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We present a study on the temperature response of the plasmon peak of gold nanoparticles (AuNPs) completely
encapsulated in soda-lime glass for temperatures ranging from 298 K to 723 K and in ambient pressure air, Ar and
aqueous environments. The observed peak position changed with temperature in a linear manner, as expected
from the theoretical model also presented in this study. The linear character was upheld in different gaseous en-

vironments of inert Ar and ambient air, as well as in both pure deionized water and acidic water. The consistent
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expected dependence provided proof of the versatility of the encapsulated AuNPs and their robustness to be able
to withstand both high temperature and high acidity and still retain their sensing capability.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sensors that rely on the principle of localized surface plasmon reso-
nance (LSPR) of metal nanoparticles (NPs) have gained popularity in
chemical and biological applications due to its tenability, label-free
sensing, and sensitivity [1-5]. Extensive studies on the ability for
LSPR-based sensors to operate at high temperatures have already
been established [6], but no pure temperature sensor has been devel-
oped. The temperature effect of noble metal NPs has been studied [6,
7], but these studies are normally done with NPs embedded in porous
silica matrix, which will not be able to isolate a chemical effect in ambi-
ent environments.

The plasmonic properties of AuNPs are sensitive to changes in tem-
perature due to three effects: 1) electron-phonon scattering in the NP,
2) thermal expansion of the NP, and 3) temperature dependence of
the dielectric permittivity of the host matrix [6,7]. From the Drude
model (Eq. (1)), the peak frequency of the plasmon peak position, (),
is shown to be strongly influenced by the free electron density of the
NPs (N /R [3]), where N is the number of free electrons and R is the ra-
dius of the NPs. () is also influenced by e, the elementary charge, ¢, the
dielectric function of the matrix surrounding the NPs, ™ (the real part)
the interband transition dependence of the dielectric function of the
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NPs, 'y the damping constant, m, the electron mass and &, the vacuum
permittivity [8].
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The damping constant is given by

VF

Y="Y-(T) +A R (2)

where 7., is the size-independent damping constant resulting from the
scattering of electron with electron, phonon, and lattice defects, A is a
theory-dependent parameter detailing the scattering process, and Vg
is the Fermi velocity in bulk metal (1.29 x 108 cm/s for gold). For chang-
es in the peak position of the plasmon resonance, a change in the size of
the NP due to thermal expansion will reduce the free electron density of
the NP, thus, causing a red shift in the plasmon band towards longer
wavelengths. Electron-phonon scattering and changes in the dielectric
permittivity are also affected by an increase in temperature but cause
only minor shifts towards redder wavelengths of the plasmon band.
The full width at half maximum (FWHM) of the plasmon band is also af-
fected by an increase in temperature and generally broadens as a result,
with electron-phonon scattering being the dominant contribution in
the increasing FWHM with temperature. This theory was proven to
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Fig. 1. Fabrication process for the embedded sample.

hold under experimental testing with AuNPs of various sizes in a silica
matrix [7].

Theoretically, both temperature and chemical effects influence the
LSPR properties of AuNPs. Composition of the surrounding environment
will cause shifts in the peak position of the Au plasmon peak, a principle
that has been traditionally used for plasmonic chemical sensing at high-
temperatures [6,9]. By eliminating this chemical effect, a pure tempera-
ture measurement can be created that relies on this popular LSPR-based
sensing mechanism. Isolation of the AuNPs from ambient environments
by fully embedding the particles in a glass matrix can prevent chemical
effects on the NPs, allowing for the development of a pure temperature
sensor that can be used in different environments [6].

