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Abstract

The wide plasmonic tuning range of nanotriangle and nanohole array patterns fabricated by
nanosphere lithography makes them promising in surface-enhanced Raman scattering (SERS)
sensors. Unfortunately, it is challenging to optimize these patterns for SERS sensing because their
optical response is a complex mixture of localized and propagating surface plasmons. In this
paper, transmission and reflection measurements are combined with finite difference time domain
simulations to identify and separate each plasmonic mode, discerning which resonance leads to the
electromagnetic field enhancement. The SERS enhancement is found to be dominated by the
absorption, which is shifted from the transmission and reflection dips usually used as tuning
points, and by the ‘gap’ defects formed within the pattern. These effects have different spectral and
geometric dependences, forming two optimization curves which can be used to predict the best
performance for a given excitation wavelength. The developed model is verified with experimental
SERS measurements for several nanohole sizes and periodicities, and then used to give optimal
fabrication parameters for a range of measurement conditions. The results will promote the
application of two-dimensional plasmonic nanoarrays in SERS sensors.
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Introduction

SERS has become ubiquitous for chemical and biological detection because of its molecular
fingerprinting and point-of-care abilities.1* SERS originates from chemical and
electromagnetic (EM) enhancement of the otherwise small Raman scattering cross section,
of which the EM field enhancement is usually dominant.>’ In SERS sensors, colloidal
plasmonic nanoparticles are often employed to create strong “hot spots” necessary to
increase the Raman signal.8-11 Unfortunately, colloidal sensors suffer from aggregation and
instability issues, as well as being difficult to re-use and incorporate in detection schemes
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like microfluidics.* To overcome this, two-dimensional (2D) plasmonic solid-state patterns
have been developed with high hot spot densities, ranging from random, annealed Ag films!
to ordered nanoarrays.12:13 Patterns made by nanosphere lithography (NSL) stand out as
particularly suitable for commercialized designs because NSL is a high throughput and low
cost manufacturing method. In the most popular photomask based implementation, the
polystyrene (PS) sphere template is etched for various times, reducing the sphere diameters,
and allowing creation of nanotriangle or nanohole based arrays after deposition of a
metal.14-17 Alternatively, a metal can be directly deposited on the PS spheres to make a film-
over-nanosphere (FON) structure.18:19

Among the patterns created by NSL,20-36 Au nanohole arrays have the most versatility,
supporting both localized and propagating surface plasmons resonances. The two optical
modes can be tuned spectrally, as well as in their relative strengths, across the visible to
near-infrared range by changing the periodicity, size of the hole, and metal used.36 The
localized surface plasmon resonance (LSPR) mode leads to focusing of the incident field
with a decay length of ~10-30 nm; and the surface plasmon polariton (SPP) mode leads to
enhanced transmission through the nanohole array and evanescent fields that decay over
~100 nm.14 While the flexibility is ultimately beneficial for designing a sensor, the large
range of tuning parameters and complex optical response makes it difficult to optimize the
array pattern for SERS sensing, especially when choosing between the full set of
nanotriangle to nanohole based patterns. For example, while an optimal hole to periodicity
ratio was measured, its origin is not completely known.28

Therefore, this study aims to investigate the correlation of the optical properties of 2D NSL-
formed nano-arrays with the underlying EM field enhancement, giving optimal SERS tuning
curves for any measurement wavelength across the nanotriangle to nanohole array transition.
The origins of the LSPR and SPP peaks are discerned by comparing the measured
transmission, reflection, and absorption to the spectrally resolved local field calculated by
finite difference time domain simulations (FDTD). This reveals the transmission or
reflection spectrum alone cannot be used to optimize the patterns for SERS. Instead, the EM
field best correlates with the absorption, being maximized for a certain ratio of hole size to
periodicity. Additionally, the role of defects is analyzed, and found to contribute independent
of the measured absorbance. The defect EM field enhancement is maximized with a
geometric condition that increases the formation of gap ‘hot spots’ between hole arrays. The
LSPR is also found to give a larger SERS enhancement than the SPP in a reflection based
measurement. These findings are confirmed by accurately predicting the measured SERS
performance of the nanohole arrays with different periodicities across a range of nanohole
sizes. Further, tuning curves are given, allowing optimal nanoarray fabrication parameters to
be chosen for any excitation or scattered wavelength. The results given in this paper will
provide the guidelines for design of 2D NSL-based plasmonic architectures for SERS
Sensors.
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Experimental section

