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scale, we synthesized vertically perforated three-dimensional (3D) AuNP stacks. The 3D stacks
were fabricated by first hydrothermally synthesizing ZnO nanowires perpendicular to silicon
wafers followed by repetitively performing liquid-phase deposition of AuNPs on the tops and
side surfaces of the nanowires. During the deposition process, the nanowires were shown to
gradually dissolve away, leaving hollow vestiges or perforations surrounded by stacks of AuNPs.
Simulation studies and experimental measurements reveal these nanoscale perforations serve as
light paths that allow the excitation light to excite deeper regions of the 3D stacks for stronger
overall Raman emission. Combined with properly sized nanoparticles, this feature maximizes
and saturates the Raman enhancement at 1-pM sensitivity across the entire wafer-scale substrate,
and the saturation improves the wafer-scale uniformity by a factor of six when compared to
nanoparticle layers deposited directly on a silicon wafer substrate. Using the 3D-stacked
substrates, quantitative sensing of adenine molecules yielded concentrations measurements
within 10% of the known value. Understanding the enhancing mechanisms and engineering the
3D stacks have opened a new method of harnessing the intense SERS observed in nanoparticle
clusters and realize practical SERS substrates with significantly improved uniformity suitable for

quantitative chemical sensing.

INTRODUCTION

Surface-enhanced Raman scattering (SERS) spectroscopy has great potential for
chemical and biological sensing due to its high sensitivity and selectivity obtained through
relatively simple optical measurements.' Due to these advantages, SERS has been widely studied

since M. Fleischmann et al.® first observed the phenomenon in 1974 and researchers have
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continuously attempted to understand the underlying enhancement mechanisms in order to
develop commercially viable SERS products.’

The mechanisms of SERS are still under investigation and are predicted to originate from
electromagnetic effects and chemical interactions.*” Electromagnetic enhancement effects are
believed to be the dominant enhancing mechanism for SERS and are generated when laser
irradiation excite plasmons on the surfaces of the noble metals structures that form the substrate,
creating hot spots at nanoscale tips and gaps.”® Chemical enhancement is attributed to
electrochemical interactions between analyte molecules and the metal atoms of the substrate.®*"

11

Effective SERS substrates are typically obtained by randomly roughening 2 dimensional

123 More elaborate 3-

(2D) metal films or coating the substrate with metal nanoparticles.
dimensional (3D) structures providing larger effective hot spot areas, such as stacked
nanoparticles and pyramids, have been shown to increase adsorption of target molecules and

.. . ..o 14-19
further enhance Raman emission intensities.

Researchers have recently favored simpler
fabrication methods by implementing nanowires made of ZnO,M'15 TiOz,w Si,17 CuzO,18 and
NiO', which allow flexibility regarding to nanoscale sizes and shapes of the 3D SERS
substrates.

For practical applications, spatial uniformity of Raman enhancement is as important as
the magnitude of SERS intensity. It is essential for making scientifically useful and
commercially viable SERS substrates for quantitative sensing. Some researchers have attempted
to address the uniformity issue by engineering nanoscale optical antennas using top-down

fabrication processes, however the substrates have failed to produce strong, spatially uniform

SERS.% Incomplete understanding of the mechanism of SERS combined with fabrication
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challenges controlling the positions, sizes, and shapes of nanoscale structures on a large
substrate, such as a silicon wafer, have made it difficult to set proper engineering goals for
realizing strong, spatially uniform SERS substrates.*' >

Here we report 3D stacked gold nanoparticle (AuNP) SERS substrates with improved
spatial uniformity. Instead of relying on 2D nanoscale patterned structures such as optical
antenna, nanoparticle clusters were utilized for their strong Raman enhancing properties. A dense
ZnO nanowire array (Figure 1A) was synthesized on a Si wafer substrate, serving as a
framework for 3D deposition of AuNP stacks and improve nanoparticle distribution. Next liquid
phase deposition (LPD) of AuNPs was performed, resulting in 10-20 nm diameter nanoparticles
attached on the tops and side walls of the nanowires (Figure 1A).** After multiple LPD
repetitions, the AuNPs became efficiently stacked and the nanowires gradually dissolved leaving
hollow vestiges or perforations behind. These perforated light paths not only generate effective
inter-particle gaps for enhancement, but also allow the excitation light to reach deeper into the
stack and promote the otherwise hidden nanoparticle layers to participate in Raman
enhancement. Their presence assures the number of nanoparticle layers participating in Raman
enhancement is nearly constant across the entire substrate as long as the nanoparticle layer is
sufficiently thick,” which generates uniformly saturated Raman enhancement across on the
entire substrate. As such, the wafer-scale, uniform Raman enhancement of this approach has
proven to be highly tolerant of variations in the final geometries of the stacks. Experimental
measurements were confirmed by a series of finite-difference time-domain (FDTD) simulations,
and quantitative sensing of nano-molar to micro-molar adenine solutions were demonstrated

within 10% accuracy.
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RESULTS AND DISCUSSION