2. Experimental

Two samples of AuNPs embedded in glass were prepared to study
the temperature dependence of the LSPR of Au. One sample was a shal-
low-embedded sample of AuNPs in a 1-mm thick piece of soda-lime-sil-
ica glass and the other sample was a deep-embedded sample of AuNPs
sandwiched between two pieces of the same type of glass. A 5 nm-thick
Au thin film was thermally evaporated onto the glass and then annealed
at 400 °C for 10 min to form the AuNPs on the surface. To create either
the shallow-embedded or the deep-embedded AuNPs, the sample was
further annealed at a higher temperature without or with being placed
with another piece of 1-mm thick soda-lime glass. The pieces were
annealed on a SiNy coated silicon wafer at 660 °C, well above the glass
transition temperature of 540 °C for soda-lime glass, for 6 h in static
air. This allowed the AuNPs to sink into the glass or made the pieces of
glass fuse together, trapping or sealing the AuNPs inside as shown in
Fig. 1 for the deep-embedded AuNPs sample. The sample was then
cooled at a rate of 1 °C/min to 400 °C, 1.5 °C/min to 200 °C, and, finally,
natural cooling to 25 °C.
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Fig. 3. Schematic diagram of set up for reflection tests.

The embedded glass samples were first used to investigate the
AuNP's temperature dependence in transmission mode. The sample
was mounted on a Macor holder and placed into a quartz flow tube as
shown in Fig. 2. In this setup two detectors are used to monitor sensing
signal and light source stability for real time correction, respectively.
Tests were done by exposing the sample to both air and Ar at different
temperatures ranging from room temperature to 450 °C (far below
the glass transition point), taking a spectrum of the NPs every 10 s. At
the highest temperature, the gas flow was switched to 1% H, in air to
test for chemical inertness.

For reflectance mode measurements, the deep-embedded sample
was too thick to achieve focus in the small high temperature cell so
the shallow-embedded sample had to be used. The sample was placed
onto a Pd mirror in the high temperature cell as seen in Fig. 3. A thermo-
couple was directly mounted on the sample surface to ensure accurate
temperature reading near the AuNPs for better curve fitting. Reflected
light was collected by a microscope objective and then detected using
an Ocean Optics UV-vis spectrometer. The sample was tested in 5% O,
in Ar at temperatures ranging from room temperature to 350 °C for
1 h ateach temperature step, like the tests in transmission mode, a spec-
trum of the sample was taken every 10 s.

Finally, testing of the temperature dependence of the plasmonic
properties of AUNPs was done in water. For this experiment, the sample
was placed between a quartz window and a reflector. The sample and
reflector were suspended from a tube and allowed to be submerged in
water. The window provided a barrier between water and the inside

Macor
Holder with
Sample

QTH
Lamp

Gas Inlet

Fig. 2. Schematic diagram of set up for transmission tests.
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Fig. 4. Schematic diagram of set up for water tests.

of the tube, which was exposed to ambient air. The optical fiber probe
was lowered into this tube to do reflection measurements of the sample
in water. A Teflon lid was created to hold the sample holder stable in the
water and also held a thermocouple in place so that an accurate mea-
surement of the water could be taken. The thermocouple was adjusted
to be level with the sample so that the measurement by the thermocou-
ple was more indicative of the temperature of the water at the sample. A
schematic of this set up for the water tests can be seen in Fig. 4. The re-
flection probe was lowered above the sample and focused using a trans-
lational xyz stage to produce the strongest signal at a desired
interrogation point. The spacers were used to make the sample exposed
to water for thermal conduction while minimizing bubble formation. A
spectrum of the embedded AuNPs submerged in water was taken every
10 s for the duration of the experiment. The temperature of the water
was changed between room temperature and 99 °C in regular intervals
with 1 h for stabilization at each temperature step. Heat to the water
bath was added by a heating mantle setup with a controller. The
water was kept just below the boiling point to deter the formation of
bubbles on the window, which would cause interference in LSPR mea-
surements. Finally, one last set of experiments was performed by chang-
ing the pH of the water bath via the addition of nitric acid. These
measurements were collected in a similar manner as previous ones.
The formed AuNPs were characterized with scanning electron mi-
croscopy (SEM) and particle size analysis. For UV-vis spectroscopy

0.25-

0.20

0.15

0104

0.05-

0.00- - m——
400 600 800 1000
Wavelength (nm)

Fig. 6. LSPR spectra of embedded (blue curve) and non-embedded (red curve) AuNPs.

analysis, a Lorentzian fit of each spectrum was done to find their peak
positions. The peak positions were plotted as a function of time to dem-
onstrate the shift in the LSPR peak position when the temperature was
changed. The average peak position was found for each temperature
step and plotted as a function of temperature to find the linear relation-
ship between peak position and temperature. This was done for each
experiment to find a correlation for transmission mode, reflection
mode, and in water.

