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currently used in Intel Optane Memory.[6] 
GST is attractive for these applications 
because it can be reliably switched between 
amorphous and crystalline states mil-
lions of times, scaled to only 1.4 nm, and 
still retains phase transitions.[7] Further-
more, it is compatible with complemen-
tary metal-oxide-semiconductor (CMOS) 
technology.[8–11] To crystallize GST (Set 
operation), a material must be heated 
to above its crystallization temperature 
(TC = 483 K) but below its melting temper-
ature (TM = 873 K).[12–14] On the contrary, to 
reamorphize GST (Reset operation) from 
the crystalline state, an optical or electrical 
heating pulse of short duration and high 
power is required.[15–17] This high-power 
requirement is a factor limiting a phase 
change material (PCM) application in tun-
able and reprogrammable photonics.

To overcome the limitations of GST, 
extensive investigations have been con-

ducted to develop devices employing advanced nanostructures, 
low-conductivity encapsulating materials, and new chalcogenide 
alloys. For example, adding a metallic mirror reflects light back 
into the GST film, thereby reducing the crystallization power 
to 3.36 mW.[18] Recently, perfect metamaterial absorbers have 
been introduced to enable an ultrafast crystallization of GST 
films under a low light intensity.[19–21] All the schemes discussed 
above inevitably increase the design complexity of the devices, 
which consequently render fabrication more challenging and 
expensive. This motivates us to investigate low-cost and straight-
forward approaches to reduce the switching power of GST.

The coupling localized surface-plasmon resonances (LSPRs) 
in metallic nanoparticles (NPs) to layers has recently attracted 
considerable interest.[22,23] An electric field can resonate 
strongly in the gap between the NPs and the film. The concom-
itant electromagnetic (EM) field enhancement of such an LSPR 
can be considerably larger than that of an individual NP reso-
nator. We claim that these coupled LSPR resonances may fulfill 
the increasing need for chip-scale tunable photonic devices 
with low energy consumption.[24–26]

Metallic NPs deposited on a film can enhance LSPR-based 
imaging[27] and sensing,[28] as well as benefit plasmon-mediated 
sensing applications, such as the surface-enhanced Raman scat-
tering (SERS) of molecules[29–34] and detection of local chemical 
reactions.[35] Notably, metallic NPs can transport a therapeutic 
dose of heat under low exposures of extracorporeally applied 
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1. Introduction

Chalcogenide phase-change random access thin films are of 
technological importance because they can rapidly and revers-
ibly switch between amorphous and crystalline phases upon 
heating.[1–3] Chalcogenide alloys are materials that are formed 
from sulfur, selenium, and tellurium. They can be produced 
in phase-change random access memory (PRAM) devices. 
For example, Ge2Sb2Te5 (GST)-based PRAM has been used in 
commercial mobile electronics,[4,5] and related materials are 
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light in the near-infrared (NIR) spectrum. This may be applicable 
to photothermal therapy-based cancer treatment.[36–38] There-
fore, a question arises: can a similar mechanism increase the 
photothermal heating efficiency of PCMs? Coupling plasmon 
resonances to a film increases the reproducibility of the optical 
response, increases the structural stability of NPs, and provides 
a cost-effective and easy fabrication method.[39,40] These features 
render the coupling thin films to NPs a promising method for 
low-power LSPR-enhanced switching in GST films.

In this study, the strong LSPR of Au NPs was used to enhance 
the photoheating of 35 nm thick GST films. Crystallized GST 
can be achieved with a low light power of 2 mW focused into 
a spot diameter of 1 μm. By this approach, a power reduction 
of at least 85% was achieved on the Au-NP-deposited GST film 
when compared with a monolithic bare GST film of equal size. 
Furthermore, we discovered that the Raman signal from GST 
was enhanced by a factor of 12 in comparison with a planar 
GST film. This amplification was caused by the enhanced elec-
trical (E-) field in the gap between the GST film and the Au 
NPs, which is typically known as gap plasmons.[41–44] Therefore, 
the proposed structure may act as a tunable SERS substrate for 
detecting trace amounts of analytes.