Fabrication

The fabrication of 3D stacked ZnO nanowire-based AuNP substrates (3DNP-X where X
is the number of LPD repetitions) consists of two successive processes: hydrothermal synthesis
of ZnO nanowires*® and repeated LPD of AuNPs (Figure 1A).2 Arrays of ZnO nanowires were
synthesized perpendicular to the silicon substrate to serve as skeletal frames. Initially the
substrate was coated with a ZnO seed layer and then hydrothermal synthesis of ZnO nanowires
was performed. The LPD process can be explained by the LaMer model and the DLVO theory.?”
31 CI” ions are displaced from NaAuCly by hydrolysis and replaced by OH™ ions. Sodium citrate

then initiates the reduction to Au anions.*2™*

During the reduction process, Au monomers are
generated in the solution, and their concentration reaches the supersaturation point. When the Au
monomer concentration exceeds the threshold for nucleation, the monomers go through burst
nucleation and rapidly self-nucleate. This causes the concentration of monomers to drop
immediately below the self-nucleation level. Then the diffusion of remaining monomers
maintains the growth of Au NPs.** The size of particle is determined by the reaction pH level,
chemical concentration, and reaction temperature.’® In order to prevent rapid etching of ZnO
nanowire, the pH of the precursor solution is initially adjusted to 9 by adding a NaOH solution.
The diameter of fabricated AuNPs are held between 10 and 20 nm because citrate anions in the
AuNP precursor solution cap the nanoparticles and prevent further aggregation of Au anions.”’
Ions in the solution surround the Au NPs and form the electric double layers (EDL). These layers
generate repulsive force between Au NPs and obstruct their aggregation. If the gap between

nanoparticles is instantaneously reduced by a thermodynamic force, the van der Waals force

becomes larger than the EDL force, and the Au NPs will start to agglomerate.*® Because the
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initial pH level of the Au precursor solution is adjusted to 9, ZnO nanowire can endure through
the nucleation process. During the Au NP growth, the precursor solution becomes more and
more acidic, and ZnO nanowires dissolve away, but the nanowire shapes are preserved by the Au
NPs that attached and formed clusters on the surface of the ZnO nanowires.

For comparison, AuNP-coated silicon substrates were fabricated in the absence of ZnO
nanowires (2DNP-X where X is the number of LPD repetitions, Figure 1B). Because the thin
ZnO-seed layer could not survive the AuNP synthesis process, we coated the Si wafer with 3-
aminopropyltriethoxysilane (APTES) as an adhesion-promoting layer for AuNPs. The coating
was done using a simple wet-chemical process. APTES functionalize the Si surface with amine
groups, which allow the formation of chemical bonds with the citrates groups in the AuNP
precursor solution.*®
2DNP Substrate Characterization

Figure 2A shows SEM images of the top view of the 2DNP substrates. Sparely populated
AuNPs with 10-20 nm diameters were observed on the wafer after the first LPD process (2DNP-
1). As the number of the LPD repetitions increased, the number of nanoparticles observed on the
wafer increased and the nanoparticles tended to aggregate forming sparsely dispersed clusters.
Figures 2B-D show high-resolution SEM images of the cross-section and top views of the
2DNP-8 sample. Despite the increased synthesis time, the diameter of individual nanoparticles
remained between 10 and 20 nm. The nanoparticle film height ranged between ca. 0.2 and 1 pm
(Figure 2B) and the surface AuNP coverage is poor. Energy-dispersive spectroscopy (EDS) data
of the device in Figure S1A and S1B agree with the SEM image data and shows the percentage

of Au atoms increases with increasing LPD repetitions. The percentage of Au atoms is inversely
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proportional to the percentage of Si atoms because the AuNPs on the surface cover the Si
substrate.