Fabrication of Au nanohole arrays

The protocol for Au nanohole array fabrication using nanosphere lithography is shown in
Figure 1.17 Quartz slides (AdValue Technology) were cut into pieces (1 cm x 1.5 cm), then
washed by immersing into piranha base (H,SO,4:H»0,=3:1 at 90 °C (caution must be taken
when using piranha solution) for two hours, followed by sonication in acetone, methanol,
and D.I. water for 15 min each. Next, polystyrene (PS) microspheres with a diameter of 500
nm were drop-coated on the cleaned quartz slides to form a monolayer PS sphere template.
After natural drying, the coated quartz slides were put under oxygen plasma etching for
various durations (from 0 min to 10.5 min with a step of 1.5 min) to change the underlying
pattern from triangles to holes of different sizes. E-beam evaporation was used to deposit a
layer of Ti (5 nm in thickness) to enhance the adhesion between the quartz substrate and
deposited Au layer (45 nm). Finally, the PS microspheres were removed by sonication in
methanol. The Au nanohole layer thickness was chosen to facilitate easy removal of the PS
sphere mask. As later discussed, and shown in Figure S10, the chosen thickness was in a
region where optical properties were robust against changes in metal thickness. The as-
prepared Au nanohole arrays were rinsed with D.l. water and dried by compressed nitrogen
gas. Polystyrene microspheres, glycerine, thiophenol (TP) were purchased from Alfa Aesar.
Deionized (D.l.) water was produced by the Milli-Q Integral 3/5/10/15 system (18.2 MQ-cm,
Millipore Corp., USA).

Characterization

Au nanotriangle arrays and Au nanohole arrays were characterized under a JEOL
JSM-7600F scanning electron microscope (SEM). The full set of SEM images is shown in
Figure S1 and S2 for the 500 nm and 600 nm periodicities, respectively. An Ocean Optics
USB 4000 spectrometer and DT-MINI-2-GS were used to acquire the transmission and
reflection spectra of the fabricated Au nanotriangle and nanohole arrays. Reflection was
measured normal to the surface using an Ocean Optics Reflection Probe. Raman spectra
were acquired with an Inspector Series, DeltaNu spectrometer with an excitation laser
wavelength of 785 nm.

Refractive index sensitivity

To measure the refractive index sensitivity, glycerine-water mixtures were prepared to make
a series of solutions with refractive indices ranging from 1.33333 (only water) to 1.41299
(60% glycerine in glycerine-water mixture). The shift in the resonance peaks of the Au
nanchole arrays was measured using a UV-Vis spectrometer for each refractive index
solution in a transmission geometry. The resonance peak scaled linearly with the refractive
index. The refractive index sensitivity for each Au nanohole array was defined as the ratio of
the peak shift to the refractive index change.

SERS measurement

Thiophenol (TP) has four prominent Raman peaks at 997 cm™1, 1020 cm™1, 1071 cm1, and
1571 cm1, which were used to study the SERS response of the as-prepared Au nanoarrays.
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To coat a uniform layer of TP molecules on the surface of the Au nanoarrays, TP stock
solution was prepared in ethanol with a concentration of 3 mM. Au nanoarrays were
immersed in 3 mM TP ethanolic solution for two days. TP-functionalized Au nanoarrays
were washed by ethanol and dried under compressed nitrogen gas prior to Raman
measurements. Quartz slides were used to suppress the background signals in Raman
measurement. The measurement was repeated three times to create the error bars shown
throughout the manuscript.

FDTD simulation

Finite Difference Time Domain (FDTD) simulation was used to calculate the transmission
and reflection spectra by the commercially available Optiwave software. The simulation cell
with a grid size of 3 nm was constructed to match the Au nanoarrays fabricated. A plane
wave input source of 500 nm to 1200 nm was used. The refractive indices of Au and
titanium were taken from the data of Palik*2. The quartz slides were given a refractive index
of 1.53. Both linearly polarized in xand y plane waves were checked, with the maximum
EM field contribution used. All simulation used periodic boundary conditions to replicate
the periodic Au nanoarrays.

Results and discussions

Evolution of Optical Modes

Figure 2 shows the SEM and corresponding transmission spectrum for a range of
nanotriangle to nanohole arrays created by etching the PS sphere diameter before metal
deposition. Without etching, a nanotriangle array was formed, which only supported a LSPR
mode. The LSPR mode led to a dip in the transmission, either from absorption or reflection
of light by the plasmon. As the PS sphere was etched for the fixed 500 nm periodicity, the
metal was increasingly deposited between the spheres, connecting the nanotriangles into
nanoholes.