3. Results and discussion

An SEM image of the AuNPs on glass is shown in Fig. 5a and the size
distribution of the NP diameters at room temperature is shown in
Fig.5b. The thermally formed and stabled AuNPs are seen well-separat-
ed on the substrate as a monolayer, thus are less likely to agglomerate
upon embedded or sealed between the two pieces of 1 mm glass plates
(Fig. 1) at the glass fusing temperature of 660 °C. From Fig. 5b, it can be
assumed that the mean diameter of the NPs is ~20 nm, near the peak of
the fit to the histogram.

The room temperature absorbance spectrum of the AuNPs before
and after embedding in the glass substrate is shown in Fig. 6. As can
be seen, the plasmon peak position increased in intensity while the
peak wavelength decreased. While encapsulation is expected to in-
crease the peak intensity of the plasmon band, the blue shift is likely
an indication of full encapsulation in the glass substrate. The redder
plasmonic band of the non-embedded sample is due to surface chemical
effects as the spectrum was taken after the sample was exposed to am-
bient air. Exposure to ambient air and water likely enabled the adsorp-
tion of significant quantities of O, and water onto the AuNPs. This will
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Fig. 5. (a) SEM images of AuNPs on sample and (b) accompanying size distribution of the AuNPs on the sample.
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Fig. 7. LSPR peak position change with temperature with the gas changing between air and Ar.

create an effective dielectric function that is lower in value than that of
the soda-lime glass. Given the relationship outlined in Eq. (1), upon de-
sorption of the background O, and water and full encapsulation in the
glass, there is a subsequent blue shift in the plasmon band. Importantly,
the lack of red shift of plasmonic band of the AuNPs after embedding in
glass confirms little or no Ostwald ripening [ 10] related particle agglom-
eration or growth at high temperature, due to the natures of the well-
separated Au nanoparticle morphology (Fig. 5) and the encapsulation
process.

3.1. Temperature sensing using transmission spectroscopy

Fig. 7 shows the results of the transmission mode tests, revealing a
consistent red-shift of the plasmonic spectra with increasing tempera-
ture even with changing the gas chemistry. When the gas is changed be-
tween air and Ar at each temperature step, there is little change in the
peak position of the LSPR band for the AuNPs while it is known that ex-
posure to O, and especially to 21% of it in air can cause a noticeable red
shift of the band maxima over that in Ar if the AuNPs are not embedded
or sealed [11,12]. This means that the red shift in the LSPR above with
temperature can be attributed completely to temperature effects and
not to chemical effects for the well-sealed AuNPs. The stable LSPR
band at the different elevated temperature steps including 450 °C is in-
deed supportive of the particle size stability due to the good sealing,
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Fig. 8. Results of the transmission tests with the plot of the mean LSPR peak position as a
function of temperature and the linear fit data of air and Ar.

which is overwhelmingly evidenced in this report. To further demon-
strate the consistency in the LSPR shift with only temperature, the aver-
age peak position for each temperature and gas measurement was
found and graphed as a function of temperature. As seen in Fig. 8, the
nearly identical fit data of both air and Ar are linear, which would be
otherwise nonlinear if there is any chemical effect superimposed. Addi-
tionally, the slopes of the air and Ar curves are similar (0.01438 + 1.59 x
10~*nm/°Cin air and 0.0146 & 1.87 x 10~ 4 nm/°Cin Ar), indicating no
chemical effect on the AuNPs as the gas exposure changes. The small
variation in the sensitivities at higher temperatures can be attributed
to the different cooling effects associated with the gas heat transfer co-
efficients between Ar and air [13], with a larger cooling from air and
thus slightly bluer peak positions observed at the different temperature
steps.