In order to evaluate the SERS performance of the devices, SERS spectra were measured
after incubation in 1-mM BT solution. As shown in Figure 2E, clear Raman peaks were observed
at 999 cm ™' (in-plain ring-breathing mode), 1022 cm™' (in-plain C-H bending mode), 1072 ¢cm™
(C-S stretching mode) and 1574 cm™ (C-C stretching mode).”” The SERS intensity was shown to
increase with the number of LPD cycles (Figure 2F). After 8 LPD iterations, there is no sign of
saturation.

Although the 2DNP substrates showed strong SERS hot spots, eight or more repetitions
of the AuNP LPD are required to reach the enhancement level. This fabrication method is
therefore time-consuming and inefficient. Additionally, this enhancement level showed no sign
of saturation, indicating it is possible to improve the SERS beyond eight repetitions. Above all,
the SEM image in Figure 2A shows the spatial uniformity is too poor for quantitative
measurements.
3DNP Substrate Characterization

Nanowires were used as a basic framework to build a more spatially uniform SERS-
enhanced substrate. ZnO nanowires were synthesized using the hydrothermal method, a simple
way to synthesize nano-sized vertical structures illustrated in Figure 1A and 3A. Figure 3B
shows the ZnO nanowire cross-section SEM image; the diameter and height of the ZnO
nanowires were ca. 50 nm and 1 pm, respectively. After the synthesis of ZnO nanowires, AuNPs
were adsorbed on the nanowires using the same method used to fabricate the 2DNP substrates.
Due to the strong adsorption interaction between metal oxide and citrate anions, the AuNPs

adhered to the surface of the ZnO nanowires without the addition of ATPES.** Figure 3A shows
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a top view SEM image of the AuNP-coated ZnO nanowire. After 1 or 2 LPD repetitions (3DNP-
1 and 3DNP-2), the shape of the ZnO nanowires were observed on the substrates and AuNPs
coated the ZnO nanowire surface, shown in the cross section SEM image of 3DNP-1 in Figure
3C. Since the synthesis reaction occurred in liquid, the AuNPs formed on the top surfaces as well
as the side-walls of the nanowires.

As the number of LPD repetitions increased, the ZnO nanowires dissolved and the sizes
of the AuNP clusters increased. The etch rate of ZnO nanowires can be controlled by adjusting
the acidity level of the AuNP precursor solution. In order to fabricate dense SERS substrates, we
adjusted the initial pH of the precursor solution to 9, which is near the isoelectric point (i.e. no
electric charges) of ZnO, and at this pH level, ZnO nanowires do not dissolve in the solution.*’
The pH level of the precursor solution was then dropped to ca. 5.5 during the synthesis process,
causing the ZnO nanowires to gradually etch away through the synthesis iterations.

SEM images of 3DNP-1 through 3DNP-8 are shown in Figure 3A. The cross-section SEM
images of 3DNP-0, 3DNP-1, and 3DNP-8 are shown in Figures 3B, 3C, and 3D, respectively. In
Figure 3D, the presence of the vertical perforations created by dissolving ZnO nanowires are
observed. This result is supported by the EDS data in Figure S2A and S2B, wherein the Zn:Au
ratio decreased as the number of LPD repetitions increased. The observed Si atoms increased
from one to four LPD repetitions due to the erosion of the ZnO nanowires causing exposure of
the Si surface. For LPD repetitions greater than four, the ESD Si signal decreased because the
AuNPs covered the Si substrate more densely. Figures 3E and 3F show high resolution SEM
images of 3DNP-8. The diameters of individual NPs ranged between 10 and 20 nm, similar to
the AuNPs on the flat 2DNP substrates. The clusters have many regions with sub-10-nm inter-

particle gaps, which are properly sized to strongly enhance the electric field. The heights of
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3DNP stacks were consistently thicker than the 2DNP films because the ZnO nanowires served
as a skeletal frame for vertical deposition.