The LSPR initially red-shifted as the size of the nanotriangle increased. However, after
further etching, the nanotriangles joined, causing two abrupt changes in the optical
properties. First, the LSPR dip blue-shifted drastically. The estimated peak positions are
shown in Figure 3, along with an expanded set of etched hole sizes for fixed periodicity. The
blue-shift can be understood as the optical response of the nanohole being the opposite of a

nanosphere of similar size, related by ‘”%zole+“’;)article:‘”zz)-37 In this formula, whgje is the
LSPR frequency of the nanohole. apgrticle is the LSPR frequency of the nanoparticle that has
the same shape as the nanohole. ey, is the bulk plasma frequency. When the Au nanohole
arrays were just formed, the nanohole corresponded to a large nanoparticle with a redshifted
frequency, so the Au nanohole resonance must blue-shift.

Second, sufficient periodicity existed to allow incident light to excite the propagating surface
plasmon polariton (SPP) modes, with the grating like nature of the hole array, providing the
extra momentum needed for free space coupling.1# While the LSPR was characterized by a
dip in the transmission, the SPP led to extraordinary optical transmission (EOT).2! EOT
occurs when the SPP modes on the two sides of the hole array connect, re-radiating the

Phys Chem Chem Phys. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 5

incident field even if the hole is smaller than the wavelength of light, increasing the
transmission.32-35

After the transition region between the nanotriangle and nanohole array, further etching just
reduced the size of the nanohole, continually red-shifting the LSPR and SPP modes.
However, the limit to which the PS spheres can be etched was eventually reached, destroying
the long range periodicity of the lattice and creating dimer and trimer hole groups, which
weakened the optical response. At this point, sufficient periodicity still existed to support the
SPP and LSPR modes, significantly reducing the strength of the transmission peak and dip.
The measured trends for 500 nm periodicity were consistent with those of a 600 nm
periodicity pattern as the nanohole size is tuned (Figure S3), only the peak positions and
transition region positions shifted.

Connection with maximum SERS enhancement

The optical response shown in Figure 3 and Figure S3 is quite complex, making
optimization of the corresponding LSPR and SPP modes difficult. First, the peaks and dips
must be assigned as either localized SPR or propagating SPP modes. One method to achieve
this is to check the change in the transmission with angle. As the input angle is changed, the
diffraction condition, which matches the momentum of the SPP mode to free space also
changes, shifting the resonance wavelength (Figure S4). The LSPR mode should remain
relatively unchanged. A simpler method, since an angle-resolved setup was not available,
was to measure the reflection and transmission at normal incidence, as shown in Figure 4. It
was seen that if LSPR existed, a peak in the reflection and dip in the transmission co-existed,
while for the SPP a peak in the transmission and dip in the reflection co-existed. This
relationship originates in that the SPP leads to EOT at resonance, while the LSPR leads to
scattering or absorption.

The nature of each mode must be understood more in-depth before optimization of SERS is
possible. For the SPP, the local EM field enhancement is weaker and extends with a decay
length of ~100 nm.1# While the EM field enhancement is smaller, if the increased
transmission at the SPP resonance is taken advantage of by measuring in a transmission
SERS geometry, this enhancement can still be useful. However, for a reflection based
portable SERS instrument, as used in this study and necessitated for point-of-care
applications, the SPP is not ideal because it increases transmission instead of reflection and
has a smaller local field. Instead, the intense LSPR of the plasmon must be utilized. In
LSPR, after light is incident on the plasmon, two decay routes can exist: (i) the energy of the
field can be re-radiated as scattering for the large nanotriangles (Figure 3); and (ii) the
energy will be trapped in the local field until the collective electron oscillations decay into
phonons through electron-electron, electron-phonon, and finally phonon-phonon
scattering.38 This second process leads to a large EM field, and corresponds to an absorption
in the spectral response. The balance between absorption and scattering can be controlled
through geometry and size, generally with smaller nanoparticles absorbing light and larger
nanoparticles scattering the incident light.1-39

Therefore, to find the optimal geometry for the nanotriangle-nanohole array, the absorption
was measured using both the reflection and transmission at normal incidence (Figure 4a).
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The corresponding EM field enhancement is also shown as calculated by FDTD. The EM
field was closely correlated with the absorption peak, being red-shifted from the reflection
and blue-shifted from the transmission. This proved that for the nanohole array, both
reflection and transmission must be measured when tuning the spectral response for SERS
enhancement if the local EM field is wished to be known. At the absorption peak, the local
EM field was found to be concentrated at the edge of the nanohole array (Figure 4c). The
peak EM field, which relates the largest electric field enhancement (E/Eg)?, is reported in
Figure 4. However, the average EM field over the nanohole array area had the same spectral
form. It is important both average and peak contributions are considered, as a combination
of high strength hot spots and distributed field density will give the best overall SERS
signal.13:14 The similarity between the average and peak EM field in the nanohole array
therefore indicated a balance of high field intensity and spatial extent was achieved in these
modes. A similar study was repeated for a 600 nm periodicity hole array, and the same
correlation was found (Figure S5). The absorption increased as the hole size was reduced
and the nanohole array can no longer efficiently re-radiate absorbed energy (Figure S6b).

