte 2A.af ihg\’\:js the(Ct;.Hl) stret(zlrgng re:[%!oz K] tlklle '?AERSS/N
shows the line section analysis for a substrate prepared usin pectrum ot 1-dodecanetniol on a #5-nm thick AgiF. The

the overlayer/underlayer Ag technique with a total thickness of c;rjggSszymmf_tniTzezthg_lene SZIELOMCFZ) tlr? FS'%UF;Z 1A (61)
70 nm. The line section illustrates that the Ag particles in this a cmeis - mlgure 2A.D1S a1so the spectrum

new substrate are indeed smaller, more separated, and hencgf 1-dodecanethiol but adsorbed onto the roughened silver

create a more uniform surface. While the dual-layer substrate ;urface produced by the new overlayer/underiayer vapcljr deposi-
illustrated in Figure 1B does contain some large coalesced [N Process. The S/N ratio for the(CH,) at~2852 cnm” on

particles such as the thick surface, the number of these particlesth'sf sur_face I$-420. _Flgure 2B presents the same SERS spectra
is much smaller than in the traditional thick surface. as in Figure 2A but in the low wavenumber region centered on

The shape factdR was calculated for both of these substrates f[he v(C—C) stretching bands at 1100 cfn Flgure ZB..a .
in a manner similar to that previously descrif&dnd the data |IIu§trates the SERS spectrum for a.l-dc.)decanthloll SAM in this
is reported in Table 1. The determination of the shape factor region for the 45-nm thick AgIF, while Figure 2B.b is the same
helps to quantify the images in Figure 1. The particle diameters SAM but adsorbed on the new over!a_lyer/underlayer AgIF
and heights reported in Table 1 were determined from the line substrate. A comparison Qf the intensities of the wo SE.RS
section graphs of each substrate; these numbers are the meapPectra of 1-dodecane_th|ol n _these two spectral regions
+ standard deviation for 30 particles in the field of view. To demonstrates.a SERS intensity increase of at least 400% for
ensure a representative sampling, at least three random ”nel-dodecanethlol SAMSs on th'e. new qverlayer/underlayer Ag
sections were obtained to allow the selection of a minimum of SuPstrate compared tq a tr§d|t|onal thick Ag supstrate.

30 part|c|es Therefore’ ﬂ‘@va'ues in Table 1 are a|so presented The structure and orientation Of 1'd0decaneth|0| SAMS have
as meant standard deviation for a minimum of 30 particles. been studied using SERS on roughened Ag surféii@scause

For the traditional thick Ag substrate, our value R 0.1 of the shorter chain length, SAMs of 1-dodecanethiol possess
is consistent with the shape factor previously calculated for a & higher degree of gauche conformers as compared to the SAMs
relatively thick 16-nm film that exhibited reduced SERS O©f the other longer chain alkanethiols. The proposed orientation
enhancemeﬁe This observation agrees with the proposed theory of 1-dodecanethiol allows the-€S bond and the €C backbone
that as the surface becomes thicklQ nm) the Ag particles  tO be mostly perpendicular to the surface with the plane of the
exhibit increased particteparticle interactions; the coalescence carbon backbone tilted-15°. The wavenumber position and
of the partides causes an increase in grain size and hence éntensity of the vibrational bands of the 1-dodecanethiol SAMs
smoothing of the surfacs.A smooth, thick surface will be ~ Presented in Figure 2A.b and Figure 2B.b agree with the
Comprised of these |arge, Ob|ate’ |ayered partic|es that are notpreViOUS SERS resulfé.TherefOI’e, the molecular structure and
optimal for SERS enhancement. orientation for 1-dodecanethiol SAMs adsorbed on the new

