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1. Introduction 

Surface Enhanced Raman Scattering (SERS) can offer sample detection and 
identification solutions to applications that include medical diagnostics, military 
situations in which there are possible chemical, biological, and explosive materials 
on site, and even environmental contamination concerns. For SERS to function as 
an accurate, reliable, and reproducible technology for all of these research areas, it 
is important to have access to a dynamic (i.e., able to be tailored to current and 
emerging materials) and universal (i.e., able to be applied to a large range of 
unknowns) SERS substrates. To this end, considerable investment has been put into 
developing SERS substrates that are easily and inexpensively manufactured, 
demonstrate signal reproducibility from substrate to substrate and lot to lot, and are 
capable of being used in a host of environments with diverse target materials and 
still demonstrate consistently good SERS signal enhancement. In this report we 
briefly discuss some current methodologies for fabricating SERS-based substrates, 
discuss efforts at the US Army Research Laboratory (ARL) to fabricate a SERS-
based substrate, and characterize the performance of the ARL SERS substrate via 
plasmon absorbance data and by measuring the SERS signal from a common 
analyte material.  

1.1 Raman and SERS Background 

Raman-based sensing offers many advantages for Army-relevant sensing 
applications. Raman is a spectroscopic technique that relies on inelastic scattering 
from a laser light source. It is a technique commonly used to provide a unique 
fingerprint spectrum from which sample material identity can be determined. Other 
advantages of Raman over some other spectroscopic techniques include little to no 
sample preparation being necessary, the ability to collect signal from relatively 
small sample volumes, no sample degradation, the ability to be used with several 
laser sources, and that it does not suffer from interferences from water.1–5 Despite 
these advantages, for many of the Army-relevant materials to sense, Raman is a 
relatively weak phenomenon; therefore, signal-enhancing techniques like SERS 
can be used instead.6–12  

The SERS effect was observed and documented in the 1970s, and a full 
understanding of the effect was later described. An enhancement of the Raman 
signal occurs when a target or molecule of interest is brought into close or direct 
contact with a surface that has a layer of roughened (i.e., nanostructured, particle-
size distribution) metals on the nanoscale surface. When the surface is interrogated, 
the interaction of the molecule and surface can lead to primarily chemical and 
electromagnetic (EM) enhancements. The EM effect occurs with a collective 
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oscillation of conduction electrons, also known as surface plasmon resonance 
(SPR). The EM effect is the dominant contributor to the overall signal 
enhancement. The chemical enhancement occurs when there is a charge transfer 
resonance between the molecule and the metalized surface. These effects can also 
be coupled. The SPR can be modified by varying parameters like the size, shape, 
and metal of the SERS substrate.  

SERS is an analytical technique that is well-suited to the molecular identification 
of a variety of compounds by revealing specific vibrations within the molecule to 
produce a fingerprint spectrum from which sample component identification is 
possible. This vibration-based technique is applicable in a variety of environments, 
as it does not suffer from interferences from water and is relatively insensitive to 
the excitation wavelength employed (i.e., no reliance on visible absorption). Under 
ideal conditions, SERS signal enhancement has been reported to be up to 14 orders 
of magnitude greater than spontaneous (i.e., nonenhanced) Raman, allowing for 
single molecule detection. This signal enhancement from SERS is achieved by 
depositing an analyte onto (or in close proximity to) a nanoscale roughened metal 
surface, irradiating the surface, and then taking advantage of both chemical and EM 
enhancements that occur. SERS spectra can be used to not only detect analytes of 
interest, but also to understand a bit about the environment in which they are found.  

1.1.1 Types of SERS Surfaces  

SERS substrates can be fabricated from a host of different techniques.2,7,11–16 Early 
techniques used included the deposition of electro-chemically roughened metal 
electrodes and various colloid prepared processes (usually silver [Ag] or gold [Au] 
materials). These fabrication techniques resulted in surfaces consisting of 
randomized “hot spots” or areas of increased overall SERS signal enhancements. 
Because of the random nature of some of these early, more simplistic SERS 
substrates, there was significant variation in substrate performance and 
reproducibility. However, with current technological advances there has been a 
push for the design and fabrication of more “designed” SERS substrate surfaces 
that exhibit uniform structure and SERS signal enhancement. Examples of designed 
SERS surfaces include those that are fabricated using bottom-up chemical synthesis 
and top-down nanofabrication techniques. Also, there is an increasing research 
trend in the design of hybrid SERS surfaces that incorporates them into plasmonic 
nanostructures and can even incorporate bio-inspired materials for increased 
selectivity.  
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1.1.2 Nanoparticles and Self-Assembly 

Metal nanoparticles are a readily available means for fabricating SERS substrates. 
Metal nanoparticles are particularly advantageous to use because they frequently 
demonstrate good SERS signal enhancement, substrate signal stability, and can be 
easily and cheaply fabricated. Typically, Au or Ag are the metals of choice for 
SERS signal enhancement using visible laser sources because their plasmon 
resonances lie in the visible region. 

The process of fabricating Au or Ag nanoparticles is frequently considered a 
“bottom-up” synthesis technique. Nanoparticles can be synthesized following a 
simple process involving coprecipitation of a soluble metal salt and then adding a 
reducing agent. Common examples of these types of reactions include Lee and 
Meisel synthesis as well as the Fren and Natan techniques.17–25 Additionally, by 
changing parameters of the synthesis process it is possible to tailor the nanoparticle 
shape, size, and overall structure. These nanoparticles can also be tailored to be 
composed of different metals, thus providing increased SERS signal, varied 
functionality, and even different separation methods (e.g., when incorporating 
magnetic materials). This has interesting implications for selecting and tailoring 
properties of the nanoparticles to that of the system in which the SERS signal will 
be measured (i.e., laser wavelength employed, specific application, and 
measurement environment). Challenges for these types of nanoparticles can include 
degradation over time due to the rapid oxidation of Ag nanoparticles, variance in 
reproducibility (i.e., spot to spot, substrate to substrate, and batch to batch), and 
issues with particle aggregation and overall SERS signal.  