If the nanoarray had perfect periodicity, the local EM field at the absorption peak would be
the only effect considered in finding the optimal SERS enhancements. While defects may
not greatly affect the optical response, the ‘hot spots’ formed create a large local field
enhancement, meaning fabrication defects in NSL can be beneficial. Figure 2 shows defects
existed in hole arrays with two origins. First were the dimer and trimer groups that formed
due to sphere dislocation (Figure 2f). Interestingly, these defects spectrally gave a similar
EM field enhancement as the ordered hole array. The total EM field contribution, however,
was small compared to the ordered hole array, so the impact of these defects was judged
minimal in increasing SERS. The role of the dimer and trimer based defects was therefore
only to weaken the optical response and EM field at the absorption peak, although enough
periodicity was usually maintained to support LSPR and SPP modes.

Second, the existence of ‘gaps’ between nanotriangles in the nanohole transition was
considered. The “‘gap’ defects will form modes independent on the LSPR and SPP of the
ordered array. However, they are hallmark of high local field enhancement, and therefore
could have a larger effect than the dislocation related defects. The nature of ‘gap’ defects is
seen in Figure 4b, wherein the peak local field enhancement from the ‘gap’ defects is
compared to the ordered EM field, as well as the reflection, transmission, and absorption.
The ordered pattern EM field in Figure 4b followed the absorption similar to the response
calculated in Figure 4a, while the defect originated EM field did not. Instead, the peak EM
field from 50 nm “‘gap’ defects was correlated better with the absorption of the nanotriangle
arrays, as seen in Figure S5b for small etching times. The EM field enhancement was still
strong off-resonance at 785 nm, with this mode corresponding to focusing of light at the
edges of the gap between the nanotriangles instead of the rim of the nanohole, Figure 4d.

The ‘gap’ defects were replicated in FDTD simulations by taking the 440 nm hole size array
and placing 50 nm gaps between the nanotriangle sites, breaking their connection, in
correspondence with Figure 2c. The size of the nanogap to be tested was chosen by
calculating the field verse gap thickness for a 785 nm excitation (Figure S6a). The gaps
formed ‘hot spots’ at small distances, while tuning the nanotriangle response to be resonant
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with the excitation laser at larger distances, with both effects increasing the local field. The
EM field of the maximal gap enhancement in Figure 4d was concentrated at the edges and
between the defects. The ‘gap’-based defects had a spectral response different from the
LSPR and SPP modes, and therefore represent a second tuning parameter which must be
taken into account in addition to the absorption. However, the ‘gap’-based defects do not
have a signature optical trait like the absorption of the ordered mode, with the largest
enhancement occurring when the geometric parameters of pattern formation allowed breaks
in the connection between nanotriangles, approximately at hole size of the periodicity minus
~40-80 nm. The same trends were present when ‘gap’ defects were tested for a 600 nm
periodicity (Figure S5b). The relative percentage of defects for the 500 nm periodicity and
600 nm periodicity hole arrays at this conditions was ~50% and ~85% from the SEM
images (Figure S1 and Figure S2).

Prediction of SERS Enhancement

The contributions of both the ordered and defect modes were combined to predict the Raman
response of hole arrays with periodicities of 500 nm and 600 nm for varying hole sizes
(Figure 5). The Raman enhancement was measured at 1071 cm™1, with the individual curves
shown in Figure S7. For both the 500 nm and 600 nm periodicities, the Raman intensity has
been normalized by the same peak value, allowing comparisons of their enhancements.
Without the Au nanohole array, no SERS was measurable, preventing normalization by this
method. Instead, the concentration of Raman reporter, laser intensity, and integration time
were kept constant to ensure that the comparison is repeatable.

To determine if the absorption and ‘gap’ defect EM fields could completely determine the
Raman enhancement across the range of pattern parameters, the fields were output at the
excitation wavelength laser (785 nm) as well as the Raman peak at 1071 cm™L. For the 500
nm periodicity, the excitation and scattered enhancements were identical, allowing the
overall EM field enhancement | £;,42| E,.,4% to be calculated as | £j,4*.1* This simplification
is reflected in Figure 4a, where the absorption peak and EM field were seen to cover the
spectral range of excitation and Raman peak. For the 600 nm periodicity, this case was not
true, Figure S5, and contributions from both the excitation and emission enhancements were
included.