An R value of 0.21 was calculated for the 70-nm overlayer/ Overlayer/underlayer Ag substrate are likely to be similar to
underlayer substrate (Table 1). The particle diameters andl-dodecanethiol SAMs formed on thin AgIF substrates.
heights of the new overlayer/underlayer substrate agree with Optimal Ag Overlayer/Underlayer Thickness/Calculation
previously published data for particles in an 8-nm thin AglF of Enhancement Factors (EF).In developing the new over-
substrate that showed maximum SERS enhancement. Thdayer/underlayer Ag substrate, we have examined the optimum
calculated shape factor for the new overlayer/underlayer Ag thickness for both underlayer and overlayer that lead to the
substrate R = 0.21), however, is somewhat smaller than the maximum SERS enhancements. In one such study, we analyzed
one previously calculatedR(= 0.36) for the 8-nm thin Ag film the variation in SERS enhancement as a function of thickness
that exhibited the best SERS enhanceniertlthough theR for a traditional thick Ag substrate. In this experiment, 1-dode-

representative AFM image of a traditional thick Ag vapor-
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Figure 3. Intensity variation of the SERS 2852 cfsymmetric
methylene vibrational band(CH,), from 1-dodecanethiol SAMs as

a function of the increasing thickness of a traditional thick Ag substrate.
Y-axis error bars report the meanRSD for the SERS band intensity.
Raman Shift, cm-! X-axis error bars reflect the meanRSD for the overall thickness of
each film as analyzed by ellipsometry.
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b B among different samples. To do this, we monitored the band
height from the center-of-gravity calculated peak position to
the zero baseline for the 2852 chwibration. Three different
samples of the same thickness with three different spots per
sample were analyzed by SERS. The mean and standard
deviations of the observed SERS intensity for each Ag thickness
were calculated and reported as error bars alony {fRaman
intensity) axis in Figure 3. The thickness of each Ag substrate
was measured by ellipsometry. For th@Ag substrate thickness)
axis in Figure 3, the error bars demonstrate the vapor deposition
procedure (as monitored by ellipsometry) produces highly
reproducible, thick Ag substrates (RSD for substrate thickness
less thant3.5%). In contrast to the reproducibility of the Ag
a thickness, Figure 3 shows that the SERS intensities measured
from the 2852 cm! band of 1-dodecanethiol SAMs are not
highly reproducible for a thick Ag substrate. The relative
Raman Shift, cm! standard deviations for the SERS intensity varied feaf?%
Figure 2. (A) SERS spectrum in the(C—H) stretching region for a for a 10-nm thick Ag substrate t:28% for the 24-nm thick
l-dodecar_lethiol SAM adsorbed (a) onto a traditional thick Ag substrate Ag substrate and=17% for the 45-nm Ag substrate.
(45-nm thick) or (b) onto the overlayer/underlayer Ag substrate (total To determine the Ag overlayer thickness that provides a

70-nm thick). (B) SERS spectrum in tméC—C) stretching region for .
a 1-dodecanethiol SAM adsorbed (a) onto a traditional thick Ag film Maximal SERS enhancement for the overlayer/underlayer

(45-nm thick) or (b) onto the overlayer/underlayer Ag substrate (total Substrate, samples having a thick underlayer of 45-nm Ag were
70-nm thick). prepared and allowed to oxidize in ambient conditions for 12

h. These surfaces were then placed back into the vacuum
canethiol SAMs were adsorbed onto thick vapor-deposited Ag apparatus and samples were prepared with vapor-deposited Ag
substrates and the variations in SERS activities for theHC overlayers of varying thickness. SAMs of 1-dodecanethiol were
band at 2852 cm were monitored. This particular vibration formed on the resulting overlayer/underlayer Ag substrates and
was chosen for comparison among different samples since itsthe SERS intensities were determined for these samples. Figure
intensity is not affected by changes in orientation like the 4 shows the results of this study. In contrast to Figure 3, a
v(C—S), »(C—C), or thev(CHs) methyl group band® There- definite pattern is shown for the SERS intensity of the 2852
fore, this vibrational mode will not change intensity for slight cm™ band as a function of overlayer thickness. The optimal
reordering within the SAM but rather will be a reliable indicator intensity is for an overlayer with thickness equal to 24 nm with
of the SERS enhancement of the underlying substrate. an RSD of less than 5%, while overlayer thickness either greater