2. Results and Discussions

A 35 nm thick GST film was deposited onto a silicon substrate 
by sputtering. To generate a structure that supports LSPR, a 

cluster of Au NPs was deposited from a colloidal solution onto 
the GST film, as detailed in Methods. This resulted in a well-
defined LSPR signature in the visible spectral region. Figure 1a 
shows a schematic of the experimental setup for measuring 
the scattering spectra using dark-field microscopy. Figure 1b 
shows an electron-beam lithography (ELS-7500EX) image of the 
Au NPs sparsely distributed on the GST film. As shown in the 
SEM image, the Au NPs deposited onto the GST film have a 
similar radius of 25 ± 1 nm.

To achieve a dark-field image and a normalized scattering 
spectrum (Iscat) from individual Au NPs, we obliquely illumi-
nated the structure with white light from a halogen bulb under 
the dark-field configuration. Figure 1c shows the dark-field 
microscope image of the Au NPs dispersed on the as-deposited 
amorphous GST film. The Au NPs on the GST layer appeared to 
be ring-shaped and scattered cyan light. It is noteworthy that 
all the Au NPs exhibited a comparable scattering intensity and 
color, indicating that they support similar plasmon modes. We 
measured the spectra from the NPs indicated by the dashed 
white square in Figure 1c. The corresponding normalized 
spectrum, Iscat of the individual Au NPs is presented by the 
solid black line in Figure 1d. The measured Iscat has a broad 
spectrum with a central peak at approximately λ = 587 nm. To 
determine the LSPR modes responsible for the features in the 
measured Iscat spectrum, numerical simulation was performed 
using the finite-difference time-domain (FDTD) method to 
solve Maxwell’s equation. This simulated spectra qualitatively 
reproduced the measured scattering spectra and peaks at  
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Figure 1. a) Optical setup for the scattering spectrum and dark-field measurement of individual Au NPs deposited on a GST thin film. b) Electron-
beam lithography (EBL) image of the Au NPs. c) Dark-field microscopy image of 25 nm radius Au NPs on the GST film. d) Measured and calculated 
normalized Iscat spectra of the Au NPs coupled to the GST film. The solid black line shows the measured Iscat spectrum, and the dashed red line shows 
the simulated spectrum. The inset shows the simulated total E-field distribution at λ = 563 nm, where the structure was illuminated by white light with 
an incident angle of 70°, corresponding to the illumination angle of the dark-field experiment.
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λ = 563 nm. In the simulation, the GST film thickness and Au 
NP diameter were measured from the SEM image shown in 
Figure 1b and defined as 35 and 50 nm, respectively. The dielec-
tric constant of Au provided by Johnson & Christy was used.[43] 
The permittivities of GST in the different structural states were 
extracted from the experimental data shown in Figure 2a. It is 
noteworthy that the roughness of the GST surface prevented 
a full contact between the Au NPs and GST film; therefore, a 
small separation between the particles and film was included 
in the model. The separation was adjusted to reduce the differ-
ence between the experimentally measured scattering spectra. 
A good agreement between the experiment and simulation was 
obtained for a gap of 3 nm. The resonant peak was attributed to 
the dipolar and quadrupolar hybridized mode, which is owing 
to the interference in the high refractive index GST film.[44,45] 
The inset of Figure 1d shows the total E- field intensity distri-
bution ( 2 2 2E E E Ex y z= + + ) relative to the incoming total E-field 
at λ = 563 nm. As shown, the E-field is significantly enhanced 
near the air gap. The peak Iscat at λ = 563 nm corresponds to 
a strongly confined LSPR mode. At this wavelength, the peak 
E-field amplitude exceeded the incident E-field amplitude by 
a factor of 28. This was because the resonant peak originates 
from the interface mode, where the E-field was localized at 
the interface between the Au NP and GST film.[23] Details of 
the numerical, fabrication, and measurement procedures are 
shown in Methods.

