
Photothermal Microscopy of Coupled Nanostructures and the 
Impact of Nanoscale Heating in Surface Enhanced Raman 
Spectroscopy

Zhi-Cong Zeng, Hao Wang, Paul Johns, Gregory V. Hartland, and Zachary D. Schultz*

Department of Chemistry and Biochemistry, University of Notre Dame, South Bend, IN, 46637, 
United states

Abstract

The optical properties of plasmonic nanoparticles are strongly dependent on interactions with 

other nanoparticles, which complicates analysis for systems larger than a few particles. In this 

work we examined heat dissipation in aggregated nanoparticles, and its influence on surface 

enhanced Raman scattering (SERS), through correlated photothermal heterodyne imaging, 

electron microscopy and SERS measurements. For dimers the per particle absorption cross-

sections show evidence of interparticle coupling, however, the effects are much smaller than those 

for the field enhancements that are important for SERS. For larger aggregates the total absorption 

was observed to be simply proportional to aggregate volume. This observation allows us to model 

light absorption and heating in the aggregates by assuming that the particles act as independent 

heat sources. The heat dissipation calculations show that very high temperatures can be created at 

the nanoparticle surface, and that the temperature decreases with increasing thermal conductivity 

of the surroundings. This is in agreement with the SERS measurements that show faster signal 

degradation for air compared to water environments.
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INTRODUCTION

Gold nanoparticles (NPs) exhibit unique properties associated with localized surface 

plasmon resonances (SPRs), resulting in both enhanced light scattering and absorption.1 The 

SPR essentially acts to concentrate the light flux into small volumes near the surface of the 

nanoparticle, inducing an intense electric field around the particle. These localized regions 

of high electric field (hot spots) have been associated with surface enhanced Raman 

scattering (SERS).2–4 The surface plasmon decays by radiating its energy through light 

scattering, or nonradiatively creating a transient population of nonequilibrium (hot) charge 

carriers.5–6 In a chemically inert environment, the hot carriers transfer their energy to the 

metal lattice, converting the absorbed light into heat.5, 7–8 These plasmonic properties of 

gold NPs have been used for various applications, such as: SERS,9–13 TERS,14–15 solar 

energy conversion,16–18 photocatalysis,19–20 and photothermal therapy.21–23

In the field of plasmonics, local heating is an important consideration for many applications. 

The enhanced light absorption of NPs provides a way to control thermal-induced phenomena 

at the nanoscale.24–26 In many instances local heating is beneficial, such as for heat-assisted 

catalysis,20, 27–28 nanofabrication,29 optical injection of NPs into cells30 and photothermal 

therapy.21–23 For other applications, local heating may cause unwanted physical or chemical 

changes. This heating can be extremely destructive for both the application/experiment and 

for the NPs themselves. Heat generated by the NPs can vaporize the surrounding medium31 

or affect molecules, like proteins, that are in close proximity.32 Depending on the excitation 

power of the heating beam, NPs can even be reshaped or melted,33–35 thus strongly altering 

their properties.

The temperature increase resulting from excitation of the SPR is believed to be a limiting 

factor for SERS based chemical sensing, particularly in temperature sensitive samples like 

biological systems.36 The heating effect may destroy the “hot spot”, or induce molecular 

desorption or pyrolysis, reducing the SERS signal and causing the signal to be unstable. 

Limiting the excitation laser power density can minimize these effects, but the actual 

temperatures created during SERS measurements are not well known. Various 

methodologies have been developed to measure temperatures at the nanoscale, including 

scanning thermal microscopy,37 fluorescent thermometry,38 Raman thermometry,39–40 and 

optical scattering spectral thermometry.41–42 In this work photothermal heterodyne imaging 

(PHI) is combined with SERS and scanning electron microscopy (SEM) to study local 
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heating in SERS measurements with NP aggregates. The goal of the study is to determine 

the temperature at the surface of the nanoparticles under typical experimental conditions. 

PHI was chosen for these measurements as it can be easily incorporated into our SERS 

microscope, and does not require additional molecular species for a temperature read-out.