Figure 3G shows the SERS spectra of 3DNP substrates incubated in a I-mM BT solution.
Four clear peaks at 999, 1022, 1072 and 1574 cem’! were detected, and the Raman intensities
increased linearly up to three LPD repetitions as the nanoparticle density and the thickness of
cluster also increased. After three LPD repetitions the Raman intensities were saturated. The
SERS intensity of one repetition of AuNP deposition (3DNP-1) is larger than that of the flat
2DNP-6, which had six deposition repetitions of nanoparticles. Due to the efficient 3D vertical
stacking of AuNPs, the 3DNP substrates benefit from larger surface areas and stronger particle-
to-particle interactions. Additionally, the presence of vertical pathway holes allows the Raman
intensities to achieve saturation after five iterations of nanoparticle deposition. The enhancement
saturation is shown in Figure 3H and the enhancement factor was calculated to be 9.31 x 10°. In
comparison, our approach using dissolving ZnO nanowires showed a better EF (10'%) and spatial
uniformity (7% RSD) than previously reported Si-nanowire-based platform (EF: 10%-10°%; spatial
uniformity: > 9 % RSD).*'*
Simulations of 3DNP substrates

In order to better understand the enhancing mechanism and the saturation effect, highly
detailed numerical simulations were conducted. As shown in Figures 3D-F, the AuNPs were
densely stacked along the ZnO vestiges, which acted as perforated optical pathways (Figure 4A).
To replicate the 3D nanoparticle stacks with light paths in the simulator, rectangular stacks of
reasonably well-aligned nanoparticles with inter-particle gap sizes varying between 8 and 22 nm
were created. Considering the diameters of ZnO nanowires and AuNPs (Figure 4B), randomness

was applied to their positions (deviation from the aligned positions with the standard deviation of

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

6 = 7 nm). Figure 4C shows the electric field intensity (|E[*) distribution inside the blocks with
various gap sizes. For small gap sizes (<11 nm) strong electric fields were present near the top
regions of the structures. As the gap size increased, stronger electric fields appear deeper inside
the blocks. This result verifies the ZnO vestiges play an important role as light-passing
perforations. As shown in Figure 4D, the enhancement level reaches the peak values, saturates,
and stays relatively constant when the particle-to-particle gap size ranges between 11 to 19 nm.
The enhancement increased as the gap increases up to 10 nm and decreased above 20 nm. For
gaps far below 10 nm, nanoparticles are more densely packed, and the excitation light reflects off
the surface of the cluster and cannot interact with nanoparticles underneath the surface, and the
overall enhancement is very weak. For gap sizes above 20 nm, the excitation light passes through
the surface nanoparticles to deeper layers, however particle-to-particle interactions become too
weak due to the larger gaps and overall enhancement is again very weak. Effective usage of
excitation light and collection of Raman emission would lead to strong enhancement. For the gap
sizes between 11 and 19 nm, there exists an optimal balance between the particle-to-particle
interaction and a sufficiently large optical path, allowing the substrate to exhibit strong Raman
enhancement. When gap sizes are smaller, for example, between 11 and 14 nm, we observe
stronger particle-to-particle enhancement due to smaller gap sizes, but the penetration depth of
excitation light is also shallow due to smaller gaps, and most of light-nanoparticle-molecule
interactions occur near the top surface of the cluster. On the other hand, for larger gap sizes,
especially between 16 and 19 nm, the particle-to-particle enhancement is weaker, but light-
molecule interactions occurring in the deeper regions of the cluster also contribute to overall

Raman emission due to the increased inter-particle gap sizes and make up the loss from the

10
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weaker particle-to-particle interactions. As a result, the enhancement stays almost constant over
the range of 11-19 nm, providing highly geometry-independent SERS performance.

In order to study the effect of the AuNP synthesis and LPD iterations in more detail,
simulations at 12 AuNP thicknesses were conducted at 8, 15, and 22 nm particle-to-particle gap
sizes. The substrate with small thickness does not sufficiently utilize the excitation light, wherein
the electric field is strongest in the first layer of AuNPs and becomes smaller as the excitation
light traveled toward the bottom layer (Figure S3A). As the thickness of the AuNP cluster is
increased, a larger percentage of the laser excitation power is utilized and the total
electromagnetic enhancement increased. The overall electromagnetic enhancement became
saturated after the thickness exceeded a certain value, and the saturation thickness was highly
correlated to the light penetration depth set by particle-to-particle gap size (Figure S3B). The
observed trend matched well with the experimental results in Figure 3H.

In order to evaluate the sensitivity of the 3DNP substrates, samples were incubated in BT
solution of various concentrations. As shown in Figure 5A, four clear SERS peaks were observed
from the 1-uM, 1-nM, 1-pM, and 1-mM BT solutions. Intensities of the four Raman peaks
decreased as the concentration of BT solution decreased (Figure 5B). The 3DNP substrates
effectively absorb the excitation light and generate stronger Raman enhancement, which allows
the detection of picomolar concentrated BT.