Another example of a SERS nanoparticle consists of a metallic core surrounded by 
some functional shell, thus forming a shell nanoparticle structure. Advantages of 
these types of nanoparticles are that the outer shell of the nanoparticle can protect 
the metal core from environmental impacts, additional functionalization/tagging 
options on the shell exist, and in some cases the shells might help with decreasing 
aggregation, if desired.  

As mentioned, it is possible to control the experimental conditions in the 
nanoparticle synthesis process to change such parameters as nanoparticle size and 
overall shape. Implementing these controls in the fabrication process allows for the 
design and growth of shapes including nanorods, nanowires, nanocubes,26,27 
nanoprisms,28 and nanostars.29–31 These sorts of shapes offer some advantages like 
tailored plasmon bands, the ability to couple several individual nanomaterials to 
create substrates that exhibit increased SERS signal enhancement factors, and the 
option to preferentially pack particles onto substrate surfaces with some known 
density/orientation and thus possibly control the number of “hot spots” that an 
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analyte can access. Because of the host of advantages, various SERS nanoparticle 
shapes are being used in research areas that include imaging,32–35 biosensors,10,36–44 
drug delivery,45–54 and various photothermal therapies.45,50–52,55–59  

1.1.3 Designed Nanostructures 

Significant research efforts have also been concentrated on better directing the 
optimization of the substrate surface from which the SERS enhancement occurs. 
Based in part on experimental and theoretical efforts, the directed fabrication of 
SERS platforms has focused on modifying the feature size,60–62 spacing between 
objects, geometry and shape of structures, identity and incorporation of metals on 
the surface,63 feature height, and the characteristics of the foundation layer on 
which the architecture is fabricated. Variation in some of these parameters has been 
shown in some cases to result in very large changes to the overall SERS signal-
enhancing capabilities of the substrate surface. Efforts continue to focus on 
developing an understanding of how these parameters can combine to result in a 
highly reproducible and sensitive SERS substrate. As research continues to push 
and improve the overall sensing capabilities of the SERS surface, corresponding 
research continues to push toward development of a uniform, reproducible (SERS 
signal response, substrate architecture), and mass-produced platform necessary to 
facilitate widespread incorporation of SERS in viable dynamic (current and 
emerging targets) and universal (applicable to a range of target types) sensing 
platforms.  

Some of the challenges associated with the fabrication of SERS substrates from 
chemical synthesis include sensitivity (detection limits, response to a range of target 
types), tenability (ability to be used with a range of laser sources, target sizes), 
stability (overall SERS signal enhancement over time), possible background 
interference from synthesis materials, and reproducibility. However, with advances 
in nanoscale fabrication technology, some of these challenges can be partially 
overcome by implementing design controls (architecture of substrate, substrate 
material, how materials are loaded). Examples of these fabrication platforms 
include lithographically produced structures, such as nanospheres, nano-antennas, 
and nanogap arrays, and designed structures such as film over nanoparticles  
(FONs).64–68 Nanosphere lithography can be carried out several ways. Van Duyne 
and coworkers have shown a substrate structure in which nanotriangle structures 
are created by depositing a monolayer of nanospheres, a metal layer, and then 
removing the nanosphere mask.69,70 FONs have also been fabricated by depositing 
a monolayer of nanoparticles onto a surface and then depositing/adhering a layer of 
metal onto this surface. The spacing of this monolayer surface can also be 
controlled by imparting functionality to the nanoparticle, thus ensuring some 
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specific predetermined interparticle spacing. Some interesting work has also been 
demonstrated with multilayer FONs made up of varying metal layers and spacers. 
These multilayer FONs demonstrate increased lifetime and overall SERS 
enhancement factors as compared with a single layer of individual metal.68,71–76  

Specifically designed SERS surfaces can also be fabricated from optical nano-
antenna surfaces. Optical nano-antennas are typically devices that are able to 
convert free-propagating optical radiation into localized energy at the hot spot, 
which is basically a resonant plasmonic structure. This increase in the EM field can 
lead to an increase in vibrational signal from the molecules that are located at or in 
close proximity to the hot spot. There are several examples in the  
literature49,50,63,77–89 of these types of SERS surfaces, and they can range in shape 
from “bow-tie”-like structures to plasmonic nano-antennas.  

Another example of a specifically designed surface includes the nanogap array. 
Traditionally, nanogap arrays90,91 are fabricated by electron beam lithography 
(EBL). Following etching, the platform can be chemically etched and desired 
metals deposited. Using EBL, it can be very challenging to fabricate reproducible 
and repeatable gaps of the correct/designed dimensions. To overcome this, some 
researchers have been able to combine EBL with electrochemical methods to better 
control the gap spacing.92,93 By running current through an EBL-fabricated gap 
array, it has been shown to be possible to impact atomic positions within a lattice. 
Other groups have also had success controlling the spacing of nanogaps by 
employing femtosecond lasers and nano-imprinting techniques.94–98 Advantages of 
using these techniques include increased reproducible enhancement factors because 
of the significant control of the surface and the potential to create reproducible 
SERS substrates over a larger surface area.  

1.1.4 Photonic SERS Substrates 

With technological advances in the areas of integrated photonics, researchers are 
increasingly looking for means to fabricate Raman, Raman-based, and SERS 
surfaces onto devices like dielectric gratings and photonic crystals. Advantages of 
these types of devices include increased SERS enhancement factors, the ability to 
create a dense array of hotspots, and smaller sensor area. Integrated photonic SERS 
substrates might become a reality as technological advances and foundry 
fabrication methods become more widely available and accepted.  

1.1.5 Hybrid SERS Surfaces/Polymer-Based Coatings/Bio-Inspired 
Materials 

One of the main challenges in the design and fabrication of a sensor platform is 
analyte selectivity and sensitivity. To answer this challenge, researchers have 
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looked into imparting selectivity and sensitivity into SERS substrates using 
polymer-based coatings and biological recognition elements.  