The contribution of the ‘gap’ defects was considered using the peak EM field enhancement
at the optimized gap thickness and hole size, and then applying a Gaussian broadening for
the range of film thicknesses which guaranteed gap formation. This was combined linearly
with the enhancement predicted from the absorption, giving the overall EM enhancement
verse hole size for both periodicities (Figure 5).

Figure 5a shows that these two contributions can accurately predict the SERS signal, with
two unique enhancement regions. First, when the hole size was between 40-80 nm less than
the periodicity, a large number of ‘gap’ defects were formed, increasing the enhancement.
The geometric region this corresponds to was the transition region shown in Figure 3 and
Figure S3 where the triangles became nanoholes. The strong contribution of these defects
was originated in the EM field being focused at the gap between nanotriangles and the
nanotriangle edges.
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Second, at a hole to periodicity ratio of ~0.6-0.8, the absorption of the hole array became
maximum leading to a second enhancement peak. As the hole array size was reduced,
radiative efficiencies decreased and the electron scattering losses increased, leading to more
light being absorbed (Figure S6b). While this would seem to predict the smaller nanohole
sizes as giving higher SERS enhancements, if the PS sphere hole size was etched too far, a
large amount of trimer and dimer defects were introduced and the pattern was distorted. The
defects weakened the optical properties, placing a limit on the minimum size achievable
with a high field enhancement, and leading to the maximization ratio of hole size, equaling
~0.6-0.8 times the periodicity.

It is interesting to note that for the 500 nm periodicity, the ‘gap’ enhancement was much
larger than that from the ordered hole array absorption; but at 600 nm periodicity, the
enhancements were roughly equal, both between the two mechanisms and to the ‘gap’
enhancement in the 500 nm periodicity. This can be explained as at 600 nm periodicity the
absorption enhancement overlapped well with the excitation laser (785 nm) and the Raman
peak at 1071 cm™1, giving the maximum combination of excitation and emission
enhancements, and increasing the relative contribution of this effect.

A third region is marked on Figure 5, which corresponds to where nanotriangles exist. The
combined EM field mechanism does not completely account for this region, because the
enhancement mainly lies in pattern defects and roughening which are difficult to replicate in
FDTD simulations. This conclusion can be safely drawn because the absorption of the
nanotriangle array at these sizes was at ~1100 nm (Figure S6b), much higher than the
excitation or Raman peak. The enhanced signal therefore must come from “hot spots’ instead
of the LSPR. While the nanotriangle region is useful, fabrication limits of small PS spheres
make it difficult to tune the LSPR to the desired resonance range while maintaining enough
order for a large SERS signal. Instead, the formation of ‘hot spots” must be relied on, which
are difficult to optimize since unlike the ‘gap’ defects they do not have a clear geometric
formation condition, and will lead to more variations between samples. Given that the
enhancement from the triangle region is similar for both periodicities to the other more
tunable enhancement mechanisms, this area was not further considered. For comparison, the
effect of the defect regions on refractive index sensitivity is shown in Figure S7.

Guidelines for optimization

Since the two main contributions to SERS in a 2D nanoarray fabricated by NSL were
identified, and correlated with measured Raman data, tuning guidelines can be developed for
optimal enhancement with any excitation source (Figure 6). The first plot in Figure 6a shows
the maximum absorption for a given periodicity hole ratio of 0.7 as the periodicity was
changed, the ratio found experimentally to lead to the largest enhancement from this effect,
in agreement with previous work.22 The absorption peak scaled linearly with increase in
periodicity for a constant hole size to periodicity ratio. The EM field was found to be
redshifted from the peak absorption by ~50-100 nm, which given the broad absorption peak,
allows this quantity to be used to tune the strength of the ordered pattern EM field
contribution. Alternatively, the EM field can be used directly to pick the pattern parameters,
as plotted in Figure S9a.
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The absorption was also chosen to be shown in Figure 6 instead of the local EM field since it
is an easily measurable lab quantity when the arrays are fabricated. In situations for which
the reflection and transmission cannot both be measured, the general guideline found in this
paper is that the max EM field enhancement will be slightly redshifted from the LSPR peak
(dip in transmission and peak in reflection) or blue-shifted from the SPP peak (peak in
transmission and dip in reflection). The origin of this trend is that the scattering and
absorption are offset by frequency factors from the underlying dipole moment.? Therefore,
the measured optical properties do not directly correlate to the best SERS enhancement, but
some spectrally shifted wavelength will. The dimer and trimer defects act spectrally similar
to the absorption shown in Figure 6a, and do not need to be accounted for separately.

