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Metallic nanostructures can confine light to nanoscale dimensions through surface 

plasmon resonance, leading to extraordinary effects such as enhancements in light emission 

and scattering. This thesis explores the use of these enhanced light-matter interactions for 

applications in optical biosensing. First, we demonstrate plasmon-enhanced multiphoton 

absorption in covellite-phase copper sulfide (CuS) nanocrystals. The near-infrared plasmon 

resonance wavelength of these semiconductor nanocrystals is tuned towards the two-

photon absorption edge using selenium doping. This tuning results in a 300% enhancement 

in the two-photon action cross section, resulting in a “brightness” that is an order of 

magnitude greater than conventional fluorophores. The resulting luminescence 

demonstrates the efficacy of CuS nanocrystals as a solid-state dye for biological imaging. 

CuS nanocrystals also offer the first “all-in-one” platform for studying plasmon-exciton 

coupling without the need for a physicochemical interface between the plasmonic and 

excitonic materials. Second, the use of lithographically-patterned gold nanobulbs for 

detection of complex bioanalytes using surface-enhanced Raman scattering (SERS) is 

reported. Highly uniform SERS enhancement factors in these gold nanobulbs permit the 

use of 2D-correlation spectroscopy for the identification of molecular rearrangement and 

complementary binding in single-stranded DNA. Third, we demonstrate the use of metal 

nanoislands on graphene for strain sensing using SERS. These metal nanoisland-graphene 

composite films contain gaps between the nanoislands which behave as hot spots for SERS 

when functionalized with benzenethiolate. Mechanical strain increases the sizes of the 

gaps; this increase attenuates the electric field and the resultant SERS signal. This 

compounded, SERS-enhanced “piezoplasmonic" effect can be quantified using a 

plasmonic gauge factor, and is among the most sensitive mechanical sensors of any type. 
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These sensors can detect tensile deformations of less than 0.04% with a resolution of less 

than 0.002%. Since the nanoisland-graphene composites are thin films that are both 

conductive and optically active, they permit simultaneous electrical stimulation of 

myoblast cells and optical detection of the strains produced by the cellular contractions. 

Last, we demonstrate a method to fabricate metal nanoisland-graphene composites with a 

temperature coefficient of resistance (TCR) that is close to zero. A thin film with this 

property can be used as a piezoresistive sensor that is stable against temperature 

fluctuations of the type encountered in the real world—e.g., in a wearable sensor. The 

stability of a sensor fabricated with this method is demonstrated by subjecting a wearable 

pulse sensor to simulated solar irradiation. 
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1.1 Overview 

My thesis work can be summarized into three main topics: (1) the fabrication of 

nanostructures, (2) their applications for optical biosensing, and (3) increasing their 

sensitivity for biosensing using enhanced light-matter interactions. The fabrication aspect 

(1) discusses both top-down and bottom-up techniques used in this thesis for the assembly 

of nanostructures. The optical biosensing aspect (2) of this thesis includes sensing primarily 

through scattering and fluorescence spectroscopy. Lastly, the enhanced light-matter 

interactions (3) are facilitated through plasmons – collective oscillations of electrons that 

have the ability to confine light to sub-wavelength dimensions and subsequently enhance 

their interactions with surrounding matter. The concept of plasmons, and their applications, 

will be briefly expanded upon and discussed further in this chapter. 

 

1.2 Plasmonics: A Brief Introduction 

Quasiparticles are systems of individual particles that collectively interact with 

matter in a particular way, first postulated by Lev Landau in his seminal works on Fermi 

fluids in the late 1950s.1,2 One of the simplest examples of a quasiparticle is the phonon, 

which is a collective oscillation, or vibration, of atoms in a lattice. We observe phonons 

through sound, and interpret different resonant frequencies of oscillations through different 

tones. The quasiparticle of greatest interest in this thesis is the plasmon. A plasmon is the 

collective oscillation of conduction electrons in a metal at a dielectric interface and was 

first described by Rufus Ritchie in 1957.3 Generally, a plasmon is instigated by an 

oscillating electric field (like light, an electric-field wave) at a metal-dielectric interface. 

The oscillating electric field exerts an oscillatory force on the weakly bound electrons of 
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the metal. The electrons respond by also oscillating, an interaction known as “coupling” 

between the incident electric field and the labile electrons. The mobile electrons act as a 

plasma, (which is the reasoning behind the term plasmon, a portmanteau of electron and 

plasma) and are sensitive to other electromagnetic phenomena in their labile state. The 

study of plasmons and their applications in applied science is known as a plasmonics. 

Plasmonics has been a field of ardent work in the last half-century since its inception. 

Applications have ranged from optical rulers4, waveguides,5,6,7,8,9 enhanced emissive 

phenomena,10,11,12,13,14 subwavelength lensing,15 extraordinary transmission,16,17,18 optical 

cloaking,19,20 negative refractive index materials,19 hyperbolic metamaterials,21 and even 

single-molecule spectroscopy.22,23,24 A plethora of work exists that described the field of 

plasmonics. However, I will give a brief and very simple introduction to plasmons and 

applied plasmonics as they pertain to the scope of the work covered in this thesis. The goal 

of this chapter is to introduce applied plasmonics in a way that is digestible to anyone who 

has a rudimentary understanding of how electricity and light works, and to entice the 

reader to consider the more detailed chapters that follow. A formal description of the field 

of plasmonics is covered in masterly detail by Stefan Maier, and can be referenced for 

much greater detail and theoretical frameworks.25 

When the oscillation of electrons in a plasmon is confined geometrically in a 

nanostructure, it is called a localized-surface plasmon (LSP). An LSP is a non-propagating 

phenomenon, coupled to an incident electromagnetic (EM) wave (i.e., light), and occurs in 

nanostructures with surfaces that exhibit a high radius of curvature with respect to the 

incident wavelength. Conveniently, the curvature provides a restoring force by electrostatic 

repulsion when the electron plasma is focused to a point. The simplest case is a sphere, 
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where the focal point is at the poles of the sphere for a dipole mode oscillation. The salient 

feature behind LSPs is the amplification of the electric field (called the “near-field 

enhancement”) that results from the accumulation of charge as the electron plasma is 

spatially focused during different periods in the oscillation. This leads to interesting effects 

such as the sub-wavelength lensing of light, nanoscale heating, and enhanced emissive 

effects. All of these phenomena are a consequence of the extraordinary concentration of 

light that results from the accumulation of charge and coupled electric field in an LSP 

mode. 

 

1.3 Applied Plasmonics: Enhanced-Raman Scattering and Enhanced Photoemission 

1.3.1 Raman Scattering and Spectroscopy 

Raman scattering is the inelastic scattering of light, as opposed to elastic Rayleigh 

scattering. The phenomenon was first described by C.V. Raman,26 who received a Nobel 

Prize in Physics in 1930 for his contributions. Raman spectroscopy is a type of vibrational 

spectroscopy, a molecular spectroscopy concerned with the vibration of individual atoms 

in a chemical moiety. Raman spectroscopy is similar to infrared absorption (IR) 

spectroscopy, but relies on the energy difference (Raman shift) between incident and 

Raman scattered light from a sample to determine the resonance energies of vibration. This 

is in contrast to IR spectroscopy, which relies on the wavelength absorbed to determine the 

resonance energies of vibration. Furthermore, IR and Raman differ in their selection rules 

and thus give different information on a chemical compound. IR spectroscopy relies on the 

change in dipole moment of a chemical bond, while Raman spectroscopy relies on a change 

in polarizability. Thus, bonds with a strong dipole moment (such as those associated with 
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carbonyls, nitriles, and halides) are defined as IR-active, while bonds that are highly 

polarizable are defined as Raman-active. 

1.3.2 Surface-Enhanced Raman Scattering 

The Raman effect is inherently weak, only 1 out of every 10,000,000 photons is 

inelastically scattered. Thus, Raman spectroscopy is relegated to using powerful lasers as 

excitation sources. Interestingly, the high polarizability of an LSP formed by a 

nanostructured surface can enhance Raman scattering, a phenomena known as the surface-

enhanced Raman scattering (SERS) effect.  This effect was first reported by Van Duyne 

and coworkers in 1977.27 Since then, numerous groups have exploited this technique for 

mechanical, chemical, and biological sensing. The sensitivity of SERS has been pursued 

to the limit of single molecule spectroscopy. While astonishing boosts in signal can be 

achieved, it is vital that the analyte of interest be placed in close proximity (< 20 nm) to 

the metal interface that contains the LSP for any appreciable enhancement.  

1.3.3. Enhanced Emissive Processes  

Fluorescence is an emissive phenomenon where a photon is absorbed by molecule 

and subsequently emitted. The emitted photon is usually lower in energy than the absorbed 

photon, mostly due to heat dissipation during electronic transitions. Enhanced fluorescence 

by LSPs can be achieved and has been reported in various nanostructures and schemes. 

12,28,29,30 Similar to SERS, the fluorophore must be in close proximity to the metal interface 

that contains the LSP. However, care must be taken to prevent quenching, which occurs 

when the fluorophore is close enough to metal surface to allow non-radiative transitions at 

the physicochemical interface. Solid-state materials, such as transition metal-chalcogenide 

nanoparticles, have also been reported to demonstrate enhanced linear14,31 and nonlinear 
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emissive processes as a result of LSPs. Nonlinear processes include both multi-photon 

absorption32 and second-harmonic generation.33 

 

1.4 Organization of Chapters 

The remainder of this thesis is dedicated to my contributions to the previously 

described phenomena in this chapter. Particularly, these contributions focus around 

applications in biological sensing and involve various top-down and bottom up 

nanofabrication techniques to assemble the experimental platforms necessary for these 

studies.  

Chapter 2 is dedicated to my work on the enhanced emission of covellite-phase 

copper sulphide (CuS) nanodisks for applications as a solid-state contrast agent for multi-

photon microscopy. It involves plasmon-enhanced absorption and subsequent enhanced 

emission of the CuS nanodisks, by tuning the plasmon resonance to overlap with the two-

photon absorption edge. Tuning is achieved by selenium doping, which blue-shifts the 

plasmon resonance. This study involves a completely bottom-up nanofabrication 

technique: colloidal synthesis. 

Chapter 3 involves the fabrication of gold nanobulbs and their applications as 

SERS-based biosensors. The nanobulbs are assembled using electron-beam lithography, 

dry etching, and DC sputtering: a hybrid top-down/bottom-up technique.  

Chapter 4 involves an introduction and review on metal-graphene composites, 

particularly metal-decorated graphene or “metal nanoislands.” I spent the final year of my 

PhD studying metal-decorated graphene. Chapter 4 discusses metal-graphene composites 

for mechanical, chemical, energy storage, and optical applications.  
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Chapter 5 is dedicated to metal nanoislands for SERS-based optical strain sensing 

in muscoskeletal cells. It involves the discussion and characterization of a 

“piezoplasmonic” response that was observed. 

Chapter 6 is dedicated to the development of a method to fabricate metal 

nanoislands that were thermal-drift resistant in piezoresistive sensing. Software and 

parameterization were developed to establish design rule for different metals. Additionally, 

a wearable application for the sensor was demonstrated.  

  

References 

(1)  Landau, L. D. On the Theory of the Fermi Liquid. Sov. Phys. JETP 1959, 35, 70–

74. 

(2)  Landau, L. D. The Theory of a Fermi Liquid. Sov. Phys. JETP 1957, 3, 920. 

(3)  Ritchie, R. H. Plasma Losses by Fast Electrons in Thin Films. Phys. Rev. 1957, 106, 

874–881. 

(4)  Jain, P. K.; Huang, W.; El-Sayed, M. a. On the Universal Scaling Behavior of the 

Distance Decay of Plasmon Coupling in Metal Nanoparticle Pairs: A Plasmon Ruler 

Equation. Nano Lett. 2007, 7, 2080–2088. 

(5)  Choo, H.; Kim, M.-K.; Staffaroni, M.; Seok, T. J.; Bokor, J.; Cabrini, S.; Schuck, P. 

J.; Wu, M. C.; Yablonovitch, E. Nanofocusing in a Metal–insulator–metal Gap 

Plasmon Waveguide with a Three-Dimensional Linear Taper. Nat. Photonics 2012, 

6, 838–844. 

(6)  Holmgaard, T.; Bozhevolnyi, S. I.; Markey, L.; Dereux, A. Dielectric-Loaded 

Surface Plasmon-Polariton Waveguides at Telecommunication Wavelengths: 

Excitation and Characterization. Appl. Phys. Lett. 2008, 92, 011124. 

(7)  Maier, S. A.; Kik, P. G.; Atwater, H. A.; Meltzer, S.; Requicha, A. A. G.; Koel, B. 

E. Observation of Coupled Plasmon-Polariton Modes of Plasmon Waveguides for 

Electromagnetic Energy Transport below the Diffraction Limit. Proc. SPIE 2002, 

4810, 71–81. 



8 

 

 

 

(8)  Shin, W.; Cai, W.; Catrysse, P. B.; Veronis, G.; Brongersma, M. L.; Fan, S. 

Broadband Sharp 90-Degree Bends and T-Splitters in Plasmonic Coaxial 

Waveguides. Nano Lett. 2013, 13, 4753–4758. 

(9)  Wang, W.; Yang, Q.; Fan, F.; Xu, H.; Wang, Z. L. Light Propagation in Curved 

Silver Nanowire Plasmonic Waveguides. Nano Lett. 2011, 11, 1603–1608. 

(10)  Manjavacas, A.; Abajo, F. J. G. De; Nordlander, P. Quantum Plexcitonics: Strongly 

Interacting Plasmons and Excitons. Nano Lett. 2011, 11, 2318–2323. 

(11)  Imura, K.; Nagahara, T.; Okamoto, H. Near-Field Two-Photon-Induced 

Photoluminescence from Single Gold Nanorods and Imaging of Plasmon Modes. J. 

Phys. Chem. B 2005, 109, 13214–13220. 

(12)  Kano, H.; Kawata, S. Two-Photon-Excited Fluorescence Enhanced by a Surface 

Plasmon. Opt. Lett. 1996, 21, 1848–1850. 

(13)  Achermann, M. Exciton-Plasmon Interactions in Metal-Semiconductor 

Nanostructures. J. Phys. Chem. Lett. 2010, 1, 2837–2843. 

(14)  Schietinger, S.; Barth, M.; Aichele, T.; Benson, O. Plasmon-Enhanced Single 

Photon Emission from a Nanoassembled Metal-Diamond Hybrid Structure at Room 

Temperature. Nano Lett. 2009, 9, 1694–1698. 

(15)  Lin, L.; Goh, X. M.; McGuinness, L. P.; Roberts, A. Plasmonic Lenses Formed by 

Two-Dimensional Nanometric Cross-Shaped Aperture Arrays for Fresnel-Region 

Focusing. Nano Lett. 2010, 10, 1936–1940. 

(16)  Roth, R. M.; Panoiu, N. C.; Adams, M. M.; Dadap, J. I.; Osgood, Jr., R. M. 

Polarization-Tunable Plasmon-Enhanced Extraordinary Transmission through 

Metallic Films Using Asymmetric Cruciform Apertures. Opt. Lett. 2007, 32, 3414. 

(17)  Cui, Y.; He, S. Enhancing Extraordinary Transmission of Light through a Metallic 

Nanoslit with a Nanocavity Antenna. Opt. Lett. 2008, 34, 16. 

(18)  Walavalkar, S. S.; Latawiec, P.; Homyk, A. P.; Scherer, A. A. Scalable Method for 

the Fabrication and Testing of Glass-Filled, Three-Dimensionally Sculpted 

Extraordinary Transmission Apertures. Nano Lett. 2014, 14, 311–317. 

(19)  Shalaev, V. M. Optical Negative-Index Metamaterials. Nat. Photonics 2007, 1, 41–

48. 

(20)  Miller, O. D.; Polimeridis, A. G.; Reid, M. T. H.; Hsu, C. W.; DeLacy, B. G.; 

Joannopoulos, J. D.; Soljačić, M.; Johnson, S. G. Fundamental Limits to the Optical 

Response of Lossy Media. Opt. Express 2015, 1–23. 



9 

 

 

 

(21)  Nasari, H.; Abrishamian, M. S.; Berini, P. Nonlinear Optics of Surface Plasmon 

Polaritons in Subwavelength Graphene Ribbon Resonators. Opt. Express 2016, 24, 

708. 

(22)  Etchegoin, P. G.; Meyer, M.; Le Ru, E. C. Statistics of Single Molecule SERS 

Signals: Is There a Poisson Distribution of Intensities? Phys. Chem. Chem. Phys. 

2007, 9, 3006–3010. 

(23)  Dieringer, J. A.; Lettan, R. B.; Scheidt, K. A.; Van Duyne, R. P. A Frequency 

Domain Existence Proof of Single-Molecule Surface-Enhanced Raman 

Spectroscopy. J. Am. Chem. Soc. 2007, 129, 16249–16256. 

(24)  Kneipp, K.; Kneipp, H. Surface-Enhanced Raman Scattering in Local Optical Fields 

of Silver and Gold Nanoaggregates S From Single-Molecule Raman Spectroscopy 

to Ultrasensitive Probing in Live Cells Single-Molecule Raman Scattering in Local. 

2006, 443–450. 

(25)  Maier, S. A. Plasmonics- Fundamentals and Applications; 1st ed.; Springer: New 

York, New York, 2007. 

(26)  Raman, C. V.; Krishnan, K. S. A New Type of Secondary Radiation. Nature 1928, 

121, 501–502. 

(27)  Jeanmaire, D. L.; Van Duyne, R. P. Surface Raman Spectroelectrochemistry. J. 

Electroanal. Chem. Interfacial Electrochem. 1977, 84, 1–20. 

(28)  Lakowicz, J. R. Plasmonics in Biology and Plasmon-Controlled Fluorescence. 

Plasmonics 2006, 1, 5–33. 

(29)  Ghosh, D.; Chattopadhyay, N. Gold Nanoparticles: Acceptors for Efficient Energy 

Transfer from the Photoexcited Fluorophores. Opt. Photonics J. 2013, 03, 18–26. 

(30)  Wang, T.; Halaney, D.; Ho, D.; Feldman, M. D.; Milner, T. E. Two-Photon 

Luminescence Properties of Gold Nanorods. Biomed. Opt. Express 2013, 4, 584–

595. 

(31)  Zhang, J.; Tang, Y.; Lee, K.; Ouyang, M. Tailoring Light-Matter-Spin Interactions 

in Colloidal Hetero-Nanostructures. Nature 2010, 466, 91–95. 

(32)  Marin, B. C.; Hsu, S.-W.; Chen, L.; Lo, A.; Zwissler, D. W.; Liu, Z.; Tao, A. R. 

Plasmon-Enhanced Two-Photon Absorption in Photoluminescent Semiconductor 

Nanocrystals. ACS Photonics 2016, acsphotonics.6b00037. 

(33)  Airola, M.; Liu, Y.; Blair, S. Second-Harmonic Generation from an Array of Sub-

Wavelength Metal Apertures. J. Opt. A Pure Appl. Opt. 2005, 7, S118–S123. 



10 

 

 

 

 

Chapter 2 

 

 

Plasmon-Enhanced Two-Photon Absorption in Photoluminescent Semiconductor 

Nanocrystals 

 

 

Brandon C. Marin, †a Su-Wen Hsu, †a Li Chen,b Ashley Lo,a Darwin W. Zwissler,a 

Zhaowei Liu.b and Andrea R. Taoa* 

(† Equal contribution) 

 

 

 

 

 aNanoEngineering Department, University of California, San Diego. 9500 Gilman Drive 

MC 0448, La Jolla, CA 92093-0448 

b Department of Electrical and Computer Engineering. University of California, San 

Diego.  



11 

 

 

 

Abstract 

In this work, we demonstrate the two-photon fluorescence of covellite-phase 

copper sulfide nanodisks and investigate the role of the surface plasmon resonance on 

emission. Using selenium doping, we blue-shift the plasmon resonance towards the two-

photon absorption edge. We observed a three-fold enhancement of emission in these 

samples and report two-photon action cross sections that are an order of magnitude 

greater than conventional fluorophores. These nanomaterials offer a novel “all-in-one” 

platform for engineering plasmon-exciton coupling in the absence of a physical or 

chemical interface. 

 

2.1 Introduction 

Two-photon absorbing (2PA) inorganic nanoparticles that are capable of 

upconverting near-infrared (NIR) light have the potential to enable a wide range of 

biophotonic applications, ranging from fluorescence imaging in live tissue1,2,3,4 to 

photodynamic therapy5 and clinical diagnostics.6,7 Semiconductor quantum dots 

composed of metal chalcogenides1,8,9 and Au nanoparticles10,11,12,13 are the two main 

types of colloidal solid-state nanoparticles that are currently being explored as contrast 

agents for in vivo two-photon induced emission (2PE) imaging and spectroscopy. A 

major advantage of utilizing these types of solid-state nanoparticles is the ability to probe 

live tissue with much larger penetration depths, since NIR light encounters less intrinsic 

scattering within tissue than visible light. Bright 2PA nanoparticles that operate within 

the biological tissue transparency window (630-1300 nm) are particularly desirable for 
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reaching deep tissue for carrying out optical sectioning or achieving three-dimensional 

imaging.7 In comparison to conventional organic dyes that are used in 2PE 

measurements, inorganic nanoparticles also exhibit reduced photobleaching and 

increased photostabilities.6 Their chemical surfaces are also readily modified with 

specific chemistries for increased biocompatibility, cell or tumor targeting, and prolonged 

circulation upon systemic delivery into an organism.14,15 

The synthesis of bright nanoparticle probes with large 2PE action cross-sections is 

still a major challenge. One strategy to increase the brightness of 2PA nanoparticles is to 

excite a localized surface plasmon resonance (LSPR) that serves as virtual state for NIR 

photon absorption (Figure 2.1).16 For example, Au nanorods support a LSPR that is 

polarized along the longitudinal nanorod axis and can be excited between 700-1000 nm, 

depending on the nanorod aspect-ratio.17 2PA is generated by plasmon excitation in the 

NIR, while fluorescence in the visible range is generated by radiative decay from 

intraband transitions of Au.11 However, the 2PE action cross-sections of Au nanorods and 

nanoparticles are inherently limited by the low fluorescence quantum efficiencies of Au, 

which is in the range of 10-4.18 Alternatively, organic dyes have also been demonstrated 

to exhibit enhanced 2PE when in the close vicinity of a plasmonic Ag or Au 

nanoparticle,19,20 but coupling between the LSPR of the nanoparticle and the electronic 

transition of the dye in this multicomponent system is weak.21  

The ability to excite an LSPR for enhanced 2PA properties and to obtain strong 

exciton emission from a single nanoparticle would be highly desired for 2PE 

measurements. Highly-doped semiconductor nanocrystals (SNCs) have the potential to 

serve as these “all-in-one” type nanoparticles. We and others have recently demonstrated 
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that SNCs that possess a large number of free carriers can support LSPR excitation in the 

NIR and exciton generation in the same structure.22,23,24 For example, Cu2-xS is a self-

doped semiconductor where the introduction of Cu vacancies in the crystal lattice 

produces hole carriers. Cu2-xS SNCs exhibit an LSPR mode in the NIR range, well below 

the bandgap energy (1.2 eV for Cu2S).22 Advantageously for 2PA, the LSPR of these 

SNCs can be explicitly tuned within the NIR to mid-IR wavelength ranges. We have 

characterized how Cu2-xS SNCs respond to changes in carrier density, including the 

effects of carrier density tuning on near- field confinement and plasmonic coupling.25 We 

have also observed shape-dependent LSPRs for SNCs by demonstrating that Cu2-xS 

nanodisks possess both in-plane and out-of-plane dipolar LSPRs.24,26 CuS (covellite) 

nanodisks, in particular, exhibit a strong in-plane dipolar mode that dominates the NIR 

extinction spectrum. 