Polymer-based SERS sensing has been demonstrated to be effective at sensing 
Army-relevant materials.14,22,58,85,99 Polymer SERS sensing can be achieved by 
coating a SERS-active surface with a polymer that only allows access by selected 
materials or the preferential trapping of selected, predetermined materials to the 
SERS sensing surface (molecular imprinting polymer/SERS work),5 incorporating 
coatings onto metal nanoparticles,  and  SERS hydrogels materials.  

A high degree of sensor selectivity can be achieved by using biological recognition 
elements (i.e., biomimetic sensing). Such sensing entails the adaptation of 
biological principles, designs, selective sensitive materials, and signal processing 
schemes merged with artificial (nonbiological material) sensors. Biomaterials can 
be used in SERS substrates as a functionalized material to aid in sensing and as the 
platform in which the SERS sensing is possible. Advantages of these materials 
include the potential for label-free detection and identification, elimination of 
significant sample preparation/specific reagents, and no interference from water.  

Biomimetic sensing recognition elements can include more-traditional antibody 
sensing motifs and, increasingly, peptides as the biological recognition element. 
These SERS biosensors80,100–102 based on hybrid nanostructures have been used in 
research to study proteins,103–105 cancer markers,33,106 trace explosives,107 various 
genes, chemical warfare species, bacteria,60,108–114 diagnostic markers, 
environmental pollutants, glucose monitoring,102,115 and stress-related biomarkers 
in Soldiers.102  

Antibodies82,89,116 have been traditionally used in these SERS-based sensor 
platforms, as they are typically more familiar to many researchers. Challenges with 
antibody-based SERS sensors can include robustness of the recognition element 
and dynamic adaptability of the element to a variety of threat materials. 
Increasingly, researchers are using peptides as SERS recognition  
elements.64,89,117–119 Peptides are short (<50) chains of amino acids. Generally, in 
sensing platforms, peptides are advantageous to use because they 1) are stable and 
robust in environments where other functionalization chemistries are labile, 2) can 
be easily synthesized, 3) are cost- and time-efficient, 4) can be easily modified to 
recognize a target, 5) are well characterized, and 6) have been shown to easily 
immobilize to various surface platform materials (e.g., metals, plastics, fabrics, and 
tissue samples).  

Other examples of bio-inspired SERS substrates include utilizing photosynthetic 
marine micro-organisms such as diatoms in periodic structures,120–124 anemone type 
structures,125 coated plant extracts83 functioning as probes, incorporated into flower 
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petals126 and leaves, and nanoparticle coated onto seed,127,128 and even onto metal-
coated insect wings.86,87  

1.2 US Army-Relevant Applications of SERS-Hazard Detection 

To effectively support and carry out the mission, Soldiers and support staff must 
have safe food, air, water, and a secure environment. To ensure this safety it is 
important to not only detect, but also to identify threat material so that proper 
countermeasures can be taken. One way that this can be accomplished is through 
employing sensitive and specific sensing techniques such as SERS. SERS 
applications to Army-relevant sensing include measuring analyte materials like 
biological targets, energetics, and chemical hazards such as toxic industrial 
chemicals and materials. A universal (i.e., applicable to and useful in the full range 
of possible threats and conditions) sensor solution is desired because it simplifies 
the logistical and training burdens, which are preeminent Army concerns. Such an 
ideal SERS sensor does not yet exist, but we believe that through continued 
research work, technological advances, and collaborations with partners throughout 
the Department of Defense, academia, and industry we can produce a much more 
“ideal” sensor for future Army-sensing needs.  

Figure 1 depicts several examples of Army-relevant sensing completed at ARL. 
ARL has been in a unique position to investigate SERS substrates fabricated from 
a host of different fabrication techniques ranging from FONs, fiber-optic bundle, 
materials grown through various deposition techniques, sputtered surfaces, ink-jet 
printing, as well as a few examples of commercially available substrates.  
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Fig. 1 Examples of SERS use in a) biological sensing using FONs, b) hazard/explosive 
detection with common explosives TNT, PETN (pentaerythritol tetranitrate), and RDX as 
measured on a Klarite substrate, c) chemical sensing with known SERS standards trans-1,2-
bis(4-pyridyl)-ethylene (BPE) and benzoic acid (BA) as measured on a Klarite substrate, d) 
examples of biological sensing on several variations of commercially available Klarite 
substrates (encompassing standard and next-generation Klarite substrates), e) chemical 
imaging using a SERS-based nanoimaging probe from work at the University of Maryland 
Baltimore County, and f) examples of just a few types of SERS substrates that can be used for 
SERS sensing and have been tested at ARL for Army-based sensing needs  

One recent successful example demonstrating the use of SERS substrates for Army-
relevant sensing used modified bifunctional peptides to capture hazard materials 
(explosives, biomaterial) for measurements on a functionalized Au 
surface.1,2,71,129,130 In these experiments, bifunctional peptides, designed to anchor 
onto an Au surface with an extending “capture” peptide sequence for capturing 
hazardous materials like TNT or protective antigen, were bound onto a SERS 
substrate surface. A solution containing the hazardous material was exposed to the 
surface, the surface was washed, and the resulting SERS spectrum from the bound 
target material was measured. With this proof-of-principle demonstration, the 
utility of such a sensing platform for sensing Army-relevant hazardous materials 
was demonstrated.  
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1.3 Assessing SERS Substrate: ARL/Edgewood Chemical 
Biological Center (ECBC)–Developed Methodology 

The “ideal” SERS substrate has yet to be commercially available; however, there 
are several examples of SERS substrates that are or have been available (from 
commercial, academic, or government sources), and many of these substrates 
demonstrate both advantages and disadvantages. At ARL we have had the 
opportunity to evaluate several of these substrates for Army-relevant use. These 
substrates were tested using a methodology developed in collaboration with 
government researchers at ECBC in conjunction with a Defense Advanced 
Research Projects Agency–funded SERS fundamentals program.131 This technique 
is not the only means by which a SERS substrate can be assessed and the evaluation 
criteria are not universally relevant, but it did offer performers a starting point from 
which additional assessments could be performed.  