In PHI, absorption is detected by monitoring the heat deposited into the sample by a 

modulated pump laser using a non-resonant probe beam.43–44 PHI is extremely sensitive, 

and a single molecule at room temperature can be detected.45 PHI can also be used to obtain 

absorption spectra,46–47 and the absorption cross-section of nano-objects can be determined 

by comparing the PHI signal to a reference (in our experiments isolated Au NPs).43, 48–49 

We use PHI to measure the absorption cross-sections of NP aggregates, which are then used 

in a Finite Element (FE) simulation to determine the heat flux in the aggregates. This allows 

us to estimate the temperature in the system. These temperature estimates are then correlated 

to SERS measurements that interrogate laser heating induced sample degradation.

EXPERIMENTAL AND SIMULATION METHODS

Figure 1(A) shows a diagram of the experimental PHI/SERS system. The piezo scanner and 

software control are taken from a Nanonics MV 4000 atomic force microscope. The 

different wavelength combinations available for the PHI experiments are 532 nm pump 

+ 633 nm probe, or 532/633 nm pump + 785 nm probe. The 633 nm laser was also used for 

Raman detection. The long-pass dichroic mirror (4, Thorlabs, DMLP567) was used to 

combine the 532 nm laser (Innovation photonic solution, I0532SL0100MF) with the 633 nm 

laser (HeNe, Melles Griot, 25-LHP-925). The 785 nm laser (Innovation photonic solution, 

I0785SH0090B-IS-TH-L) was reflected by a short-pass filter (2, Semrock, SP01-785RU-25) 

and then transmitted through the 633 nm long pass edge filter (5, LPD02-633RU-25) to the 

microscope. A beam splitter (6, Chroma, 21011) enabled the collection of a white light 

image. We used a λ/2 waveplate to control the polarization of pump beam, and used λ/4 

waveplate to circularly polarize the probe beam. A mechanical chopper (3, Thorlabs, 

MC2000) was used for intensity modulation of the pump beam at 10 kHz. The probe beam 

was adjusted carefully and overlapped with the pump beam, and both beams were directed 

onto the sample through a dark field objective (Olympus, 50X, NA=0.5, LMPLFLN50xBD). 

The transmitted probe beam was collected by a second objective (Olympus, 10x, NA=0.25) 

and sent to a Si photodiode (Thorlabs, PDA100A). A band pass filter was used to block the 

pump beam. The change in the probe intensity at the detector induced by the pump laser was 

detected by a lock-in amplifier (Stanford Research Systems, SR-530). The Raman signal 

was focused onto the 100 μm entrance slit of an imaging spectrograph (Horiba Jobin Yvon, 

iHR320), dispersed by a 600 g/mm grating and detected with a CCD camera (Horiba, 

Synapse). The PHI and SERS images were collected concurrently. However, the PHI images 

are 100×100 pixels while the SERS image is sampled at 32×32 pixels during the same image 

acquisition. This is due to the scanning method in the piezo software (Nanonics Imaging, 

LTD), which acquires the PHI signal from each line and then repeats the line for the SERS 

signal, ensuring a high resolution PHI image.

Gold nanoparticles (80 nm citrate NanoXact™ gold) were purchased from nanoComposix 

(San Diego, CA). The Au sol was centrifuged twice before the optical measurements to 
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remove excess reactants and surfactant. A small drop of the sol was placed on a clean 

substrate, such as a cover glass or ITO coated cover slips (SPI Supplies Brand, 70–100 

ohms), and the dried substrate was immersed in 1 mM 4-Cyanothiophenol ethanol 

(spectrographic grade) solution overnight. The substrate was then rinsed with ethanol to 

remove the weak physically adsorbed molecules. The ITO coated cover slips were 

ultrasonically cleaned in acetone for 10 min and treated with an argon plasma for 5 min 

before use. Ultrapure water with a resistivity of 18.2 MW cm from a Barnstead Nano-pure 

filtration system was used for all experiments. The ITO substrates were marked by an index 

grid to allow SEM images to be recorded of the aggregates examined in the optical 

experiments. The SEM images were recorded with a FEI Magellan 400 Scanning Electron 

Microscope.