To demonstrate that the slight LSPR peak shift in Fig. 7 is due purely
to changes in cooling effects of different gases and not by any chemical
effects on the AuNPs themselves, temperature calibrations were done
for the sample in both air and Ar. To do this, a thermocouple was situat-
ed on the surface of the sample to measure the actual temperature at the
sample surface. Then, the oven temperatures at which the sample tem-
perature would be the same at the surface for the two different gas ex-
posures were determined and another test was set up using this
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Fig. 9. Test done with temperature compensation to test for pure temperature effect on the
embedded sample. The temperatures indicated on the top are the set temperatures at each
gas exposure and temperature step and were determined by temperature calibration
using a thermocouple placed on the backside of the sample. The lower temperature
indicates the intended temperature of the sample for each temperature step.
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Fig. 10. Calculation of the contributions of different mechanisms to temperature induced
shift of SPR in AuNPs embedded in soda-lime glass. The solid line denotes the curve fit
data experimentally found for the embedded sample in Ar, the dashed line denotes the
contribution from electron-phonon scattering in the NP, the blue dotted-dashed line
denotes the contribution from thermal expansion of the AuNPs, and the magenta
dotted-dashed line is the total shift found from the sum of the two contributions.

correction. As evidenced by Fig. 9, a consistent LSPR peak position at
each sample temperature step was observed for the different gases ex-
posed with using higher oven or set temperatures in air due to its larger
cooling effect than that in Ar. At 450 °C, exposure to 1% H; in air does not
lead to a blue shift commonly observed for non-sealed particles [11,12].
This further demonstrates the embedded AuNPs sample's sensitivity to
gas cooling effects and temperature while being independent of chang-
es in the chemical environment around the sensor.

3.1.1. Theoretical calculation of the temperature dependence of LSPR in
AuNPs

The theoretical model of the various mechanisms that causes the red
shift of LSPR in AuNPs with increasing temperatures follows the theory
outlined by Yeshchenko et al. [7]. The temperature dependence of the
LSPR of AuNPs is generally dictated by three contributions: 1) elec-
tron-phonon scattering, 2) thermal expansion of the AuNPs, and 3)
the dielectric permittivity of the matrix. For the AuNPs embedded in
soda-lime glass, the dielectric permittivity of the matrix changes so little
in the visible wavelength region with temperature that it can be consid-
ered temperature independent [ 14]. This means that the change in LSPR
with temperature has only two contributions.
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Fig. 12. Results of the reflectance tests with (a) the plot of the mean LSPR peak position as
a function of temperature and (b) the linear fit data.

The temperature dependence caused by electron-phonon scattering
for the plasmon damping constant, y..(T), is given by [15]

*/x
Yo (T) = KIT® / 2dz 3)
0

where 6 is the Debye temperature for gold (178 K) [16] and K’ is a con-
stant. K’ can be found if the damping constant, .., is known for a certain
temperature, such as at To = 20 °C, Y. = 0.7 eV for gold [17]. Using
these values, K’ can be found via

Y- (To)
T 5 e/To Zidz
0 /0 el

In addition to electron-phonon scattering, the change in LSPR with
temperature also depends upon the thermal expansion of the AuNPs.
As the temperature increases, the volume of the NPs also increases

K = (4)

V(T) = Vo(1 4 BAT) (5)

where Vj is the volume of the NP at room temperature calculated by
finding the volume of a NP with a radius of 10 nm. AT = T — Ty is the
absolute temperature difference between the temperature and room
temperature (set at 20 °C) and {3 is the volume thermal expansion coef-
ficient. Generally, the value of the volume thermal expansion coefficient
can be assumed to be independent of temperature. But with the large
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Fig. 11. Results of the reflectance tests for the shallow-embedded sample.
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Fig. 13. (a) LSPR spectral response of AuNPs submerged in water at room temperature (black line) and 99 °C (red line) and (b) results of reflectance tests in water for the embedded

sample.