Following the steps laid out in this developed methodology, SERS substrates were 
exposed to several predetermined SERS active materials, and the resulting spectra 
were collected and used to fabricate a concentration curve.131 Briefly, ECBC and 
ARL collaborators published Surface-Enhanced Raman Scattering (SERS) 
Evaluation Protocol for Nanometallic Surfaces to provide the SERS sensing 
community both analytical and spectroscopic figures of merit to compare the 
sensitivity and reproducibility of various SERS substrates.131 The evaluation metric 
selected was the ratio of the area of a peak (1200 cm–1) in the spectrum of  
BPE to the ethanol in which the BPE was dissolved. This protocol provides a means 
to determine, for a particular type of SERS substrate and on a given instrument 
(Renishaw microscope) using standardized acquisition conditions (10-min soak 
time), the minimum detectable concentration of an analyte and to determine SERS 
reproducibility, from spot to spot on a given substrate (5 measurements collected 
per substrate), from substrate to substrate, and over time.  

These data were used to provide a qualitative means of comparing different 
substrate types. This value was meant to be used in addition to other evaluation 
criteria to determine how well the SERS substrates performed. Other considerations 
included 1) determining if the targets could get into close contact with the substrate 
surface (e.g., were biological spore samples able to access “hot spots” across the 
SERS substrate surface), 2) measuring if there was significant background from the 
substrate itself (fabrication contamination), determining if the substrate surface was 
single use or could be regenerated (how easily could metals be removed and 
reapplied), 3) testing for surface delaminate when exposed to solution (many Army 
targets can be in solution; i.e., biomaterials), 4) measuring overall SERS active 
surface area (how large of an area did the sample need to be in contact with), and 
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5) getting an estimate on typical substrate lifetime (how long could it be used after 
sitting out in a lab bench environment). Also, for these measurements it is 
understood that a SERS measurement detects a 2-D area while a comparable bulk 
measurement detects molecules in a 3-D volume. Because of nonuniformity (i.e., 
structure, number of hotspots, surface area) of the evaluated SERS surfaces, it was 
difficult to calculate the number of adsorbed molecules on the SERS surface and in 
the detected volume of a normal Raman measurement; therefore, the assessment 
was an empirical protocol meant to just give a starting point number for evaluation. 
The authors understood that this assessment was not necessarily the best protocol 
to follow for the evaluation of all SERS substrates. For this evaluation, the SERS 
enhancement value was defined as the ratio of the concentrations that produced, on 
a particular instrument, the same instrument responses for normal Raman scattering 
as SERS scattering. The military is interested in detecting warfare agents and 
identifying false positives and false negatives; therefore, receiver operating 
characteristic curves for analysis were also determined.  

Frequently, many of these SERS substrates demonstrated good overall SERS signal 
enhancement; however, researchers had no path toward rapidly scaling up the 
substrate production rate. Lacking alternatives, for most Army applications and 
material assessments, commercially available SERS substrates—such as, the 
Klarite substrate (previously available from Renishaw)—were often used.  

1.4 SERS Substrates 

Some successfully fabricated and uniformly reproducible SERS substrates have 
been demonstrated with previously commercially available Klarite substrates 
(Renishaw.).132–136 These substrates were developed using silicon semiconductor 
fabrication techniques.136 Klarite substrates are fabricated using a well-defined 
technique in which a silicon dioxide mask is defined by optical lithography, and 
then the wafer is selectively and anisotropically etched using potassium hydroxide 
(KOH). The process results in an array of highly reproducible inverted pyramid 
structures.136 These array pyramids are reported to have “hot spots” or “trapped 
plasmons” located inside the wells.136 These substrates have been previously 
characterized at ARL using atomic force microscopy (AFM) analysis and plasmon 
data collection. From our previous work,2 AFM images have been used to 
characterize inverted pyramids approximately 1.47 µm wide and 1 µm wide. 
Plasmon absorbance bands are located at 577 and 749 nm, thus demonstrating the 
usefulness of this substrate with a range of realistic excitation sources. Additionally, 
because of the fabrication process used, under ideal conditions these substrates have 
demonstrated typical relative standard deviations (RSDs) ranging from 10% to 
15%.136 While these substrates demonstrate a high degree of substrate 
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reproducibility and very low substrate background (SERS signal and surface 
morphology), realistic application requires greater sensitivity. The calculated 
enhancement factor for common SERS standard targets on the Klarite substrate is 
around 106. Another challenge is that these substrates are no longer commercially 
available; therefore, researchers must work with materials previously purchased.  

To increase the overall sensitivity of these substrates and demonstrate the ability to 
regenerate SERS surfaces, recent ARL work completed in collaboration with 
researchers at the University of Maryland Baltimore County on regenerating the 
metal surface is discussed in this report. The response of the original SERS 
substrates is compared with those of a regenerated surface. Original substrate data 
were collected when the substrates were first procured and regeneration data were 
collected on older but unused substrates.  

2. Experiment 

2.1 Chemicals 

Chemicals used included BPE, ethanol, and water. All chemicals were used as 
received without further purification. Chemicals used in SERS substrate fabrication 
were supplied from ARL clean-room stock.  

