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Abstract
Temperature is an important factor in operation of plasmon-based devices in terms of optical
enhancement and system stability. However, systematic study, especially for the experimental
validation for the quantitative analysis of quantum efficiency in optical enhancement is still lack of
investigation. In this work, the ordered array of Au nanorods is fabricated on silicon and the Raman
enhancement of this SERS (Surface EnhancedRaman Scattering) substrate is systematically
investigated experimentally for its temperature-dependent characteristics combinedwith physical
explanations through electromagnetic simulations. The SERS substrate shows significant Raman
enhancement of silicon signal over the temperature range of 293 to 424 K. It is found that as
temperature is increased, Raman intensity of both bare silicon and SERS substrate is decreasedwith
different slope of 0.0020/Kand 0.0026/K, respectively. Besides, it is found that a temperature rise of
130 K results in a decrease of 10.2% inRaman enhancement ratio, agreeingwell with calculated value
(28.6%) of Raman enhancement factor as themaximumpredicted range for perfect theoretical
structure. The temperature dependence of Raman shift (the slope) does not differmuch.However, the
photon frequency of inelastic scattered light for both substrates is different at room temperature
(0.35 cm−1)which is possibly attributed to the existence of residual stress in SERS substrate. The
findings in this work are beneficial to understand the Raman enhancement at elevated temperatures,
especially for applications in photovoltaic applications.

1. Introduction

Surface-enhanced Raman scattering (SERS) effect is an optical enhancement phenomenon induced by
nanostructures, such asmetallic colloids [1], self-assembled nanoparticles [2], templated nanopatterns [3] and
artificially shaped plasmonic structures [4]. The enhancement of optical processes including incident and
scattered electromagnetic field is generated by the coherent oscillation of the conduction electrons confined in
subwavelength volumes, named as localized surface plasmon resonance (LSPR) [5]. SERS has become a powerful
analytical technique, and can be used to provide non-destructive and sensitive identifications for chemical [2],
biological [1], and imaging [6] analytes. Besidesmaterial [7], size [1, 2, 8–10] and shape [11–13] of
nanostructures, the sensing performance of SERS has also been found dependent on temperature [14, 15].

Macomber et alfirstly observed that the SERS intensity decreasedwhen solution temperaturewas raised and
found that the changes of adatom concentrationwere responsible for the revisable phenomenon [14]. By
investigation of Raman signal of rhodamine 6G (R6G), Yang et al found that the SERS intensity gradually raised
from298 K to amaximumat 313 K and decreased from313 to 373 K and it was related to the contents changes of
complexes. Besides temperature effect controlled by chemical enhancementmechanism, Kwon et al [16] and
Lang et al [17] observed theway of temperature affecting from the aspect of optical property influenced by
temperature. They found that increased temperature had an inverse effect on the SERS intensity of probe
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molecules deposited on silver island films or gold nanoporous films. Temperature also has an inverse effect on
the Raman enhancement factor which has been studied through theory analysis [15–17] except by experiment.

Accompanyingwith enhanced Raman scattering, the damping of plasma oscillations leads to heat
generation at nanoscale [18]which could play a positive [19] or negative [20] role in subwavelength optical
devices. It has been studied in our previous work that singlemicroparticle can induce a temperature rise of
58.5 K in substrate under near-field heating [21–23]. The optical/thermal coupling due to photothermal effect
onRaman enhancement factor affecting the sensitivity and stability is still an open issue. Usually from the aspect
of applications of plasmon-based devices, temperature is an important factor affecting optical enhancement and
system stability. As such, the temperature dependence of Raman enhancement induced bymetallic
nanostructures is of great interest and needs to be verified by experiment.

In this work, Raman signal of silicon is used to study the temperature dependence of SERS effect which has
single strong signal andwide applications in electronics and photovoltaics. Ordered array of Au nanorods is
prepared on silicon (SERS substrate) to provide enhancement for Raman signal. The surfacemorphologies of
SERS substrate are characterized by using of atomic forcemicroscope (AFM) and scanning electricmicroscope
(SEM), respectively. Based on the observedmorphologies of SERS substrate, numerical simulations for the
electromagnetic field aroundAunanorods are conductedwith the finite-difference time-domain (FDTD)
method to understand the corresponding physicalmechanism.

2. Sample preparation andRaman characterization

It has been found that the SERS effect is closely dependent on the size, shape and surfacemorphology ofmetallic
nanoparticles [1, 2] or nanowires [8–10, 13]. Comparedwith spherical nanoparticles or ultrathin film prepared
by colloid or self-assemblingmethod, preparing nanoparticles or nanorods ranging in periodic arrays can allow
for bettermanagement of the size, shape, and distribution of particles and their optical properties [3, 10, 24] ,
which is required in ourwork. The template-basedmethod is applied here to fabricate sample with periodic
array of uniformnanorods. Due to the high stability, Au is used here as the plasmonicmaterial.