range of temperatures used in this experiment, the temperature depen-
dence of 3 needs to be taken into account in order to provide a more ac-
curate model such that

_ 192pk;, ; ©)
ro¢(16p—7Tky)
where Kk, is the Boltzmann constant, and ro, &, and p are parameters of
the Morse potential for gold and are given by Yeshchenko et al. [7].
Egs. (3)-(5) were used to calculate the LSPR band shift as a function
of temperature for each mechanism. The results of the calculations can
be seen in Fig. 10. As seen from Fig. 10, the contribution from the ther-
mal expansion of AuNPs is the dominant mechanism. The contribution
from electron-phonon scattering is small compared to the contribution
from the thermal expansion. This agrees with the results of the model-
ing performed by Yeshchenko et al. [7] where the volume thermal ex-
pansion of the AuNPs was found to have the most effect on the LSPR
band shift with changing temperature. The total contribution curve
and the fit data for the Ar experiment are nearly identical revealing
the accuracy in the experimental determination of the relationship be-
tween the LSPR band shift and temperature. The excellent theoretical
fitting based on purely temperature dependence of plasmonic property
also provides a further exclusion that no chemical effect could occur for
the fully sealed particles.

3.2. Temperature sensing using reflection spectroscopy

In case transmission mode measurement is unmanageable, such as
that involving a hot or agitating liquid media or beam path blockage
by non-transparent vessel walls, reflection spectroscopy is necessary.
To develop and examine this type of sensing capability, we introduced
a highly reflective metal layer on the backside of the sample as a mirror
to reflect an incident light back to a detector except for the part that is
absorbed by the sample. Palladium foil was used as the reflective layer
due to its optical, chemical, and thermal stability under the present
test condition (up to 350 °C in air or Ar). Fig. 11 shows the results of
the reflectance tests in 5% O, in Ar for the shallow-embedded AuNP
sample. Because of black body emission (thermal radiation) from the
Pd mirror, the tests were done from high temperature to low tempera-
ture. Otherwise, the black body emission would predominate the pure
temperature effect of the AuNPs and cause an overall blue shift in the
LSPR peak position with temperature. By starting at high temperatures
for the UV-vis extinction spectral measurement, the blue shift effect as-
sociated with interference from the black body emission of the Pd mir-
ror is eliminated. As shown in Fig. 11, a consistent red shift can be seen
with increasing temperature, indicative of the results of the transmis-
sion tests.

The mean value of the LSPR peak position at each temperature was
plotted to evaluate the temperature dependence of the AuNPs using re-
flection mode (Fig. 12). The data from the reflectance tests showed the
same linear character seen in the transmittance tests. The slope of this
linear fit has a value (0.01103 + 2.23 x 10~ % nm/°C) similar to the
value of the slopes found for the transmittance tests presented above.
The similarities in the values of the slopes for the two tests show the re-
liability of the reflectance tests as a mean of measuring the temperature
dependence of the AuNPs. It also further proves the feasibility of the
sealed AuNPs to act as a temperature sensor since similar values were
achieved even when the AuNP samples were placed in three different
environments: air, Ar, and 5% O, in Ar. The difference between the
slope values of the transmittance and reflectance tests is likely a result
of the mechanisms involved in both measurements.

In a transmission measurement, light passing through the sample
will take three distinct paths if surface scattering effects are neglected:
1) absorption of light by the AuNPs, 2) reflection by the sample, and
3) transmission of light through the sample. In this case, the light lost
by the sample can stem from both absorption of light and reflection
by the sample and the output measurements will not accurately reflect
how much light was absorbed by the NPs themselves. By relying on the
reflection of light back to the detector, light can only do two things if
scattering effects are once again neglected: 1) absorption of light by
the AuNPs and 2) reflection of light by the sample. This is because of
the addition of the Pd mirror, making transmittance of light through
the sample effectively zero. Thus, when the reflected light is collected,
absorption of light into the AuNPs is the only way light is lost. An extrin-
sic effect in this case is that the black body emission of metal reflective
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Fig. 14. Results of the reflectance tests in water with (a) the plot of the mean LSPR peak
position as a function temperature and (b) the linear fit data.
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foils could be captured if the temperature is high, causing an interfer-
ence effect that may not be able to be completely eliminated.