While the fluorescent and plasmonic properties of highly-doped SNCs have been 

studied extensively in recent years 22,25,26, very little work has been done to investigate 

the 2PA properties of these materials. In particular, very little is known about how LSPR 

excitation and tuning can affect the 2PA cross-sections of colloidal nanomaterials. In this 

work, we demonstrate the 2PA and 2PE properties of CuS nanodisks. We show that the 

wavelength of the in-plane LSPR mode is critical to 2PE enhancement and that 2PA can 

be tuned on- and off-resonance to observe these effects. Our results show that for 2PA 

that is tuned near the LSPR excitation wavelength, the 2PE intensity observed from CuS 

nanodisks can be increased by a three-fold enhancement. 
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.  

Figure 2.1. Schematic of photophysics in covellite nanoparticles. a) Schematic of the electronic 

transitions for 2PF. b) Schematic of the absorbance profile for plasmon-assisted 2PA. 

 

2.2 Experimental Methods 

2.2.1 Chemicals 

1-octadecene (C18H36, 90%), oleylamine (C18H35NH2, 70%), and sulfur powder 

(S, 98.98%) were purchased from Sigma Aldrich. Cupric nitrate hemi-pentahydrate (Cu 

(NO3)2·2.5 H2O, 98%) and chloroform (CHCl3, 99.25%) were purchased from Fisher 
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Chemical. Selenium powder (Se, 99.99%) was purchased from Alfa Aesar. All reagents 

were used as purchased. 

2.2.2 CuS Nanodisk Synthesis 

A solvent mixture of oleylamine and 1-octadecene was prepared in a 1:3 ratio, 

respectively. 0.0928 g of copper nitrate (0.4 mmol) was dissolved in 4 mL of solvent 

mixture by sonication, yielding a dark blue 0.1M Cu precursor solution. For CuS 

nanodisks, 0.0192g of sulfur powder (0.6 mmol) was added to the precursor solution. The 

mixture was then heated to 160 C in an oil bath for 30 minutes, forming a dark-green 

solution. To remove excess oleylamine and 1-octadecene, 4 mL of ethanol was added and 

the mixture was centrifuged at 3K RPM for 5 minutes. The precipitate was then removed, 

re-dispersed in chloroform and centrifuged at 7.5K RPM for 7.5 minutes to remove any 

by-products. This final centrifugation was repeated twice. The purified precipitate was 

then dispersed in 4 mL of chloroform for use and analysis. For Se-doped CuS nanodisks, 

a 0.6 mmol total mixture of Se:S powder was used in lieu of 0.0192 g of sulfur powder. 

The ratio of Se:S was varied to control the concentration of dopant in the final product. 

2.2.3 Materials Characterization 

Se:S content was determined using Energy Dispersive X-ray Spectroscopy 

(EDX). EDX spectra were obtained using a Philips XL30 ESEM with an Oxford EDX 

detector attachment coupled with Inca software. Samples were prepared by drop-casting 

onto a clean silicon support. The EDX detector was calibrated using the Kα peak of a Cu 

standard. Spot size, magnification, beam accelerating voltage, and process time were all 

kept constant to ensure accuracy in measurement. Relative errors in measurements are 

summarized in Appendix Figure A4. Powder X-ray Diffraction (XRD) spectra were 
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taken using a Rigaku RU200B diffractometer coupled with MDI Datascan5 software. A 

step size of 0.02° and a dwell time of 1.0 seconds was used at a 100 kV operating 

voltage. Samples were dried and deposited on a clean glass slide for measurement. An 

FEI Tecnai G2 Sphera running a LaB6 filament at 200 kV was used for Transmission 

Electron Microscopy (TEM) micrographs. A Gatan Ultrascan 1000 UHS CCD camera 

running Gatan Digital Micrograph was used for imaging. TEM samples were prepared by 

drop-casting nanodisks dispersed in chloroform onto an air-water interface. 200 mesh 

carbon-film Cu grids were then dip-coated in the dispersion.  

2.2.4 Optical Characterization 

Optical extinction spectra were taken using a Perkin Elmer Lambda-1050 UV-vis-

NIR spectrophotometer with a three-detectors (3D) module. The samples were dispersed 

in chloroform using a 1 cm quartz cuvette. Scans were performed from 250 nm to 2000 

nm. Photoluminescence spectra were acquired using a Princeton Instruments Acton 

SP2300 monochromator coupled to a Nikon Eclipse LV100 upright microscope. A 

Kimmon Koha 20 mW 325 nm He-Cd laser was used as an excitation source. Samples 

were prepared by drop-casting onto a clean glass slide. For 2PE measurements, a Leica 

SP5 confocal microscope with a Leica HyD detector was used. This system was coupled 

to a Spectra Physics Mai Tai HP tunable laser. The excitation wavelength of the Mai Tai 

HP was varied from 690 nm to 1040 nm with an average power of 2.5 mW and pulsed at 

100 fs through a 10x Leica objective. For sampling, a colloidal solution of nanodisks in 

chloroform was sealed in a glass chamber. For direct sample comparison, signal intensity 

was normalized for particle concentration which was determined using reported 

methods27. Chambers were sealed using 65 μL 15x15 mm frame seals by Bio-Rad. Mean 
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2PE emission intensity values for varied excitation wavelengths were determined by 

integrating the detector signal over a specified and fixed wavelength range. This collected 

range was 400-650 nm, which covers the range of the emission spectra for all samples 

and is described further in Appendix A (Figure A1). Molar absorptivity (α) values were 

calculated directly from particle concentration and absorbance. Laser power 

measurements were performed using an Ophir Vega Handheld Laser Power Meter.  

 

2.3 Results and Discussion 

CuS nanodisks were synthesized using solvent-based methods as described in the 

Experimental Section. An excess of sulfur powder was used to ensure the formation of 

the stoichiometric CuS (covellite) phase, as opposed to the Cu7.2S4 (digenite) phase which 

preferentially occurs at higher Cu:S ratios 26. Figure 2.2a shows a TEM micrograph of a 

dispersion of un-doped (left) and Se-doped (right) CuS nanodisks using the solvent-based 

method, which yielded particles with an average diameter of 31.14 ± 7.45 nm with an 

aspect ratio of 4.54 ± 1.51. The diameters and aspect-ratio distributions of individual 

samples are fully listed in Table A1. The powder XRD spectrum of CuS nanodisks is 

shown in Figure 2.2b, highlighting the characteristic diffraction peaks of the covellite 

phase. CuS is a p-type semiconductor that exhibits semi-metal behavior 28. Furthermore, 

it exhibits absorptive and emissive optical responses. Figure 2.2c plots an overlay of the 

photoluminescence emission (ex=325 nm) and the extinction spectrum for a typical 

colloidal CuS nanodisk sample dispersed in chloroform. The extinction peak in the NIR 

is a maximum at LSPR=1125 nm and is attributed to a strong in-plane dipole mode. The 

onset of the absorption edge can be observed at ca. 400 nm and is the result of excitonic 
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absorption due to quantum confinement and a direct band gap.29 The Stokes-shifted 

photoluminescence emission maximum occurs at F=505 nm. λLSPR in un-doped CuS 

nanodisks occurs at well over double the wavelength of the absorption edge, which 

enables 2PA. 

 

Figure 2.2. CuS optical properties. a) Typical TEM micrographs of CuS nanodisks (left) and Se-doped 

CuS nanodisks (right), scale bars are 150 nm. Insets are zoomed-in images, inset scale bars are 20 nm. b) 

Typical XRD spectra of CuS nanodisks with highlighted diffraction pattern. c) The photoluminescence 

emission spectra and extinction spectra for CuS. 

 

To determine whether these CuS are capable of nonlinear absorption, we carried 

out 2PE measurements using femtosecond-pulsed laser excitation at ex=855 nm. CuS 

nanodisk samples were prepared by drop-casting and drying the dispersion onto a clean 

glass slide. These samples exhibit a well-defined emission peak centered at ca. F=500 

nm (Figure 2.3a). The line shape and location of this peak is in close agreement with the 

single-photon fluorescence measurements in Figure 2.2c. In order to demonstrate that 
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this emission is the result of 2PA, we measured the fluorescence emission intensity with 

respect to the power of the excitation source. While single-photon absorption is expected 

to give a linear relationship, multi-photon absorption is expected to give rise to a non-

linear relationship between emission intensity and source power. 30 For a perfect 2PA 

process, the emission intensity varies with the square of the source power. 31 Figure 2.3b 

shows a log-log plot of laser power versus emission intensity. Upon increasing and 

decreasing laser power we observed a slope of 1.87 and 2.37, respectively. This is in 

close agreement with the power-squared dependence (slope=2) characteristic of a 2PA 

process.  

 

Figure 2.3. Nonlinear CuS emission. a) The 2PE spectra of CuS at various laser powers. b) A log-log plot 

shows the power-square dependence of emission. Laser power was incrementally increased (Power Up) 

and decreased (Power Down) to acquire two separate fits for comparison. 

To study the effect of λLSPR on 2PE intensities, we modulated the wavelength of 

λLSPR by doping the CuS nanodisks with Se. Doping is achieved by direct substitution of 

S atoms within the covellite lattice with Se atoms. X-ray diffraction measurements show 

that the crystal structure remains constant and covellite-like, which suggests a 1:1 ratio of 
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Cu to total chalcogen (Figure A3). The extinction spectra for these samples is plotted in 

Figure 2.4a which shows a λLSPR value of 945 and 1150 nm for doped and un-doped 

samples, respectively. Our results show that the λLSPR of the in-plane dipole mode can be 

blue-shifted towards lower wavelengths with increasing Se content. The largest blue-shift 

in λLSPR that can be achieved gives λLSPR=945 nm for 2.6 atomic % Se by atomic weight. 

Increasing the amount of Se content beyond a few percent results in a red-shift in λLSPR, 

likely due to poor Se solubility in the CuS lattice (Figure A2).  

We then determined whether Se doping results in a change in the 2PA 

wavelength. Figure 2.4b shows a plot of the mean 2PE emission intensity with respect to 

ex, with a step size of 5 nm. As described in the Experimental Section, the mean 

intensity is the integrated emission signal over a specified wavelength range. This range 

is fixed for all samples from 400-650 nm. This was performed for two samples: (i) an un-

doped CuS nanodisk dispersion, and (ii) a Se-doped CuS nanodisk dispersion with 2.6 

atomic % Se, as measured by energy dispersive X-ray spectroscopy. The two samples 

show no difference in the ex value that gives the maximum 2PE intensity, with ex=855 

nm for both the un-doped sample and Se-doped sample. This suggests that Se doping 

does not affect the absorption edge of the CuS nanodisks. 
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Figure 2.4. CuS 2PE dependence on plasmon resonance. a) Extinction spectra of 2.6% Se-doped CuS 

(blue) and un-doped CuS (red). b) Mean 2PE intensity as a function of excitation wavelength. c) 

Dependence of mean 2PE intensity on λLSPR location. d) Two-photon action cross-section as a function of 

CuS nanodisk molar absorptivity at the excitation wavelength. 

 

Next, we measured the mean 2PE emission intensity as a function of λLSPR for 

eight different CuS nanodisk samples. These CuS nanodisks samples were synthesized 

with varying Se content and exhibit in-plane LSPR modes with λLSPR varying between 

945-1155 nm. Figure 2.4c plots the mean 2PE intensity obtained for ex=855 nm. As the 

value of λLSPR begins to approach the value of ex, we see that the measured 2PE intensity 

experiences a dramatic increase. 2PE intensity is maximized as λLSPR approaches the two-

photon absorption edge. This indicates that the increase in emission intensity occurs due 
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to an increase in absorbance, since field-enhancement of the fluorescence emission is not 

expected at these long wavelengths32 (Figure 2.4c). 

To gauge the effect of LSPR excitation on 2PE, we calculated the two-photon 

action cross-sections (σϕ) for these CuS nanodisks. σϕ has been used extensively as an 

effective measure for the magnitude or brightness of two-photon induced fluorescence 

emission 33,34, and is the product of the absolute 2PA cross section (σ) and the 

fluorescence quantum efficiency (ϕ). We calculated σϕ using previously reported 

methods 34,35 and used Lucifer Yellow as a reference fluorophore. This method is 

described further in Appendix A (Section A1). For our samples, σϕ ranged from 2255.2-

7211.5 Goeppert-Mayer (GM) units, depending on the value of λLSPR (Table 2.1). Our 

results show that higher σϕ values correlate with greater overlap between λLSPR and ex. 

This range for σϕ is also on the order of previously reported values for solid-state 

luminescent materials such as CdSe quantum dots and gold nanorods,1,36 and an order-of-

magnitude above those reported for conventional molecular fluorophores such as Bodipy, 

DAPI, and Rhodamine B.33 

  



23 

 

 

 

Table 2.1. Two-photon action cross sections for various CuS samples. 

Sample λLSPR (nm) σϕ (GM) 

1 945 7211.5 

2 970 4551.7 

3 970 4481.5 

4 990 2849.7 

5 1090 2560.9 

6 1125 2322.2 

7 1150 2293.9 

8 1155 2255.2 

 

 

To indicate the relationship between LSPR excitation and 2PE brightness, we 

plotted σϕ as a function of CuS nanodisk molar absorptivity at 855 nm (α855) (Figure 

2.4d). We calculated α855 directly from the extinction spectra for various Se-doped CuS 

nanodisk samples, as described in the Experimental Section. We observe that σϕ is 

maximum for our highest obtained value of α855. We also observe that the relationship 

between σϕ and α855 is highly nonlinear, and that a critical value of α855 = 4x107cm-1M-1 

must be reached before the 2PE brightness increases. These higher α855 values indicate 

stronger light absorption, which correlates well with higher 2PE brightness. This is 

additional evidence that plasmon-assisted absorption plays a role in enhanced absorption, 

rather than emission. 
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2.4 Conclusions 

This work demonstrates the nonlinear optical properties of plasmonic covellite 

CuS nanodisks synthesized by colloidal methods. Furthermore, we probe the effect of 

LSPR excitation on 2PE by utilizing Se doping to tune the LSPR wavelength. While Se 

doping is unable to achieve full registry of the LSPR peak with the absorption edge of 

CuS, we observed a strong enhancement of 2PE emission for samples with higher 

spectral overlap. This 2PE response is unique in that the SNCs serve as both the 

plasmonic and photoluminescent components, offering an all-in-one platform for 

engineering plasmon-exciton coupling in the absence of a physicochemical interface. 

Furthermore, the 2PE action cross-sections indicate that these CuS nanomaterials show 

great potential for applications that require multi-photon absorbance, such as bioimaging 

and photodynamic therapy. Future studies will explore alternative dopant materials and 

SNC shapes that may offer greater flexibility with modulating the LSPR resonance 

wavelength to match the absorption edge of CuS. 
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Abstract 

This article features a new, scalable fabrication method and experimental 

characterization of arrays of gold “nanobulbs” for surface enhanced Raman spectroscopy. 

These structures are fabricated using a “hybrid” top-down/bottom-up approach which 

retains the uniformity and placement accuracy of lithographic methods while 

simultaneously exploiting bottom-up energy minimization techniques to obtain 

enhancement gaps as small as 5nm. Rather than attempting to shape the chemically inert 

gold directly, silicon nanofabrication techniques are used to create a glass super-structure 

around which the gold is sculpted in a high-temperature reflow step. As the initial 

conditions of the reflow are set by top-down parameters, the resulting structures are 

uniform across extended arrays and from chip to chip. Using thiophenol as a probe 

molecule these nanobulb substrates featured average enhancement factors in excess of 

1010 across 19 peaks spanning a wide range of wavenumbers and symmetries. This 

enhancement factor, as well as spectral properties such as line-width and peak position, 

were shown to be uniform over extended arrays of nanobulbs with measured variations of 

less than 10%, 2.5% and 0.01%, respectively. The structures were subsequently used to 

detect nanomolar concentrations of tracheal cytotoxin, a 1kDa product of certain gram 

negative bacteria. The detection as well as the structural and conformational analyses 

were performed under both wet and dry conditions, without the use of specific probes or 

labels. Based on the scalability as well as the degree and uniformity of Raman 

enhancement, these manufacturable nanobulb substrates offer a variety of novel future 

biomedical applications, from binding chemistry analysis to ultra-sensitive disease-

marker detection.   
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3.1 Introduction 

Plasmonics has been a field of ardent work for the past decade, greatly aided by 

the development of various nanofabrication techniques that can create architectures 

several times smaller than the wavelength of light. Thus, there has been a great deal of 

work on plasmonic phenomena such as extraordinary transmission through sub-

wavelength holes,1,2,3, optical filters,4 epsilon-near-zero metamaterials,5 broadband visible 

to NIR absorbers,6 and enhanced emissive processes.7 Surface-enhanced Raman 

spectroscopy (SERS) has been one such area of work with compelling results. 

Fundamentally, Raman spectroscopy aims to obtain the vibrational spectrum of a 

molecule through the analysis of photons that have been inelastically scattered by its 

normal vibrational modes. Unfortunately, this Raman scattering process is an incredibly 

weak effect, forcing practical applications of this technique to rely on powerful lasers, 

and limiting their utility to identifying bulk samples.8 SERS attempts to overcome this 

limitation by harnessing the ability of metallic nanostructures to confine light in sub-

wavelength volumes, enhancing the photon induced local electric field, and amplifying 

the efficiency of Raman scattering by several orders of magnitude. The incorporation of 

such “Raman-enhancing” substrates has pushed the relevant range of Raman techniques 

from bulk to trace molecular analyses,9 with several groups reporting measurements with 

single molecule sensitivity.10,11 

Traditional SERS substrate fabrication relies on various stochastic techniques to 

create sub-20 nanometer E-field enhancing gaps between colloidal Ag or Au particles,12 
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an approach which has been hindered by difficulties in reproducibility.13,14,15,16,17 In the 

past decade, however, there have been significant improvements made to such “bottom-

up” methods using surface functionalization on spheres or cubes to induce the formation 

of ordered arrays of nanoparticles with prescribed gap distances.18,19 Unfortunately, this 

surface functionalization must be removed to permit the analyte of interest to enter the 

regions of field-enhancement. This limits potential analytes to those with a stronger 

binding affinity to gold and silver, such that they can displace the original 

functionalization; alternatively, one must find a chemical or physical etching method to 

remove the functionalization without damaging the particles or their spacing.  

SERS substrate fabrication has been tied to such bottom-up methods due to the 

lack of a gas or plasma phase etchant for gold and silver. This has precluded the direct 

nanomachining of these metals at the critical 5-25nm length scale required to create 

SERS nano-gaps. Consequently, there have been a limited number of “top-down” 

approaches to fabricating SERS substrates, with few notable exceptions.20 Groups have 

used top-down techniques such as “lift-off,” micro-masked etching, or electromigration 

to form both controlled21,22 and stochastic nano-architectures.9,23 These methods have 

demonstrated high enhancement factors (EF) and functional utility for biosensing 

applications.24 

While the bottom-up approaches to SERS substrate fabrication can access the 

smallest size regimes, when used alone they offer limited scalability potential. However, 

if such an approach could be integrated around a top-down method, the combined scheme 

could provide the necessary precision to reliably and repeatedly fabricate substrates with 

sub-20 nm enhancement gaps. Such a combined process would be a crucial step towards 
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manufacturing SERS-based sensors for medical applications that require consistent and 

reproducible performance in sensitivity, specificity and accuracy.  

3.2 Methods 

3.2.1 Nanobulb Fabrication 

Detailed steps given in Appendix B1. Using PMMA as an electron-beam resist a 

square lattice of circular areas corresponding to the SiNP diameters were exposed and 

developed away. Stoichiometric aluminum oxide (Al2O3) was reactively sputtered into 

these holes and lift-off was performed in dichloromethane under sonication. These 

alumina disks were etched vertically to a depth of 750 nm to form nanopillars (Figure 

3.1(a.i)) using a mixed-mode ``pseudo-Bosch’’ etch1 and fully oxidized during an 8 hour 

dry oxidation (Figure 3.1(a.ii)). These glass nanopillars were conformally coated with 

200 nm of sputtered gold (Figure 3.1(a.iii),(b)). In the final step the gold layer was 

reflowed in a rapid thermal annealer (RTA) in which the temperature was ramped to the 

peak in 30 seconds, held for 7 minutes and cooled to room temperature in 5 minutes, all 

in a forming gas (5%H2:95%N2) environment. 