Finite Element (FE) simulations of the optical response and heat dissipation in the 

aggregates were performed using COMSOL Multiphysics. For calculations of the 

temperature rise, we consider that each particle acts as an independent heat source 

(justification for this approximation is presented below). The temperature increase depends 

on the amount of energy absorbed and dissipated. The absorbed power is given by P = σabs * 

I, where I is the irradiance of the incoming light and σabs is the absorption cross-section of 

the nano-object. The dissipated power creates a temperature profile, ΔT(r, t), around the 

nano absorber, which depends on the thermal conductivity, k, and heat capacity per unit 

volume, Cp, of the medium. This information is put into the COMSOL model and it is 

straightforward to calculate the final steady-state temperature.

The absorption cross sections were calculated in COMSOL by performing an 

Electromagnetic Waves, Frequency Domain simulation. Specifically, the absorption cross 

section was evaluated as

where Q is the power dissipation, Pin is the input power, and the integral is performed over 

the volume of the particle. See the Supporting Information for more details. For the dimers 

calculations were performed with the background field polarized parallel or perpendicular to 

the inter-particle axis of the dimer.

RESULTS AND DISCUSSION

A representative true color dark field image of 80 nm diameter gold NPs on an ITO 

substrate, immersed in glycerol solution is shown in Figure 1B. The high contrast, bright 

yellow spots in the image indicate large aggregates of NPs. Figure 1C shows that these spots 

also exhibit the strongest PHI signal. This is expected as the PHI signal is proportional to the 

total absorption cross-section,43–45 which increases with the number of NPs in the 

aggregate. However, the image in Figure 1D shows that the SERS signal does not 

necessarily increase with the aggregate size. The arrows in Figure 1D indicate aggregates 

with small PHI signals that still produce strong Raman signals. This difference is due to the 
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fact that the SERS signal arises from the enhanced electric fields (hot spots) created in the 

junctions between particles and, thus, is very sensitive to the exact spacing and arrangement 

of the particles in the aggregates.50–54

Figure 2 shows plots of the electric field and power dissipation density (which is essentially 

the absorption) for a single nanoparticle and a dimer at 633 nm and 532 nm. For the dimer 

the electric field is strongly enhanced in the gap when the light is polarized along the dimer 

axis. (Note that a factor of ~8 enhancement in the electric field would cause a |E|4 ≈ 4000 

enhancement in the SERS signal). The power dissipation density also shows some 

localization in the gap region for the dimer. However, because the absorption is the integral 

of the power dissipation density over the volume, the absorption cross-sections for the 

aggregates are not as sensitive to the arrangement of the particles as the SERS signal. This is 

illustrated in more detail in Figure 3 below.

To address how the absorption cross-section depends on geometry of the aggregates, we 

carried out correlated SEM and PHI measurements, examples of which are shown in Figures 

3 and 4. The dark field image and PHI measurements were correlated to the SEM image 

using an ITO substrate with an index grid. The PHI measurements in Figures 3 and 4 were 

performed with ethanol for the medium. Ethanol was chosen because its refractive index 

(1.36) is closer to water (1.33) than glycerol (1.47). This makes the absorption cross-section 

of NPs in ethanol similar to that in water (an important solvent for biological science 

applications). Ethanol also has high variation of refractive index with temperature (∂n/∂T). 

Because of this the figure-of-merit for photothermal measurements is 2 times better for 

ethanol than glycerol, and 10 times better than water.44 This improves the sensitivity of the 

PHI measurement and allows the use of a low power heating beam. Third, ethanol’s thermal 

conductivity (0.171 W/m/K) and boiling point (78 °C) are much lower than water (0.56 

W/m/K, 100 °C), which means that under the same conditions, the temperature will increase 

more in ethanol than in water. This makes it possible to observe bubble formation in the 

experiment with ethanol (vida infra).