2.2 Mask Design 

An ARL mask was designed at ARL and fabricated by Compugraphics with the 
following dimensions:  

• Quadrant I: hole = 1.5 µm, space = 0.5 µm, period = 2 µm (original Klarite 
dimensions)  

• Quadrant II: hole = 1.3 µm, space = 0.7 µm, period = 2 µm  

• Quadrant III: hole = 1.5 µm, space = 1.5 µm, period = 3 µm  

• Quadrant IV: hole = 2 µm, space = 2 µm, period = 4 µm 

2.3 Substrates Fabrication 

To fabricate the ARL SERS substrates, several instruments available in the ARL 
clean room were employed, including the following: Plasma Therm 790+ 
oxide/nitride plasma-enhanced chemical vapor deposition (PECVD; silicon nitride 
[SiN] deposition); Nanometrics NanoSpec 3000 PHV; EVG 120 Resist Processing 
Cluster; EVG 120 Resist Processing Center; Brewer Science hot plate; Karl Suss 
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MA6/BA6 contact aligner; hot plate; Karl Suss–Flood exposure; TAM H 
Developer (Hood 11) exposure development; MetroLine M4L; Unaxis ULR 700 
Etch PM 3 (nitride etch); isopropyl alcohol (IPA)/acetone clean; Piranha 
Photoresist Strip; KOH etch; hydrochloric acid clean; hydrofluoric acid (HF) etch 
(49% premade solution); CHA Evaporator, and scanning electron microscopy 
(SEM).  

2.4 Raman Measurement System 

At ARL the SERS and Raman spectra were collected using a Renishaw Raman 
microscope. The Renishaw microscope has 3 lasers operating at 514, 632, and  
785 nm, respectively. Spectra were collected using the NIR 785-nm laser unless 
otherwise indicated. The laser light was focused onto the sample using a 20× 
objective, exposures were 30 s in length, and one accumulation was collected per 
spot. Samples were moved into position using a motorized XYZ translational stage. 
Spectra were collected and the instrument was run using Wire 2.0 software 
operating on a dedicated computer.  

2.5 Data Analysis 

Data analysis was achieved using IgorPro 6.0 software (Wavemetrics).  

3. Results and Discussion 

3.1 Klarite Substrate Characterization 

Researchers at ARL were interested in mimicking the pattern of the Klarite 
substrate, as well as exploring the SERS response from substrates with a slightly 
different design. SERS substrates from Klarite were selected as the baseline 
because researchers at ARL had extensive history working with and characterizing 
this platform, and they have proven active from several previous studies. The 
Klarite substrate consists of a series of inverted pyramids, the tips of which are 
where “hot spots” are located (Fig. 2 is an example SEM of a Klarite substrate). 
The inverted pyramids are approximately 1.47 µm wide and 1 µm deep. Plasmon 
absorbance bands are located at 577 and 749 nm, thus demonstrating the usefulness 
of this substrate with a range of excitation sources. These substrates have 
demonstrated typical RSDs ranging from 10% to 15% based on work previously 
done at ARL. While these substrates demonstrate a high degree of substrate 
reproducibility and very low substrate background (SERS signal and surface 
morphology), practical analyte sensitivity is lacking. The calculated enhancement 
factors for common SERS standard targets on the Klarite substrate is around 106.  
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Fig. 2 Klarite substrate: a) SEM image demonstrating single inverted pyramid,  
b) AFM data demonstrating topography of substrate surface, and c) AFM data with tilted 
view of substrate surface 

3.2 Mask Design 

The ARL SERS substrate was designed at ARL, and a mask (Compugraphics) was 
fabricated with variable dimensions (Fig. 3). This mask design was meant to give 
researchers a “baseline” to compare the ARL SERS substrate to the previously 
commercially available Klarite, as well as explore some of the fabrication 
capabilities in the ARL clean room. To fabricate the ARL SERS substrate, a plain 
Si wafer with <100> orientation was used.  

 

Fig. 3 a) Schematic for mask used to fabricate ARL SERS wafer and b) an example of diced 
wafer substrate size with active area (pink) and nonactive area (white)  
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3.3 ARL SERS Substrate Fabrication 

To fabricate the ARL SERS substrate, it was necessary to first deposit nitride onto 
the wafer (see the Appendix for complete information). This was accomplished 
using the Plasma Therm 790+ oxide/nitride PECVD (nitride deposition). It was 
determined that nitride be deposited at a rate of 12.01 nm/min; therefore, the wafer 
needed about 10 min for a final thickness of approximately 100 nm. After 
deposition, thickness was verified using the Nanometrics NanoSpec 3000 PHV. 
The wafer was cleaned with acetone, IPA, and water to prepare it for the next 
processing step. Next, the resist needed to be deposited onto the wafer surface. This 
was accomplished using the EVG 120 Resist Processing Cluster with parameters 
for a 4-inch wafer, HMDS (hexamethyldisilizane) bake, and AZ5214E resist spun 
at 4000 rpm with an “area” dispense, 110 °C soft bake for 1 min. The resist used 
for this was the AZ 5214E Photoresist, which is intended for liftoff techniques that 
call for a negative side-wall profile. The reversal bake moderately cross-links the 
exposed resist, making the developed structures thermally stable up to 
approximately 130 °C. Due to the comparably low-resist film thickness, the process 
parameter window for an undercut is rather small, thus requiring some 
optimizations in the exposure dose and the reversal bake parameters. This resist is 
also a good option if the resolution required is in the sub-µm size range (adapted 
from http://dvh.physics.illinois.edu/pdf/AZ5214E.pdf).137 After the resist has been 
deposited, it is necessary to bake it to prevent mask sticking; this is done using the 
Brewer Scientific hot plate, baking at 110 °C for 1 min.  