Figure 3 demonstrates that no real pattern for SERS enhanceor less than 24 nm produced decreased SERS intensity. The
ment is observed for a traditional thick Ag substrate as the Ag thinnest overlayer studied (10 nm) not only had reduced SERS
thickness increases. Upon repeated experiments, we observeihtensities but also had the largest RSD for the measured
that a 45-nm thick film gave, on the average, the strongest SERSintensities at~20%.
enhancements of the thick Ag substrates studied. As discussed A possible explanation for the pattern of SERS intensities
above, none of these substrates are expected to demonstratebserved in Figure 4 involves the “filling in” of the nonuniform
strong SERS enhancement because of the morphology of theirfeatures of the 45-nm Ag underlayer. A 10-nm Ag underlayer
surface Ag particles. AFM showed that these thick Ag substratesis too thin to cover all the nonuniform morphological features
are comprised of a vast array of large, oblate particles that haveof the underlayer; therefore, the underlayer morphology still
overlapped and coalesced (see, e.g., Figure 1A). primarily influences the SERS intensity for this substrate. At

In the studies reported in this section, we endeavored to createan overlayer thickness of 24 nm, however, the underlayer texture
reproducible procedures for monitoring SERS enhancementsis sufficiently covered by overlayer Ag so that it is the overlayer
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_ 8000 the traditional thick Ag film as well as the overlayer/underlayer
'g Ag substrate. BPE was chosen for its high Raman scattering
¢y 7000 | cross section, its nonresonant enhancement in the visible region,
X { and its ability to bind efficiently to a Ag surface. The EF is
® 6000 - defined as the ratio of the adsorbate’s SERS intensity to its bulk,
%‘ normal Raman intensity, that iI§p)surfacél ()ouk. Each of these
& 5000 - intensities has been normalized for the effects of surface versus
£ b volume number density for the molecules observed. For this
§ 4000 - experiment, the laser power and the integration time remained
8 ® constant for both bulk and surface analysis. We compared the
3000 : . . . SERS intensity of the 1200 crhband for this molecular probe
0 10 20 30 40 50 because of this band’s relative insensitivity to molecular
Ag Overlayer Thickness (nm) orientation?® The combination of the surface coverage of BPE

Figure 4. Intensity variation of the SERS 2852 cinsymmetric and the area probed by the laser excitation spot resulte@.idl
methylene vibrational bandy(CH,), from 1-dodecanethiol SAMs ~ x 10° BPE molecules analyzed on each Ag substrate. For the
adsorbed onto Ag overlayers of increasing thickness on top of a constantbulk solution experiments, the number density probed by the
thickness (45-nm) Ag underlaye¥-axis error bars report the mean laser spot was-1.28 x 10'* molecules. The SERS intensity of
RSD for the SERS band int_ensity.-axis error ba_rs reflect the mean e 1200 cm? band of BPE on the overlayer/underlayer Ag
+ RSD for the overall thickness of each film as analyzed by geometry was 2000 counts’s on the traditional thick Ag

ellipsometry. substrate it was 100 countssand for a 2.0x 1074 M bulk
8000 solution the Raman intensity was 75 count$. his leads to
F‘g 7000 | an EF of 1.13x 10* for the new overlayer/underlayer Ag
X % substrate at 514.5 nm compared with an EF of 56X for
@ 6000 1 the BPE adsorbed onto the traditional thick Ag substrate. The
® 5000 % value of 1@ for the overlayer/underlayer Ag substrate agrees
%‘ with the EFs previously calculated for adsorbates on thin, vapor-
§ 4000 1 deposited AglIF substrates in the visible regtef.
E 3000 - & Chemisorption qf O, onto the Ag Ur_u_:lerlayer. Our _
g 2000 . hypothesis for the increased SERS intensities observed using
S . the overlayer/underlayer Ag substrate postulates an intermediate
1000 - , , : : step involving the 45-nm vapor-deposited Ag underlayer. It is
0 1 20 30 40 50 60 presumed that the thick Ag underlayer will immediately
Ag Underlayer Thickness (nm) physisorb oxygen upon its removal from the vacuum deposition