Figure 2a shows the measured complex dielectric permittivity 
spectrum of the GST film for both the amorphous (denoted as 
AM, red line) and crystalline (denoted as CR, blue line) states. 

The complex refractive index of GST (n = nreal + i × nimg) was 
measured using an infrared variable angle spectroscopic ellip-
someter. The measurement was performed on a 35 nm thick 
GST film on a Si substrate. A Tauc–Lorentz model was selected 
for the fitting. The real part of the GST refractive index (nreal, 
solid line) was dispersive and the imaginary part was large (nimg, 
dashed line), implying a high absorption coefficient over the 
entire visible (vis) and near-infrared (NIR) regions. The reflec-
tivity spectrum of the sample was measured using a QDI 2010 
UV–visible–NIR range microspectrophotometer (CRAIC Tech-
nology Inc., San Dimas, CA).[41] For this set of measurements, 
the incident light and collected light were at a normal incidence 
to the sample. The absorptance was then derived from A(ω) = 
1 − T(ω) − R(ω). Because the structure does not transmit, this 
simplifies the absorptance to A(ω) = 1 − R(ω). The R(ω) spectra 
were normalized to the Al reflector and determined as R(ω) 
= (R(ω)ns − R(ω)dark)/f(R(ω)Al − R(ω)dark), where R(ω)ns is the 
reflectance measured in the NPs coupled to the film, R(ω)dark 
the reflectance of the structure when the white light source was 
off, R(ω)Al the reflectance of a 100-nm-thick Al film deposited on 
a Si substrate, and f(R(ω)Al − R(ω)dark) the dark noise correction. 
Figure 2b shows the A(ω) for both the Au NPs coupled to the 
GST film (solid red line) and the bare GST film (dashed red line). 
In the GST-film-coupled Au NPs, a high absorptance of 80% 
was obtained over a broad spectral range from 400 to 1000 nm. 
A coalescence of the hybrid LSPR mode from the film-coupled 
NP system, which is shown in Figure 1d, was expected to couple 
to this broad absorptance of the GST layer.[41,46,47] A bare GST 
layer possesses a significantly lower absorptance (50%) owing to 
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Figure 2. a) Complex refractive index of the GST film for both the amorphous (denoted as AM) and crystalline (denoted as CR) phases, where the com-
plex refractive index was obtained using an ellipsometer to measure a 35 nm thick GST film on a silicon substrate. b) The measured and c) simulated 
absorptance for both the amorphous GST films coupled to Au NPs and the amorphous bare GST film, respectively. d) Total E-field distribution of the 
Au NPs coupled to the GST film at λ = 563 nm.
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the absence of the LSPR. This shows that dispersing Au NPs 
on the GST film can efficiently yield optical energy in the VIS–
NIR spectrum. As shown in Figure 2c, we calculated the A(ω) 
spectra in both cases for an unpolarized normal illumination. 
The simulation validates the observed enhanced absorptance 
from the NPs coupled to the GST film. Figure 2d shows snap-
shots of the total E-field normalized to the incident E-field value 
at λ = 563 nm, where the E-fields are strongly localized around 
the Au NPs. Although the numerical simulations quantitatively 
show the key features of the measured enhanced spectra, dif-
ferences are observed. In the simulations, the effects of sur-
face roughness and fabrication imperfections were ignored. 
Moreover, the dispersed Au nanoparticles were considered 
perfect spheres in the theoretical model, which is impractical. 
We assumed that this simplification caused the observed dif-
ferences between the measured and simulated absorptance 
spectra, as well as the differences in the Iscat spectra presented in 
Figure 1d.[22,48–51] It is noteworthy that both the reflectance and 
Iscat spectra were measured in the far field over a finite accept-
ance angle within the microscope objective light cone. However, 
in the calculations, these spectra were calculated in the near 
field of the structures, which may have caused the differences 
between the experiments and simulations.