The 3DNP substrate exhibits excellent spatial uniformity. As shown in Figures 5C and
S4A, the substrate surface looks uniformly black. The use of a newly designed mechanical
stirrer, which improved temperature and chemical concentration uniformity in the precursor
solution, combined with repetitions of the Au synthesis resulted in a uniform AuNP layer over

the entire substrate thick enough to saturate SERS emissions. As studied in numerical simulation

11
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section, the thick AuNP layers made saturated electromagnetic enhancement and overstacked
layers didn’t affect to saturated SERS emissions. The SERS intensity almost reached the
saturated value after third Au synthesis repetition (Figure 3H), we conducted five more Au
synthesis process in order to get saturated signal in entire substrate. The spatial uniformity of the
SERS intensity across the 4-inch wafer was excellent and had a the relative standard deviation
(RSD) below 13% (Figures 5D, SE and S4B-S4E). Moreover, the uniformity of the SERS
intensity within an area of 4 x 4 mm?, a typical size widely used for commercial SERS
substrates, showed a RSD less than 7% (Figure S4F and S4G), which is approximately six times
better than the flat 2DNP substrates (RSD > 40%) (Figure S4H and S41). Moreover, the device is
larger and more uniform than previous works using complex fabrication processes (Figure S5
and Table S1).2"*® The wafer-scale uniformity and strong enhancement were achieved using
precursor-based fabrication processes that can be easily applied to large scale productions
without significant setup investment. These desirable properties can provide high usability for
practical applications such as quantitative monitoring of biological molecules.

We also measured SERS intensities of BT as a function of incidence angle between 0°

and 80° (Figures 5F and 5G). The intensity maxed out at 0" and remained almost constant up to
30°, at which the intensity reduced by 6.5%. The perceived view of the 3D-stacked particle-gap
geometry stays uniform to a good extent even up to a viewing angle of 30°, and this reduces

angle dependence. If the incidence angle becomes larger than 30°, the excitation laser is not
tightly focused anymore, and the cluster geometry viewed at an angle over 30° becomes similar
to an excessively packed AuNP cluster with no gaps. The SERS intensity would decrease. The

dominant Raman peaks, although they became much weaker, were still detectable at 80°. This

12
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high angle independence can also be useful for practical applications that require quantitative
measurements.
Quantitative application of 3DNP substrates

As a demonstration of quantitative measurements, the concentrations of adenine in
solution were determined experimentally. The SERS intensity of 3DNP-8 substrates in adenine
at four concentrations (10 nM, 100 nM, 1 uM, and 10 uM) were measured. As shown in Figure
5D, the substrate showed excellent uniformity throughout the entire wafer, and this is a very
important property for substrates used in quantitative measurements. The clear Raman peak
observed at 735 cm™', whose intensity was linearly proportional to the concentration of adenine
solutions (Figure 6A and 6B), was measured. The relationship between the concentration and the
intensity represented by the line shown in Figure 6B follows I = 2.45x10%-C"*% — 73,38, where
I and C are the SERS intensity and molar concentration in solution, respectively. Next, we
incubated five 3DNP-8 substrates in 60-nM, 200-nM and 4-uM adenine solutions and calculated
the concentrations to 63.1 nM, 213.3 nM and 3.71 uM, respectively. These results, shown in

Figure 6C, match the given concentrations accurately within 10%.

CONCLUSIONS

3D-stacked AuNP clusters with light-passing perforations were fabricated, and their use
as a high-performance SERS substrate for quantitative sensing was demonstrated. Simple
hydrothermal synthesis produced ZnO nanowires, which served as a template for efficient
fabrication of a 3D substrate, and AuNPs were deposited by repeating LPD cycles. Due to the
nanowire-generated light-passing perforations and 3D stacks made of properly sized

nanoparticles and inter-particle gaps, the Raman-enhancing performance of the substrate is

13
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highly independent of the final geometry of the nanoparticle clusters and shows high
enhancement and uniformity across the wafer, which is confirmed by both experimental
measurements and numerical simulations. The enhancement factor was calculated to be
approximately 9.31 x 10° and the 3DNP substrate clearly detected SERS peaks in 1-pM BT
solution. Also, the 3DNP substrate measured the concentration of a 60-nM adenine solution
within 10%. This relatively simple approach can be widely adapted by most wet labs and is also
suitable for large-scale productions, suggesting a promising way to implement commercial SERS

substrates for biological and chemical sensing applications.