Figure 5. Intensity variation of the SERS 2852 cinsymmetric apparatus. If exposed to ambient conditions, the thick Ag

methylene vibrational bandy(CH,), from 1-dodecanethiol SAMs  substrate will become passivated by a monolayer of chemisorbed

adsorbed onto a constant thickness (24-nm) Ag overlayer as the Agoxygen, forming a surface layer of AQ. It is upon this Ag/

Ensdgrflay?rr] thécllgggsz W%S.Vf‘”e\‘.”t;"is error bak;s repof:t ”t"i‘hmean Ag,0 underlayer that the second overlayer of Ag is deposited.
or the and Intensitk-axis error pars refriec e mean . .

+ RSD for the overall thickness of each film as analyzed by Because of the morphology of the underlyln.g thlck Ag.under-

ellipsometry. layer substrate and the presence of an active oxide interface,

the Ag particles of the second layer will be trapped into smaller

structure that controls SERS intensity. In addition, the 24-nm Particle diameters by a decrease in their rate of diffusion and
overlayer Ag particles are likely hindered from diffusion because coalescence. These overlayer Ag particles can then form a
of the underlayer morphology and the presence of interlayer surface morphology similar to that' of a 'Frfadltlonal thin AglF
Ag-O (described in more detail in the next section). This leads that allows for enhanced SERS intensities. The AFM data
to a surface that has a more ideal shape for SERS activity. ForPresented in Figure 1B support this interpretation.
thicker overlayers, the intensity drops because the number of ~This interpretation is also supported by previous studies of
atoms coming to the surface increases and allows the overlayeithe interaction of oxygen with Ag particles via chemisorptién.
to coalesce and take on the appearance of a traditional thickThese studies concluded that Ag nanoparticles are chemically
Ag substrate. active on the surface and can interact with the oxygen in ambient

We have confirmed that the optimal Ag thickness for the air first by physisorption and then by chemisorption.
overlayer/underlayer substrate is approximately 45 nm/24 nm  The role that @Qadsorption plays in the formation of a SERS
by holding the Ag overlayer thickness constant at 24 nm while active Ag overlayer/underlayer substrate can be illustrated. An
varying the thickness of the Ag underlayer substrate (Figure experiment was performed in which both Ag underlayer and
5). These data clearly indicate a definite dependence of theoverlayer were deposited as usual, but vacuum was never
SERS intensity for the overlayer/underlayer substrate on the Agbroken. Thus, the thick Ag underlayer was never exposed to
underlayer thickness. There is a remarkable sensitivity to the ambient conditions. In this experiment, a 45-nm thick Ag
thickness dependence of the underlayer. Although increasingsubstrate underlayer was vapor-deposited onto a glass slide and
the thickness of the Ag underlayer from 10 to 45 nm results in left in the vacuum deposition apparatus overnight. After 12 h,
an increase of~400% in overall SERS intensity for the a24-nm Ag overlayer was deposited onto the underlayer. After
combined overlayer/underlayer substrate, a further increase inremoval from the vacuum system, 1-dodecanethiol SAMs were
the thickness from 45 to 50 nm results in a dramatic decreaseprepared and SERS spectra of these monolayers were acquired.
of ~60% in the observed SERS intensity. The intensities of the SERS bands for this nonoxidized

The molecular probérans-1,2-bis(4-pyridyl)ethene (BPE)  overlayer/underlayer Ag substrate were weak (data not shown)
was used to calculate the SERS enhancement factor (EF) forand resembled the intensities obtained for a traditional thick
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Ag (3d) samples. For the thick Ag underlayer substrate analyzed
A immediately upon removal from the vacuum deposition ap-
paratus (Figure 7A), several XPS bands are seen. The main peak
-mew ¢ (1s) in this spectrum appears 634 eV and is assigned to oxygen
in the bulk metal. A broad shoulder is seen at lower eV that
likely consists of two additional bands, one 630.4 eV
because of chemisorbed surface oxygen and a shouldér3it

eV because of residual oxygen contamination. This interpretation

Normalized Intensity

B

W is made somewhat tentatively since we are using a rough

| substrate morphology compared to the Ag(111) single crystal

600 500 400 300 used to collect the standard XPS speéfr# Nonetheless, it is

Binding Energy (eV) clear from Figure 7 that several forms of oxygen are present in