The first step in our analysis is to confirm that PHI measurements give reliable information 

about absorption cross-sections. Figure 3(A) shows an SEM image of a nanoparticle dimer 

with a gap distance of < 5 nm. Polarization dependent photothermal measurements at 532 

nm and 633 nm are presented in Figure 3(B), and Figure 3(B) also shows absorption cross-

sections calculated using FE simulations performed in COMSOL Multiphysics. In these 

calculations the size of the particles was determined from the SEM images, and an effective 

medium approximation was used for the dielectric constant of the environment (i.e., the 

environment was treated as an average of the refractive indexes of ITO and ethanol). Figures 

3(C) – (D) shows analogous images and PHI and calculated absorption cross-section for an 

isolated particle. For the dimer both the experimental PHI signal and the absorption cross-

section calculations show a strong polarization dependence. For 633 nm the absorption is 

maximized when the laser polarization is parallel to the interparticle axis, whereas, for 532 

nm the absorption is maximized when the polarization is perpendicular to the axis. The 

relative magnitude of the experimental 532 nm and 633 nm PHI signals are in good 

agreement with the FE simulations for the two systems shown in Figure 3. Thus, the PHI 

measurements give reliable information about the relative absorption cross-sections at a 
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given wavelength. The data in Figure 3 also shows that bringing two particles together to 

form a dimer only causes modest changes in the absorption cross-sections: the cross-section 

for the dimer is close to (but not exactly) twice the cross-section for the monomer. On the 

other hand, the calculated electric field in the gap between the particles shows large changes 

with polarization, see Figure 2, consistent with previous studies.51, 54

In the following, we concentrate on 532 nm pump experiments with a depolarized pump 

laser beam. Control experiments on nanoparticle aggregates with different gap spacing show 

that the effective absorption cross-section is just the average of the parallel and 

perpendicular absorption cross-sections.48 Figure 4 shows SEM images and PHI 

experiments for different sized aggregates. In Figure 4A a plot of the PHI signal from 

different aggregates versus total volume determined from the SEM images is presented. 

Some typical SEM images are shown in Figure 4B–J. In this analysis the particles were 

assumed to be spherical, the diameter of each particle in the aggregate was measured in the 

SEM image, and the volume was calculated as the sum of the volume of each nanoparticle in 

the aggregate. The line is the expected PHI signal in the absence of coupling effects, with 

the slope determined by scaling the PHI signal for a single 80 nm Au nanoparticle. The data 

indicates that the absorption cross-section is related to the total number of absorbers; 

however, plotting the volume better accounts for the heterogeneity in the particle size. 

Deviations from this line may occur for the following reasons: first, not all the particles are 

spherical, resulting in errors in the volume calculations. Second, local environment 

differences, like defects in the ITO substrate that change the effective dielectric environment, 

can cause variations in the absorption cross-sections and therefore the PHI response. 

Differences in the coupling between particles can also affect the absorption cross-sections of 

the aggregates. Indeed, the variation in the signal observed in Figure 4 is consistent with the 

data in Figure 3. At large sizes, the excellent correlation between the PHI signal and the total 

volume shows that coupling effects between particles are washed out when a large number 

of particles are present.

The data in Figure 4 shows that the absorption in Au NP aggregates essentially depends on 

the total volume of gold. This is in marked contrast to the SERS intensity which is 

controlled by a few hot spots within the aggregates (see Figure 1), and does not necessarily 

follow the total number of particles. This is one of the main results of this project.

We now turn to heating effects. The absence of coupling effects in the absorption cross-

sections for the aggregates means that the NPs can be modeled as independent heat sources. 

Figure 5 is the COMSOL calculation of the temperature increase for multi-particle 

aggregates at 532 nm (see supporting information for more details). Figure 5 shows the 

maximum temperature increase ΔTmax, which occurs at the nanoparticle surface. The 

simulations show several effects. First, laser heating creates very high temperatures at the 

particle surface. The temperature decays on a length scale proportional to the nanoparticle 

size, and is dependent on the thermal conductivity of the medium (see supporting 

information). The temperature increase is sub-linear with the number of particles. This is 

also an effect from thermal diffusion: for large aggregates, particles far away from each 

other do not influence each other’s surface temperature. The calculations also highlight the 
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effect of using a high thermal conductivity substrate (e.g. ITO) and medium (water) to 

efficiently reduce the final ΔT.