MATERIALS AND METHODS

Chemicals. Chemicals used for this investigation include the following: zinc acetate
dihydrate (Zn(CH3COO); 2H,0, Sigma Aldrich, =98%), ethanol, (CH3;CH,OH, Sigma Aldrich,
200 proof), zinc nitrate hexahydrate (Zn(NOs),-6H,0, Sigma Aldrich, 98%), polyethyleneimine
(PEL (C,HsN),, Sigma Aldrich, average M,, ~800), hexamethylenetetramine (HMTA, C¢H /2Ny,
Sigma Aldrich, = 99%), sodium tetrachloroaurate(Ill) dihydrate, (NaAuCls-2H,0, Sigma
Aldrich, =299%), sodium citrate dihydrate (HOC(COONa)(CH,COONa), 2H,0, Sigma Aldrich,
=99%), sodium hydroxide (NaOH, Sigma Aldrich, = 98%), 3-aminopropyltriethoxysilane,
(APTES, H,N(CH,)-3Si(OC,Hs)3, Sigma Aldrich, =99%) and benzenethiol (BT, CsHsSH,
Sigma Aldrich, =98%).

Fabrication of 2DNP substrates. A bare Si wafer was immersed in APTES for 15

minutes to ensure the adhesion of the synthesized AuNPs to the substrate. The substrate was then

placed in the AuNP precursor solution in a convection oven at 90°C for 1 hour. The precursor

14
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solution was prepared from 1 mM sodium tetrachloroaurate (III) dihydrate and 200 uM sodium
citrate dihydrate in DI water. 0.1 M NaOH aqueous solution was added until the resulting pH of
the solution was 9.** The LPD process was repeated between 1 and 8 times for AuNP films of
increasing thichkness (2DNP-1, 2DNP-2, ..., and 2DNP-8). The higher the number of repetition,
the thicker the AuNP film. The substrates were washed with DI water and ethanol to remove
excess salt and carbon compounds.

Fabrication of 3DNP substrates. A ZnO seed solution consisting of 5 mM zinc acetate
dihydrate in ethanol was coated on a bare Si substrate and then annealed on a hot plate at 350°C
for 20 minutes to ensure seed adhesion to the silicon.” The substrate was then placed inside the
ZnO precursor solution, which consisted of 25 mM zinc nitrate hexahydrate, 25 mM HMTA and
5 mM PEI in DI water for 2.5 hours at 95°C in a convection oven.”® The substrate was then taken
out of the solution, rinsed with DI water, and annealed on a hot plate at 350°C for 20 minutes. In
order to synthesize AuNP on ZnO nanowires, the silicon substrates with ZnO nanowires were
placed into a AuNP precursor solution. The solution was heated to 90°C for 1 hour and the
process was repeated between 1 and 8 times to create a dense AuNP film (3DNP-1, 3DNP-2, ...
and 3DNP-8). The substrates were then washed with DI water and ethanol to remove excess salt
and carbon compounds.

SERS measurements of benzenethiol (BT). All substrates were incubated in a 1 mM
BT ethanol solution for 5 hours. Additionally, ZnO nanowire substrates coated with 5 repetitions
of gold nanoparticles were incubated in 1 uM, 1 nM and 1 pM BT solution for 5 hours. The
samples were taken out of the BT solution, rinsed with ethanol and dried using nitrogen gas.
Measurements were taken using a Raman microscope (inVia, Renishaw, United Kingdom) with

20x magnitude objective lens with 1.25-um spot size and 0.07 mW of 785-nm laser for 100 s.

15
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SERS measurements for evaluation of spatial uniformity and angle independence.
To evaluate substrate uniformity, a 4-inch wafer and a 4 mm x 4 mm piece of 3DNP-8 (Si wafer
with ZnO nanowire substrate coated with 8 repetitions of AuNP LPD), in addition to a 4 mm x 4
mm piece of 2DNP-8 (Si substrate coated with 8 repetitions of AuNP LPD) were incubated in 1
mM BT solution. The samples were scanned at a step size of 0.5 um and 0.1 pm, respectively,
using 5% magnitude objective lens with 4.15-um spot size and 0.77 mW of 785-nm laser for 3 s.
To test angle independence, | mM BT incubated 3DNP-8 was prepared. The SERS intensity of
the substrate was measured at various incidence angles from flat to 80° using 0.07 mW of 785-
nm laser for 100 s.