The second plot in Figure 6b shows the contribution from the ‘gap’ defects for different
periodicities with a hole size 60 nm less than the periodicity. These are general parameters,
but the gap modes can exist within a range around this guideline, depending on the
fabrication and deposition used. From the fitting to the measured SERS spectrum, the gap
enhancement occurred for hole sizes between ~40-80 nm less than the periodicity for a 50
nm metal thickness. Given that the absorption of the defects is difficult to measure directly,
the maximum EM field verse wavelength must be used for optimization instead. Fortunately,
the spectral range over which defects can enhance the SERS signal is broad, meaning that
the introduction of ‘gap’ like defects will almost always be beneficial to the Raman
enhancement.

What is most important to notice in Figure 6b is that, whereas the absorption scaled linearly
with periodicity changes, the ‘gap’ defect mode does not have a general trend. This is
because the ordered absorption in Figure 6b is based on a ratio of periodicity to nanohole
size, and the solutions scale accordingly in Maxwell's equations, giving a linear dependence
on periodicity. The ‘gap’ based defect is based on a geometric condition which does not
scale, instead it is at an offset hole size per periodicity. Therefore, the peak EM field only
occurred when the ‘gap’ defect was tuned to hybridize with the resonance of the
nanotriangles and nanohole (Figure 6b), which occurred around a 500 nm periodicity. At
larger and smaller periodicities, the gap had little effect on the possible resonances, and
instead the nanotriangle or nanohole resonances dominated. Figure 6b is normalized
globally to show where the ‘gap’ defects are most important, however to aide in tuning, the
EM field from the ‘gap’ defect is shown normalized individually in Figure S9b.

The film thickness was also tuned to see its possible effect on the two contributions to the
EM field enhancement (Figure S10). For thick films, little change in the absorption
occurred. When the Au film thickness decreased below 40 nm, the SPP modes on the two
opposite sides of the Au nanohole arrays could interact, splitting the 800 nm mode into a
low frequency mode (symmetric) at 1000 nm and a high frequency mode (anti-symmetric) at
600 nm.*1 At thinner film thicknesses, the absorption was seen to increase, which may be
helpful for increasing the effects of the ordered and defect originating enhancements.
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Conclusions

Overall, the optical modes of 2D nano-array patterns ranging from nanotriangle to nanchole
arrays have been identified, with those relevant to SERS enhancement being singled out, and
optimization curves given. The Au nanohole arrays provide a versatile platform for SERS
enhancement, whether used in a reflective or transmission based geometry. The importance
of measuring the transmission and reflection to get the absorption when planning a SERS
substrate was shown. If this is not done, the maximum EM field enhancement can be missed,
as the maximum EM field is offset from these quantities. Even though the EM field was
slightly offset from the absorption in the 2D nanoarrays measured, it was found to be the
best guideline for optimization. As well, the continued importance of defects in plasmonic
patterns was shown, encouragingly proving that even though ordered 2D nanoarrays are
needed, defects in fabrication are equally important to obtaining large field enhancements.
Therefore quality considerations may be relaxed while still creating higher SERS
enhancements. The results give promise to application of cost-effective plasmonic nano-
array patterns in SERS sensing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the National Institute of Neurological Disorders and Stroke of the National Institutes of
Health (R15NS087515). The content is solely the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health. This work was also partially supported by a NSF grant
(CBET-1336205). Cushing was supported by NSF Research Graduate Fellowship (No. 1102689). The resource and
facilities used were partially supported by NSF (EPS 1003907). Use of the WVU Shared Research Facilities is
acknowledged.

References

. Willets KA, Van Duyne RP. Annu Rev Phys Chem. 2007; 58:267-297. [PubMed: 17067281]
. Graham D. Angew Chem Int Ed. 2010; 49:9325-9327.

. Barhoumi A, Halas NJ. J Am Chem Soc. 2010; 132:12792-12793. [PubMed: 20738091]

. Li M, Cushing SK, Wu NQ. Analyst. 2015; 140:386-406. [PubMed: 25365823]

. Kneipp K, Kneipp H, Itzkan I, Dasari RR, Feld MS. Chem Rev. 1999; 99:2957-2975. [PubMed:
11749507]

. Jackson JB, Halas NJ. Proc Natl Acad Sci. 2004; 1:17930-17935. [PubMed: 15608058]

. Kim NH, Lee SJ, Moskovits M. Nano Lett. 2010; 10:4181-4185. [PubMed: 20863079]

. Papadopoulou E, Bell SE. Angew Chem Int Ed. 2011; 50:9058-9061.