Figure 1(a) shows the fabrication process of SERS substrate by employingmethod of physical vapor
deposition using ultrathin aluminamembranes (UTAMs) asmask. The purchased polymethylmethacrylate
(PMMA)/UTAMhas self-organized honeycomb-like nanopores. The average pore size is 95 nm,with a
interspacing distance of about 30 nmand thickness of 300 nm. Firstly, the PMMA/UTAM is carefully placed on
a siliconwafer with PMMA supporter upside. Then care is taken to immerse the sample vertically in acetone
baths to remove the PMMA supporter ensuring that onlyUTAM is left on siliconwhich is used asmask for
followingmetallic deposition. At the beginning offilm deposition, a 2 nm layer of Cr (99.99%) is thermally
evaporated ontoUTAM/Si as an adhesion layer. Then a 15 nm thickAu (99.99%)film is deposited onUTAM/Si
under a vacuumpressure of 2.5×10−4 Pa at an evaporation rate of 0.05–0.06 nm s−1. The thickness ofmetallic
film ismonitored and carefully controlled by crystal oscillator of the evaporator. After that, theUTAMon
sample is removed by sodiumhydroxide solution, leaving the array of Au nanorods on silicon.

TheAFMand SEM images of the prepared SERS substrate are presented infigures 1(b) and (c), respectively.
TheAFMmeasurement is performed on aMicroNanoD-5A scanning probemicroscope operating in contacting
mode. Figures 1(b) and (c) shows that the prepared Aunanorods range in periodic hexagonal array. The height
of the Aunanorod is about 16 nmand the average diameter is approximately 45 nm, as evidenced from
longitudinal section analysis of height (figure 1(d)) and histogramof size distribution (figure 1(e)). TheAFMand
SEM images provide a confirmation that Au nanorods are uniform in size and arranged periodically, which are
essential for SERSmeasurement [3].

Figure 2(a) shows the schematic of Raman characterization of SERS substrate and bare siliocn (as control) at
elevated temperatures. Stokes Raman spectra are recorded using a spectrometer (B&WTek)with a 532 nm
diode laser. The signal integration time for all data acquisitions is 10 s. The probe of spectrometer isfixed on a 3D
microstage to regulate the distance between probe and sample surface aiming at an optimal focus level. During
the Raman characterizations, samples are heated from293 to 424 K. Tominimize the effect of nanorod size
difference on reliability of Raman signal, we firstly conduct the Raman characterization across thewhole sample.
Then, we locate the regionwith the strongest Raman signal and lock the position. EachRamanmeasurement is
conductedmore than ten times for averaging. Additionally, all the Raman signals are collected across different
focal levels of laser irradiation tominimize the error induced by the thermal expansion effect.
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3. Results and discussions

3.1. Raman enhancement validation and characterization results
Raman spectrumof SERS substrate (red solid line) and bare silicon (black dashed line)measured at room
temperture is depicted infigure 2(c). The SERS substrate shows a significant enhancement on silicon signal, the
peak intensity at 520 cm−1 (Raman shift of single-crystal Si) enhanced by 63%with respect to that of bare silicon.
It indicates that the enhancement for Raman signal of silicon is from the ordered array of Au nanorodswhich has
been explained as the excitation of plasmon resonances in nanostructures. Thismagnitude of enhancement is on
the same order as previously reported result. Lorite et al [25] investigated an enhancement of about 40% for
Raman intensity of silicon coveredwith Titaniumnitride (TiN)nanostructures comparedwith that of bare
silicon at room temperature. TiN is found to possess similar resonant plasmon properties to gold
nanostructures. Due tomuch thinner film thickness and narrower average gap betweenAu nanorods, the
enhancement ratio here is a little stronger than that of TiN thin film.

Themeasurement results demonstrate that the Raman intensity, peak shift andRaman enhancement factor
fromRaman spectra of the SERS substrate is all temperature-dependent. The normalized peak intensity at
elevated temperatures of SERS substrate and bare silicon is plotted infigure 3. As temperature is increased, the
Raman intensity of bare silicon decreases, which is due to the anharmonicity of vibrational potential energy from
optical phonons revealed by previous studies [26, 27]. The intensity of SERS substrate has the same temperature