3.2.2 Materials 

Tracheal cytotoxin (TCT) was obtained from the Goldman lab at the University of 

North Carolina, Chapel Hill. Extraction and purification of TCT follows the method 

outlined in Cookson et. al. 2 and is briefly outlined below. Bordetella Pertussis bacteria 

were grown on a solid growth medium for 72 hours at 37 oC and subsequently used to 

inoculate a liquid growth medium and allowed to incubate for an additional 24 to 48 

hours at 37 oC. Bacteria from mid to late-log phase of growth were centrifuged and the 

supernatant was filtered through a 0.2 m pore-size cellulose-acetate filter and acidified 



34 

 

 

 

using trifluoroacetic acid. TCT was separated using a column extraction method 2–4 and 

characterized using reverse-phase high-pressure liquid chromatography (HPLC).  

3.2.3 Simulations 

Electric field profiles were simulated with the finite-difference time-domain 

(FDTD) method, using the freely available MEEP5 software package. Parameters for the 

simulations were extracted from SEM images of specific tested substrates. The frequency 

dependent permittivity of gold was modeled using a Lorentz-Drude model6 tailored for 

accuracy in the 1.24-2.48 eV (500 - 1000 nm) range. The use of the simulated field 

profiles in calculating the reported enhancement factors is described in detail in 

Appendix B.2.2. 

3.2.4 Instrumentation 

Raman measurements were performed using a Renishaw “inVia” micro-Raman 

spectrometer coupled to a Leica Microscope. Illumination was provided by a filtered 

17mW, CW HeNe laser at 633 nm (FWHM < 1 nm) at 0.01-0.5% laser power, set via 

internal neutral density filters. Imaging, excitation and collection were done through a 

50x objective lens (Leica N-plan), and the collected signal was passed through an edge 

filter and dispersed onto a spectrometer with a Peltier-cooled (-70 oC) CCD detector 

using an 1800 line/mm grating, providing a spectral resolution of 1.2 cm-1. For these 

measurements, signal was collected between 100 and 3200 cm-1 for 10 seconds. Bulk 

Raman spectra were collected from 65µL of neat thiophenol in a Bio-Rad incubation 

chamber sealed with a glass cover slip (15x15x0.29 mm), illuminated with 5% laser 

power using the same objective lens, spectral range, and 10 second acquisition time. 
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Mapping scans were performed using the same Renishaw in-Via micro-Raman 

spectrometer. Maps was taken with a step size of approximately 750 nm in both the x and 

y direction. At each point the SERS spectrum was collected between 600 and 1735 cm-1 

wavenumbers for 0.5s at 1% laser power, producing a total of 7856 distinct spectra. For 

each spectrum, a Voight lineshape was fit to the peaks under consideration to account for 

both homogenous and inhomogenous broadening. The reported overlay images were 

produced using the Renishaw Wire 4 software package and the data was exported with 

subsequent statistical analysis performed in Matlab.  

 

3.3 Results and Discussion 

Here, we describe the fabrication, characterization and use of a novel SERS 

substrate created using scalable techniques and featuring unique properties suited for 

biomedical applications. We present a “hybrid” top-down/bottom-up fabrication method 

that uses the precision placement of CMOS lithography to create a periodic array of glass 

nanostructures around which gold spheres are assembled using surface forces to create an 

array of sub-20 nm periodic, field-enhancing gaps. We characterized the enhancement 

factor and spectral properties of these “nanobulb” substrates across a broad (>3000 cm-1) 

wavenumber range, several molecular symmetries, and over extended arrays and found 

the average enhancement to be greater than 1010 with a coefficient of variation < 10%.  

We also report the use of these substrates for the label-free detection and detailed study 

of tracheal-cytotoxin (TCT) and ss-DNA, which are complex bio-molecules.  

The SERS substrates in this work were fabricated from bulk silicon wafers onto 

which silicon nanopillars (SiNP) were patterned and etched using previously published 
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methods7,1,8. To rapidly modify and test new designs, we performed our fabrication with 

electron beam lithography. However, with the adoption of nano-imprint or modern 

immersion lithography this fabrication procedure can be immediately translated to wafer-

scale production. Crucially, all of these top-down, nano-machining steps are performed 

on or to silicon rather than directly with glass or gold. Fabrication details are provided in 

Appendix B1 and briefly described in the methods section. 

This reflow process represents the critical bottom-up step in our fabrication 

scheme wherein the elevated temperature allows the surface tension forces of the gold to 

overcome its weak adhesion to glass and flow towards a minimum energy shape- a 

sphere. We note that there are two distinct regions: For the planar field of glass the gold 

remains in place, while the gold coating the pillar side-walls and top flows to form a 

roughly spherical shape atop the pillars to minimize its surface area and maximize its 

contact angle with the glass(as seen in Figure 3.1((c)-(e)). 9,10,11 It is the resulting gaps 

(highlighted in panel Figure 3.1 (e)) between the beads of gold in this periodic lattice of 

nanobulbs that we exploit for our SERS enhancement. Note that the use of electrically 

insulating silicon dioxide pillars allows the reflow process, when carried to completion 

by a sufficiently high temperature, to break any current path between the bulb and planar 

metal allowing for the maximum field enhancement between each bulb and its nearest 

neighbors. Such high-temperature processing of gold films has been shown to provide 

added benefit of improving the crystallinity and conductivity of the beads12 and 

planarizing the metal through Ostwald ‘ripening’7,12.   During fabrication development, 

we investigated the parameter space of pillars with diameters between 40 to 125 nm, 

lattice spacing of 300 to 700 nm, and reflow temperature from 625 to 725 °C. We found 
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675 °C to be the optimal reflow temperature and an optimal region of parameter space for 

pillar diameters and lattice spacing from 40 to 60 nm and 300 to 500 nm respectively.  

 

.  

Figure 3.1. Fabrication and reflow of SERS substrates. (a) Fabrication flow: (i) Silicon nanopillars are 

patterned and plasma etched.(ii) Pillars are thermally oxidized to create silicon dioxide nanopillars. (iii) 

Sputtering of gold provides conformal coating of the glass pillars. (iv) Gold reflow causes the gold on the 

side-walls to bead on top of the pillars creating nanoscale gaps. (b) Sputtered gold on glass pillars prior to 

reflow. Scale bar 500nm (c) Example of gold nanobulbs with 25nm gaps. Scale bar is 300nm. (d) 

Nanobulbs with sub-10nm gaps. Scale bar is 200nm. (e) Two detailed frames of approximately 10 (left) 

and 5 (right) nm gaps. 

 

The power of this fabrication method comes from its repeatability and scalability. 

Every fabrication parameter (e.g. pillar diameter, metal thickness, pillar spacing, etc.) 

leading up to the reflow step is controlled solely through top-down processing. Given that 
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we can precisely set the initial conditions and the reflow parameters we can create vast 

arrays of nanobulbs with nanometer-scale gaps that, as we show below, produce 

consistent enhancement factors. The gold/glass material system has the added benefit of 

being chemically inert, especially with respect to biological samples, easily 

functionalized and can be cleaned and re-used by utilizing an oxygen plasma or an 

oxidizing acid. 

3.3.1 Quantification of SERS Activity in Nanobulbs 

We characterized the magnitude and spectral properties of the Raman 

enhancement provided by the nanobulb substrates using thiophenol (HS-C6H5) as our 

molecular probe. For these measurements, substrates were first cleaned in an oxygen 

plasma for 5 minutes and immediately immersed in a 1 mM solution of thiophenol in 

ethanol and allowed to incubate for 6 hours. Upon removal, substrates were thoroughly 

rinsed with ethanol and deionized water and dried under N2. Raman measurements were 

performed as described under the instrumentation heading in the methods section below.  

Figure 3.2(a) presents the normalized signal (blue) measured at a single point 

close to the center of the array of nanobulbs shown in the SEM images of Figure 3.1(d,e) 

and in the microscope image of Figure 3.3. Parameters extracted from SEM image 

analysis were used to create an idealized finite difference time domain (FDTD) 

simulation of this bulb array at the illumination wavelength as well as at several Stokes 

photon wavelengths, an example of which is shown in Figure 3.2(b). Using the SERS 

spectra, bulk Raman spectra and the FDTD simulations we calculated four different 

enhancement factors at 19 peaks shared between the SERS and bulk spectra. Specifically, 

at each peak, we calculated the analytic enhancement factor (AEF) and SERS substrate 
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enhancement factor (SSEF) based on either the maximum peak intensity or the total area 

of the peak- the goal of which was to be as thorough as possible with quantifying the 

SERS activity of our substrates. Our calculation methodology followed procedures 

outlined in Le Ru et. al.13 A detailed explanation as well as the complete set of calculated 

enhancement factors is given in Appendix B.2. 

 

Figure 3.2. Measurement of thiophenol for enhancement factor calculations. (a) SERS signal at a 

single point on pillar array below (blue) and calculated SSEF at the peak locations shown (red). Note error 

bars indicate the uncertainty the calculation of the area under the peak. (b) FDTD simulation of local field 

enhancement at the 633 nm excitation, 675 nm emission, and the log of the total intensity enhancement 

from a point by point convolution of the above two plots.  

 

The 19 shared peaks span an approximately 3000cm-1 range and correspond to 

vibrational modes from four unique benzene symmetry groups.  Establishing the 

performance of the substrates over a large spectral range and under both optimal and non-
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optimal alignment of the enhanced field with molecular symmetry is intended to produce 

a more representative set of enhancement factors. The SSEF values calculated based on 

area of the peak (SSEFPK AREA) are plotted as red circles for the 16 shared peaks seen in 

the wavenumber range of Figure 3.2(a) with the error bars representing the uncertainty in 

the calculated area under the peak. When averaged over the entire set of 

peaks/symmetries we find a mean SSEFPK AREA of 1.3x1010 measured close to the center 

of the nanobulb array. The FDTD simulation results indicate that the large magnitude of 

this average enhancement factor stems from the local amplification of the electric field 

between adjacent nanobulbs. Previous theoretical studies14–16 into the origin of this field 

enhancement for particles with sizes much larger than the Rayleigh limit suggest the 

importance of multi-polar terms, increased near-field scattering and resonance based 

minima in radiation damping. In compliment to the experimental results and specific 

simulations presented in this paper detailed FDTD and Mie-theory based analysis of the 

nanobulb substrates is underway.  

We then expanded our investigation to determine the enhancement factor 

uniformity and variation in spectral properties of the SERS signal across an entire 

periodic array of nanobulbs. This was done by performing a 2D mapping scan over a 66.5 

micron by 66.5 micron area which included a 40 micron by 40 micron square lattice of 

nanobulbs. Details of the mapping scan parameters are given under the instrumentation 

heading in the methods section below. As a representative example, Figure 3.3 shows the 

2D map (750 nm x 750 nm pixel size) and frequency histogram of the SSEF, linewidth 

and peak position of the 1073cm-1 mode. We can see from the maps and histogram data 

that the measured enhancement factor for this mode consistently fell into a narrow range 
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over the entire nanobulb area. Similarly, the measured linewidth and position of this 

mode showed little variation over the same map. We have compiled the average SSEF, 

linewidth and peak position for five frequently compared modes (700, 1000, 1023, 1073, 

1574 cm-1) into the table at the bottom of Figure 3.3. Our measured average linewidths 

over the entire nanobulb array are comparable to previously published data17 and we 

additionally report a variation in SSEF of less than 10%, in linewidth of less than 2.5%, 

and in peak position of less than 0.01%. We attribute this uniformity to use of precision 

top-down lithography as well as the periodic nature of our arrays. Since the lattice 

exhibits periodicity in polarization direction of the incident optical field it is likely that 

we are exciting an extended mode across several bulbs. This effect, combined with the 

increased polarizability afforded by larger diameter spheres, explains the wide nanobulb 

array fabrication parameter space over which we recorded similar enhancement 

performance. As a result, the inter-particle gap seems to play a less critical role in our 

arrays than its influence on the enhancement properties of nanoparticle dimers.  The 

uniformity in SERS of our nanobulb arrays permits such mapping scans to be used for 

not only detection but also the quantification of wide-ranging concentrations of 

biomolecules. 
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Figure 3.3. Mapping scans of 1073 cm-1 thiophenol mode over an array of nanobulbs. Scan step size 

was 750nm. Bottom table shows summary of mapping scan results for SSEF, linewidth and peak position 

for five frequently compared modes of thiophenol.  

 

 



43 

 

 

 

3.3.2 SERS analysis of a complex bioanalyte: tracheal cytotoxin 

Unlike simple molecules such as the thiophenol studied above, biological 

molecules tend to be more complex and can form intricate secondary, tertiary, and 

quaternary structures. Fortunately, the uniformity and magnitude of nanobulb mediated 

enhancement allows for the resolution of detailed spectral features through rapid 

acquisitions. These substrates can therefore be used to not only detect complex 

biomolecules but probe their structure and conformation as well. To demonstrate this 

capability, we detected and analyzed the structure of tracheal cytotoxin (TCT) under two 

disparate environmental conditions. TCT is an approximately 1kDa glycopeptide released 

by some gram negative bacteria.18 It is made up of a β (1-4') disaccharide head and a 

dipeptide tail.  In its polymeric form, it is a constituent of the cell wall of gram-negative 

bacteria3. In this form, Raman spectra of TCT have been obtained through SERS 

measurements done on bacteria coated with colloidal silver.19 In its monomeric form, 

TCT can serve as the agent of epithelial cell destruction in B. pertussis and N. 

gonorrhoeae infections3,20 or as an important cellular messenger in the symbiotic 

interaction between the V. fischeri bacteria and its Bobtail Squid host.18,20 TCT is not 

typically found in its monomeric form in the human body, unless there is an active 

infection involving the above mentioned bacteria. Thus the detection of trace amounts of 

TCT in patient samples collected via a variety of possible methods (e.g. throat swab, 

urine or saliva sample, etc.) is of paramount interest. As a first step in responding to this 

need we used the nanobulb substrates to detect and analyze TCT at nanomolar 

concentrations under two possible sample conditions: in a saliva or “serum-like” buffer, 

and dried as if taken from a swab. This represents the first Raman detection of free 
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monomeric TCT, and can serve as an initial step towards creating a “culture-free” test for 

Gonorrhea or Whooping Cough. 

In the first scheme, the TCT was simply dried onto the substrate without targeted 

functionalization or binding. Samples were prepared by drying a 2µL droplet of 100nM 

TCT solution in buffer directly onto the nanobulbs. The collected spectrum is shown as 

the red curve in Figure 3.4. In the second scheme the 100nM TCT was measured while 

still in solution, relying on polar components such as deprotonated carboxylate ions to 

form coordinated complexes with the gold to enrich the concentration of molecule at the 

bulbs. This spectrum is shown as the blue curve in Figure 3.4 (For comparison, both 

spectra are normalized by the magnitude of their respective anti-symmetric glycosidic 

bond stretching mode (label G)).  As can be seen from both curves in Figure 3.4, the 

complexity of the molecule and the spectral resolution provided by the nanobulbs results 

in a densely populated Raman spectrum. We can roughly subdivide the spectra into three 

regions, Region 1 (100-800 cm-1) contains the 3 “heavy-atom” bending modes and 

torsional modes21–25. Region 2 (800-1800 cm-1) contains endo- and exocyclic single bond 

stretching modes that provide information about size of heteroatom rings and alpha/beta 

character of glycosidic linkages.21–23,25–27 This region also contains peaks corresponding 

to the amide vibrations of peptide linkages and modes associated with carboxylic acid 

groups, both of which can provide information on the type and location of amino acids 

within the molecule. 21,22,24,27–31  This second section is significantly altered between the 

dry and wet ambient conditions and is the focus of Figure 3.5. Region 3 (1800-3200 cm-

1) contains sum-tone modes and heavy-light atom vibrational modes such as C-H or O-H 

bonds. In Figure 3.4 we have highlighted some of the key peaks from regions 1 and 2 
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that can be used to identify this molecule (an exhaustive list of identified peaks for both 

the wet and dry cases is given in Appendix B.3). Specifically, in the 100-250 cm-1 range 

we have peaks associated with torsional and bending modes of the N-acetyl groups found 

in disaccharide head of TCT. The width of the mixed bending/torsion mode centered near 

250 cm-1 can be ascribed to separated but overlapping signals from the two similar N-

acetyl groups found on the glucosamine and muramyl sugars, split by local sterics or 

intramolecular hydrogen bonding. At 500 cm-1 we can see a broad peak associated with 

the three atom COC bending of the (1-4’) glycoside link which narrows and brightens 

based on the hydrogen bonding in the wet spectrum. A similar narrowing and brightening 

effect is seen with the endocyclic COC bending centered at 595 cm-1. In both of these 

cases conformational limitations imposed by the hydrogen bonding force the molecule to 

be in a preferred, fixed ``ring-pucker’’ and/or glycosidic bond angle and therefore the 

spectral contributions to this mode are collapsed into a narrower range, brightening the 

signal. The opposite effect is seen with the torsional modes (centered at 700 cm-1) around 

the glycosidic bond as hydrogen bonding effectively suppresses these vibrations. The 

symmetric COC stretching mode associated with the glycosidic link (c.a. 845 cm-1) is 

blue-shifted in the wet spectrum due to the movement of both carbon atoms against the 

symmetric, hydrogen bonding induced polarization of the COC bond. The antisymmetric 

COC stretching mode (c.a. 1160 cm-1), on the other hand, experiences no net force from 

this induced polarization but is still blue-shifted by the conformational constraints on the 

ring imposed by the hydrogen bonding, as mentioned above. 
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Figure 3.4. SERS spectra for 100nM tracheal cytotoxin (TCT). TCT SERS spectra under wet (blue) and 

dry (red) conditions is depicted. The data is divided into four major regions as outlined in the text. Letters 

correspond to the peaks identified in the inset table. 

 

The mode at 836 cm-1 is associated with the CH3 stretch found in both the alanine 

and alanyl components of the peptide.26 The prominent peak at 1479 cm-1 is associated 

with CH2 bending/scissoring and has been shown to be indicative of residues with CH2 

chains - in our case along the backbones of glutamyl and diaminopimelic acid (DAP).28,31 

An interesting and unexpected structure found in both the wet and dry spectra is that of a 
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ketene32 C=C=O type bond at 2150 cm-1. While this molecule does not normally feature 

this structure, it is likely that the surface attachment of the molecule combined with the 

high SERS fields can liberate electrons from the gold bulbs allowing a dehydration type 

reaction converting carboxylic acid groups to this ketene structure. 

Region 2 contains vibrations from a set of structures that were distinctively 

affected by the transition from wet to dry measurement. These are highlighted in Figure 

3.5. In particular, there are two chemical structures that are uniquely affected by the 

presence of water: peptide bonds and carboxylic acid groups. The peptide bond 

(diagrammed in Figure 3.5) produces four easily distinguishable “amide” modes27: mode 

I is primarily a carbonyl stretching mode, II is an out of phase and III is an in phase mix 

of the in-plane N-H bending and the central C-N stretching mode, and the fourth 

“backbone” mode is a coupled stretching along the C-N-C backbone of the peptide bond. 

In the peptide diagram in Figure 3.5 the two locations of possible water based hydrogen 

bonding are colored, either on the carbonyl oxygen (red) or the nitrogen bound hydrogen 

(blue) and both cases can have different effects on each of the four amide vibrations33. In 

the case of bonding to the oxygen, water induced conjugation effects lower the order of 

the carbonyl bond and strengthen the central C-N bond. In the case of bonding to the 

hydrogen, water molecules induce a strong polarization of the N-H bond while also 

lowering the carbonyl bond order and increasing the strength of the C-N bond. The 

combination of these perturbations has the overall effect of red-shifting the amide I bond, 

splitting the amide II band into separate red and blue shifted components and blue-

shifting the amide III and backbone bands33. The amide II case is particularly interesting 

as this mode is primarily composed of the N-H bending vibration and in both hydrogen 
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bonding cases conjugation effects lengthen the N-H bond which would seem to push this 

vibration to lower energies. However when water is complexed to the hydrogen itself, 

this bond lengthening is accompanied by a strong electronic polarization effect which 

serves to induce a large (>20 cm-1) blue shift in the vibration33. Amide III and the 

backbone vibrations are strongly dependent on the C-N bond strength and are thus blue-

shifted based on the effects of hydrogen bonding in both cases.  

 

Figure 3.5. Detail of spectral region 3 from the SERS spectra for Tracheal Cytotoxin (TCT). TCT 

spectra under 100 nM wet (blue) and dry (red) conditions is depicted. Roman numerals correspond to 

specific amide vibrational modes.  

 

In solution, the resonance structure of the deprotonated carboxylate ion causes the 

once distinct C=O and C-OH stretching modes to be mixed into an asymmetric and 
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symmetric stretching mode. These are highlighted in purple in Figure 3.5 and present as 

new peaks not seen in the dry spectrum34. As the carboxylic acid groups are not 

sufficiently potent to form a strong acid the population is only partially deprotonated and 

consequently the peaks associated with the C=O stretching of the protonated carboxylic 

acid mode are still present in the wet spectrum, although they are split through the water 

mediated formation of carboxylic acid dimers.34–36 

The peaks mentioned above were highlighted as those which could play a role in 

identifying TCT or those which exhibited unique spectral changes between the wet and 

dry measurements. However, they only represent a fraction of the total number of peaks 

that were seen and identified. The enormous enhancement over the entire laser 

illumination area and minimal inhomogeneous broadening afforded by the nanobulb 

substrate, along with the spectral resolution of the Raman instrument, resulted in densely 

peaked SERS spectra. By studying the similarities and differences between TCT spectra 

under different conditions we can isolate a set of invariant peaks that can constitute a first 

step towards creating a culture-free test for certain gram negative bacterial infections.  

3.2.3 Use of nanobulbs for 2D spectroscopic techniques: single-strand DNA 

Single stranded DNA (ssDNA) can play a multitude of critical roles in biological 

processes, both in vitro and in vivo, including: targeted binding of specific molecules, 

strand capping functions in telomeres, and preventing or allowing transcription of certain 

regions of nucleic acids. These actions are typically mediated by the secondary folded 

structure of the strand rather than by the primary sequence itself. However, as noted in 

previous studies, ssDNA without a high degree of being “self-complementary” does not 

tend to have a fixed secondary structure.37 This makes the Raman analysis of ssDNA 



50 

 

 

 

significantly harder for two reasons: (1) The strand is flexible and free to move, allowing 

portions of the strand to drift in and out of the sensing region, forcing long signal 

acquisitions in an attempt to ensure sufficient sampling “time-averaged” Raman 

spectrum. (2) The majority of Raman analysis has been carried out on double stranded 

DNA or hybridized DNA-RNA pairs where the sterics snap the molecule into a well 

defined A or B-type configuration. An ssDNA molecule without a well-defined 

secondary structure is free to thermally gyrate in the measurement buffer and therefore 

the well-defined group frequencies associated with structural elements such as sugar 

pucker, glycosidic bond angle and dihedral phosphodiester angle no longer apply. 