To experimentally illustrate the effect of Au NP size on 
the absorption spectra, we drop-cast NPs of different mean 
diameters, i.e., 30 (Figure S1a, Supporting Information), 
50 (Figure S1b, Supporting Information), and 70 nm 
(Figure S1c, Supporting Information), onto the GST layer. As 
shown in Figure S1d (Supporting Information), the measured 
absorptance of the hybrid devices does not vary significantly 
with the diameter of the Au NPs.

The high absorptance in the film-coupled NPs allows a 
fast photothermal heating of the GST film. This results in a 

rapid phase transition between the amorphous and crystal-
line states. The Set (crystallization) and Reset (reamorphiza-
tion) operations of a GST cell occur at different temperatures 
and time scales. As shown in Figure 3, a heat transfer model 
was used to study temporal changes to the temperature of the 
GST dielectric layer for both the amorphous GST–Au NPs 
structure and a single amorphous layer without NPs. The 
COMSOL multiphysics modeling environment was employed 
to solve the coupled Fourier and Maxwell’s equations numeri-
cally. The thermal conductivity of GST changes with tempera-
ture. The thermal characteristics of the materials used for the 
numerical model are summarized in Table S1 (Supporting 
Information).

The thermal energy absorbed by a unit cell is

( ) ( )th
2I r D V I r= × ×  (1)

where r the distance from the center of the light beam, 
D = 60 nm the mean period of the Au NP array, V = 0.80 for the 
overlay integrals between the measured absorptance (Figure 2b) 
and the power density spectra of the light source, and V = 0.53 
for the planar GST film. I(r) represents the light fluence that 
illuminates the devices
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where I0 is the power of the input Gaussian beams of 2 and 
3.5 mW, b the beam waist of 1 and 10 μm, and Fr the repetition 
rate of 257 MHz and 25 kHz for the crystallization and reamor-
phization processing, respectively. The I(r) for both the Set and 
Reset operations were determined by the excitation diode laser 
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Figure 3. 3D finite element method (3D-FEM) simulations of a) heating power generated on the Au NPs coupled to the 35 nm thick amorphous 
GST film (solid red line), and a single 35 nm thick amorphous GST film (dashed blue line), b) time-dependent temperature distributions of the GST 
layers for both structures during crystallization, c) heat source powers, and d) time-dependent temperature distributions of the GST layers for the two 
structures during reamorphization.
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in the Raman spectroscopy setup[52] and the nanosecond pulse 
laser,[53] respectively.

For the Set (crystallization) operation, the time-dependent 
laser heating source can be expressed by a square-wave 
waveform[52]

M r t
I r F t t t

t t t t
r( , )

( )
0 ,s

th 0 1

0 1
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≤ ≤
≤ ≥  (3)

where t0 = 100 ns and t1 = 700 ns by assuming that the laser is 
operating for 600 ns.

For the Reset (reamorphization) operation, the nanosecond 
pulsed laser heating source is required[53]
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where the time delay (td) and time constant (σ) of the pulsed 
lights were 20 and 5 ns for the reamorphization process, 
respectively.

Figure 3a shows the heat source power for both the GST-
coupled NP structure and the GST film. The structures were 
placed at the beam focus. Figure 3b shows the temporal tem-
perature distributions in the GST dielectric film for both struc-
tures. Our calculation shows that the temperatures within the 
as-deposited amorphous Au NP–GST structure increases with 
heating time and exceeds the amorphous-to-crystalline transi-
tion temperature of TC = 483 K after ≈83 ns and a maximum 
temperature of 524 K after ≈163 ns for a threshold incident 
flux of 2.55 mW mm−2. To fully crystallize GST, a subsequent 
annealing process was performed to maintain the GST tem-
perature above TC = 483 K but below TM = 873 K for more 
than 50 ns.[13]The temperature began decreasing to the room 
temperature (293K) after ≈325 ns once the heating source  
was turned off. This was caused by heat dissipation and radia-
tion to the surrounding. Nevertheless, the bare GST film could 
not reach 483 K under the same excitation by the diode laser. A 
large temperature difference of 141 K between the two different 