Numerical analysis. Simulations were performed using a commercial program
(Lumerical FDTD Solutions 2016a, Lumerical Solutions Inc., United Kingdom) based on a 3D
Finite difference time domain (FDTD) algorithm.60 The 14 nm diameter AuNPs of 8 by 8
rectangular arrays, assumed to be placed with 7 nm uniform random distribution from the lattice
point, were stacked on the top of Si substrate (refractive index, n = 3.5).° In this calculation,
periodic boundaries and perfectly matched layers were used and the minimum computational cell
size was 1 nm’. The linearly polarized 800 nm wavelength source was illuminated from the top.

SERS measurements of adenine. The SERS substrate was diced into 2x2-mm? chips for
testing, and the SERS spectra were measured using 20x magnitude objective lens with 1.25-um
spot size and 0.07 mW of 785-nm laser for 100 s. We used a new chip for every measurement.
For calibration measurements, we incubated four chips in 10-nM, 100-nM, 1-uM, and 10-uM
adenine solution for 5 hours and measured corresponding Raman spectra. To obtain the

measurement accuracy of the SERS devices, we incubated another set of 2x2-mm? chips in three

16
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different adenine concentration levels of 60-nM, 200-nM and 4-uM and measured their SERS

spectra under the same measurement condition.

FIGURES
A 3DNP-0 3DNP-1 3DNP-2 3DNP-3 3DNP-n
gt
I |
| : 1
& 2 %
= ﬁ | ns
Initial Si wafer ZnO seed layer Liquid phase deposition of Au nanoparticles
coating and
B ZnO nanowires 2DNP-1 2DNP-2 2DNP-3 2DNP-n
synthesis
o = mp f L
I D D N
Adhesion layer Liquid phase deposition of Au nanoparticles
(APTES) coating

Figure 1. A schematic of the fabrication process for (A) 3D-stacked gold-nanoparticle clusters
built on a Si wafer using ZnO nanowires (3DNP samples) and (B) gold-nanoparticle coated Si

wafer (2DNP samples).
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Figure 2. SEM images of (A) the top view of the gold nanoparticle film coated substrates (2DNP
substrates) with varying AuNP LPD repetitions (1-8); (B) the cross sectional view and (C, D) top
views of 2DNP-8; (E) SERS spectra of 2DNP-1 through 2DNP-8 1 mM benzenethiol solutions
and (F) the Raman intensities at wavenumbers of 999, 1022, 1072 and 1574 cm™ measured on

the 2DNP substrates as a function of synthesis repetitions.
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46 Figure 3. Top view SEM images of 3DNP substrates, which were made of ZnO nanowires
48 grown on a Si wafer substrate and repetitive AuNP LPD processes (3DNP substrates); (B-D)
cross sectional views of the ZnO nanowires before gold nanoparticle deposition (3DNP-0) and

53 after Au NPs deposition (3DNP-1 and 3DNP-8); (E,F) top views of the of the 3DNP-8 sample;
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(G) SERS spectra of 1 mM benzenethiol solution and (H) Raman intensities at 999, 1022, 1072

and 1574 cm™ measured on 3DNP substrates with variation in LPD repetitions.
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Figure 4. (A) A schematic illustration of the nanoparticle clusters with light-passing perforations
of the 3DNP substrates; (B) geometry of 3DNP substrate for numerical simulation; (C)

numerical simulation results of electric field intensity (|E|*) distribution with various gap sizes
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and (D) the relationship between integrated [E[* enhancement and the particle-to-particle gap

size.
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Figure 5. (A) SERS spectra of 1 mM, 1 uM, 1 nM and 1 pM benzenethiol solution and (B) the
SERS intensity at 999, 1022, 1072 and 1574 cm’ with various concentrations of benzenethiol
solution; (C) photo of 3D stacked AuNPs synthesized on 4 inch Si wafer; (D) 2D mapping and

(E) intensity distribution of 1072 cm™ peak of 1 mM benzenethiol incubated 3D stacked AuNP

21



oNOYTULT D WN =

ACS Applied Materials & Interfaces

synthesized on 4 inch Si wafer; (F) SERS spectra of 1 mM benzenethiol incubated 3D stacked
AuNP substrate with various incidence angles and (G) the relationship between SERS intensity

and incidence angle.
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Figure 6. (A) Reference SERS spectra of 10 uM, 1 uM, 100 nM and 10 nM adenine solutions
measured using 3DNP-8; (B) the experimentally measured reference relationship between the
concentration of adenine solution and SERS intensity; (C) concentration readouts for adenine

solutions using 3DNP-8.
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Supporting Information.