These combined effects would seem to make it nearly impossible to use ssDNA 

strands as SERS-based label-free hybridization probes for micro RNA (µRNA) and 

messenger RNA (mRNA) quantification. These measurements require a set of peaks 

characteristic of the ssDNA probe as well as a distinct set corresponding to the target 

molecule such that one can compare their relative intensities in a single collection to 

estimate the number of bound targets. The lack of a robust ssDNA spectrum would rule 

out its use in early disease screening (µRNA) and single cell transcriptomics (mRNA) 

where detection of trace amounts of RNA (copy number < 100) is crucial.38,39,40 Attempts 

at solving this problem by taking long-acquisition spectra tend to smear out the data, 

hiding characteristic peaks in the midst of wide overlapping signals. However, the 

amplification afforded by the nanobulb substrates allows us to take short, snapshots of the 

ssDNA during a controlled perturbative experiment. From a series of spectra taken while 

perturbing a variable such as temperature, pH, or ion concentration we can extract 

distinct peaks that were previously unapparent using well-studied two-dimensional 
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correlated spectroscopic (2DCS) techniques;41,42,43,44 both this method and the peaks 

found as a result of it can be applied when using ssDNA as a low copy number 

hybridization probe in future experiments. 

Briefly stated the series of spectra obtained while controllably changing an 

experimental variable can be decomposed into “synchronous” and “asynchronous” 

spectra. The synchronous spectrum relates whether the change in signal intensity 

measured at two different wavenumbers is positively, negatively or uncorrelated. The 

main diagonal of the synchronous spectrum is referred to as the “autopeak correlation,” 

and describes the extent of the intensity change at a given wavenumber during the course 

of the perturbation. The asynchronous spectrum describes the order in which uncorrelated 

spectral variables change intensity. In the work presented below we conduct a 2DCS 

analysis on a representative strand of ssDNA with temperature as the perturbed variable. 

The sequence investigated was the complement of miR-10b, a µRNA that when 

found in the brain/spinal fluid that is a unique marker for glioblastoma.45,38 The 

synthesized complement to miR10b (HS-(CH2)6-[5’-CACAAA TTCGGT TCTACA 

GGGTA-3’], IDT Technologies) had a hexane linked thiol group for attachment to the 

gold bulbs at the 5’ end. Au nanobulb substrates were rigorously cleaned by O2 plasma, 

washed with isopropanol, deionized water and then incubated with a prepared 1 µM 

solution of ssDNA in phosphate buffer for 30 minutes. After incubation, substrates were 

rinsed thoroughly with isopropanol and buffer to remove any excess ligand and finally 

immersed in 0.1 M Sodium Phosphate Buffer (Na2HPO4, pH = 8) for measurement. Just 

prior to measurement, these substrates were heated to 80 oC and allowed to cool to room 

temperature to eliminate any artifacts or secondary structure induced during 



52 

 

 

 

functionalization. Measurements were taken in the same Raman microscope with use of a 

heating stage (Instec Inc.) to vary the temperature. 

The temperature series data is shown in Figure 3.6. Applying the 2DCS method 

described above we calculated the synchronous spectrum, shown in Figure 3.6(b) with 

the intensity normalized by setting the highest positive correlation to 1 (plot limited to the 

1000 to 1700 cm−1 region for clarity). This plot is dominated by the 1572 cm−1 autopeak; 

indicating the change in temperature had a significant effect on the portion of the ssDNA 

that provided this signal, specifically the signal at 1572 cm−1 decreased with increasing 

temperature. Tracking along the x or y direction (corresponding to cross-correlations to 

this wavenumber), we can identify the set of peaks that are strongly positively correlated 

with this feature, indicating that their physical origin is related to that of the 1572 cm−1 

feature. However, not all the peaks seen on the main diagonal are cross-correlated with 

this feature (notably at 1528 and 1650 cm−1). This indicates that there are at least two 

portions of the ssDNA which contribute to the total SERS signal, but experience the 

change in temperature differently. 
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Figure 3.6. Analysis of 23bp ssDNA strand attached to nanobulbs via hexanethiol linker. (a) Two-

dimensional data set of Raman spectra collected at temperatures between 23 oC and 60oC. (b) Synchronous 

spectrum of temperature series data. (c) Synchronous spectrum of data projected onto 1572 cm−1 peak. (d) 

Synchronous spectrum of the null-set of the projected data showing greater detail in the 1300-1700 cm−1 

region. 

 

To examine this behavior in greater detail we utilized a positive projection 2DCS 

technique.43 This method allowed us to split the data into two sets with either similar or 

dissimilar temperature dependence compared to the peak at 1572 cm−1. Peaks with 

behavior positively correlated with this peak make up the projected set and those anti or 

uncorrelated make up the null set. The normalized synchronous spectra of the projected 
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and null sets are given in Figure 3.6(c) and Figure 3.6(d), respectively. Using these two 

plots we proceeded to develop vibrational assignments for significant autopeaks as 

depicted in Figure 3.7. 

 

Figure 3.7. Autopeak correlation spectra of ss-DNA. The autopeak correlation spectra of the projected 

(top) and null (bottom) data sets. Vibrations A-E correspond to adenine and F-I correspond to cytosine. 

Vibration 1 is the symmetric νs(OPO) stretch of the phosphodiester bond; vibration 2 is out of plane CH2 

wagging, where EXO are the CH2 along the backbone and END are those in the ring; vibration 3 is a 

complex coupled mode of two spectrally close peaks, a ring bend/amine deformation coupled across the 

glycosidic sugar bond to a CH out of plane bending mode. Note that only adenine related peaks are seen in 

the projected spectra while both adenine and cytosine peaks are seen in the null spectra. Nucleobase modes 

are as identified as follows: A: adenosine C=N stretch (1558 cm-1), B: adenosine. central C=C stretch 

(1572 cm-1) C:  adenosine NH2 scissor, (1650 cm-1), 1: backbone PO2- symmetric stretch (1071 cm-1), 2: 

Sugar, C5'H2 wagging for exo (1271 cm-1) and endo (1285 cm-1) conformations, 3: band of coupled sugar 

deformation and cytosine ring stretch mode #15, D: adenosine (1289 cm-1) 6 member kekule, E: adenosine 

(1300 cm-1) 5 member kekule F: cytosine, 1629 cm-1, C5=C6 ring stretch, G: cytosine, 1528 cm-1 ring 

stretch mode #v9, H: cytosine NH2 scissor combined with C4-NH2 stretch, an C4-C5/C4=N3 stretch, I: 

cytosine 1267 cm-1, ring stretch mode #14. Mode numbers are from a Nishimura et Al. 46 All atom 

numbering is standard for nucleobases. 
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From Figure 3.7 we can see two unique effects. First, although the ssDNA 

contained all four nucleobases it is clear that cytosine and adenine modes dominate the 

spectra. This may be due to rapid decay in local E-field magnitude (and subsequent SERS 

signal) as a function of distance from the metal surface as illustrated by the mode patterns 

in figure 2. This distance dependence causes the more proximal nucleobases (5’-

CACAAA...) to contribute most to the SERS signal. Second, we observed that the 

projected spectrum only contained contributions from adenine; indicating that as the 

temperature was increased the relative contribution of adenine to the total signal 

decreased. This second effect can be related to the increased radius of gyration of the 

ssDNA strand with increased temperature. The additional thermal energy provided by 

higher temperatures allows the strand to spend a greater proportion of its time in an 

extended state, ensuring that for a sample of ssDNA strands the three adenine 

nucleobases at positions 4-6 are on average further from the nanobulb surface, and 

therefore contribute less to the total signa than they would at a lower temperature. The 

peaks found in the projected set, by definition, all exhibit behavior that is positively 

correlated with each other and with this trend and therefore can be thought of as arising 

from the same portion of the ssDNA strand (bases 4-6).43 The peaks found in the null set 

have behavior anti-/uncorrelated with those in the projected set and must therefore come 

from a different portion of the ssDNA strand, and can be thought of as peaks with 

increasing relative contribution to the total SERS signal with increasing temperature. Our 

peak assignments indicate that the contributions to the null set autopeak spectrum come 

primarily from cytosine with some of the brighter adenine peaks seen at 1300, 1588, 

1602, and 1650 cm−1. When we examine the off-diagonal correlation coefficients of these 
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peaks in the synchronous spectrum of the null set (Figure 3.6(d)), we note that these 

adenine peaks are anti-correlated with the cytosine peaks, making it likely that these 

peaks correspond to the more proximal adenine second from the 5’ end and the cytosine 

peaks can be assigned to the nucleobases at positions1 and 3 from the 5’ end. 

Using a temperature based 2DCS analysis with the rapid collection afforded by 

the nanobulb substrates we were able to pinpoint the structural origins of peaks found in 

the overall SERS signal. These peaks can be used a basis set to decompose a highly 

overlapping spectrum or to create set of characteristic peaks that are unique to the ssDNA 

molecule for use in a hybridization based quantification scheme. This method, combined 

with the nanobulb substrate, opens the door to performing low copy number, 

hybridization based RNA quantification for disease screening or single cell 

transcriptomics. 

This paper outlines the hybrid top-down/bottom-up fabrication and testing of a 

SERS substrate that provides a consistent high enhancement factor and narrow spectral 

linewidth over extended length scales and across a multitude of molecular symmetries. 

Fabrication of the nanobulb substrates was performed using only standard silicon CMOS 

methods to seed a critical bottom-up assembly technique resulting in consistent 

fabrication and substrate performance. The enhancement factor provided by the substrate 

was measured using thiophenol as a probe molecule and compared to neat thiophenol 

measurements, yielding an average SSEF in excess of 1010 across a >3000 cm-1 

wavenumber range and set of four unique molecular symmetries. Mapping scans were 

used to characterize the spatial variation in Raman spectral properties across extended 

nanobulb arrays and we report a less than 10% variation in SSEF, 2.5% variation in 



57 

 

 

 

linewidth and 0.01% variation in measured peak position for a set of thiophenol 

vibrational modes. Subsequently the nanobulb arrays were used to identify the presence 

of TCT, without the use of targeted binding, via the identification of peaks specific to the 

disaccharide head, amide vibrations in the peptide tail and predictable shifts between wet 

and dry measurement conditions. The nanobulbs arrays were also used for the 2D 

spectroscopic analysis of heating ss-DNA. The magnitude and consistency of the 

enhancement factor of these substrates uniquely positions them to be used in the future 

for ultra-low concentration sensing and quantification applications. The scalability 

ensured by the incorporation of top-down fabrication techniques ensures that such future 

applications could extend past the lab and foster the creation of a novel medical devices 

aimed at detecting and quantifying low-copy number analytes. Together these 

experiments indicate that the readily manufacturable gold nanobulb substrates can serve 

as a promising new platform for sensitive optical biosensing applications. Future work 

aims to use these substrates as sensors with targeted functionalization to directly analyze 

complex bio-solutions without the need for sample preparation. Specifically, 

functionalizing the gold bulbs with a thiolated binding aptamer47 will yield both 

specificity and the ability to make both selected and sensitive measurements. By 

combining the spectral detail afforded the nanobulb substrate with two-dimensional 

correlated spectroscopic techniques or electrochemical methods, it would be possible to 

analyze the changing behavior of systems with previously unprecedented detail. 

Additionally, the substrates used in this letter can play an integral part in analyzing 

chemical and physical changes at the cellular surface of both gram negative and gram 

positive bacteria with high sensitivity. This can grant further insight into inter-cellular 



58 

 

 

 

transport mechanisms in these organisms and provide a basis for study for alternative 

antibacterial treatment techniques. 
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Abstract 

Graphene decorated with metal nanoparticles exhibits emergent electronic, 

optical, and mechanical properties that neither the graphene nor the metal possess alone. 

That is, these nanoisland films on graphene can be treated as a kind of metamaterial that 

can be responsive to a wide range of physical, chemical, and biological stimuli. By 

controlling the shape, size, and pattern of noble metal nanoparticles on graphene, a wide 

range of devices have been developed. This minireview presents multiple methods to 

deposit metal nanoparticles on graphene, while addressing their respecitve strenghts and 

drawbacks when it comes to cost, film morphology, and controllability. More 

importantly, this minireview highlights the multiple applications in which these 

nanocomposite films have been used. The need to decouple the multiple stimuli that gives 

rise to its multifunctionality is also discussed.   

4.1 Introduction 

Graphene, when decorated with noble metal nanoparticles (“metallic 

nanoislands”), exhibits interesting electronic, mechanical, and optical properties that are 

not found in either material separately. For example, the deposition of metal particles 

onto graphene can change its band gap,1,2 optical properties,3,4 and give rise to strain-

sensitive properties such as piezoresistant5 and “piezoplasmonic” effects.6 Such metal 

nanoisland-graphene composite films can thus be treated as a type of metamaterial, 

prompting a considerable amount of research in recent years.7,8,9 In many cases, the 

addition of graphene as a thin support to nanoislands allows for easy transfer and 

manipulation of the composite material.10,11,12,13 New phenomena have emerged as a 
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result of interfacing metal with graphene such as enhancements in optical and electronic 

gauge factors, photocurrent generation, and catalytic behavior. These phenomena, along 

with ease of manipulability, have made metal nanoisland-graphene composites a 

competitive alternative to other functional thin-film platforms like solid-state 

semiconductors, functional polymers, and nanoparticle assemblies. 

Thin film materials based on solid-state semiconductors, such as III-V materials, 

offer a variety of electronic and photonic applications but lack flexibility, require lengthy 

top-down fabrication, and are often incompatible with biology.14 Functional polymers, 

such as semiconducting polymers, are often mechanically versatile and cheap but lack 

easy tunability in terms of surface chemistry. In contrast, recent work has demonstrated 

that metal nanoisland-graphene composites can be fabricated easily, with high fidelity, 

and with versatile mechanical properties for applications in biological and chemical 

sensing.15 Additionally, the emergent electronic, optical, and chemical properties that 

arise from a physicochemical interface between metal and graphene present a versatility 

that is unmatched with any other thin film platform. 

This minireview examines the methods of fabrication and properties of metal 

nanoisland-graphene composites, along with applications in the broad topics of 

chemistry, energy storage and transport, mechanical sensing, optics, and biological 

sensing (Figure 4.1). We begin by describing the methodologies used to deposit metal 

nanoparticles on graphene. Several prominent examples in chemical sensing, catalysis, 

energy conversion, cellular biophysics, and optoelectronic devices will then be discussed.  
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Figure 4.1. Overview of applications for metal nanoislands on graphene. Applications are shown for 

nanoisland-graphene composites with various types of metals and morphologies on graphene. A graphical 

comparison of bare graphene (green line) versus nanoisland-graphene composites (blue) in the respective 

application is shown on the right. (a) Chemical applications include sensing of hydrogen gas using 

palladium nanoisland-graphene composites. Hydrogen gas dimers are shown in green and chemisorbed 

dimers are shown in blue. (b) Applications in energy conversion and storage include lithographically 

patterned gold on graphene for photocurrent generation. (c) Mechanical applications include the detection 

of strain using changes in the resistivity in gold nanoislands supported by graphene. In this application, 

sensitivity is augmented by mediation of current between adjacent nanoparticles by quantum tunneling. (d) 

Optical applications include the use of precisely patterned gold nanoislands supported by graphene for 

optically doping graphene, e.g., to make light-activated p-n junctions. (e) Applications in biology include 

the optical detection of biological events, such as cell contractions, using silver nanoislands on graphene. 
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4.2 Fabrication Strategies 

4.2.1 Chemical Synthesis 

Wet chemical methods, such as colloidal synthesis, can be used to grow metal 

nanoislands on graphene.16,17,18,19,20 Wet chemical methods involve the direct synthesis of 

particles on a graphene substrate, where the graphene substrate then serves as a 

nucleation site for crystallites of metal to form and grow. The result is highly crystalline 

single crystal of metal and the controlled growth of complex geometries such as 

spheres,21 rods,22,23 or even flower-like nanoparticles (Figure 4.2a).17 While a wet 

chemical method allows control of the shapes of nanoparticles, along with the crystalline 

quality (Figure 4.2b), it also results in a random distribution of metal on the surface of 

graphene. A random distribution of particles may not have deleterious effects on 

applications such as catalysis, but limits other applications, such as photonics, that 

require deterministic placement of nanoparticles. In summary, wet chemistry methods 

offer a simple way to grow high quality metal crystallites randomly on graphene. 

4.2.2 Physical Vapor Deposition 

Physical vapor deposition (PVD), such as electron-beam or thermal evaporation, 

of metal produces disconnected nanoislands at low nominal thicknesses (Figure 4.2c). 

While the shapes of the nanoparticles produced by this method are not deterministic, 

some degree of control can be achieved by tuning the parameters of deposition. In 

particular, the unique surface properties of graphene can be used to control the 

morphology and interconnectivity of the nanoislands during PVD. Rafiee and coworkers 

first observed that the surface energy of the underlying substrate supporting the graphene 
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can penetrate through the graphene and interact with the material above it.24,25 This 

extraordinary penetration is a phenomenon known as “wetting transparency” and 

influences the morphology of the metal evaporant as it forms a solid film during PVD. 

This interaction between the metals—through the graphene film—leads to morphological 

rearrangement into polycrystalline nanoparticles (Figure 4.2d) and thus allows some 

control over the morphology of the nanoisland-graphene composite.5 Deposition 

parameters in PVD systems also offer controllable, simple, and practical ways to 

influence the morphologies of the nanoislands. For example, modifying the evaporation 

rate can influence the size and crystallinity of the nanoislands. Changing the substrate 

temperature during deposition can also influence the size, as the metal particles are 

kinetically labile, free to move, and agglomerate into larger particles. Similarly, Xiang et 

Al. reported that thermal annealing of the nanoislands after deposition can also influence 

nanoisland morphology to assemble into quasi-ordered arrays.26 While limited in 

precision, tuning parameters in PVD and post-processing provides a simple, minimalist 

method to control the morphology of and pattern metal nanoislands on graphene.  

4.2.3 Lithography 

Electron-beam lithography (EBL) and photolithography, offer high precision in 

the fabrication of impressively complex patterns of metal on single-layer graphene. 27,28 

These methods form patterns with controllable periodicity and geometry, which are 

critical parameters in plasmonics,29 light scattering,30 and quantum tunneling.31,32 EBL 

has been used for fabrication of radially symmetric metal nanostructures on graphene, 

with sub-micron features (Figure 4.2e, f). Lithographic methods, however, achieve high 

control of patterning by sacrificing experimental simplicity.  
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Figure 4.2. Fabrication strategies for metal nanoisland-graphene composites. Methods of fabrication 

for nanoisland-graphene composites include wet chemical synthesis of metal nanoparticles by immersion of 

a graphene substrate in a precursor solution. (a) A diagram shows a nanoisland-graphene composite made 

of palladium nanoflowers on graphene fabricated using a wet chemical method, and an SEM micrograph 

(b) depicts the final product. Reprinted with permission from reference 17. Copyright © 2015, Nature 

Publishing Group. Wet chemical synthesis usually results in stochastically-distributed, shape-controlled, 

and crystalline metal nanoparticles on the graphene layer. Evaporation of metal directly onto a graphene 

substrate is a simple, alternative strategy. (c) A diagram shows a nanoisland-graphene composite 

comprising gold nanoislands on graphene fabricated using PVD, and an SEM micrograph (d) depicts the 

final product. Reprinted with permission from reference 5. Copyright © 2016, American Chemical Society. 

PVD methods offer moderate control over metal morphology and crystallinity. Lithographic methods result 

in well-controlled patterns of metal. (e) A diagram shows a nanoisland-graphene composite comprised of 

radially symmetric gold discs patterned on graphene for photonic applications, and an SEM micrograph (f) 

depicts the final product. Reprinted with permission from reference 28. Copyright © 2012, American 

Chemical Society. 

 

4.3 Chemical Applications 

4.3.1 Gas Sensing 

Metal nanoislands on graphene have been used for as sensors for a variety of 

gases such as hydrogen,33,34 NOx species,23 and ethanol vapor.35 In these applications, the 

graphene acts as an inert, flexible, and conductive substrate for the metal, which 

undergoes a physicochemical interaction with the gas species of interest. Changes in the 

resistivity in the nanoisland-graphene composite as the gas interacts with the metal can be 
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measured. Shin and coworkers demonstrated the use of palladium flower-like 

nanoparticles supported by graphene for hydrogen sensing as shown in Figure 4.3a. In 

this figure, the shapes of the nanoparticles and sensitivities to gases were determined by 

the growth time of the nanoparticles.17 The sensitivity of these nanoisland-graphene 

composites is controlled by nanoparticle surface area, which limits the chemical kinetics. 

Longer reaction times lead to larger particles with higher interfacial areas, which 

increases the rate of by which hydrogen chemisorbs to the surface, and thus increases the 

sensitivity. This trend with particle size and sensitivity has also been observed for simpler 

geometries such as palladium spheres on graphene (Figure 4.3b).36 In addition to metals, 

semiconductor nanoparticles, such as oxides of tin, copper, and zinc, supported by 

graphene, have been also been used for hydrogen sensors with lower detection limits at 

higher temperatures than their metal counterparts.37 

4.3.2 Catalysis 

The high ratio of surface area to volume of metal nanoislands on graphene makes 

them useful substrates in catalysis.38,39 In these cases, the graphene acts as an inert 

support for the metal, which serves as the catalyst site. The flexible nature of graphene 

allows it to bend conformably to a surface of interest, or fold and wrinkle which causes 

an increase in active-catalytic area per unit volume. While this is a common technique for 

designing catalyst supports, most supports are rigid ceramics whereas graphene is 

flexible.40 Examples of metal nanoislands for liquid-phase catalyst applications includes 

the use of silver, platinum, palladium, and gold nanoislands supported on graphene for 

the catalysis of redox reactions (Figure 4.3c).41 Examples of catalysis applications in 

gaseous phase systems includes the use of graphene-supported platinum nanoislands for 
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carbon monoxide conversion and liquid-phase high temperature catalysis (Figure 4.3d).42 

Catalytic applications are described in detail in the review by Huang and coworkers.43 

 

 

 
Figure 4.3. Chemical applications for metal nanoisland-graphene composites. Hydrogen gas sensing 

performance is depicted for palladium nanoflowers (a)(Reprinted with permission from reference 17. 