Figure 6. (A) XPS spectra of a thick 45-nm Ag substrate analyzed the Ag underlayer substrate.

immediately after vapor deposition. (B) XPS data of a thick 45-nm Ag A slight increase in the intensity of the O(1s) region resulted

substrate analyzed after the substrate had remained in ambient condiin the Ag underlayer substrate that remained in ambient

tions for approximately 12 h. conditions for 12 h (Figure 7B). This spectrum indicates that
the Ag substrate can undergo a slight further oxidation with

250011 B time, even though the surface appears passivated loyr€xtly
2000 upon removal from the vacuum deposition apparatus (Figure

7A). The main difference in the XPS spectra of the two Ag
1500 A underlayer substrates is in the534 eV band, which is
associated with dissolved bulk oxygen. This is consistent with
the diffusion of the metal clusters on the surface, in which
500 physisorbed oxygen can rearrange and diffuse into the bulk
metal with time.

Intensity

1000

0
Evidence for a Combined Enhanced Electric Field from
540 538 536 534 532 530 528 the Underlayer (Ag/Ag:0) and the Overlayer (Ag). As
Binding Energy (V) described above, the hypothesis for the increased SERS intensity

Figure 7. (A) XPS data in the O(1s) region of a thick 45-nm Ag  observed using the overlayer/underlayer Ag/B{\g substrate
substrate analyzed immediately after vapor deposition. (B) XPS data postulates the presence of an intermediateQA\gyer between

in the O(1s) region of a thick 45-nm Ag substrate analyzed after the 1o Ag overlayer and Ag underlayer. As the XPS data demon-
substrate had remained in ambient conditions for approximately 12 h. strates, the thick Ag underlayer substrate does become passivated

Ag substrate (see Figure 2A.a and Figure 2B.a). These resultsby chemisorbed oxygen, forming 'a surface layer ob®g
demonstrate that the presence of an oxidized Ag interface is W& Propose that the mechanism for the observed SERS

necessary for the enhanced SERS intensities observed in thé-:nhancement includes a contribution from a combined electric
Ag/Ag,O/Ag substrate. field arising from both the Ag/AgD underlayer as well as the

Ag overlayer. This E-field enhancement mechanism is similar
to that previously described for a sandwich-type SERS substrate

(XPS) was used to identify the constituents that adsorbed to N Which the overlayer was deposited on top of the sarfiple.
the underlayer surface after the substrate was removed from!he combined electric field mechanism rests on two assump-

vacuum. Previous XPS studies have discussed the oxidation offions: (1) that the two layers are separated by a surface oxide
Ag(111) under various conditiori28 the band positions we layer and (2) that the difference in morphology between the

report are based on the assignments made in these studies. O@urfaces is significant. The XPS data in the O(1s) region (Figure
XPS spectra (Figures 6 and 7) compare well with reference /) SUPPort the presence of a surface oxide layer, and hence, the
spectr& and show the presence of a clean Ag substrate with fi'St assumption. The AFM images shown in Figure 1 support
0, and C being the only contaminants present. the second assumption, that is, that the thick 45-nm Ag
XPS spectra were obtained of two different 45-nm thick Ag underlayer and the overall 70-nm overlayer/underlayer substrate