(1) EDS data of 2DNP substrates as a function of synthesis repetition. (2) EDS data of 3DNP
substrates as a function of synthesis repetition. (3) Numerically simulated electric field intensity
(IE[*) distribution inside 3D stacks for various gap sizes and as a function of the layer depth. (4)
2D Raman mapping and statistical distributions of Raman enhancement measured on a 2DNP-8
substrate and 4-inch wafer-sized 3DNP substrate. (5) SERS performance comparison with
previous large and uniform SERS substrates. (6) Enhancement factor calculation for 3DNP

substrates. This material is available free of charge via the Internet at http://pubs.acs.org.
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SERS: surface-enhanced Raman spectroscopy; LPD: liquid phase deposition; FDTD: finite-
difference time-domain; NP: nanoparticle; AuNP: gold nanoparticles; 2DNP: flat gold-
nanoparticle-layer substrate; 3DNP: 3D-stacked gold-nanoparticle substrate fabricated using
ZnO nanowires; APTES: 3-aminopropyltriethoxysilane; SEM: scanning electron microscope;
EDS: energy-dispersive spectroscopy; BT: benzenethiol; RSD: relative standard deviation; PEI:

polyethyleneimine; HMTA: hexamethylenetetramine.
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Figure 1. A schematic of the fabrication process for (A) 3D-stacked gold-nanoparticle clusters built on a Si
22 wafer using ZnO nanowires (3DNP samples) and (B) gold-nanoparticle coated Si wafer (2DNP samples).
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Figure 2. SEM images of (A) the top view of the gold nanoparticle film coated substrates (2DNP substrates)
with varying AuNP LPD repetitions (1-8); (B) the cross sectional view and (C, D) top views of 2DNP-8; (E)
SERS spectra of 2DNP-1 through 2DNP-8 1 mM benzenethiol solutions and (F) the Raman intensities at
wavenumbers of 999, 1022, 1072 and 1574 cm™ measured on the 2DNP substrates as a function of

synthesis repetitions.
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39 Figure 3. Top view SEM images of 3DNP substrates, which were made of ZnO nanowires grown on a Si wafer

40 substrate and repetitive AUNP LPD processes (3DNP substrates); (B-D) cross sectional views of the ZnO

nanowires before gold nanoparticle deposition (3DNP-0) and after Au NPs deposition (3DNP-1 and 3DNP-8);
(E,F) top views of the of the 3DNP-8 sample; (G) SERS spectra of 1 mM benzenethiol solution and (H)

42 Raman intensities at 999, 1022, 1072 and 1574 cm™! measured on 3DNP substrates with variation in LPD

43 repetitions.
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Figure 4. (A) A schematic illustration of the nanoparticle clusters with light-passing perforations of the 3DNP
substrates; (B) geometry of 3DNP substrate for numerical simulation; (C) numerical simulation results of
electric field intensity (|E|?) distribution with various gap sizes and (D) the relationship between integrated

|E|* enhancement and the particle-to-particle gap size.
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35 Figure 5. (A) SERS spectra of 1 mM, 1 uM, 1 nM and 1 pM benzenethiol solution and (B) the SERS intensity
at 999, 1022, 1072 and 1574 cm™ with various concentrations of benzenethiol solution; (C) photo of 3D
stacked AuNPs synthesized on 4 inch Si wafer; (D) 2D mapping and (E) intensity distribution of 1072 cm™
37 peak of 1 mM benzenethiol incubated 3D stacked AuNP synthesized on 4 inch Si wafer; (F) SERS spectra of
38 1 mM benzenethiol incubated 3D stacked AuNP substrate with various incidence angles and (G) the

39 relationship between SERS intensity and incidence angle.
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Figure 6. (A) Reference SERS spectra of 10 uM, 1 uM, 100 nM and 10 nM adenine solutions measured using
3DNP-8; (B) the experimentally measured reference relationship between the concentration of adenine
solution and SERS intensity; (C) concentration readouts for adenine solutions using 3DNP-8.
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