Copyright © 2015, Nature Publishing Group) and nanoislands (b)(Reprinted with permission from 

reference36. Copyright © 2012, Elsevier B.V.) supported by graphene. (c) Time-dependent UV-vis spectra 

of a solution containing silver nanoislands supported by graphene shows the performance as a catalyst for 

reduction of hexacyanoferrate (III) by sodium borohydride (Reprinted with permission from reference 41. 

Copyright © 2011, Science China Press and Springer-Verlag Berlin Heidelberg. The arrow in (c) points in 

the direction of increasing time. (d) Catalytic performance (by CO conversion percentage) of platinum 

nanoparticles supported by reduced-graphene oxide (Pt-rGO) at various temperatures is shown. Reprinted 

with permission from reference 42. Copyright © 2014, John Wiley and Sons Inc. The effect of calcination at 

500 °C (▼) and 700 °C (▲) on Pt-rGO substrates is also shown in (d) as well as a sample without 

calcination (★) as a control. 
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4.4 Mechanical Applications 

Mechanical applications for nanoisland-graphene composites generally sense 

strain piezoresistively. That is, the detection of strain is quantified by changes in 

electrical resistance. Graphene44,45,46 and metal47 are both intrinsically piezoresistive in 

that both materials undergo a change in resistance when strained. Structurally, the 

graphene acts as a conductive, stretchable, flexible and strengthening support in metal 

nanoisland-graphene composites, ensuring the electrical continuity is maintained while 

undergoing mechanical strain.48,49 Under smaller strains (<1%), gaps between the metal 

nanoparticles play a more important role by mediating the transport of electrons by 

electron tunneling, an effect that causes exponential changes in resistivity in response to 

strain, which allows amplified sensitivity.50 Metal-graphene composites, such as gold 

nanoislands on graphene, have proven to be compatible with cellular biology such as 

mammalian cardiomyocytes (Figure 4.4a). The increased sensitivity by electron-

tunneling in gold nanoisland substrates permits the detection of microscale deformations 

induced by the contractions of mammalian cardiomyocytes (Figure 4.4b).5 Additionally, 

larger strains are detectable (>1%) owing to the stretchable, underlying graphene which 

permits sensing of larger-scale deformations such as radial artery contraction for 

wearable pulse monitoring using gold nanoislands (Figure 4.4c). Silver nanoisland-

graphene composites have been used for other wearable applications, including speech 

detection (Figure 4.4d) and finger contractions (Figure 4.4e).51 
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Figure 4.4. Mechanical sensing with metal nanoisland-graphene composites. Metal nanoisland-

graphene composites have been used for a variety of strain sensors based on piezoresistivity.(a) Gold 

nanoislands on graphene (AuNI-Gr) have been shown to be biocompatible substrates for mammalian 

cardiomyocytes as shown by false-colored SEM micrographs (scale bar 200 nm). A schematic of the 

sensing platform is also shown in (a). (b) Additionally, AuNI-Gr substrates have been used for the 

piezoresistive detection of mammalian cardiomyocyte cell contractions through voltage measurements. (c) 

Wearable strain sensors such as palladium nanoislands supported on graphene have been used for pulse 

measurements using resistivity changes. (a-c) reprinted with permission from reference 5. Copyright © 

2016, American Chemical Society. Other wearable applications using resistivity changes include the use of 

graphene-silver nanoparticle networks for the detection of throat contractions induced by speech (d) and 

detection of finger contractions (e). (d) and (e) reprinted with permission from reference 51 and the Royal 

Society of Chemistry. The resistance of a AuNI-Gr substrates can vary with temperature, leading to thermal 

drift. (f) The dependence of resistance on temperature, or the thermal coefficient of resistance (TCR), can 

be controlled by varying the amount of gold deposited on graphene. Controlling the TCR minimizes 

thermal drift in wearable sensors as depicted in (g) which shows the thermal drift for three sensors after 

being heated by a solar simulator lamp. (f) and (g) reprinted with permission from 52. Copyright © 2017, 

American Chemical Society.  
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In all of the examples discussed, detection of mechanical deformation relies on a 

piezoresistive effect, which is a change in resistivity due to a strain. However, if the 

thermal coefficient of resistance (TCR) is large then temperature fluctuations will also 

cause changes in the resistivity that are on the order of changes due to strain, a 

phenomenon called thermal drift.53 The minimization of thermal drift in metal 

nanoisland-graphene composites has been addressed by our group by controlling the 

content of metal in the composite, which causes a change in the TCR (Figure 4.4f).52 

Minimizing the TCR results in a wearable sensor that exhibits minimal thermal drift 

during abrupt and large temperature fluctuations such as exposure to simulated sunlight 

(Figure 4.4g). 

 

4.5 Energy Transport and Storage 

A wide variety of metals have been explored in metal nanoisland-graphene 

composites for fuel cell applications.2,54,55,56,57,58,59,60 This topic is reviewed in great detail 

by Liu and coworkers.61 Additionally, other two-dimensional materials, such as tungsten 

disulfide and molybdenum disulfide, have been used for hydrogen evolution in fuel 

cells.62 In all these cases, the role of the graphene is functional material and flexible 

substrate. The choice of metal and its offset in work function from graphene can 

significantly improve fuel cell efficiency.63 Other energy conversion applications include 

the use of symmetric patterns of gold on graphene for the generation of photocurrent by 

Halas and others. 3,28,64,65,66,67,68 In these applications, the gold is used to enhance light 

absorption by localized surface plasmon resonance, and hot carriers are shuttled into the 

underlying graphene which generates a photocurrent. The symmetry of the gold 
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structures is crucial in this application, as it mitigates phonon scattering, which impedes 

electron transport. In work by Fang et al., polarization dependent photocurrent was 

demonstrated using dimer and heptamer gold structures on graphene (Figure 4.5a, b). 

Similar work exploiting surface plasmon resonance was demonstrated by Etchermeyer 

and coworkers who showed significant polarization-dependent enhancement of 

photocurrent with simple patterned gold traces (Figure 4.5c, d).66 Radially symmetric 

structures, such as gold bow-tie antennas fabricated by nanosphere lithography fabricated 

by Chen and coworkers,64 have been used to enhance light absorption in the NIR and 

enhanced photoresponse (Figure 4.5e, f). The strong wavelength dependence of surface 

plasmon resonance on geometry allows researchers to lithographically adjust parameters, 

such as the spacing of nanodisks by Liu and coworkers (Figure 4.5g), and subsequently 

control the wavelength of light absorbed (Figure 4.5h).3 Nam and coworkers have 

exploited buckling as a method to tune the dispersion and sensitivity of nanoisland-

graphene photodetectors.69 In all of these cases, the graphene plays a crucial role in 

electronic transport while the metal nanostructures aid in enhancing light absorption and 

subsequent photocarrier generation  
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Figure 4.5. Applications for metal nanoisland-graphene composites in energy storage and transport. 

(a) An SEM micrograph shows gold-graphene sandwiches used for polarization-dependent photocurrent 

generation (scale bar 40 nm). (b) The photocurrent of graphene is controlled using the geometry of the gold 

nanoparticle patterns and polarization is depicted. (a) and (b) reprinted with permission from reference 28. 

Copyright © 2012, American Chemical Society. (c) SEM micrographs of lithographically patterned gold 

nanowires (AuNW) on graphene are shown (scale bar 1μm). (d) The polarization dependent plasmon 

enhancement of photocurrent in graphene due to AuNWs is shown. (c) and (d) reprinted with permission 

from reference 66. Copyright © 2011, Nature Publishing Group. (e) Nanosphere lithography has been used 

to fabricate gold bow-tie antennae on graphene (AuBT-Gr) as shown by SEM micrographs. (f) AuBT-Gr 

substrates have exhibited a highly sensitive time response for photocurrent as shown in (f), which shows 

great promise in photodetector applications. (e) and (f) reprinted with permission from reference 64. 

Copyright © 2017, American Chemical Society. (g) SEM micrographs show cubic lattices of gold 

nanoislands can patterned on graphene with superlative control of spacing (scale bar 400 nm). (h) Control 

of the spacing in gold nanoparticle patterns allows for the tuning of photocurrent enhancement over a wide 

variety of wavelengths, as depicted by the absorption spectra in (h). (g) and (h) reprinted with permission 

from reference 3. Copyright © 2011, Nature Publishing Group. The nanoparticle spacing in (h) is 18 nm 

(green), 50 nm (orange), 100 nm (yellow) and 400 nm (red). 
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4.6 Optical Applications 

The usage of graphene in optical applications for metal nanoisland-graphene 

composites has varied from substrate to functional material. Fang and coworkers have 

used precisely patterned gold nanostructures on graphene (Figure 4.6a) for optically 

doped p-n junctions, where the spacing of particles determines both the wavelength of 

light absorbed and nature of the photocarrier injected into the underlying graphene.27 The 

result is a composite material that exhibits changing semiconducting behavior based on 

the wavelength of illuminating light (Figure 4.6b). Interestingly, the graphene assumes a 

role of semiconductor and substrate, analogous to silicon in traditional p-n junctions. 

Another optical application that has seen considerable attention is the use of metal 

nanoisland-graphene composites as substrates for surface-enhanced Raman scattering 

(SERS).5,70,71,26,72,73,74 The role of graphene in the majority of these applications is 

substrate, allowing easy transfer onto arbitrary substrates for specific applications such as 

optical strain sensing using SERS which was accomplished by Marin and coworkers 

using silver nanoislands supported by graphene (Figure 4.6c, d).6 The work by our group 

also expanded upon the role of graphene, exploiting its electrical conductivity for the 

actuation of musculoskeletal cells (Figure 4.6e, f). This permitted the use of silver 

nanoislands for simultaneous electrical stimulation and optical detection (Figure 4.6g) of 

musculoskeletal contractions, which diversifies the use of the composite by providing 

orthogonal modes of interrogation and sensing. 
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Figure 4.6. Optical applications of metal nanoisland-graphene composites. (a) Use of the composition 

and geometric pattern of metal to selectively dope the underlying graphene with incident light using 

localized surface plasmons. Further modification of individual nanoparticle geometries allows additional 

control over the electron transport properties (b). (a) and (b) reprinted with permission from reference 27. 

Copyright © 2012, American Chemical Society. Metal nanoislands on graphene have been used 

extensively as surface-enhanced Raman scattering (SERS) substrates with numerous applications such as 

structural strain mapping and time-dependent biological strain detection (c-g). (c-g) reprinted and adapted 

with permission from reference 6 and the Royal Society of Chemistry. A silver nanoisland on graphene 

substrate on bent glass is depicted (c) with the SERS mapped area marked by the narrow yellow box and 

the apex of the bent glass marked by the white dashed line. The strain gradient of the bent glass is 

detectable by SERS intensity attenuation (d), which results from nanoislands being pulled apart; 

polarization angle provides additional data on the direction of strain. Silver nanoisland on graphene 

substrates have been used for the simultaneous stimulation and detection of musculoskeletal cell (C2C12 

myoblast) contractions through SERS (e). A fluorescence image of C2C12 cells on the silver nanoisland 

substrate is depicted (f) with nuclei (blue), actin (green), and myosin heavy chain (red) shown. Cell 

contractions were stimulated by applying a voltage across the conductive silver nanoisland substrate and 

detected using attenuations in the SERS signal (g) 
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4.7 Conclusions 

We described the synthesis, properties, and applications of metallic nanoislands 

supported by graphene. The unique properties of such a metamaterial have bolstered 

application-intensive work in the development of transducers, sensors, energy-transport 

devices, catalysts, and wearable devices for health monitoring. Despite the fervor for the 

utility of metal nanoisland-graphene composites, the numerous phenomena that give rise 

to this multifunctionality need to be uncoupled and understood in isolated studies in order 

to effectively engineer future applications. The specific ways in which fabrication 

methods (such as CVD and lithography) affect morphology and functionality need to be 

meticulously investigated to enhance the reliability of low strain regime sensing devices. 

Thin-film science has received accelerated inspiration from versatility of graphene as a 

composite with metal. Moreover, this work has stimulated new applications to enhance 

their modalities, sensitivities, and range of reach in their utility. 
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Abstract 

Thin-film optical strain sensors have the ability to map small deformations with 

spatial and temporal resolution and do not require electrical interrogation. This paper 

describes the use of graphene decorated with metallic nanoislands for sensing of tensile 

deformations of less than 0.04% with a resolution of less than 0.002%. The nanoisland-

graphene composite films contain gaps between the nanoislands, which when 

functionalized with benzenethiolate behave as hot spots for surface-enhanced Raman 

scattering (SERS). Mechanical strain increases the sizes of the gaps; this increase 

attenuates the electric field, and thus attenuates the SERS signal. This compounded, 

SERS-enhanced “piezoplasmonic" effect can be quantified using a plasmonic gauge 

factor, and is among the most sensitive mechanical sensors of any type. Since the 

graphene-nanoisland films are both conductive and optically active, they permit 

simultaneous electrical stimulation of myoblast cells and optical detection of the strains 

produced by the cellular contractions. 

5.1 Introduction 

Piezoresistive sensors undergo a reversible change in resistance with mechanical 

strain and are ubiquitous in microelectromechanical systems (MEMS), wearable sensors, 

and structural health monitors.1,2,3 Most conductive objects exhibit increased electrical 

resistance (R) along a strained axis simply because stretching increases the length and 

reduces the cross sectional area normal to the strain. The sensitivity of this modality—

expressed as the gauge factor (GF = ΔR/Δε, where ε is the engineering strain)—for 

conductors with uniform composition is limited at small strains to GF = 1 + 2ν, where ν 
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is the Poisson ratio.4 Structured materials, such as thin films that rely in part on controlled 

fracture or quantum tunneling to mediate the resistivity, can exhibit much higher 

sensitivity.5,6,7,8 Resistive sensors, however, require electrical contacts for interrogation, 

and can thus interfere with measurements of biophysical events that may be sensitive to 

small electrical potentials (e.g., cell contractions).9 In contrast, optical modes of sensing 

provide a route of interrogation that is in principal orthogonal to electrophysiological 

signals, and can do so without physical contact. The use of metallic nanoparticles on a 

deformable substrate offers the potential for high sensitivity for detection based on optics 

because of localized surface plasmons.10,11 These surface plasmons, in turn, greatly 

amplify near-field signals, especially between adjacent nanoparticles that are separated 

by small dimensions (≤10 nm). 

Our group has recently demonstrated the ability to form metallic nanoislands by 

physical vapor deposition on graphene using low nominal thicknesses of deposition. The 

morphology of the nanoisland films was controlled by exploiting the wetting 

transparency of graphene. That is, the surface energy of the substrate supporting the 

graphene influenced the morphology of the nanoisland films, and thus a wide range of 

morphologies could be produced, from isolated islands to percolated networks. These 

graphene-nanoisland composite films exhibited tunable morphologies and small gaps 

between adjacent nanoislands, and could be transferred to flexible substrates. In one 

example, we detected the contractions of mammalian cardiomyocytes using the 

piezoresistance of the composite films.12 In this paper, we show that the nanoscale 

spacing between metallic islands permit a form of mechanical sensing based on optics. In 

particular, mechanical force produced by cells or other objects change the spacing 
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between metallic nanoislands and thus modulate the electric field between them through 

plasmonic coupling. This effect can be augmented by adding an adsorbant to the metallic 

nanoislands, and measuring the surface-enhanced Raman scattering (SERS) signal of the 

adsorbant as a function of strain (Figure 5.1). This method of sensing—a SERS-

enhanced piezoplasmonic effect—provides a two-component enhancement of the signal 

produced by mechanical strain: first, by the strong dependence of the SERS signal on 

electric field, and second, by the strong dependence of the electric field on the distance of 

separation between the particles. The SERS-enhanced piezoplasmonic effect in principle 

would permit mechanical sensing that is significantly more sensitive than piezoresistive 

sensors.  

Previous work in the area of strain-tunable optical devices, which have exploited 

far-field phenomena, include strain-tunable filters,13 reflectors,14 and gratings,15 and 

dynamic color tuning.16 Work involving near-field phenomena has included strain-

tunable surface plasmon resonance,17,18,19,20 fano resonance,21 and strain-controlled SERS 

activity.10,11,22 Although this work encompasses a wide breadth of interesting 

applications, strain-sensitive optical phenomena have not been used for the sensing of 

microscale mechanical deformations in biological systems. The use of metallic 

nanoislands on graphene offers a unique platform to address this challenge. These 

composite films permit electrical stimulation of myoblast cells with simultaneous non-

contact detection of the strain produced by the cells, using a SERS-enhanced 

“piezoplasmonic” effect. 
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Figure 5.1. Schematic diagram for strain sensing using metallic nanoislands on graphene. The 

metallic nanoislands have a self-assembled monolayer of benzenethiolate chemisorbed on the surface, 

which produced the SERS spectra shown in the diagram. The peaks in the SERS spectra corresponding to 

the vibrational modes of the benzenethiolate are highlighted in blue boxes. The polarization of incident 

laser light was in the direction of the long axis of the substrates. The substrate on the right was subjected to 

a bending strain, with the graphene/nanoisland film on the top surface of the bend. The tensile strain 

produced by bending increased the distance between the nanoislands; increased separation decreased the 

plasmonic coupling and thus attenuated the SERS signal. 

 

5.2 Methods 

5.2.1 Graphene Synthesis 

Graphene was synthesized using an MTI OTF-1200X-HVC-UL quartz tube 

furnace. Briefly, electropolished copper foil was annealed in the tube furnace at 1050 °C, 

1 atm, for 30 min under flow of ultra-high purity (UHP) argon (700 SCCM) and 

hydrogen (60 SCCM). Following this step, graphene growth was initiated by flowing 
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methane (0.3 SCCM), UHP argon (700 SCCM), and hydrogen (60 SCCM) into the 

furnace for 40 min. The methane flow was increased to 0.7 SCCM for an additional 20 

min while keeping UHP argon and hydrogen flow rates constant. Hydrogen and methane 

flows were then terminated, which ends the synthesis. The furnace was then slow cooled 

to ambient temperature under UHP argon flow only.  

5.2.2 Metal Nanoisland Fabrication 

Metal nanoislands were fabricated by physical vapor deposition using an AJA 

International thermal evaporator (Orion-class). Approximately 6 nm of gold or silver was 

deposited onto graphene supported on copper foil at a rate of 0.05 Å/s. Chamber pressure 

during deposition was 2.0 x 10–7 torr. The product of this procedure was a copper foil 

substrate bearing a layer of graphene, and decorated with metallic nanoislands 

(NI/Gr/Cu). Thin films of gold and silver (100 nm) were prepared by thermal evaporation 

at a rate of 1 Å/s and a chamber pressure of 2.0 x 10–7 torr. 

5.2.3 Nanoisland Functionalization for SERS, Substrate Transfer, and Testing 

Benzenethiol (Sigma-Aldrich) was used as our SERS analyte. To functionalize 

the metal islands, a 1 mM benzenethiol ethanolic solution was prepared and drop casted 

onto the nanoisland side of a NI/Gr/Cu sample. Samples were allowed to incubate for 6 

hours then cleaned thoroughly with ethanol and deionized water. To transfer nanoislands 

onto a substrate of interest, a water transfer method was used. The graphene was essential 

for this method, as it provides mechanical support for ease of transferring. To summarize 

for polarization studies, 200 nm of 1 kDa molecular weight poly-methylmethacrylate 

(PMMA) was spun (4 kRPM for 60 s) onto the functionalized nanoisland side of the 

NIfunc/Gr/Cu sample, adding another layer to the sample (PMMA/NIfunc/Gr/Cu). The 
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backing copper foil was etched off by floating the PMMA/NIfunc/Gr/Cu sample copper-

side down on an aqueous ammonium persulfate solution (50 mg/mL). The floating island 

samples (now PMMA/NIfunc/Gr) were then transferred onto a 200 μm thick glass slide for 

polarization studies, PMMA side up. Glass was used as a substrate to minimize the 

mixing of Raman signal from the substrate with the analyte (glass has a relatively low 

Raman signal). As a result of the substrate selection, bending strains were used to analyze 

the piezo response since glass cannot be effectively stretched for strain measurements. 

Substrates were bent and held in tension using 3D printed supports. Based on the 

dimensions of these supports, finite-element analysis simulations were performed to 

calculate the strain at the apex. The PMMA was stripped before Raman measurements to 

minimize signal cross talk. Stripping was done by immersion in warm acetone (40 °C) for 

30 min, followed by rinsing with isopropanol and deionized water (ambient temperature). 

For cell studies, floating island samples (PMMA/NIfunc/Gr) on water were 

transferred onto polymethyldisiloxane (PDMS) slabs, with the graphene side up. A 

diagram in Figure C5 depicts substrate orientation in detail and the transfer process. The 

samples (Gr/NIfunc/PMMA/PDMS) were then washed thoroughly with DI water, then 

PBS buffer solution before cell seeding. 