structures in Figure 3b was observed at 600 ns. The tempera-
ture distributions for both structures at 600 ns are presented 
in Figure S2a,b (Supporting Information). The figures show 
that the temperature within the GST layer covered by the Au 
NPs was significantly higher than that of the bare GST film, 
and the direction of the dominant temperature gradient points 
toward both the surrounding air and the Si substrate. To reset 
the GST cell into the amorphous state, the molten state must 
be quenched at a rate of 109–1010 K s−1.[54,55] Such a quench 
rate can be achieved using nanosecond pulsed lasers.[2,17] As 
shown in Figure 3c, a 5 ns laser pulse with a power of 3.5 mW 
was applied to produce the heat source power for both the Au 
NP–GST coupled film and the bare GST film. Figure 3d shows 
the corresponding temporal temperature distributions in the 
GST film for both structures. For the Au NP–GST coupled 
structure, this laser pulse delivers sufficient energy to abruptly 
increase the temperature above TM, which would melt GST. 
Subsequently, the GST melt can be quenched to the amorphous 
state by abruptly turning off the laser. We assumed melting as a 
prerequisite for amorphizing the GST film.

Our study indicates the usefulness of gap-mode plasmon 
resonances for reducing the switching power and time to heat 
GST to its crystallization and melting temperatures. The crys-
tallization of amorphous GST film can be achieved with rela-
tively low optical intensities within 600 ns. This matches the 
crystallization measurements for carefully thermally engi-
neered structures.[20] To prevent Au NPs from diffusing into the 
GST film after many cycles, SiO2 or Si3N4 barrier layers of a few 
nanometers thick can be directly deposited between the Au NPs 
and GST film.[53,56] Our proposed technique may be compat-
ible with many types of GST alloys[57] and wideband gap PCMs, 
such as Sb2S3.[58] This is because it does not require any compli-
cated nanopatterning or device designs.

In addition to using gap-mode plasmons for reducing the 
optical power necessary to switch GST, Figure 4 shows the 
measured Raman spectra for the Au NP–GST and bare GST 
structures. Raman scattering spectroscopy has been used to 
measure phonon modes and local structural motifs in GST.[59] 
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Figure 4. a) Experimental configuration for Raman spectroscopy. b) The measured Raman spectra of a 35 nm thick as-deposited amorphous GST film 
with the excitation powers of 2, 6, 10, 14, and 16 mW. c) Comparison of Raman signals from the Au NPs coupled to the amorphous (AM) GST film (pink 
solid line) and the bare crystalline (CR) GST film (solid black line) under the excitation power of 2 mW, where the thickness of the GST film was 35 nm.
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In this study, we used Raman scattering spectroscopy to ana-
lyze the transition of GST from amorphous to crystalline. The 
samples must be exposed to the laser beam for ≈40 s to obtain 
a Raman signal. A schematic of the Raman spectroscopy setup 
is shown in Figure 4a. The Raman scattering spectra were col-
lected and analyzed at room temperature using a spectrometer 
(Horiba iHR550). The structures were excited using a 532 nm 
solid state laser. The laser power was varied: 2, 6, 10, 14, and 
16 mW. The spectra were recorded in the back-scattering geom-
etry. The wavenumber resolution was ≈0.6 cm−1. The laser 
source beam was focused using a 100 × microscope with a 
0.2 mm working distance. An air-cooled charge-coupled device 
(−70 °C) with a 1024 × 256 pixel front-illuminated chip was 
used to measure the scattering signal dispersed on a grating 
with 1800 grooves mm−1. Figure 4b shows the Raman spectra 
of the as-deposited amorphous GST film of thickness 35 nm 
under the excitation powers of 2, 6, 10, 14, and 16 mW. The 
spectra of the amorphous GST film covered a broad band from 
60–210 cm−1 and exhibits three central peaks at ≈73, ≈127, and 
≈150 cm−1, denoted as P1, P2, and P3, respectively. We attribute 
these peaks to the defective tetrahedral phonon modes.[60]