Using the Karl Suss MA6/BA6 contact aligner, the designed mask features can be 
put onto the resist-covered wafer. For this step it was determined that the lamp 
produces about 8.9 MW/cm. Therefore, for effective contact alignment it was 
necessary to expose the mask for 7 s. Then the wafer was placed on the hot plate 
for 2 min at 120 °C to complete an image reversal bake. Next the silicon wafer was 
subjected to a flood exposure to expose the resist to a blanket of radiation for 30 s. 
Then the resist was developed by using the tetra methyl ammonium hydroxide 
(TMAH)/AZ 300MIF developer, which is a metal-ion-free industry-standard 
0.261-N TMAH–based developer that is surfactant free. The wafer was placed in 
AZ 300MIF developer for 30 s, placed in water, and then dried. Using a yellow 
filter on a microscope, the resulting pattern was characterized. Next the photoresist-
covered wafer was cleaned and any residues removed using the MetroLine 
M4L/IPC plasma photoresist stripper using recipe “5214.descum.2min”. The 
effectiveness of this cleaning step was evaluated via microscope inspection of the 
surface (Fig. 4 is an example of a cleaned substrate surface).  

http://dvh.physics.illinois.edu/pdf/AZ5214E.pdf
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Fig. 4 Example microscope images collected from a “dummy” substrate following 
lithography shown at a) high and b) low magnification 

Next the SiN layer needed to be etched, accomplished using the Unaxis VLR 700 
Etch PM3-Dieclectric etch. For this step it is important to first run the process on a 
dummy wafer to condition the instrument. After conditioning, half of the process 
(20 s) was run on the actual wafer and then stopped to determine the etch rate. The 
Nanospec was used to confirm the etch rate of approximately 3.25 nm/s. Then the 
etching process was completed for an additional 28 s. The wafer was then cleaned 
using an IPA/acetone clean. The wafer was placed in a large dish of acetone twice 
(5 min each time), followed by soaking in IPA for 5 min. Next, Piranha acid 
processing was completed to remove any photoresist and any organic contaminants 
that might be on the wafer. During this process small bubbles developed across the 
wafer surface after it was submerged into the acid wash. This process took 
approximately 20 min.  

In the next step the features on the ARL SERS substrate were etched via a standard 
KOH bath. The 45% KOH solution was premade, and the process was done at  
80 °C. The wafer was briefly wetted in water and then processed in KOH for  
15 min. Then it was washed in water and immersed in an HCl (hydrogen 
chloride):water solution to remove any additional precipitate that formed. After 
etching, the wafer features were inspected under a microscope to ensure that the 
bottom well of features had been completely etched. Example SEM images from 
the various quadrants are shown in Fig. 5a–c. In Fig. 5c, the etching process is 
demonstrated with the bottom of the pyramid feature appearing to come to a point 
(not flat). Next the Nanospec was used to determine the final thickness of the SiN. 
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Fig. 5 SEM images of the KOH etched ARL SERS substrate wafer. The different 
quadrants are seen in a–c. In d) a higher-magnification image demonstrates etching at the 
bottom of the inverted pyramid feature.  

Next the SiN mask layer was removed using a 49% premade HF wash, immersing 
the wafer for approximately 3 min. During this processing step, a color change from 
yellow to silver across the wafer was observed as the etching occurred, leaving the 
wafer surface highly hydrophobic.  

After cleaning, the wafer was ready for metal processing using the CHA e-Beam 
Vacuum Evaporator system. In this process, chromium (Cr) and Au are deposited 
sequentially onto the wafer surface. For this process, approximately 20 nm of Cr 
and 500 nm of Au was deposited onto the wafer surface. Following metal 
deposition the metalized wafer surface was characterized via SEM imaging.  
Figure 6 shows the roughened substructure across the ARL SERS wafer. It might 
be possible to additionally optimize the roughness of this surface to increase overall 
SERS signal enhancement by changing parameters such as amount of deposited 
metal and the evaporation/sputter rate of metals deposited.  
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Fig. 6 SEM images of metalized ARL SERS substrate at various magnifications 

3.4 ARL SERS Substrate Characterization 

Following fabrication, it was necessary to characterize the performance of the ARL 
SERS substrate. This was accomplished by collecting absorbance data and SERS 
signal data (Fig. 7). Based on these data, Quadrant 1 has main absorbance bands 
occurring at 558 and 774 nm, Quadrant 2 has main bands occurring at 509 and  
715 nm, Quadrant 3 has main bands occurring at 563 and 812 nm, and Quadrant 4 
has main bands occurring at 542 and 728 nm. The dimensions of Quadrant 1 are 
meant to mimic those of the original Klarite SERS substrate. A standard Klarite 
substrate has main absorbance bands that occur at 577 and 749 nm, which is very 
comparable to those measured on ARL SERS substrate Quadrant 1. With the range 
of absorbance bands measured and the laser wavelengths available at ARL with the 
benchtop Renishaw microscope, it can be concluded that for the 785-nm laser, 
Quadrants 1 and 3 should result in greater overall SERS signal enhancement 
measurements. Quadrant 2 should perform best with a 514-nm laser. It is clear that 
the 633-nm laser would be best used with Quadrants 2 and 4.  
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Fig. 7 ARL SERS substrate transmission data  

Next the SERS signal response from the various quadrants of the ARL SERS 
substrate was measured and evaluated. In these experiments the well-characterized 
SERS active chemical BPE was used.131 BPE has main bands observed at  
1200 cm−1 (assigned ethylenic C=C stretch band), 1588 cm−1 (assigned to the 
symmetric pyridyl ring breathing vibrational mode with coupled C−C stretching 
and C−H in-plane bending), and 1618 cm−1 (assigned to the stretching of the C=C 
double bond between the 2 pyridyl rings). Figure 8a shows an example of 
BPE/EtOH “typical” spectra. BPE is a hydrocarbon molecule that is structurally 
similar to pyridine (2 pyridine rings connected with a C=C double bond). It is 
widely used as a sensitive nonresonant spectroscopic probe for metal surfaces due 
to its large scattering cross section, conjugated Π-bond electrons, and 2 nitrogen 
atoms on the opposite sides of the molecule. Each nitrogen atom has a lone electron 
pair, which allows BPE to adsorb relatively strongly on metal surfaces. BPE 
adsorbs initially as a mixture of horizontal and vertical configurations. Then, at 
higher coverage values, the vertical configuration becomes dominant due to 
geometric constraints. Raman spectra exhibit 2 dominant bands at 1588 cm−1 and 
1618 cm−1 for both metallic and oxidized Ag. The positions of these bands do not 
change with increasing BPE surface coverage, which with increasing BPE 
concentration in ethanol solutions has been previously observed via measured 
increases in the intensities of 1588 and 1618 cm−1 Raman bands.131 The intensities 
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of both bands increase, but the increases are not proportional. The ratio of the band 
intensities changes with increasing BPE concentrations. At low-BPE 
concentrations, the band at 1588 cm−1 is more prominent, and as the BPE 
concentration increases, the band at 1618 cm−1 becomes more prominent.  