5.2.4 Electron Microscopy 

An FEI Tecnai G2 Sphera running a LaB6 filament at 200 kV was used for 

transmission electron (TEM) micrographs and electron diffraction. A Gatan Ultrascan 

1000 UHS CCD camera running Gatan Digital Micrograph was used for image 

collection. TEM samples were prepared by transferring graphene-supported nanoislands 

(by water-transfer method) onto unsupported 200-mesh copper TEM grids. An FEI XL30 
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SFEG was used for scanning-electron microscopy (SEM). Images were acquired at 15 kV 

accelerating voltage with a 50-µm spot and a through lens-detector. SEM samples were 

prepared by transferring graphene-supported nanoislands (by water-transfer method) onto 

silicon chips. A Hitachi HD2000 was used for combination scanning-transmission 

electron microscopy (STEM) running a tungsten filament at 200 kV. STEM samples 

were prepared by transferring graphene-supported nanoislands (by water-transfer 

method) onto unsupported 200-mesh copper TEM grids 

5.2.5 Reflectance Spectroscopy 

Reflectance spectra were taken using a Perkin Elmer Lambda-1050 UV-vis-NIR 

spectrophotometer with a universal reflectance accessory (URA) module. The 

spectrometer acquired signal from 250-900 nm using a silicon detector with a tungsten 

(visible) and deuterium lamp (ultraviolet) as a source. A 1400 lines/mm holographic 

monochromator was used to grate the signal. 

5.2.6 Raman Spectroscopy and Microscopy 

All Raman spectra were collected on a Renishaw inVia Raman microscope. A 

633 nm HeNe laser polarized by half-wave plates was used with an excitation power of 

ca. 1 mW. 633 nm laser light was selected due to its lower phototoxicity and higher 

SERS enhancement, when compared to UV-vis lasers. A 5x, 0.12 NA Leica N-Plan 

objective was used for both excitation and collection of Raman data. A 1800 l/mm 

grating was used for the dispersion of sample signal. For SERS measurements, samples 

were functionalized with benzenethiolate by immersion in a 1mM ethanolic solution for 6 

h, followed by rigorous cleaning in IPA and DI water. Spatially static spectra, such as 

those used for polar plots were collected using a 1 s acquisition at 1% laser power. 
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Raman maps were acquired using a 3 s acquisition under 5% laser power. Map 

dimensions were 2100 μm × 6 μm and consisted of 1360 individual spectra. A 5-point 

center cumulative average was used for analysis of the SERS intensities as a function of 

distance from the apex. All SERS intensities for all measurements compared the intensity 

of the 999 cm–1 peak of benzenethiolate (which corresponds to vibrational mode 12 in 

Wilson notation).23 This vibrational mode was particularly chosen due to the isotropic 

nature of its Raman tensor, which prevented any bias in polarization measurements.24 

5.2.7 Finite-Difference Time Domain (FDTD) Simulations 

2D FDTD electromagnetic simulations were performed using Lumerical FDTD 

solutions with a mesh size of 2Å. Palik dielectric data was used for silver and gold. 

Falkovsky dielectric data was used for graphene. Geometries for metal nanoislands were 

based on TEM images (Figure C3). Simulations were performed at an incident 

wavelength of 633 nm, the excitation wavelength of the laser used for Raman 

spectroscopy. The incident light was polarized and coherent. 

5.2.8 Finite-Element Simulations of Glass 

Autodesk Inventor was used to simulate bent glass (50.8mm x 19.05mm x 

0.20mm) through finite-element analysis. The strain along the length of the slide as a 

function of distance from apex was calculated after applying 54 N, 124 N, and 203 N of 

force to the center, with the maximal strain occurring at the apex with values of 0.032, 

0.074, and 0.12 percent strain, respectively. Force was applied from the bottom with the 

two end of the glass held by immobile contacts. Deformation analysis using FEA 

assumes linear, static stress that is proportional to load applied, linear material properties 

and neglects yielding and buckling. 
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5.2.9 Myoblast Cell (C2C12) Culture, Maintenance and Characterization 

C3H/C2C12 murine myoblast cells were purchased from ATCC and cultured 

according to protocol provided by ATCC. C2C12 cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum, 

heat inactivated (Hyclone), and 1% penicillin/streptomycin (Gibco). Cells were 

maintained in a 37 °C incubator with 5% CO2. C2C12 cells were differentiated by 

culturing in DMEM with 5% horse serum and 1% penicillin/streptomycin for 3 days. 

Cells were treated with 0.25% trypsin EDTA (Gibco) and were then seeded onto the 

graphene side of the silver nanoisland substrate (Figure C5) at a density of 3,000 

cells/mm2. Cells were cultured for at least 3 days before analysis.  

Cells were fixed with 4% paraformaldehyde (PFA, Life Technologies) in 

phosphate buffered saline for 15 min, washed 3 times for 5 min in phosphate buffer 

solution (PBS, 100 mM NaCl, 8.0 pH). Cells were permeabilized using and blocked 

using 2% (wt/vol) bovine serum albumin and 0.1% (wt/vol) Triton-X100 (Sigma-

Aldrich) in PBS for 1 h. Samples were washed 3 times in PBS for 5 minutes. Cells were 

counterstained with myosin heavy chain (rabbit) primary antibody (1:100, Sigma) in PBS 

with 2% BSA overnight. Samples were washed 3 times with PBS for 5 min and following 

primary incubation, they were incubated with FITC-Phallodin (1:100, Life 

Technologies), donkey anti-rabbit 543 (1:200, Biotium) and Hoescht 33258 for nuclei 

(1:2000, Invitrogen). Finally, samples were imaged at 40x using a Leica DMI6000 

inverted fluorescence microscope. 

For SEM micrographs, cells were fixed with 4% PFA for 15 minutes and 

dehydrated using a gradient of 20%, 50%, 60%, 70%, 80%, 90%, 95%, and 100% ethanol 
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incubations at room temperature. Samples were incubated in 20% ethanol for 20 min and 

subsequent dehydration steps were 5 minutes each. Samples were dried using a Touisimis 

Critical Point Drier and were then coated with iridium by DC sputtering. SEM 

micrographs were acquired using an FEI XL30 SFEG, as previously described. 

For electrical cell stimulation, nanoisland samples were electrically addressed 

with eutectic gallium indium (EGaIn). Samples were then pulsed with 5-volts, at 2 Hz, 

with a square wave profile, using a Siglent SDG2042X function/arbitrary waveform 

generator. 

 

5.3 Results and Discussion 

In order to determine usefulness as a SERS substrate, we characterized the 

morphologies and optical properties of silver and gold nanoislands. The transmission 

electron microscope (TEM) images for gold (Figure 5.2a) and silver (Figure 5.2b) 

nanoislands suspended on single-layer graphene show small gaps between the 

nanostructures, which appear as lighter regions. These gaps are highly active for SERS, 

due to the strong electric fields present in plasmonic coupling of noble metal 

interfaces.25,26,27 The optical response of the nanoislands lies in the visible range (Figure 

5.2c,d). Plasmon resonance contributes to stronger absorption of light for nanoislands 

relative to their thin-film counterparts as compared for gold and silver in and Figure 5.2c 

and Figure 5.2d, respectively. This plasmon resonance and its associated electric field 

(E) are crucial to the sensitivity of an optical strain gauge. The magnitude of E in coupled 

plasmonic modes over small length scales is believed to vary between d–3 and d–6, where 

d is the separation between plasmonic nanoparticles.28,29 The electromagnetic SERS 
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effect of chemical species located in the gaps between metallic nanoparticles, in turn, 

varies with E4. The compounding nonlinear effects of (1) the dependence of the gap size 

on electric field and (2) the dependence of SERS effect on the magnitude of the electric 

field resulted in a piezoplasmonic effect that exhibited remarkable sensitivity in the low 

strain regime. 

. 

 

Figure 5.2. Morphology and optical spectra of nanoislands on graphene. Transmission electron 

micrographs (TEM) and electron diffraction patterns (insets) of gold nanoislands (AuNI, a) and silver 

nanoislands (AgNI, b) to provide a comparison on crystallinity. Scale bars, 100 nm. Reflectance spectra of 

gold (c) and silver (d) nanoislands with spectra of unstructured, continuous 100 nm metal films for 

comparison. The dips in reflectance of gold are lower in energy than those of silver because of unequal 

relativistic contractions between the two metals. 
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To quantify the effect of strain on the SERS intensity, we functionalized metal 

nanoislands on graphene films with a self-assembled monolayer (SAM) of 

benzenethiolate. We then transferred the films bearing nanoislands to thin (200 µm) glass 

slides. These slides could be deformed easily by loading them into brackets fabricated by 

3D printing. The tensile strains on the top surfaces of the slides were calculated by finite-

element modeling (Figure C1). Large bending radii produced small tensile strains. In this 

small-strain regime (<0.2%), the nanoislands exhibited an anisotropic response in the 

SERS signal based on the polarization of incident light (Figure 5.3a). That is, the SERS 

signal of the benzenthiolate SAM was diminished when light was polarized parallel to the 

direction of strain. This result was consistent with increased spacing between the gaps 

along the strained axis, i.e., that nanoislands were being pulled apart.  

 

 

Figure 5.3. Polarization response of nanoislands under strain. (a) SERS spectra of gold nanoislands 

under 0.074% strain with incident laser light polarized parallel and perpendicular to strain. The peak of 

interest in chemisorbed benzenethiol is highlighted between the dashed lines (999 cm-1 peak). Radial plots 

of gold (b) and silver (c) nanoislands, which reveal the polarization response of the SERS signal with the 

graphene-nanoisland film under strain. The radial plots are normalized to maximum SERS intensity of the 

peak indicated in panel (a). 
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We observed that the difference between the SERS signal of a benzenethiolate 

SAM in response to polarization between the strained and unstrained axis increased with 

increasing strain. This increased anisotropy in the signal was consistent with strain-

induced separation between nanoislands supporting the SAM; increased separation 

produced a larger contrast in SERS intensity between light polarized in the direction of 

strain and orthogonally (Figure 5.3a). (We note that the anisotropy in response to 

polarization was greater for silver nanoislands than it was for gold, as see in Figure 5.3b 

and 5.3c.) Essentially, strain changes the size of gaps between nanoislands and the nature 

of surface plasmons confined between them. Non-linear decay of the SERS signal with 

respect to separation is consistent with the results of others. 29,30,31 

In analogy to the gauge factor (GF) used for piezoresistive sensors to quantify the 

response to strain,4 we propose a plasmonic gauge factor (GFplasmonic), which quantifies 

the SERS response of films of metallic nanoparticles to strain, 

𝐺𝐹𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 =

𝐼𝑢𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 − 𝐼𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑
𝐼𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑

𝜀
 

where Iunstrained and Istrained are defined as the SERS intensities of unstrained and 

strained films, respectively, with the incident polarization held constant (in the direction 

of the long axis of the slide). A high sensitivity is indicated by large contrasts between 

Istrained (which should decrease as nanoislands are pulled apart) and Iunstrained, which yields 

a high GFplasmonic. Figure 5.4 plots GFplasmonic as a function of strain for silver and gold 

nanoislands. Silver nanoislands demonstrated a more sensitive piezoplasmonic response 

based on GFplasmonic values, especially at the lowest strains tested (~0.03%). Compared to 

gold, silver has the ability to confine stronger electric fields in nanostructures.32,33 To 
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reinforce this observation, we performed finite-difference time domain (FDTD) 

simulations of gaps between silver nanoislands and gold nanoislands to determine the 

electric field profile at the Raman laser wavelength (633 nm). Our FDTD results (Figure 

C2) confirm that gaps between silver nanoislands have a higher magnitude of E than do 

gaps between gold nanoislands. A comparison of GFplasmonic between the responses of 

gold and silver nanoislands is shown in Figure 5.4. 

 

 

Figure 5.4. Piezoplasmonic characterization of noble metal nanoislands. Plasmonic gauge factors of 

gold nanoislands (AuNI) and silver nanoislands (AgNI) are plotted as a function of strain. 

One of the advantages of detecting strain using a contiguous optically active film 

is the ability to measure gradients of deformation. To demonstrate this ability, we 

obtained polarization-dependent maps of the SERS intensity of a graphene/silver 

nanoisland film located near the apex of a rectangular glass slide under a small bending 

radius. The bending deformation produced a strain gradient along the long axis, with the 

greatest strain (0.032%) located at the apex (Figure C1, Table C1). Figure 5.5a shows a 
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bright field image comprising 12 individual micrographs of the gradient, with the apex of 

the bent substrate indicated by the dotted line. The dimensions of the long and narrow 

rectangular region were 2100 μm × 6 μm (the raw 2D spectral images are shown in 

Figure C4), which is marked by the yellow line in Figure 5.5a. When incident light was 

polarized in the direction of the strain gradient (0° with respect to the x-axis), a clear 

decrease in SERS signal could be detected (Figure 5.5b). The SERS signal was lowest at 

the area of highest strain (the apex). As the polarization was increased to 45° (Figure 

5.5b), the gradient in SERS signal was diminished, as the nanoislands were separated 

along the long axis. With polarization 90° to the axis of the strain gradient (Figure 5.5b), 

we observed little variation in the SERS signal. According to finite-element simulations 

(Table C1), the gradient in SERS intensity in the narrow rectangular region corresponded 

to a total range in strain of 0.0017%. 
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Figure 5.5. SERS mapping of strain gradients using a bent glass substrate bearing silver nanoislands 

on graphene. (a) Bright-field image of silver nanoislands on a bent glass substrate (scale bar, 500 μm). The 

yellow line near the center of the image is the selected area (2100 μm × 6 μm) that was mapped using a 

Raman microscope. The apex of the bent substrate is marked by the dotted white lines and has a strain of 

0.032%. (b) A moving average of the SERS intensity along the x-axis in the selected area under three 

different polarizations (0°, 45°, and 90° in respect to the x-axis). Note that the signal decreases as the 

polarization aligns with the principle direction of deformation (x-direction). 

Since the graphene-nanoisland films are both electrically conductive and optically 

active, we tested their ability to be used in an optoelectronic biosensing platform. That is, 

the electrical conductivity of graphene could be used for stimulation of a strain-producing 

biophysical event and strain-dependent SERS could be used for detection of the 

deformation. To test this hypothesis, we measured the SERS spectrum of the electrically 

induced strain response of myoblast (C2C12) cells grown on silver nanoisland substrates 
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to determine if the stimulated contraction could be detected optically through changes in 

the SERS signal. Silver nanoislands supported by graphene functionalized with 

benzenethiolate were transferred onto PDMS with the graphene-side up to maintain 

biocompatibility (Figure C5). The C2C12 cells were then grown, differentiated, and 

seeded on the substrates, which were then electrically addressed with droplets of a liquid 

metal, eutectic gallium-indium (EGaIn). The area on the sample from which the SERS 

signal was collected is indicated by the black box in Figure 5.6a. Figure 5.6b shows 

scanning electron microscope (SEM) images that were taken of C2C12 cells dehydrated 

using critical point drying (CPD) to demonstrate that the cells were interacting with the 

substrate. To investigate the structure of the C2C12 cells, fluorescence images of the 

adherent cells were taken one day after seeding. Figure 5.6c clearly shows the 

individually labeled nuclei (blue), actin (green), and myosin heavy chain (red) in the 

cells. 
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Figure 5.6. Optical detection of strain induced by electrical stimulation of C2C12 myoblast cells 

supported by a substrate consisting of silver nanoislands on graphene. (a) A bright-field image of 

C2C12 cells on the substrate, with the incident polarization of the Raman laser indicated by the black 

arrow. The area of illumination by the Raman laser is indicated by the black box. (b) Scanning electron 

micrographs of critical-point dried C2C12 cells on the substrate demonstrate the interaction of the cells 

with the underlying nanoislands substrate. Note the stretch marks on the substrate caused by strain. Cells 

were false colored blue in the micrograph. (c) A fluorescence image of C2C12 cells on the substrate with 

nuclei (blue), actin (green), and myosin heavy chain (red) clearly visible. (d) The SERS intensity of 

benzenethiolate chemisorbed to silver nanoislands in the illumination area is depicted as a function of time. 

The gray areas indicate time periods when the C2C12 cells were stimulated by a pulsed voltage, causing 

them to contract and pull silver nanoislands apart which translated to a decreased SERS signal (black 

squares). As a control, silver nanoislands without cells were also stimulated by pulsed voltage (red circles). 

 
The samples were illuminated with 633 nm laser light to collect the SERS signal. 

Without any voltage, the SERS signal remained constant, as depicted in Figure 5.6d. A 

pulsed voltage (2 hz, 5 V square-wave) was then applied to induce the differentiated 

C2C12 cells to contract. The periods of time during which the voltage was applied are 

indicated by the gray areas in Figure 5.6d. A clear decrease in SERS intensity is 

observed under pulsed voltage, which was repeatable as indicated in Figure 5.6d. This 

decrease in intensity suggested that the separation between the silver nanoislands was 
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increasing due to the stress transferred to the substrate by contraction of the C2C12 cells. 

The area selected for illumination was a region that encompassed the border of two 

C2C12 cells. We hypothesized that as the cells contracted under voltage, the underlying 

silver nanoislands were pulled apart; this change in geometry caused a decrease in 

plasmonic coupling, thus leading to a decreased signal. As a control, silver nanoisland 

substrates without cells were pulsed under voltage to determine if the effect was based on 

an unknown piezoelectric effect (contraction or expansion under electrical stimulus) in 

the metal nanoislands. As depicted in Figure 5.6d, silver nanoislands without cells 

exhibited no change in signal when stimulated with a pulsed voltage. The SERS spectra 

of the substrates was dominated by the benzenethiolate signal (Figure C6), which 

suggested that the majority of the signal came from small volume confined to the gaps 

between the nanoislands, i.e., hotspots. Considering the myriad of organic species present 

in the vicinity of the nanoislands—e.g., graphene, cells, PDMS, and media solution—

capable of producing unwanted SERS signals (SERS crosstalk), the high signal-to-noise 

ratio for benzenethiolate was gratifying. (Ordinarily, SERS crosstalk can make it difficult 

to extract information of interest in complex biological systems.34,35) 

 

5.4 Conclusions 

A SERS-enhanced piezoplasmonic effect can be used to detect small strains, 

gradients of strain, and a non-contact method of measuring the electrically induced 

contractions of myoblast cells. By exploiting the fact that the electric field produced by 

surface plasmons between adjacent metal structures changes dramatically—coupled with 

the strong dependence of the SERS effect on electric field—we were able to detect strains 
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as low as 0.032% with a resolution of less than 0.002%. The small strain regime is well 

suited for a piezoplasmonic sensor, as the most significant responses occur over small 

length scales. Although piezoresistive sensors offer excellent response over a wide range 

of strains,6,36 a piezoplasmonic sensor offers high sensitivity over small strain regimes. 

Moreover, metallic nanoislands on graphene offer a simple approach to fabricating 

SERS-based strain sensors that are easily transferrable onto to nearly any substrate. These 

sensors can be used to measure both the magnitude and spatial distribution of strain. In 

considering implementation of a technology such as this over large areas, nanoislands can 

be fabricated without the need for costly lithographic techniques. That is, the SERS-

active substrates form automatically on graphene without the need for e-beam 

lithography or self-assembly. We believe, however, that the most compelling attributes of 

graphene-supported nanoislands as optical strain sensors is the spatial resolution (for 

strain mapping) and orthogonality of electrical stimulation and optical interrogation, 

which holds promise for high-throughput measurement of cellular electrophysiology. 
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Abstract 

This article describes the design of piezoresistive thin-film sensors based on 

single-layer graphene decorated with metallic nanoislands. The defining characteristic of 

these composite thin films is that they can be engineered to exhibit a temperature 

coefficient of resistance (TCR) that is close to zero. A mechanical sensor with this 

property is stable against temperature fluctuations of the type encountered during 

operation in the real world—e.g., in a wearable sensor. The metallic nanoislands are 

grown on graphene using thermal deposition of metal (gold or palladium) at low nominal 

thickness. Metallic films exhibit an increase in resistance with temperature (positive 

TCR) while graphene exhibits a decrease in resistance with temperature (negative TCR). 

By varying the amount of deposition, the morphology of the nanoislands can be tuned 

such that the TCRs of metal and graphene cancel out. Quantitative analysis of scanning 

electron microscope images reveals the importance of the surface coverage of the metal 

(as opposed to the total mass of metal deposited). The stability of the sensor to 

temperature fluctuations that might be encountered in the outdoors is demonstrated by 

subjecting a wearable pulse sensor to simulated solar irradiation. 

 

6.1 Introduction 

Wearable and implantable sensors can be designed to detect a range of chemical, 

biophysical, electromagnetic, and thermal stimuli. Few types of sensors, however, are 

responsive to only one type of stimulus. For example, strain gauges based on metallic 

thin films are sensitive to mechanical deformation, but also to temperature. Unwanted 

sensitivity to temperature could arise because of, for example, thermal expansion of the 
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substrate, or the fact that the conductivity of a metal depends on temperature (i.e., the 

temperature coefficient of resistance, TCR). Our laboratory has previously shown that 

metallic nanoislands on graphene are sensitive to a wide range of mechanical, optical, 

chemical, and electrophysiological signals.1,2 During the course of these experiments, we 

noticed that thermal drift—i.e., small changes in the local ambient temperature—

produced changes in electrical resistance of the sensors that were comparable to or 

greater than those produced by the stimuli of interest. The problem of convoluted signals 

is not unique to this type of sensor, but is rarely reported for experiments on other types 

of sensors, which are performed in well-controlled environments. 

Decoupling the signal of interest from unwanted signals can be addressed in one 

of at least two ways: (1) by processing the signals using back-end electronics or (2) by 

the design of the material used for sensing. This paper uses the second approach—in 

which decoupling of thermal drift is accomplished by the material itself. Since graphene 

exhibits a TCR that is less than zero,3 and metals exhibit a TCR that is greater than zero,4 

we fabricated composite thin films consisting of metallic nanoislands supported by 

single-layer graphene (Figure 6.1). (Metallic nanoislands are the disconnected structures 

that form with low nominal thicknesses when metals are deposited by physical vapor 

deposition.) By tuning the amount of metal deposited—and thus the interconnectivity and 

surface coverage of the nanoislands—it was possible to engineer the composite material 

such that the TCR of the two different materials cancelled to near zero.  
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Figure 6.1. Schematic diagram of process used to generate and transfer metallic nanoislands on 

graphene. Nanoislands are formed by thermal evaporation of metal onto copper-supported graphene. The 

backing copper is etched using a basic ammonium persulfate solution. The film can then be transferred to a 

substrate of interest and addressed for electrical measurements. 