The assignment of phonon modes was necessary to analyze 
the phase change from amorphous to crystalline. The Raman 
peak around ≈150 cm−1 (P3) originates from the A1g (2) mode of 
Sb–Sb band vibrations in (Te2) Sb–Sb(TeSb) or (Te2)Sb–Sb(Te2), 
A1 mode of GeTe4 edge-sharing tetrahedra vibrations, and 
similar amorphous structures.[61,62] The Raman band peaking 
at ≈127 cm−1 (P2) was related to the Eg(2) mode of Sb–Te band 
vibrations in the amorphous SbTe3 pyramidal entities, and the 
A1 mode of GeTe4−nGen (n = 1, 2) corner- and/or edge-sharing 
tetrahedra according to the assignment in the amorphous GeTe 
film.[63] The lowest Raman peak at ≈73 cm−1 (P1) was attributed 
to the F2 mode of the bending and antisymmetric stretching 
vibrations of GeTe4 tetrahedra.[61] As shown, the Raman signal 
intensity increased with the excitation power while maintaining 
the key spectral features. This indicates that the bare GST film 
was not crystallized with an incident laser power up to 16 mW, 
which was also indicated by the thermal model in Figure 3b.

To investigate the Raman spectra of the bare crystalline 
GST film, the as-deposited amorphous film was annealed on a 
hotplate for 30 min at 250 °C in a flowing argon atmosphere. In 
Figure 4c, the Raman spectra show that the crystallized GST film 
possesses at least three bands peaking at 122, 142, and 171 cm−1, 
denoted as P4, P5, and P6, respectively, at a laser excitation power 
of 2 mW. Compared with the Raman spectra of the amorphous 
GST layer shown in Figure 4b, the Raman mode at ≈150 cm−1 
(P3) was not observed, indicating that the GST film was well crys-
tallized.[64] The peak at ≈150 cm−1 was caused by both the A1 and 
A1g (2) modes. The A1g (2) mode, which is associated with Sb–Sb 
band vibrations, appeared in the hotplate-crystallized GST, while 
the A1 mode corresponding to GeTe4 edge-sharing tetrahedra 
vibrations was absent. The existing A1g (2) mode in the crystal-
line GST resulted in a Raman peak at 171 cm−1 (P6).[65,66] The 
Raman band peaking at 142 cm−1 (P5) originates from the A1(ν) 
mode of GeTe4−nGen (n = 1, 2) corner-sharing tetrahedral.[63] The 
Raman peak at 122 cm−1 (P4) is related to the Eg(2) mode of hex-
agonal Sb2Te3.[66] Figure 4c shows the measured Raman spectra 
of the GST film-coupled Au NPs under a minimum excitation 
laser power of 2 mW (solid pink line). It is interesting that at 

only a 2 mW excitation power, the GST film covered by the Au 
NPs can be successfully crystallized. This is evident from the 
sharper Raman peaks, which have very similar energies to those 
of the hotplate-crystallized GST films (solid black line). In fact, 
the GST film coupled to Au NPs does not support a peak at  
150 cm−1, and its Raman peak locations are the same as those 
of the hotplate-crystallized GST sample. Based on the observa-
tion that the 16 mW excitation laser cannot crystallize the bare 
as-deposited amorphous GST film, see Figure 4b, it appears 
that the Au NPs increased the absorbed optical power, which is 
crucial. Moreover, the laser-crystallized Raman spectra exhibit 
peaks corresponding to GST of hexagonal (hex) crystal structure. 
Because hex-GST is formed at a higher temperature than the 
FCC phase, it appears the NP-GST coupled structure is heated 
extremely efficiently to a temperature substantially higher than 
necessary to form FCC GST.