 

Fig. 8 a) Example SERS spectrum BPE, b) SERS of BPE on various quadrants of ARL 
SERS substrate, c) SNR for each quadrant at various bands, and d) data presented in graph 
format 

For these experiments, BPE was dropped and dried (2 µL) onto the SERS substrate 
surface and the resulting measurement collected. BPE was chosen as the probe in 
these experiments because of its high Raman scattering cross section, its ability to 
adsorb strongly and irreversibly to the Ag surface, and its lack of resonant 
enhancement in the visible region. The 1200-cm–1 peak of BPE was chosen for 
quantification because of its relative insensitivity to molecular orientation on an Ag 
surface. Figure 8b shows collected SERS data from various ARL SERS substrate 
quadrants. From data analysis on the signal-to-noise ratio for the 1200-, 1608-, and 
1638-cm–1 bands, it appears that Quadrants 1 and 2 perform the best overall with 
largest overall numbers (Figs. 8c and 8d). Quadrant 2 performing as well as it did 
was surprising based on the plasmon absorbance data, but not if the spacing 
between the features is considered, which was most similar when comparing 
Quadrants 1 and 2. This likely allows for more features and “hot spots” across the 
substrate surface, which likely corresponds to an increase in overall enhancement.  
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4. Conclusions 

An ARL SERS substrate for potential sensing and identification of unknown 
materials was demonstrated. We also demonstrated that the ARL SERS substrate 
was comparable to the previously available Klarite substrate. For future 
experiments, it would be valuable to consider a mask design with smaller and closer 
features, thus resulting in a significant increase in overall number/density of SERS 
hot spots across the substrate surface. Such a substrate surface might result in an 
overall more-“sensitive” SERS substrate capable of improving current SERS 
sensing capabilities for Army-relevant application.  
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Plasma Therm 790+ Oxide/nitride PECVD (silicon nitride deposition) 

Target thickness: 100 nm of silicon nitride, deposited at a rate of 12.01nm/min, 
~10min needed.  

1) Make sure the power is on 

2) In the software, select Process (“Justin SiNx”) recipe 

3) Set recipe temperature 

4) Vent Chamber 

5) Pump chamber and wait for temperature to achieve set point 

6) Input job ID 

7) Start job, process time, start job 

8) Alarm sounds when process complete 

*If deposited a lot of material, be sure to run a clean recipe 

 

Nanometrics NanoSpec 3000 PHV 

1) Use the nitride on Si option 

2) Turn on 

3) Calibrate 

4) Dark- angle, bare- reflectance 

5) measure 

 

EVG 120 Resist Processing Cluster 

• Mask with acetone, IPA and water cleaner (mask side up) 

 

EVG 120 Resist Processing Center 

1) This is an HMDS-adhesion promotor, photoresist AZ 5214E, when loading 
wafer keep the major flat on top 

2) Click cassette 

3) Tilt cassette 

 Click cassette, start 

 Recipe 4CAZ5214E_4KA_110C 
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 Select slot 1 

 OK 

 

Hot plate- Brewer Science 

1) GD Bake 110°C for 1 minute = recipe 

2) Load 

3) Select Process 

 

Karl Suss MA6/BA6 Contact aligner 

1) Measure the Dose from the lamp 

2) Change the mask 

3) Lamp test, ~8.5MW/cm 

4) Lamp test off, 60mJ/cm~7sec 

5) Select program – hand or Val 

6) Edit Program, exp time=7 sec 

7) Change mask, want pattern CR side up 

8) Enter 

9) Load into holder, move rotational always set at 0 

10) Load, check wafer shiny side up 

11) Enter, move slide in 

12) Enter 

13) Exposure 

14) Change mask 

15) Enter- to turn off mask vacuum 

 

Hotplate 

• 2 minutes at 120°C recipe 

 

Karl suss- Flood exposure 

1) Select program, change mask 
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2) Enter 

3) Flood-E 

4) Select program 

5) Edit parameter ~30sec, edit parameter 

6) Load, after complete move parameter off Flood-E because can impact next 
user 

 

TAM H Developer (Hood 11)- exposure development 

1) Place wafer in AZ 300 MIF (2%)  for 30 sec,  

2) Wash wafer in water 

3) Dry 

4) Characterize wafer with microscope using yellow filter 

 

MetroLine M4L 

1) This is used to remove any debris from the wafer 

2) Should be in hibernate mode, will click to stop pump 

3) Open door (latch doesn’t work, need to flip up latch) 

4) Use 2nd slot with contents toward back 

5) Place wafer in, active side up in center 

6) Recipe- 5214 descum 2 minutes 

7) Run, input name 

8) This can take a while to pump down 

 

Unaxis ULR 700 Etch PM 3 (nitride etch) 

1) Typically you want to do a ½ etch, measure and then calculate the rest of 
the etch, add ~15-20% more time for the etch. For these substrates, we 
calculated that the etch rate was 3.25 nm/sec, requiring a 20 sec etch time. 

2) Editors 

1. Flow- robot arm directions 

2. Sequence-what steps to do 
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3. Edit Steps- allows the user to change the sequence of steps. Usually only 
process time is changed. 

4. *note the flow rate is important with pressure 

3) Vent/Lock- load wafer (open door) use cassette #2 (clot 1=sample, slot 2= 
dummy)  

4) Load 2 wafers, the sample and dummy. Vent button will turn yellow and a 
soft beep will be heard. 