An advantage of using reflection spectroscopy as opposed to trans-
mission spectroscopy has to do with the versatility of reflection mea-
surements. Unlike the transmittance measurements, the reflection
measurements can be realized by relying on a single optical fiber to
both direct light beam and collect the reflected light. This allows for a
wider range of applications in that an optical fiber based temperature
probe can be integrated and provides a much simple and convenient
temperature sensing as compared to the transmission set-up. Reflection
measurements can be placed in environments where transmission
would be difficult or where too much interference would be present
in the light's path to achieve accurate and fast results.

3.3. Temperature sensing in aqueous environments

To demonstrate the application versatility, reflectance tests using an
optical fiber setup (Fig. 4) were done in water. Fig. 13a shows the re-
sponse of the deep-embedded sample when it is submerged in water.
There is still a clear red shift and peak broadening of the plasmonic
peak when the temperature of the water bath is changed from 25 °C
to 99 °C. Furthermore, the LSPR peak position of the AuNPs consistently
red shifts at each increasing temperature step as evidenced in Fig. 13b.
The slight down drift observed at the temperature steps is due to ther-
mal equilibrium in the large water bath after the thermal ramp. The
similarity in the behavior of the plasmonic peak even when the AuNPs
are submerged in an aqueous environment bodes well for its versatility
as a temperature sensor and further emphasizes that the sample re-
mains unaffected by chemical effects. Fig. 14 shows the plot of the
mean LSPR peak position at each temperature step as a function of tem-
perature. Examination of the linear fit and the linear fit data (Fig. 14) (a
slope of 0.01381 + 8.96 x 10~ % nm/°C) reveals that the change in LSPR
as a function of temperature for the experiments in water follows the
same linear trend as the AuNPs did in air. The slope value of the linear
fit is close in value to the slope values of the other experiments. Devia-
tions in linearity are likely because the temperature values recorded
may not be indicative of the actual temperature of the sample due to
the air side cooling across the window and water temperature equilib-
rium. However, the good linear character in the slope further empha-
sizes the isolation of the AuNPs from chemical effects and its ability to
be used as a pure temperature sensor in various environments. The re-
sults of these tests in water also underscore the versatility of measuring
the absorbance of the AuNPs using optical probes and reflection
measurements.

The pH of the water bath was changed by adding nitric acid to a pH
of 3.4 and kept at a constant temperature of 73 °C. As seen from Fig. 15,
the addition of acid did not lead to a significant shift the LSPR peak

position of the AuNPs. The lack of change in the plasmonic peak of the
AuNPs even after changing the chemical environment in the water fur-
ther emphasizes the complete encapsulation of the AuNPs in the glass
substrate. Additionally, the immunity to changing pH environments
and the sensor's ability to operate under acidic conditions proves the ro-
bustness of the sensor and its ability to withstand harsh conditions.

4. Conclusions

The feasibility of a plasmonic-based temperature sensing was deter-
mined for AuNPs fully embedded in a glass matrix. Three different sets
of experiments were done to show the relation of the plasmon peak po-
sition and temperature: transmission of light through air and Ar envi-
ronments, reflection of light through 5% O, in Ar environments, and
reflection of light in water. The change in peak position with tempera-
ture for both transmission and reflection experiments in different ambi-
ent showed the linear character outlined in the theory. The transmission
mode measurements were performed in multiple gas environments to
prove the isolation of the temperature effect on the AuNPs from any
chemical interference. This proves that the method of embedding the
AuNPs into a glass matrix will allow for the development plasmonic
temperature sensors. The measurements performed in water showed
a similar linear relationship between the plasmonic peak position and
temperature as the experiments done in air, proving the versatility of
the sensor for different environments.
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