. Otto C, Van den Tweel TJJ, De Mul FFM, Greve J. J Raman Spectrosc. 1986; 17:289-298.

10. Barhoumi A, Zhang D, Tam F, Halas NJ. J Am Chem Soc. 2008; 130:5523-5529. [PubMed:
18373341]

11. Li M, Cushing SK, Zhang J, Lankford J, Aguilar ZP, Ma D, Wu NQ. Nanotechnology. 2012;
23:115501. [PubMed: 22383452]

12. Li M, Cushing SK, Liang H, Suri S, Ma D, Wu NQ. Anal Chem. 2013; 85:2072-2078. [PubMed:
23320458]

13. Li M, Cushing SK, Zhang J, Suri S, Evans R, Petros WP, Gibson LF, Ma D, Liu Y, Wu NQ. ACS

Nano. 2013; 7:4967-4976. [PubMed: 23659430]

g A~ W N -

©O© 00 N o

Phys Chem Chem Phys. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

14.
15.

16.
17.
18.
19.
20.

21.
22.

23.

24.
25.
26.

27.
28.

29.
30.

31.

32.
33.

34.
35.
36.

37.
38.
39.
40.

41.
42.

Page 11

Haynes CL, Van Duyne RP. J Phys Chem B. 2001; 105:5599-5611.

Hulteen JC, Treichel DA, Smith MT, Duval ML, Jensen TR, Van Duyne RP. J Phys Chem B. 1999;
103:3854-3863.

Hulteen JC, Vanduyne RP. J Vac Sci Technol A. 1995; 13:1553-1558.

Li H, Low J, Brown KS, Wu NQ. IEEE Sens J. 2008; 8:880-884.

Dick LA, McFarland AD, Haynes CL, Van Duyne RP. J Phys Chem B. 2002; 106:853-860.
Cushing SK, Hornak LA, Lankford J, Liu Y, Wu NQ. Appl Phys A. 2011; 103:955-958.

Couture M, Liang YZ, Richard HPP, Faid R, Peng W, Masson JF. Nanoscale. 2013; 5:12399-
12408. [PubMed: 24162773]

Ebbesen TW, Lezec HJ, Ghaemi HF, Thio T, Wolff PA. Nature. 1998; 391:667—-669.

Correia-Ledo D, Gibson KF, Dhawan A, Couture M, Vo-Dinh T, Graham D, Masson JF. J Phys
Chem C. 2012; 116:6884-6892.

Galarreta BC, Harte E, Marquestaut N, Norton PR, Lagugne-Labarthet F. Phys Chem Chem Phys.
2010; 12:6810-6816. [PubMed: 20448875]

Galarreta BC, Rupar |, Young A, Lagugne-Labarthet F. J Phys Chem C. 2011; 115:15318-15323.
Fischer H, Martin OJF. Opt Express. 2008; 16:9144-9154. [PubMed: 18545626]

Lee SH, Bantz KC, Lindquist NC, Oh SH, Haynes CL. Langmuir. 2009; 25:13685-13693.
[PubMed: 19831350]

Zhang JX, Zhang LD, Xu W. J Phys D Appl Phys. 2012; 45:113001-113019.

Gibson KF, Correia-Ledo D, Couture M, Graham D, Masson JF. Chem Commun. 2011; 47:3404—
3406.

Brolo AG, Arctander E, Gordon R, Leathem B, Kavanagh KL. Nano Lett. 2004; 4:2015-2018.

Reilly TH, Chang SH, Corbman JD, Schatz GC, Rowlen KL. J Phys Chem C. 2007; 111:1689-
1694.

Im H, Lee SH, Wittenberg NJ, Johnson TW, Lindquist NC, Nagpal P, Norris DJ, Oh SH. ACS
Nano. 2011; 5:6244-6253. [PubMed: 21770414]

Grupp DE, Lezec HJ, Ebbesen TW, Pellerin KM, Thio T. Appl Phys Lett. 2000; 77:1569-1571.