 

Previous work on the topic of zero-TCR materials has been primarily concerned 

with bulk metal alloys and other materials that require complex processing. Metal alloys 

include manganin and constantin; the latter has been used for over a century in the 
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components of thermocouples. New alloys5,6,7 have been developed, along with tunable-

TCR materials such as metal-polymer composites,8,9,10,11 carbon mixtures,12 and 

semiconductor composites.13,14,15 Optical strain sensors that are temperature-independent 

have also been reported.16 However, polymer and carbon mixtures involve complex 

solution processing, and metal alloys reported so far have been bulk materials, as 

opposed to thin films. For near-zero TCR resistive sensing elements to be useful in 

flexible and wearable devices, it is desirable to have active materials that are thin, 

transparent, and mechanically robust.  

A single layer of graphene behaves as a zero-gap semiconductor with a negative 

TCR at room temperature. The resistivity is dominated by the charge-carrier 

concentration, and decreases with temperature as more hot carriers become available.17 

This phenomenon is in contrast to metals, which typically have a positive TCR due to an 

increase in both inelastic electron scattering and lattice spacing with temperature.18 Given 

our previous experience with metal nanoislands on graphene as a platform for multimodal 

sensing,19,2 we hypothesized that a zero-TCR sensor could be fabricated if the right 

amount of metal was deposited onto the graphene such that the effects of each material 

cancel each other out. To design this material, we have characterized the effect of 

deposition thickness and island morphology on the TCR of the graphene-metal 

composites. Gold and palladium were selected as the metals to test this hypothesis 

because of their widespread use in thermal and chemical thin film sensing, and disparate 

morphologies formed when evaporated onto graphene.1,20  

 

6.2 Experimental 
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6.2.1 Metal Nanoisland Sensor Fabrication  

Metal nanoislands were fabricated by physical vapor deposition using an AJA 

International thermal evaporator (Orion-class). A thin-film of palladium or gold was 

deposited onto graphene supported on copper foil at a rate of 0.05 Å/s. Chamber pressure 

during deposition was 2.0 × 10-7 torr. The resulting structure comprised nanoislands on 

graphene on copper foil (nanoisland/Gr/Cu). 200 nm of poly(methylmethacrylate) 

(PMMA) (1 kDa) was spin coated (1% wt solution in anisole at 4 kRPM for 60 s) onto 

the nanoisland side of the nanoisland/Gr/Cu sample. The backing copper foil was etched 

by floating the sample copper-side-down in an aqueous ammonium persulfate solution 

(50 mg/mL) for approximately 3 h. The samples were then transferred onto a 1 in × 3 in 

glass slide. The PMMA layer was then dissolved using neat acetone at 40 °C. 

6.2.2 Scanning-Electron Microscopy (SEM) 

An FEI XL30 SFEG with an FEI Sirion column and Through Lens Detector was 

used for SEM micrographs of metal nanoislands. An accelerating voltage of 10 kV and 

spot of 50 µm was used for imaging. 

6.2.3 Temperature Coefficient of Resistance Measurements 

Resistance measurements were obtained using a Keithley 2400 sourcemeter. All 

resistance measurements for wearable applications and TCR calculations were conducted 

using two-point measurements. To decouple possible effects of contact resistance of the 

carbon paint from the intrinsic resistance of the graphene-nanoisland films, we compared 

the resistances obtained using two-point measurements to those obtained using four-point 

measurements. The fact that the resistance values differed by less than 1% suggested that 

the contact resistance due to the carbon paint was negligible. All samples had the same 
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dimensions. Samples for TCR measurements were heated using an Instec FS1 heated 

stage with an Instec mK2000 temperature controller and electrically addressed with 

eutectic gallium-indium (EGaIn). 

6.2.4 Image Analysis 

An object-oriented Python code was developed to perform image analysis of the 

SEM images. This code made extensive use of the Mahotas package (See Supplementary 

Information) to distinguish metal from graphene, identify separate nanoislands and 

quantify the area of the individual nanoislands as well as their fractional coverage over 

the graphene. The code could be easily adapted for analysis of similar nanostructures and 

is openly available at github. 

6.2.5 Rapid Thermal Annealing 

Rapid thermal annealing was performed using an AG Associates Heat Pulse 610. 

The samples were heated from room temperature to 600 °C in 12 s (50 °C/s) under 

forming gas (5% hydrogen / 95% nitrogen) to aid reflow of the metal. The sample was 

held at the elevated temperature for 5 min. 

 

6.3 Results and Discussion 

6.3.1 Thermoresistive behavior of metal nanoislands 

The relationship between electrical resistance, temperature, and thickness for 

metal nanoislands on graphene is summarized in Figure 6.2a (gold) and 6.2b 

(palladium). The reported thicknesses are the “nominal” values measured by the quartz 

crystal microbalance (QCM) in the evaporation chamber. (The true thickness is poorly 

defined because of the disconnected nature of the nanoisland films.) To find the TCR of 
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these samples, we measured the normalized resistance as a function of temperature (from 

30 °C to 65 °C); the TCR is the slope of this curve. As we expected, the TCR of the 

composite films exhibited a strong dependence on nominal thickness of the metallic film. 

The SEM images shown in Figure 6.2c-2h suggest that the morphology—i.e., 

interconnectivity or fractional surface coverage—also influence the sensitivity to 

temperature. 
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Figure 6.2. Thermoresistive behavior and morphology of gold and palladium nanoislands. The 

temperature-dependent normalized resistance is plotted for gold nanoislands (a) and palladium nanoislands 

(b) of varied nominal thicknesses. SEM micrographs depicting negative-TCR isolated nanoislands for 3 nm 

of gold (c) and 0.5 nm of palladium (d), near-zero TCR, partially percolated structures for 8 nm of gold (e) 

and 0.9 nm (f) of palladium, and positive TCR, fully percolated structures for 11 nm of gold (g) and 3.0 nm 

(h) of palladium. All SEM images are the same magnification. 

The SEM images in Figure 6.2c, d show distinct differences between the 

morphologies of the negative TCR composites of gold and palladium, respectively. At a 
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nominal thickness of 4 nm, the gold assembles into large, separated islands with sharp 

crystalline facets. Palladium nanoislands, in contrast, are smaller than gold nanoislands at 

all nominal thicknesses. Moreover, they exhibit a higher fractional coverage at 

substantially lower nominal thicknesses (0.5 nm). It also appears that the palladium 

nanoislands may be interconnected. 

The nominal thickness of deposition that gave near-zero TCR was 8 nm for gold 

and 0.9 nm for palladium. The SEM image in Figure 6.2e shows that gold forms fractal, 

partially percolated structures which result from isolated nanoislands coalescing in a 

disordered fashion during the growth process. On the other hand, the palladium 

nanoislands did not coalesce but did appear to be in intimate physical contact (Figure 

6.2f). We attribute the differences in morphology to the differences in relative interaction 

energies between the surface and the metal nanoislands: palladium has a stronger 

attraction to the surface and a closer epitaxial registry (a smaller lattice constant).21 

Therefore, the palladium nanoislands are not as mobile during the growth process.1 The 

SEM images in Figure 2g, h show that the gold and palladium form completely 

percolated nanostructures with nominal thickness greater than 11 nm and 3 nm 

respectively. Percolated structures in both materials yielded a positive TCR—evidence 

that the thermoresistive behavior approaches that of a thin film of metal. 

In general, these results show that the TCR can be controlled as a function of 

nominal thickness of deposition. In cases when it is necessary to eliminate thermal drift, a 

substrate with a near-zero TCR can be repeatedly fabricated using either palladium or 

gold by targeting a specific thickness. Moreover, this procedure should be 

straightforward to transfer to any other transition metal of interest for a specific device 
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application. Interestingly, we found there to be a large difference in the nominal thickness 

that produced a near-zero TCR of palladium (0.9 nm) versus that for gold (8 nm). While 

morphologies can be reproduced by holding the deposition parameters constant (chamber 

pressure, evaporation rate, substrate, nominal thickness),22 the nominal thickness is not a 

true indication of the thickness of individual nanoislands. Thus, we found it necessary to 

correlate the TCR with other morphological parameters to give a more sophisticated 

description of relationship between the TCR and the morphology of the metal 

nanoislands. 

6.3.2 Image analysis and modeling of thermoresistive behavior of metal nanoislands 

Image analysis was performed on the SEM micrographs of gold nanoislands to 

quantitatively analyze the trends between morphology and thermoresistive behavior. A 

thresholding algorithm known as Otsu’s method23 was implemented to differentiate the 

metal structures from graphene. The algorithm operates on the greyscale image by 

assuming two classes of pixels, which fall above or below a threshold value (metal vs. 

graphene). The optimum threshold value is defined as the one that minimizes the variance 

within each class of pixels. Once differentiated, distinct islands are labelled and various 

properties are computed including surface coverage and projected area. From Figure 

6.3a, we can see that TCR varies linearly with coverage. Examples of processed images 

are given in Figure 6.3b-d, where the separate islands are colored by their area.  

Given the observed dependence of TCR with coverage, we developed a model to 

describe the thermoresistive behavior of this composite material. Adomov et al.24 have 

demonstrated that the TCR of vacuum deposited gold films depends on thickness, 𝑑, and 

can be described as: 
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𝛼𝐴𝑢 = 𝛼𝑜 (1 +
3𝑙

8𝑑
)

−1

 

where 𝛼𝐴𝑢 is the TCR of gold and 𝑙 is the electron mean free path (400 Å). The 

actual island thickness can be related to the nominal thickness using the coverage, 𝜃, and 

the following relation: 

𝑑 =  
𝑑∗

𝜃
 

Finally, the TCR of the gold islands can be combined with the TCR of the 

supporting graphene (𝛼𝐺𝑟) using a composite theory, with coverage as the fractional 

variable: 

𝛼𝑐 = 𝜃𝛼𝐴𝑢 + (1 − 𝜃)𝛼𝐺𝑟 

The results of our model are compared to the experimental data in Figure 6.3a, 

and demonstrate good agreement. Additional details on the composite model are 

available in Appendix D. 
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Figure 6.3. Morphological dependence of TCR of gold nanoislands obtained through image analysis. 
(a) Plot showing linear dependence of TCR on fractional coverage. Representative processed images for (b) 

negative TCR (4 nm), (c) near zero TCR (8 nm), and (d) positive TCR (11 nm) gold nanoislands. Islands 

are colored by projected area (nm2). The film in (d) is entirely white because it is a single interconnected 

structure of area 225k nm2 

 

The results of our model suggested that the lateral distribution of the metal was 

more important than the total mass deposited. To test this idea, we subjected an 11 nm 

gold nanoisland sample to rapid-thermal annealing (RTA), a method that has commonly 

been used to change the morphology of metallic films on the nanoscale.25,26 The sample 

was heated from room temperature to 600 °C in 12 s and held at the elevated temperature 

for 5 min. This thermal abuse changed the morphology of the metal from a percolated 

network to a distribution of isolated nanoparticles (Figure D3). The TCR of the sample 

changed concomitantly from positive to negative (Figure D4). This experiment 

unambiguously demonstrated the importance of interconnectivity and surface coverage of 

the metal islands on the TCR of the composite material.  
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6.3.3 Wearable application of sensor with near-zero TCR 

To demonstrate the utility of thin films resistant to thermal drift, we fabricated a 

wearable sensor for detecting the human pulse using gold nanoislands. Nanoisland-

graphene films with positive, negative, and near-zero TCRs were transferred onto Kapton 

tape, addressed with carbon paint, then adhered onto the wrist as depicted in Figure 6.4a. 

A schematic diagram of the sensor is shown in Figure D7. To simulate a plausible real-

world scenario where an abrupt heating event would occur, we placed the sensor (on the 

wrist) over a solar simulator lamp to imitate the direct illumination of a sensor by the sun. 

As indicated by the gray shaded area in Figure 6.4b, the gold nanoislands with the near-

zero TCR exhibited minimal thermal drift. On the other hand, the positive- and negative-

TCR sensors experienced a substantial drift due to heating caused by direct illumination. 

When placed on the wrist, periodic strain caused by the contractions of the radial artery 

induced a periodic change in resistivity. This pulse signal was detected by the sensor 

(inset Figure 6.4b). To address whether the sensitivity of the wearable sensor was 

affected by changing the nominal thickness of metal to attain a near-zero TCR, we 

examined the data closely in Figure 6.4b. Assuming the strain caused by a pulse was 

constant (since the same subject was used for all measurements in Figure 6.4b), the pulse 

signal was most pronounced in the near-zero TCR sensor, indicating that the sensor 

performance was not diminished by changing the nominal thickness of metal. We then 

tested for any possible interference from temperature-dependent conductivity of the 

carbon paint itself. We attached copper wires to a gold film (50 nm) using a drop of 

carbon paint with similar dimensions to those used in the wearable sensors. Continuous 

measurement of resistance as a function of temperature from ambient to 60 °C revealed a 
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net increase in resistance of <1%. Given this small effect and the fact that the samples 

were all connected using the same materials, we could confirm that the observed 

differences in TCR between the graphene-nanoisland films were due to the coverage and 

interconnectivity of the nanoislands. 

 

 

 
Figure 6.4. Thermal drift of a wearable pulse sensor under simulated sunlight. (a) A wearable pulse 

sensor with the nanoisland portion outlined in black dashed lines. (b) Normalized resistance is plotted 

versus time with a period of illumination by a solar simulator lamp, which is marked by the gray shaded 

area. The lamp heated the sensor to a steady-state temperature of approximately 45 °C after 30 s as 

measured by an infrared thermometer. The inset shows a clear pulse, with dicrotic notches clearly visible. 

 

6.4 Conclusions 

We reported a new strategy to suppress thermal drift in sensors. This strategy is 

based on the precise control of materials in sensors composed of graphene decorated with 

metal nanoislands. By systematically varying the nominal thickness of metal deposited, 

we found optimal deposition parameters to produce composite thin films with near-zero 

TCR for both gold and palladium on graphene. Differences in the self-assembly process 

of gold nanoislands suggested that surface coverage and interconnectivity were the most 
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important morphological parameters in determining the TCR of the composite material. 

Image analysis of SEM images provided quantitative evidence to support this conclusion, 

and enabled the development of a model to describe the thermoresistive behavior of the 

composite material. Proof-of-concept wearable sensors were fabricated to demonstrate 

the stability of the electrical signal to variations in surface temperature produced by 

sunlight. This materials-design strategy should be easily generalizable to other transition 

metals for device-specific applications (e.g., chemical sensing), and provides a robust 

platform for the development of devices that minimize fluctuations due to temperature. 

More generally, these experiments demonstrate how well known materials can be 

combined in new ways to design thin-film composites with useful properties for device 

applications. 
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Figure A1. Typical PL spectra for doped CuS samples of varying concentrations. Window for signal 

acquisition during 2PE measurements is illustrated. 
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Figure A2. Extinction spectra for Se-doped CuS at various dopant concentrations. The blue-shifting of 

the LSPR wavelength is maximized at 2.6% Se-doping. The optimal laser excitation wavelength (λExcite) is 

highlighted to illustrate where the samples are stimulated during 2PE measurements. 
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Figure A3. Powder XRD spectra for Se-doped CuS at various dopant concentrations. Diffraction 

pattern lines for CuS (covellite) phase and CuSe (klockmannite) phase are depicted for comparison. Peak 

shifting is observed for higher Se content, which suggests direct substitution of Se into the covellite lattice.  
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Figure A4. Dependence of λLSPR on Se-dopant concentration. Se concentration was determined by 

energy-dispersive spectroscopy (EDS) measurements. 
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Table A1. Table summarizing the morphology and optical properties of Se-doped CuS nanodisks. 

Averages and deviations were obtained from an analysis of >150 nanoparticles from TEM images.  

Sample 

Morphology Optical Properties 

Diameter (nm) Thickness (nm) Aspect Ratio 
Se 

Content 

(%mol) 

λLSPR 

(nm) 

Action 

Cross 
Section 

(GM) 

 

Molar 

Absorptivity 
at 855 nm 

 (107 cm-1M-1) 

 

1 32.23 ± 7.79 6.02 ± 1.52 5.03 ± 1.58 2.3 945 7211.5 4.67 

2 31.11 ± 1.33 6.52 ± 0.88 4.69 ± 0.92 1.3 970 4551.7 4.29 

3 31.99 ± 2.67 6.49 ± 1.27 4.81 ± 1.03 1.3 970 4481.5 4.33 

4 30.50 ± 3.71 7.57 ± 1.66 3.88 ± 1.71 6.2 990 2849.7 4.03 

5 29.01 ± 9.34 7.51 ± 1.81 3.91 ± 1.53 7.3 1090 2560.9 2.76 

6 30.01 ± 1.41 5.81 ± 1.03 4.93 ± 1.28 0 1125 2322.2 2.15 

7 29.25 ± 3.57 5.74 ± 0.96 4.95 ± 1.13 0 1150 2293.9 2.16 

8 36.59 ± 15.40 6.18 ± 1.42 5.81 ± 1.59 0 1155 2255.2 1.72 
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A1. Calculation of Action Cross Section 

 Two-photon action cross sections were calculated using Equation 1 below and 

the method cited in the manuscript by Webb et Al. and others.1,2 Briefly stated, the σS 

and ϕS are the sample’s two-photon absorption absolute cross section and quantum 

efficiency, respectively. Their product (σSϕS) is the sample’s two-photon action cross 

section, which is a measure of the sample’s “brightness” under two-photon excitation. 

This is often reported over the absolute cross section, as the quantum efficiency is often 

difficult to determine. SS, CS, and nS are the sample emission intensity, sample 

concentration, and sample solvent refractive index, respectively. Chloroform was used as 

a solvent for both sample and reference (nR = nS= 1.45). To calculate the action cross 

section for a sample, the action cross section for a reference (σRϕR) is needed. In this 

study, we used Lucifer Yellow as a reference. Lucifer Yellow has an action cross section 

value of σRϕR = 0.95 GM (1 GM = 10-50cm4s/photon) as reported by Webb et Al.3 Using 

the reported σRϕR value, the concentration of reference used (CR= 200 μM), the 

reference signal with our instrumentation (SR = 235.6 cts), the sample signal (SS), the 

solvent refractive indices (n), and the nanoparticle concentration (CS) we can calculate 

the appropriate sample action cross section values (σSϕS). For example, for Sample 1 

with CS = 20 nM and SS = 178.8 cts for Sample 1, we calculate a value of σSϕS = 7211.5 

GM. 

𝛔𝐒𝛟𝐒 =  
𝐒𝐒

𝐒𝐑

𝐂𝐑

𝐂𝐒

𝐧𝐑

𝐧𝐒
𝛔𝐑𝛟𝐑     (1) 
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B.1 Fabrication 

Detail of the fabrication procedure is shown below in Figure B1 as well as in 

previous work;1–3 the numbering of the steps below corresponds to Figure B1. 

Fabrication is performed on intrinsic 2” [100] Si wafers. Wafers are rinsed with solvents 

in the following order: 1) IPA, 2) Acetone, 3) IPA, 4) Dichloromethane, 5) and IPA, 

followed by an N2 dry. PMMA A4 950 

(MicroChem) is spun onto the wafer and baked at 180 oC to remove anisole. The 

pattern, circular regions corresponding to sets of nanopillars, is written using a Leica 

EBPG 5000+ at a 1200  dose and the PMMA is developed in a 1:3 MIBK:IPA 

solution. This creates the “negative” pattern seen in (i). Approximately 30 nm of 

stoichiometric1 Al2O3 is deposited via reactive DC magnetron sputtering using an 

aluminum target and a mixed Ar:O2 plasma (ii). Lift-off to define the hard-mask pattern is 

performed via sonication in a dichloromethane bath (iii). Pillars are etched in an Oxford 

Plasmalab Inductively Coupled Plasma Reactive Ion Etcher (ICP-RIE) 380 using a mixed 

mode, “pseudo-Bosch” etch. During the etch both the etching (SF6) and passivation 

(C4F8) gases are present in the plasma. Etching is achieved under dynamic equilibrium 

conditions where the ICP power is used to control the rate of conformal C4F8 deposition 

and the forward power is used to accelerate ionized SF6 species towards the substrate 

defining the milling rate on horizontal surfaces. The etch is balanced such that the milling 

rate is just able to overcome the passivation on the horizontal surfaces, allowing the etch 

to proceed vertically into the wafer as defined by the mask (iv and v). The resulting 

pillars are oxidized in a dry oxidation furnace at 1000 oC for 8 hours (vi). The gold layer 

is deposited via RF sputtering in an argon ambient to a thickness of 225nm (vii). The 



142 

 

 

 

reflow step is performed in a rapid thermal annealer under forming gas (5%H2:95%N2) 

environment. In this process the temperature is ramped to 675oC in 30 seconds, held for 7 

minutes and returned to room temperature over 2.5 minutes (viii). 

 

Figure B1. Fabrication and reflow of SERS substrates. (i) E-beam patterning to define negative of mask 

design. (ii) Reactive sputtering of Al2O3. (iii) Al2O3 mask pattern after lift-off. (iv) Pseudo-Bosch etching 

to define pillars. (v) Vertical silicon pillars (vi) Thermal oxidation to produce glass pillars. (vii) Sputter 

deposition of gold layer. (viii) Thermal reflow in RTA forms final structures. 
 

 

B.2 Enhancement Factor Calculation 

When comparing SERS substrates with varying geometries the definition of the 

most informative “Enhancement Factor” (EF), (and the methodology used to calculate it) 

is frequently a point of confusion. To provide the maximum clarity and transparency with 
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respect to our EF calculations we have provided a theoretical derivation of our definition 

of both the SERS substrate enhancement factor (SSEF) and the analytic enhancement 

factor (AEF), including any simplifying assumptions we have made. While the definition 

of the AEF is straightforward4 our calculation of the SSEF required a combined approach 

that used our experimentally collected spectra (both SERS and bulk Raman) as well as 

geometric parameters calculated from finite difference time domain (FDTD) modeling of 

our nanobulb arrays. 

Thiophenol was chosen as a molecular probe to test the SERS enhancement – 

representative SERS and neat spectra are shown in Figure B2 along with a table of peak 

and symmetry assignments. We defined and calculated four enhancement factors at 

specific peaks, corresponding to known vibrational modes, present in both the SERS and 

bulk Raman spectra. These four EFs were the SSEF calculated from the area under 

corresponding peaks (SSEFAREA), the SSEF calculated from the peak intensity at 

corresponding peaks(SSEFPKCTS), the AEF calculated from the area under corresponding 

peaks(AEFAREA), and the AEF calculated from the peak intensity at corresponding 

peaks(AEFPKCTS). 