5) Pump Lock 

6) Lot Operators- name, slot, flow, ADD, cassette select and execute 

7) Vent Lock 

8) Measure substrate with Nanometrics NanoSpec 3000 PHV 

9) After measurement and determination of etch rate, need to complete etch. 
Click on PM3, select SINCF4/CH3 condition 

10) Keg O2 clean – edit step, process time can be changed, usually 600 sec 

11) Keg SiN Etch CF4_CHF3, process time 2 minutes 

12) SAVE step 

13) Return 

14) Select 1st Editors, lot operation, lot ID_.1 

15) Flow PM3-keg_SiNcF4_CHF3 

16) Add1, que material 

17) Select cassette #2, execute 

18) Module status allows you to watch the process occurring. 

19) Complete this process for the dummy and then the sample wafer 

 

IPA/acetone clean 

1) Use two large clean dishes 

2) Acetone 5 min, fresh acetone 5 min, IPA 5 min 

 

Piranha Photoresist Strip 

1) PPO includes gloves and goggles 

2) Always use Teflon tweezers when working with Piranha solution 
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3) Samples needs to first be wetted in water bath 

4) Combine peroxide (1/2 total amount) with sulfuric acid, slowly. Then add 
rest of peroxide to sulfuric acid (in large petri dish) 

5) Look for bubbles on surface of wafer= cleaning off photoresist and any 
organic contaminants 

6) Assume 20 minutes is enough for a good clean 

7) Rinse by putting wafer into lag petri dish of water, dry with air hose, use 
metal tweezers and water from faucet. 

 

KOH Etch 

1) Waste goes in container under the hood 

2) Always use the same temperature, 80°C when etching, 45% w/w/ solution 
KOH (already made and provided in cleanroom) 

3) PPE: gloves, shield, apron 

4) Use metal tweezers 

5) KOH, need ¾ inch in the large petri dish 

6) Set thermocouple to 80°C 

7) With remaining probe, turn device temp off to prevent temp rising when 
probe is removed and it does not register a solution) 

8) This takes about 5 min, will see lots of bubbles 

9) Wet wafer surface with water before placing into KOH bath 

10) Measure etch with Leica microscope 

 

HCL clean 

1) The purpose of this clean is to remove the KOH precipitate from the etch 

2) You will need to add 200 mL of water to 50 mL of HCL, wash 5 minutes 

3) Then insert wafer into a water bath 

 

HF etch (49%, premade solution) 

1) This is used to remove the nitride mask layer 

2) Proper PPE includes gloves, face mask and apron 
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3) Only use Teflon/plastic containers (no glass) 

4) Wet the surface of the wafer with water, then insert into the HF bath for 3 
min. you should see a color change and the etch occurs, swish solution 
occasionally 

5) Wash in water. The surface should now be extremely hydrophobic 

6) Repeat water wash step 2x, blow dry wafer 

 

CHA Evaporator 

1) Pump down the process 

2) Turn off the high voltage (panel controller-1) 

3) Pump control (panel Tech II) 

• Automatic 

• Switch to vent- will vent chamber and lift the lid 

4) Fixture control panel 

• Turn switch to open 

• Check for delamination of shutter, remove any debris with razor blade, 
vacuum up flakes to prevent any possible contamination 

5) Gun Rotation Panel 

• Manual 

• Knobs to crucible (Cr) 

• Cr crucible needs to be inserted, ensure that any material added to it 
does not stick out and instead is level. 

• CRU3- This is the Au crucible to be inserted (always insure that switch 
is OFF when inserting hands into the machine) 

• When done, move switch back to Auto 

6) Fixture Control Panel 

• Close shutter, move to Auto 

7) Auto Tech II panel 

• Knob to automatic 

• Knob to start and lower – will lower dome and automatically start the 
pump down process (will hear distinct noises associated with this 
process) 
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8) Fixture Control Panel 

• Auto Rotation on – will allow escape of any gasses 

9) Vacuum Gauge Controller 

• IG1- turn on 

• IG2-turn on, for deposition want 7.5 E-7 Torr 

 

SEM 

1) Turn pump off 

2) Purge- takes a few seconds, load sample onto holder, screw in place, lift 
latch 1 

3) Pump, hear it start, proceed will turn green 

4) Close 

5) Open, push sample stage back in (up position), will feel some resistance, 
unscrew platform, pull out, restore latch 2 

6) Open- dark 

7) Close- light 

8)  Close the doors to the outside panel 

9) In the software, hit the resume button on the keyboard, 10 sec delay [resume 
completed] OK 

10) [EHT] click, EHT on (this turns on the gun) 

11) Bring the sample to within 10mm of the sample (1 inch proximity) 

12) Gun Tab EHT=3.5KV 

13) Detector Tab, Signal A, InLEns is most commonly used 

14) Scanning Tab use continuous avg when looking for feature,  

15) Collect images 

16) When done collecting images, turn EHT off, drop stage, hit [exchange] on 
keyboard.  

17) Follow removal process by repeating steps 1-8 in reverse order.  

18) Leave doors to SEM open 
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List of Symbols, Abbreviations, and Acronyms 

2-D  2-dimensional 

3-D  3-dimensional 

AFM  atomic force microscopy 

Ag  silver 

ARL  US Army Research Laboratory 

Au  gold 

BA  benzoic acid 

BPE  trans-1,2-bis(4-pyridyl)-ethylene 

Cr  chromium 

EBL  electron beam lithography 

ECBC  Edgewood Chemical Biological Center 

EM  electromagnetic 

FONs  film over nanoparticles 

HCl  hydrogen chloride 

HF  hydrofluoric acid 

HMDS  hexamethyldisilizane 

IPA  isopropyl alcohol 

KOH  potassium hydroxide 

PECVD plasma-enhanced chemical vapor deposition 

PETN  pentaerythritol tetranitrate 

RDX  1,3,5-trinitroperhydro-1,3,5-triazine 

RSD  relative standard deviation 

SEM  scanning electron microscopy 

SERS  Surface Enhanced Raman Scattering 

SiN  silicon nitride 

SPR  surface plasmon resonance 

TMAH  tetra methyl ammonium hydroxide 

TNT  trinitrotoluene 
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