Martin-Moreno L, Garcia-Vidal FJ, Lezec HJ, Pellerin KM, Thio T, Pendry JB, Ebbesen TW. Phys
Rev Lett. 2001; 86:1114-1117. [PubMed: 11178023]

Barnes WL, Dereux A, Ebbesen TW. Nature. 2003; 424:824-830. [PubMed: 12917696]
Gao HW, Henzie J, Odom TW. Nano Lett. 2006; 6:2104-2108. [PubMed: 16968034]

Reilly TH, Tenent RC, Barnes TM, Rowlen KL, van de Lagemaat J. ACS Nano. 2010; 4:615-624.
[PubMed: 20112934]

Zayats AV, Smolyaninov Il, Maradudin AA. Phys Rep. 2005; 408:131-314.
Link S, El-Sayed MA. J Phys Chem B. 1999; 103:8410-8426.
Cushing SK, Wu NQ. Interface. 2013; 22:63-67.

Li Y, Zhao K, Sobhani H, Bao K, Nordlander P. J Phys Chem Lett. 2013; 4:1352-1357. [PubMed:
26282152]

Zayats AV, Smolyaninov 11. J Opt A-Pure Appl Op. 2003; 5:516-S50.
Palik, ED. Handbook of optical constants of solids. Academic Press; Orlando: 1985.

Phys Chem Chem Phys. Author manuscript; available in PMC 2016 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zheng et al.

Page 12

(a) Substrate Pre-cleaning (e) Au Layer Deposition

(b) Microsphere Patterning

(f) Microsphere Removal

(c) Microsphere Etching

000 Sutms

(d) Ti Layer Deposition

Figure 1. Protocol for nanosphere lithography

(a) Substrate (quartz slides) cleaning in an acid piranha bath at 90 °C for 2 h and sonication

in acetone, methanol, and deionized water; (b) deposition of a monolayer of polystyrene
spheres on the cleaned substrates; (c) polystyrene sphere etching using an oxygen plasma
asher; (d) 5 nm thick titanium adhesion layer deposition; (e) 45 nm thick Au layer
deposition; (f) polystyrene sphere removal by sonication in methanol; (g) nanohole or
nanotriangle arrays formed depending on time of sphere-etching.
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Figure 2. Correlation of optical and geometrical properties
(a-f) The transmission and corresponding SEM image are shown for a nanohole array with

periodicity of 500 nm and various etching times which cover the range of nanotriangle to
nanohole to defect ridden pattern. The hole diameters from (a-f): 500 nm, 470 nm, 440 nm,
410 nm, 320 nm, and 290 nm. The defective pattern still has sufficient periodicity to support
SPP and LSPR, albeit with a weakened response.
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Figure 3. Changein optical modes at transition region
(a) The transmission is shown for an expanded set of hole sizes from Figure 2, covering 500

nm to 290 nm in 30 nm intervals from bottom to top. (b) The estimated peak position of the
LSPR and SPP for each hole diameter with a fixed periodicity of 500 nm. The LSPR peak
jumps drastically in the transition region from nanotriangle to nanohole array around 425
nm, while the SPP only exists after the conversion to nanoholes has occurred.
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Figure 4. Comparison of optical modes and resulting EM field enhancement for 500 nm
periodicity

The transmission (T), reflection (R), and absorption (A=1-T-R) is compared to the peak EM
field enhancement for an (a) ordered and (b) ‘gap’ defective pattern. For the ‘gap’ defect, the
EM field from an ordered and defective pattern of the same hole size are shown for
comparison. The absorption and EM field are similar for the ordered pattern, with the local
field (c) focused on the nanohole walls, but differ (d) for the defective pattern, with the local
field focused within and at the ‘gap’ defect edges. (a) and (c) are the data of ordered Au
nanohole array with a periodicity or 500 nm, a hole diameter of 350 nm, and a film thickness
of 50 nm; (b) and (d) are the data of Au nanohole array of the same parameter as (a) and (c)
but with 50 nm ‘gap’ defects.
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Figure5. Origin of EM field enhancement
The combined EM field enhancement for the ordered and defective EM field enhancement

mechanisms are compared to the measured Raman response for a (a) 500 nm periodicity and
(b) a 600 nm periodicity pattern as the hole size is varied. The region where each
contribution dominates is shown, with the ‘gap’ defects enhancing over a range given by the
formation of gaps between nanoholes in the transition from triangles, the ordered pattern
contribution corresponding to the peak absorption when there are only nanoholes. The range
where only nanotriangles exist is shown for comparison.
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Figure 6. Optimization of pattern for SERS
(a) The absorption peak position for a fixed hole to periodicity ratio of 0.7 at which the

ordered EM field contribution was found to be maximal. The peak EM field is slightly red
shifted from the absorption peak position. (b) The ‘gap’ defect EM field enhancement peaks
for a periodicity of 400~500 nm and a hole size of ~40-80 nm less than the periodicity.
These two curves can be used independently, or in combination, to find the best patterning
parameters for a given excitation or Raman peak.
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