Figure B2 lists spectral locations of peaks found in the SERS spectrum along 

with their corresponding Wilson notation and symmetry. Included are a set of sum tones 

seen in the SERS signal only. 
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Figure B2. Measurement of thiophenol adsorbed on nanobulb arrays. Comparison of volume Raman 

signal (green) and SERS signal (blue). Below are assignments for peaks observed in the SERS spectrum. 

The peaks listed on the right are the harmonics or sum tones. 

 

B.2.1 Theoretical Approach - AEF 

The analytic enhancement factor (AEF) was calculated following the method 

given in Le Ru et. al. (2007).4 We consider two situations; a volumetric analyte solution 

with a concentration cRS which provides a bulk Raman signal IRS, and a SERS substrate 

with an analyte concentration cSERS which produces a signal ISERS. Provided that these 
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signals are collected under similar experimental conditions (same objective lens, 

spectrometer, etc.)4 the AEF is defined as: 

AEF = .     (1) 

This is not a particularly useful definition when attempting to compare surface 

and volume signals as in the case of the surface the concentration is not well defined. 

Without having to focus on the details of the contribution to the EF from substrate 

geometry, a slightly more useful definition for the AEF that can better compare a signal 

from a surface to one from a bulk volume is: 

AEF = ,    (2) 

where the N are the number, rather than concentration, of probe molecules that contribute 

to the signal. 

In our case NRS is cRS× VRS where the volume is given by the focal paraboloid. To 

define NSERS we note that the bulbs constitute the surfaces that contribute to the enhanced 

signal, therefore if we assume equal contribution from each bulb within the laser spot (an 

assumption treated in detail in the SSEF section), and an equal contribution over the 

surface area of a single bulb, we can define NSERS as NBULB × µSERS× ABULB, where the 

terms represent the number of bulbs in the laser spot, the areal density of thiophenol 

adsorbed on the bulbs, and the surface area of a single bulb, respectively. Note that the 

assumption of equal contribution to the signal from the entire bulb surface area is 

certainly not true (as shown in the SSEF section), however it does allow us to ignore the 

details of the specific substrate geometry and calculate an enhancement factor purely 

from experimental results. Finally, although we collected both the bulk and SERS signal 
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using the same lens and focus conditions, signal saturation considerations required us to 

decrease the power used when performing the SERS measurement requiring the addition 

of scaling terms PSERS and PRS. Adding these terms to equation 2 yields the following 

formula for the AEF: 

 AEF =   (3) 

which can be calculated from experimental parameters alone. 

B.2.2 Theoretical Approach - SSEF 

To calculate our SERS substrate enhancement factor (SSEF) we have to link our 

experimental data to simulated parameters in order to characterize the unique substrate 

geometry of the nanobulbs. This is done through the following theoretical approach, 

which is an extension of the derivation found in Le Ru et. al. (2007).4 We start with the 

representation of the SERS enhancement factor for a single molecule (SMEF) in terms of 

the Raman cross section, 

 σSERS = SMEF × σRS.     (4) 

In this case SMEF is defined as the ratio between the intensity collected from a 

single molecule via SERS and the intensity collected from standard Raman spectroscopy, 

where the Raman intensity is averaged over all possible molecular orientations (as in a 

solution): SMEF . Expressing the single molecule SERS intensity in terms of a 

differential cross section gives the following: 

    (5) 

which can be rewritten using equation 4 as: 
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    (6) 

where So is the input laser intensity and δΩ is the collection solid angle. Here [SMEF] is 

taken to be the orientation averaged SMEF – in our case we make our first assumption 

that the monolayer of thiophenol is attached in a single orientation on the nanobulb 

surface with respect to the enhanced electric field, collapsing the averaging to a single 

case. Previous theoretical and experimental work indicates that while there is some 

debate over the specific orientation on the surface5–8 the covalent nature of the gold-thiol 

bond ensures that the orientation is regular over the surface. 

As the FDTD simulation shown in the main text and the one shown below in 

Figure B3, the SMEF is strongly dependent on the position of the molecule on the bulb 

surface; in general we can write SMEF = SMEF(r). From Le Ru et. al.(2007)4 we 

introduce the definition of the SSEF as: 

    (7) 

To link this relationship to a measurement, we define the contribution to an 

experimentally collected spectrum from a single point on the nanobulb surface to the 

SMEF as follows: 

     (8) 

Note that this is the orientation averaged SMEF, (brackets omitted for clarity), 

and this representation additionally takes into account the intensity variation of laser over 

the excitation spot as S(ρ). 
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Figure B3. FDTD simulated field profiles for a representative set of bulbs (400 nm period, 10 nm 

gap). (a) Excitation field profile at 633nm. (b) Emission field profile, simulated at 675 nm which 

corresponds to a 1000 cm−1 wavenumber shift. Insets show details of the field profile in the gap between the 

bulbs 

From equation 8 it is clear that in order to relate I(r) to our experimental results 

we have to obtain the spatial distribution of SMEF(r). We can estimate this distribution 

through the use of our FDTD simulation. The FDTD simulation was performed using the 

freely available MEEP software package.9 The Lorentz-Drude model was used to 

describe the permittivity of the Au structures10 tailored for accuracy in the 1.24-2.48eV 

(500-1000 nm) range. Parameters describing the substrate (e.g. bulb diameter, height, 

spacing, etc.) were obtained from SEM analysis of the specific substrate used to collect 
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the data presented below. The incident laser excitation was modeled as a linearly-

polarized plane wave at 633 nm. Simulations were also performed with excitation at 675 

nm and 724 nm to calculate the local field enhancement at 1000 cm−1 and 2000 cm−1 

wavenumber shifts, respectively. Further simulation was also done with a plain Au 

surface to double check the lack of field enhancement in the absence of nanostructures. 

We can use the field profiles calculated via FDTD simulation to directly find the 

SMEF – previous theoretical treatments11 have shown that the SMEF from a SERS 

substrate is a function of the local electric field enhancement at both the incident and 

emitted wavelengths: 

    (9) 

where the increased local field intensity stems from the nanostructured metal surface. 

Depending on the mode profile, for small wavenumber shifts, |E(r,λI)|
2 ∼ |E(r,λE)|2 and 

the traditional |E(r)|4 scaling of the SMEF is obtained. As mentioned earlier, however, we 

decided to explicitly calculate the field enhancement at 1000 and 2000 cm−1 

wavenumbers to ensure the SSEF remains high across several peaks specific to 

thiophenol. 

Several cross-sections of the simulated mode profile on the the nanobulb surface 

at 633 nm excitation and 675 nm emission is shown in Figure B3 (note the overlap in 

local field enhancement between 633 and 675 nm). It is clear that the SMEF is highly 

anisotropic on the bulb surface, a fact that must be taken into account when calculating 

both I(r) and the SSEF. To help relate these two quantities and simplify equation 8 we 

have the following relationship from Le Ru et. al. (2007),4 
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     (10) 

which gives the Raman signal intensity (IRS) of a bulk solution of the probe molecule at a 

concentration cRS collected with power PRS and a focal paraboloid of VRS. Applying the 

above relationship to equation 8 we obtain: 

   (11) 

This simplification is valid only because we collected both the bulk Raman and 

SERS spectra using the same lens, geometry, and focus conditions – ensuring that the 

collected solid angle δΩ was equal in both cases. Now we integrate I(r) from equation 11 

over the laser spot: 

  (12) 

where the term on the left is just the experimentally collected SERS signal ISERS. To aid in 

simplifying equation 12 we make the following assumptions: 1) The laser spot is larger 

than a single nanobulb, and therefore the total collected signal comes from more than one 

nanobulb. 2) The laser intensity within the spot is considered to be constant at an average 

intensity such that the total power is conserved (ie. a rectangular rather than gaussian 

beam profile). 3) The contribution from identical points on different bulbs is considered 

to be equal within the laser spot. A schematic of these assumptions is given in Figure B4. 

The first assumption is shown to be true based on our measurement of the beam diameter 

and nanobulb spacing. The diameter of the laser spot was calculated to be approximately 

2.8µm using the “knife-edge” measurement method4,12 and the representative nanobulb 
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substrate had a center to center nanobulb spacing of approximately 400nm with an 

average edge to edge gap of 10nm. Although the excitation and collection efficiency 

within the spot are not uniform (assumptions 2 and 3) the fact that the signal strength is 

roughly uniform when measured over an entire (L ≥ 35µm) square array of nanobulbs 

lets us treat each bulb as equal. Therefore, the combined effect of the decreasing 

collection/excitation efficiency near the edge of the laser spot can be thought of as simply 

scaling down the effective number of bulbs within the laser spot. In such a model the 

number of bulbs within the disk defined by the beam diameter would be the upper bound 

of the number of contributing bulbs. By choosing this number as the effective number of 

bulbs within the laser spot we will overestimate the contribution from each bulb and 

therefore underestimating the total enhancement factor. 
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Figure B4. Schematic of assumptions used for SSEF estimation. The Gaussian beam profile is 

approximated as a uniform beam with an intensity given by the laser power divided by beam area. Both the 

excitation and collection efficiency from individual bulbs found within this beam diameter is assumed to be 

100%. This assumption underestimates the SSEF as it overestimates the number of bulbs that contribute to 

the total signal. 

This makes assumptions 2 and 3 reasonable as this allows for the calculation to be 

considered a “conservative” estimate, or “lower bound” of the enhancement factor. Using 

the above two assumptions (ie. integrating the SMEF over one bulb and summing this 

result over the total number of bulbs in the laser spot) equation 12 can be simplified to: 

   (13) 

where So is the average laser intensity on a single nanobulb. Based on the measured 

uniformity of the enhancement factor (shown in the main text) the summation can be 

replaced with a multiplication by the Nbulbs in the laser spot. For a fixed areal density 
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(µSERS) of the thiophenol probe molecule on the bulb surface and expanding SMEF in 

terms of equation 9 the above equation simplifies to: 

  (14) 

We define the term SSEFMAX at r = ro to be: 

    (15) 

allowing us to write equation 14 as: 

 (16) 

The right-most term is an effective surface area (Aeff), based on the weighted 

contribution from the spatial and wavelength dependence of the electric field 

enhancement and is calculated directly from a point by point convolution of the field 

distributions obtained using the FDTD simulations. Rearranging the terms we can write: 

 . (17) 

where each term on the right hand side of the equality is an parameter set during the 

experiment, directly measured during the experiment, or computed via FDTD simulation. 

B.2.3 Calculated AEF and SSEF 

Calculated AEF and SSEF values for 16 specific peaks are given in Figure B5. 

Enhancement factors for each peak were calculated based on the maximum peak intensity 

as well as peak area for comparison. (Peak area was obtained by fitting Lorentzian curves 

to each peak in both the SERS and bulk Raman spectra.) Note that this necessitated that 

well-defined peaks, corresponding to identical vibrational modes, be found in both the 
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SERS and bulk spectra. The two peaks marked with asterisk had uncertain bulk Raman 

peak parameters. The average SSEF over all peaks, based on peak area was 1.3×1010 and 

based on peak intensity was 9×109. The average AEF based on both peak area and 

intensity was approximately 2×108. 

 

Figure B5. Calculated SSEF and AEF based on peak area and maximum intensity. Note that these 

values were calculated for peaks that were well defined in both the SERS and bulk Raman spectra. The 

average SSEF over all peaks, based on peak area was 1.3×1010 and based on peak intensity was 9×109. The 

average AEF based on both peak area and intensity was approximately 2×108. 
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B.3 Tracheal Cytotoxin Peak Assignment 

The tables in Figures B6 and B7 contain assignments of the peaks seen in the 

TCT spectra presented in the main text. Peaks of interest that stem from identical features 

but are shifted due to hydrogen bonding are highlighted with the same color to aid in 

comparing the wet and dry spectra. 

 

Figure B6. Peaks for 100nM dry TCT spectrum. Abbreviations: NAG: N-Acetyl Glucosamine, NAM: 

N-Acetyl Muramyl, ALYL: Alanyl, GLU: Glutamine, DAP: Diaminopimelic acid, ALN: Alanine, GLY: 

Glycoside link β(1–4). Vibrations: δ: Out of plane deformation, β: In plane bending, ν: Stretching +: In 

phase, -: Out of phase. 
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Figure B7. Peaks for 100nM wet TCT spectrum. Abbreviations: NAG: N-Acetyl Glucosamine, NAM: 

N-Acetyl Muramyl, ALYL: Alanyl, GLU: Glutamine, DAP: Diaminopimelic acid, ALN: Alanine, GLY: 

Glycoside link β(1–4). Vibrations: δ: Out of plane deformation, β: In plane bending, ν: Stretching +: In 

phase, -: Out of phase, BS: Blue-shifted, RS: Red-shifted. 
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Figure C1. Finite-Element Simulation of Strained Glass slide. The strain distribution (zz-component) of 

bent 50.8 mm x 19.05 mm x 0.20 mm glass slides is depicted. The strain at the apex (in y-direction) of the 

glass slides is 0.12 % (a), 0.074 % (b), and 0.032 % (c). Note that direction orthogonal to the glass slide is 

defined as the y-direction. 
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Figure C2. Two-dimensional finite-difference time-domain (FDTD) simulations of gaps between 

noble metal nanoislands. The electric field magnitude is plotted in 2D space for silver (a) and gold (b) 

nanoislands with a 5 nm gap under 633 nm excitation. Nanoislands are on a 3-Å thick monolayer of 

graphene supported by silica. Scale bars are 10 nm. The polarization and propagation of incident light is 

defined by the white arrows. The simulated nanoisland shape was approximated by SEM and TEM images. 

 

 

Figure C3. Scanning/Transmission Electron Micrographs of Gold Nanoislands. Electron micrographs 

of folded over gold nanoisland on graphene film are depicted in scanning (a) and transmission (b) modes. 

The samples are free standing on a TEM copper grid and only supported by the graphene monolayer. The 

inset in a) depicts the side profile of metal nanoislands (scale bar 20 nm). 
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Table C1. Strain Values along Length of Glass Slides. Strain values as a function of distance from the 

apex are depicted as obtained from finite-element simulations. Slides A, B, and C correspond to slides with 

a maximal strain of 0.12, 0.072, and 0.032 %, respectively. 

z-distance 

from apex 

(mm) 

Slide A 

zz-Strain 

(%) 

Slide B 

zz-Strain 

(%) 

Slide C 

zz-Strain 

(%) 

0.00 0.11790 0.07272 0.03150 

0.25 0.11740 0.07239 0.03131 

0.50 0.11640 0.07176 0.03103 

0.75 0.11540 0.07114 0.03076 

1.00 0.11460 0.07068 0.03057 

1.25 0.11410 0.07034 0.03042 

1.50 0.11330 0.06985 0.03021 

1.75 0.11230 0.06926 0.02995 

2.00 0.11140 0.06873 0.02972 

2.25 0.11060 0.06823 0.02951 

2.50 0.11020 0.06796 0.02390 

2.75 0.10980 0.06770 0.02928 

3.00 0.10920 0.06734 0.02912 

3.25 0.18500 0.06694 0.02895 

3.50 0.10790 0.06654 0.02878 

3.75 0.10680 0.06589 0.02885 

4.00 0.10580 0.06529 0.02240 

4.25 0.10480 0.06468 0.02797 

4.50 0.10360 0.06391 0.02764 

4.75 0.10230 0.06308 0.02728 

5.00 0.10090 0.06226 0.02692 
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Figure C4. 2D Raman mapping of strain gradients using a bent glass substrate bearing silver 

nanoislands on graphene. A bright-field image (a) of AgNIs on a bent glass substrate is shown. Scale bar 

is 500 μm. The yellow box near the center of the image is the selected area (2100 μm × 6 μm) that was 

mapped using a Raman microscope. The apex of the bent substrate is marked by the dotted white lines and 

has a strain of 0.032%. (b-d) Raman maps of the selected area under various polarizations (0°, 45°, and 90° 

respectively) of the electric field. Polarization is denoted by the white arrows and the legend shows the 

intensity of the Raman signal. Vertical artifacts in Raman maps are due to overlapping samples in 

horizontal rastering of collected signal. 
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Figure C5. Silver Nanoislands for Muscoskeletal Cell Strain Detection. Camera images showing 

transfer of PMMA/NIfunc/Gr samples onto glass from ammonia persulfate etching solution (a). Samples are 

transferred into a clean DI water container and transferred onto a PDMS slab graphene side up (b). Once on 

PDMS samples are remarkably flexible (c). A diagram showing the layers of the sample on the PDMS is 

depicted (d). A camera image of the final substrate with cells is shown in (e), note that there is a PDMS 

barrier added to contain liquid media to feed the cells and EGaIn contacts on the ends for electrical 

addressing. The inset in (e) depicts a myoblast cell image for illustrative purposes.  
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Figure C6. SERS spectra of myoblast cells on an inverted silver nanoisland substrate. The SERS 

spectra of benzenethiolate functionalized silver nanoislands under myoblast cells is depicted when a 

2HZ/5V square wave voltage pulse is on and off. Note that the signal decreases as the voltage is turned on, 

suggesting that nanoislands are being pulled apart. It should also be noted that the signal of benzenethiolate 

dominates the spectra and there is a minimum amount of cross talk from the other materials on the substrate 

(cells/PDMS/PMMA). Vibrational modes for benzenethiol are labeled using Wilson notation for benzene 

derivatives.1  
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Figure D1. Thermal sensitivity and morphology of palladium nanoisland films. Normalized resistance 

as a function of time for palladium nanoislands of 0.5 nm (a), 0.9 nm (c), and 3 nm (e) films. The samples 

were heated from 30 C to 65 C over the course of the resistance measurement. SEM micrographs of 0.5 nm 

(b), 0.9 nm (d), and 3 nm (f) films are shown for comparison of the morphologies. 
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Figure D2. Thermal sensitivity and morphology of gold nanoisland films. Normalized resistance as a 

function of time for palladium nanoislands of 4 nm (a), 8 nm (c), and 11 nm (e) films. The samples were 

heated from 30 C to 65 C over the course of the resistance measurement. SEM micrographs of 4 nm (b), 8 

nm (d), and 11 nm (f) films are shown for comparison of the morphologies. 
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Figure D3. Effect of rapid thermal annealing on an 11 nm gold nanoisland sample. Normalized 

resistance as a function of time for an 11 nm gold nanoisland sample (a) and an SEM micrograph of the 

morphology. After rapid thermal annealing the normalized resistance as a function of time is shown (c) and 

the new morphology (d). 
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Figure D4. Effect of rapid thermal annealing on the thermal coefficient of resistance (TCR). The TCR 

of 11 nm gold nanoisland films is plotted before (a) and after (b) rapid thermal annealing. 
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D.1 Image Analysis. 

SEM images were analyzed using a custom python code. This code is available 

freely at (https://github.com/seroot/SEM_Image_Analysis). An overview of the analysis 

is given in Figure D5. First, an SEM image in the .tif format is imported and an SEM_IM 

object is instantiated. Next, the bottom of the image is cropped out, and a threshold is 

defined using Otsu’s method, as implemented in the Mahotas python image analysis 

package. Finally, distinct islands are labeled separately and various properties are 

computed including (1) coverage and (2) pixelated area of distinct islands. The quality of 

the image analysis is inherently limited by the resolution of the SEM image. While the 

algorithm works nicely for gold nanoislands, it has problems with the palladium 

nanoislands because of limitations on SEM resolution and contrast between the two 

materials. 
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Figure D5. Image analysis of scanning electron micrographs. The flow for processing micrograph 

images is shown, a threshold for contrast is defined which allows nanoislands to be discerned from the 

underlying graphene. Average surface areas for nanoislands can then be determined. 

D.2 Composite Model 

A model was developed to describe the effect of surface coverage and nominal 

deposition thickness on the TCR of the composite material. Thin films of gold have been 

demonstrated to exhibit a TCR that depends on thickness. Adomov et al.2 have proposed 

the following relation to describe this behavior:  

𝛼𝐴𝑢 = 𝛼𝑜 (1 +
3𝑙

8𝑑
)

−1

 

Here 𝛼𝐴𝑢 is the TCR of the gold thin film, 𝛼𝑜 is the bulk TCR of gold (3400 

PPM), 𝑑 is the thickness and 𝑙 is the electron mean free path of gold (400 Å). This 

equation shows that the TCR of gold decreases with thickness following the trend shown 

in Figure D6a. The average thickness of the gold islands can be approximated as  

𝑑 =  
𝑑∗

𝜃
 

where 𝑑∗ is the nominal thickness that is measured using a quartz crystal microbalance 

and 𝜃 is the surface coverage computed from the image analysis. 
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Figure D6. Theoretical Models on the TCR. Adomov’s model on the relation between TCR and film 

thickness is shown (a). Coverage as a function of true film thickness (b). The coverage is plotted as a 

function of nominal thickness, as measured by QCM.  

As shown in Figure D6b, the actual thickness of the islands does not increase 

strongly with nominal deposition because most of the added material goes towards 

increasing the surface coverage, until the surface is completely covered, at which point 

the nominal thickness and the actual thickness should be approximately equal. 

Furthermore, as shown in Figure D6c, we observed that in the surface coverage was 

linearly related to the nominal deposition thickness in the island regime (𝜃 < 1).  

 Assuming surface coverage as the relevant fractional variable (as opposed 

to mass or volume fraction), we incorporated these relations into a composite theory 

based on the following expression: 

𝛼𝑐 = 𝜃𝛼𝐴𝑢 + (1 − 𝜃)𝛼𝐺𝑟 

where 𝛼𝐺𝑟 is the TCR of graphene, which we measured to be approximately -3000 PPM. 

After some algebra, the following expression can be obtained: 

𝛼𝑐 = 𝛼𝑔𝑟 − 𝜃 (
𝛼𝑜

1 +
3𝑙𝜃
8𝑑∗

− 𝛼𝑔𝑟) 
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Figure D7. Schematic drawing of a near-zero TCR wearable sensor. A schematic is shown showing the 

order of thin film layers on a wearable sensor and their thicknesses. 
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