Ethanol’s thermal conductivity (0.171 W/m/K) and boiling point (78 °C) are much lower 

than water (0.56 W/m/K, 100 °C), and demonstrate a much larger change in temperature. 

Interestingly, the lower heat dissipation in ethanol results in easily observable bubble 

formation for aggregates on an ITO substrate, as shown in Figure 6. Figure 6(A) shows a 

dark field image of aggregates, and the insert shows a SEM image of one of the aggregates 

that was subsequently irradiated by the 532 nm pump laser. The aggregate consists of 9 NPs, 

and the simulations predict a maximum temperature of 390 °C (assuming 80 nm diameter 

particles) under our experimental conditions, which is enough to create bubbles. These 

bubbles are primarily air molecules, not ethanol vapor. Previous experiments have shown 

that bubble formation during plasmonic heating is initially due to vaporizing the solvent. 

However, once the bubble has formed growth is caused by dissolved gas diffusing to the 

bubble.31 We find such bubbles have difficulty re-dissolving in ethanol, even after the pump 

beam has been turned off, consistent with previous reports.22

To examine the effect of laser heating on the SERS signal, we use the depolarized 532 nm 

pump beam for heating. As shown in Figure 4, the absorption at 532 nm simply scales as the 

total volume of gold, allowing us to easily estimate the temperature created by the pump 

laser in the aggregates. Figure 7 shows the SERS signal obtained from nanoparticle 

aggregates after exposure to increasing 532 nm laser powers. 4-Cyanothiophenol was used 

for the Raman probe molecule. The NPs are dispersed on an ITO substrate. A 633 nm laser 

beam with 80 3W power was used for SERS detection. The aggregates were exposed to the 

532 nm laser for 5 s, at powers of 1 mW, 2 mW and 4 mW.

The SERS signal in water is observed to be quite stable under 1 mW heating beam. The 

signal is reduced by half under 2 mW of 532 illumination, and nearly disappears with 4 mW 

of illumination. If we assume there are 2 to 6 NPs in the spot (which is typical of the 

aggregates studied in our measurements), the final maximum temperature will be 80 – 

110 °C for 1 mW, 130 – 200 °C for 2 mW, and 230 – 370 °C for 4 mW. The loss of SERS 

signal can be explained by either molecular desorption or NPs sintering: Halas et al55 

reported nearly total thermal release of ssDNA (Au-S bond fracture) at about 80 °C, and NPs 

sintering phenomenon was observed at 290 °C by Plech et al.56 These temperature ranges 

agree with our SERS signal loss experiment. Interestingly, the SERS signal in air decreases 

quickly even under 1 mW 532 illumination. The temperature increase at the particle surface 

in air is expected to be much higher than that in water, because the thermal conductivity of 

air (0.024 W/m/K) is much less than water (0.56 W/m/K), see Figure 5.

Note that the magnitude of the SERS signal decrease is dependent on the confocal 

performance of the Raman optical system (the spot size of the beam at the sample) and 

density of NPs in the sample. Tests of a region with large aggregated particles are quite 

different to the results presented in Figure 7 (see Supporting Information). This is because 

the temperature rise at the sample does not scale linearly with the number of particles, see 

Figure 5, and some of the SERS signal is collected from outside the heated area.
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CONCLUSIONS

PHI has been used to examine optical absorption in nanoparticle aggregates. For simple 

dimers, the measured relative absorption cross-sections are in good agreement with the 

values obtained from the electromagnetic simulations. Unlike the huge electric field 

enhancements in coupled systems observed for SERS, the per particle absorption cross 

sections show moderate changes when nanoparticles are brought together. For aggregates 

with a large number of particles, and with depolarized excitation, the total absorption cross-

sections are simply proportional to the total volume of the aggregate. This allows us to 

simulate laser heating in the aggregates by modeling the particles as independent absorbers. 