More importantly, the Raman signal of the Au NPs coupled 
to the crystalline GST film increased by a factor of 12 over that 
of the bare crystalline GST film. The Au NPs concentrate the 
incident laser power, forming localized EM hot spots near the 
GST surface. Such gap-plasmon modes enhance the EM near 
field, which exists in a small volume around the GST–Au NPs 
interface. This effect is fundamentally the same as that respon-
sible for surface-enhanced Raman amplification. Therefore, 
we expect new types of tunable SERS substrates, which we call 
GST-mediated SERS substrates, to be possible. Furthermore, 
the Au NPs may be replaced by Ag or Al NPs that are low in 
cost and compatible with CMOS technology.[56] Clearly, diffu-
sion barriers would be necessary.[67]

3. Conclusion

We have experimentally and numerically demonstrated an 
approach to reduce the optical power necessary to crystal-
lize GST phase-change films. This improvement was enabled 
without any complicated nanopatterning or thermal designs. 
The fabrication involved dispersing Au NPs onto the surface 
of a GST layer. Results indicated that coupling gap-mode plas-
mons to GST facilitated a low-power switching mode. Essen-
tially, the gap-plasmon modes enhanced the EM field in a 
small volume of GST at the NP interface. Raman spectra from 
the structures indicated that the crystallization power could 
be reduced significantly using Au NPs. More importantly, a 
Raman enhancement factor of 12 under a pump wavelength of 
532 nm was achieved. As the fabrication of Au NPs coupled to 
the GST film is a low-cost and fast process, we believe that this 
structure should be considered for the lower switchable pho-
tonics. Furthermore, we believe that this type of structure is 
applicable to switchable SERS substrates; therefore, it may be 
useful for noninvasive in situ analyses.

4. Experimental Section
Theoretical Model: For the numerical model, Lumerical Solutions, a 

commercial software that uses the FDTD method to solve Maxwell’s 
equations, was used. In the simulation, the dispersive complex dielectric 
constant of GST was obtained from Figure 2a, and the dielectric 

Adv. Optical Mater. 2020, 8, 1901570
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functions of Au were obtained from the literature.[43] The geometry of 
the simulated Au NP was determined from its EBL image shown in 
Figure 1b. The computed domain was surrounded by perfectly matched 
layers to reduce reflections. A TM-polarized excitation source with an 
incident angle of 70° was used to calculate the scattering spectra and 
E-field distributions of the Au NPs coupled to the amorphous GST 
film. The illumination was modeled as a combination of the incident 
plane wave and the Fresnel waves reflected by the bare GST film. When 
calculating the field components scattered by the NPs, the field reflected 
from the GST film was ignored. A uniform 2 nm FDTD square mesh was 
used to reduce any numerical error when using the FDTD approach.

Sample Fabrications: A 35 nm thick GST film was deposited on 
a polished silicon (001) substrate using radio frequency sputtering 
(AJA Orion 5). The sputtering was performed in an Ar atmosphere 
at a pressure of 0.5 Pa. The chamber base pressure was better than  
4 × 10−5 Pa. A colloidal solution of Au NPs of particle mean diameter 
50 ± 2 nm was used. Au NPs were dropcast onto a GST layer and left 
to dry in air from an ethanol-diluted monodispersed Au NP colloidal 
solution (BB International). The substrate was heated to 60 °C to 
evaporate ethanol and avoid the aggregation of Au NPs.

Sample Measurements: White light was focused with a 100 × dark-
field objective (OLYMPUS LMPLFLN-BD) using a lens of numerical 
aperture NA = 0.8. This provided a high-angle illumination and collection 
of scattering light. Individual nanoparticles on the GST film were 
characterized optically in a commercial microscope (Olympus BX53) using 
dark-field tungsten-light spectroscopy in reflection geometry. The precise 
positioning of a single nanoparticle was performed in confocal geometry 
using a set of selectable pixels with the imaging mode (Princeton Spectra 
Pro HRS-300) to limit the collection area on the sample. Dark-field spectra 
were recorded using a cooled spectrometer (Princeton Instruments PIX) 
at −70 °C and an integration time of 2 s. The scattering spectra of the Au 
NPs were achieved by collecting the scattered signal from the Au particle 
(IP), deducting the scattered signal from a nearby area without a particle 
(Ir), and dividing by the latter, i.e., Iscat = (IP − Ir)/Ir.
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