substrates after vapor deposition. The first substrate was a Aghave different surface morphologies.
underlayer removed immediately from the vacuum apparatus If the Ag underlayer is truly passivated by an oxide layer
and placed into the ultrahigh vacuum (UHV) apparatus for XPS and has a morphology that is determined and fixed prior to the
analysis (Figure 6A). The other sample was a Ag underlayer formation of the Ag overlayer, then the two Ag surfaces could
that had been removed from vacuum and allowed to sit in the act as individual entities that give rise to separate electric fields.
ambient environment for 12 h (Figure 6B). Figure 6 shows that Under these circumstances, a mutual coupling of electromagnetic
both substrates are spectroscopically similar with the only waves from the EM fields produced by both metal surfaces could
difference being a slight increase in the intensity of thea@d give rise to the observed SERS enhancement of the analyte from
C bands for the film left out in ambient conditions. We attribute the combined electric field produced by the two interfaces.
the trace amounts of C in Figure 6A to carbon residue from the  To test this hypothesis, an experiment was performed in which
oil-based diffusion pump of the vapor depositor. The slight a 45-nm thick Ag underlayer substrate was prepared using
increase in the 272 eV C band in Figure 6B results from environ- standard vapor deposition conditions. After oxidization of the
mental contamination after exposure to ambient conditions.  Ag in ambient conditions, an overlayer of 24-nm Au was vapor-
The O(1s) region was analyzed to determine the different deposited onto the surface of the Agh&underlayer. The final
forms of oxygen present in the Ag underlayer. Figure 7 shows Ag/Ag,O/Au substrate resembles the overlayer/underlayer
the O(1s) region in the XPS spectra of the two thick Ag Ag/Ag,O/Ag substrate described in this article but with some
substrates; this region appears as a broad doublet for bothsignificant differences. Au has similar lattice constants as Ag,

Characterization of the Ag/Ag,O Surface Using X-ray
Photoelectron SpectroscopyX-ray photoelectron spectroscopy
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200 chemisorbed AgD on Ag (Ag/AgO/Ag). The total thickness

of this substrate is~70 nm. Raman intensity increases of
~400% for 1-dodecanethiol SAMs are achieved using this
150 substrate when compared to traditional thick Ag films. Relative
to the bulk phase, the SERS enhancement factor calculated for
this new substrate is approximately*if magnitude, which is

1004 comparable to the SERS intensity enhancements achieved using
thin, vapor-deposited AglFs. AFM results show that the
outermost Ag overlayer particles have ideal shapes for SERS
507 enhancement with morphology comparable to the thin, vapor-
deposited AglFs that have been previously shown to give
maximal SERS response. XPS data showed that surface of the
Ag/Ag,0 underlayer was clean and identified the source of the
trace contaminants to be oxygen and carbon. Investigation of
the XPS O(1s) region showed the presence of multiple forms
2750 2800 2850 2000 2050 3000 3050 of oxygen in the Ag/AgO underlayer; the main forms were
identified as dissolved bulk oxygen as well as chemisorbed
oxygen.

Raman Intensity, CCD Counts

Raman Shift, cm-!

Figure 8. SERS spectrum of the(C—H) stretching region of a _
1-dodecanethiol SAM adsorbed onto a dual overlayer/underlayer These new dual-layer substrates are easy to produce and

substrate constructed of an underlayer of 45-nm Ag and an overlayer ONSist of a uniform surface that leads to more reproducible
of 24-nm Au (Ag/AgO/Au). Excitation wavelength 514.5 nm, 150 mw  SERS intensities for the Ag/A@/Ag substrate (RSB- 0.45-
laser power, 60 s integration time with 10 coadds. 5%) compared to traditional thick Ag films (RSB 12—28%).

The Raman intensity enhancements achieved on this new
so the vapor deposition of an overlayer of Au should mimic substrate are believed to be the result of ideal morphology of
the morphology of the Ag overlayer, with the exception that the Ag particles on the overlayer surface as well as a combined
the Au atoms will not be affected by the surface oxide. In electric field effect produced from the Ag/AQ underlayer and
addition, Au is not SERS active using 514.5-nm excitation. Ag overlayer surfaces.

Therefore, no electric field, and hence no SERS enhancement,

should arise from the Au overlayer. Under these circumstances, Acknowledgment. We would like to thank Dr. Brian W.

any SERS enhancement that is observed must originate fromGregory and Dr. John L. Stickney for many helpful discussions.
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