The simulations show that very high temperatures can be created. The temperatures are 

dependent on the environment, with the lowest temperature increases occur for particles in 

water on an ITO substrate. This is consistent with laser heating/SERS measurements, where 

it was observed that the loss in the SERS intensity is smallest for NPs in water. The 

calculated temperature ranges show that the loss in SERS intensity could arise from 

molecular desorption or NP sintering. To maintain stable SERS activity in aggregated 

nanoparticle structures, it is clear that heating effects must be minimized. The experiments 

and analysis in this paper show that using a high thermal conductivity medium and substrate 

is important. In particular, the NPS should have a strong thermal contact with the substrate.
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Figure 1. 
Principle of PHI + SERS microscopy. (A) Instrument setup. The illustration shows 

photothermal microscopy in transmission geometry employing lock-in detection and 

equipped with a reflection mode dark field objective. The sample is translated with a piezo 

stage (MV4000, Nanonics Imaging LTD). 1, 633 nm long pass edge filter. 2, 785 nm short 

pass edge filter. 3, chopper. 4–5, dichroic laser beam combiner. 6, beam splitter. 7, band pass 

filter. PD, photodiode. (B) True color dark field image is shown for 80 nm gold dispersion 

on ITO substrate immersed in glycerol solution using a dark field objective with NA = 0.5. 

(C) The measured photothermal signal is plotted for the highlighted region in (B). The 

experimental parameters used are: heating beam intensity at 532 nm = 0.3 mW; probe beam 

intensity at 633 nm = 0.6 mW, time constant of lock-in is 30 ms, chopper modulation 

frequency = 10 KHz. (D) The SERS signal measured over the same region is shown. The 

experimental parameters for the SERS measurement are: Raman collection time = 1 s per 

pixel, 32×32 pixels. The SERS intensity is derived from the 2216 cm−1 Raman band of 4-

Cyanothiophenol molecules adsorbed onto the aggregates.
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Figure 2. 
COMSOL calculations of the normalized electric fields and the power dissipation density for 

the dimer and monomer at 633 (top) and 532 nm (bottom) are shown. The polarization of the 

pump beam is indicated by arrows at the top of each column. The gap size for the dimer was 

5 nm.
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Figure 3. 
The polarization dependence of the photothermal signal is shown. Here we used two 

configuration for photothermal detection: 532 nm pump + 785 nm probe and 633 nm pump 

+ 785 nm probe. SEM images of the particles are shown in panels A and C. The 

experimental photothermal signal (B & D, points) shows the polarization dependence at 

each pump wavelength and that predicted by the COMSOL simulations (B & D, solid line). 

A–B shows a dimer with < 5 nm gap distance, while C–D is a single particle. Experimental 

parameters: ITO substrate, beam intensity = 0.9 mW for both 532 nm and 633 nm beam, and 

the lock-in time constant is 1 s.
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Figure 4. 
(A) The photothermal signal measured from aggregates comprised of different numbers of 

nanoparticles is shown. The number of particles changes from 1 to 16. (B–J) Typical SEM 

images are shown for the nanoparticles in (A). The scale bar in all images is 80 nm. The 

corresponding value of the photothermal signal for each aggregate is reported in the upper 

right corner of each SEM image.
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Figure 5. 
FE simulation of the local temperature increase (ΔTmax) with number of NPs is shown for 

particles in (i) ethanol, (i) water, (ii) ethanol with an ITO substrate, (iv) water with an ITO 

substrate. The gap between particles is 1 nm, the particle-substrate separation is 0.3 nm, and 

the nanoparticle diameter is 80 nm. The calculation uses the following parameters: 

wavelength = 532 nm, power density = 1 mW/3m2, and initial ambient temperature = 300 K.
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Figure 6. 
(A) True color dark field images are shown before heating. The left-bottom inset SEM 

image corresponds to the NPs which are inside the red circle. (B) Bubbles are observed 

leaving the NPs in the Dark field image after 5s heating. 532 nm heating beam power is 1.8 

mW, the NPs used are highlighted in (A). NPs are dispersed on an ITO substrate which was 

covered with ethanol.
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Figure 7. 
SERS signal of 4-Cyanothiophenol molecules adsorbed on 80 nm gold nanoparticles is 

shown (A) in air and (B) in water. Substrate: ITO, 80 μW 633 nm laser for SERS detection, 

collection time: 1s, 1–4 mW 532 nm laser used for heating beam. The SERS signal was 

obtained from a small isolated aggregate.
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