Figure 1. (a)The fabrication of ordered array of Aunanorods deposited on silicon (SERS substrate). The PMMA/UTAM is carefully
transferred onto a siliconwafer, with the PMMAsupporter upside. Then the PMMA/UTAM/Si is put vertically in acetone baths to
remove PMMAsupporter, leavingUTAMon silicon asmask formetalfilm deposition. TheUTAM/Si is depositedwith a layer of gold
film through thermal evaporation. Au/UTAM/Si is placed on the surface of 1 mol L−1 sodiumhydroxide solution to dissolve the
UTAMmask, leaving Au nanorods on silicon. (b)AFM image of Au nanorods on silicon ranging in periodic hexagonal array. (c) SEM
image of SERS substrate. (d) Longitudinal section analysis of height for Aunanorods. (e)Histogramof size distribution for Au
nanorods.
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dependence. However, their slope is a little different. For SERS substrate, it is−0.0026 K−1, a little higher than
that of bare silicon (−0.0020 K−1). Due to the existence of Au nanorods array, the Raman signal fromdecorated
silicon ismore sensitive to the variation of temperature.

Raman spectra from two samples are fittedwith a Lorentzian function to get peak positions (Raman shift).
Figure 4 shows thefitted Raman shift (frequency) versus temperature.When temperature is increased, the
phonon frequency of bare silicon exhibits a downshift to lower frequency, which is caused by thermal expansion
and anharmonic phonon-phonon coupling [26]. Thefitted slope is−0.022 cm−1/K, agreeingwell with previous
studies [28]. In comparison, the slope for SERS substrate (−0.023 cm−1/K) is notmuch different. It reveals that

Figure 2. (a) Schematic of Raman experiment at elevated temperatures. SERS substrate and bare silicon are glued on a 5 cm×5 cm
siliconwafer heated by a ceramic chip. An optical probewith excitation and collection fibers isfixed on a 3Dmicrostage to collect the
Raman signal and transmit it to the Raman spectrometer. (b)The SEM image of SERS substrate with scale bar of 1 μmshowing
periodic array of Aunanorods. (c)TheRaman spectra of bare silicon (black dashed line) and SERS substrate (red solid line) obtained at
room temperature. The SERS substrate shows a significant enhancement on silicon signal, with an enhanced ratio of 63% for the peak
intensity with respect to that of bare silicon.

Figure 3.Normalized Raman intensity of bare silicon and SERS substrate over the temperature range of 293 to 424 K. As temperature
is increased, the peak intensity of bare silicon (black) and SERS substrate (red) both decreases, with slope of−0.0020/Kand−0.0026/
K, respectively.
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the effect of temperature on theRaman frequency of two samples is similar.However, the room-temperature
peak frequency is slightly different, with a difference value of 0.35 cm−1, as shown infigure 4. It can be
understood that the photon frequency of inelastic scattered light for two samples at room temperature is not
exactly same. This phenomenonmay be attributed to the possible strain effect induced by residual stress formed
during the thermal evaporation of gold film [29].

The relationship of Raman enhancement factorwith temperature is depicted infigure 5. The enhancement
factor at room temperature is 1.6, which is represented as the ratio of SERS peak intensity to normal Raman
intensity. As temperature is increased, the enhanced factor exhibits a significant decrease. Thefitted slope is
−0.001 26 K−1, indicating that an increase of 130 K in temperature leads to a decrease of 10.2% in enhancement
factor. Themeasured results demonstrate that the enhanced electromagnetic filed caused by excitation of
plasmon resonances in SERS substrate is temperature-dependent and has a inverse relationshipwith
temperature.

Figure 4.The fitted Raman shift of bare silicon (black) and SERS substrate (red) against temperature. The effect of temperature on two
samples shows similar. However, their Raman frequency at room temperature is a little different, with a difference value of 0.35 cm−1,
whichmay be attributed to the existence of residual stress during sample preparation.

Figure 5.The temperature dependence of experimental enhancement ratio, with a slope of−0.001 26 K−1.When temperature is
increased by 130 K the enhancement ratio is decreased by 10.2%.
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3.2. Numerical simulations for translating experimental observations
The principle for electromagnetic enhancementmechanism for SERS is plotted infigures 6(a), (b). As shown in
figure 6(a), when light is irradiated on the silicon, therewill be reflection, scattering, transmission and
adsorption. For silicon decoratedwithAunanorods, its interactionwith light becomemore complex (see
figure 6(b)), since the plasmon resonances of Au nanorods are excitedwhich have the ability to enhance the local
opticalfield∼ES(ω0) at the particle surface comparedwith the incident field∼E0(ω0). The localfield
enhancement factor is denoted as f0 represented asES(ω0)∝f0E0(ω0).ES(ω0) illuminates the silicon surface and
excites inelastic scattering. Under the resonant excitation, the Raman scattered electric field∼ER(ωR) at
frequencyωR, is also enhanced by a factor of fR.WhenRaman frequency (ω0−ωR) is ranged in lower-
wavenumber bands, the enhancement factor of Raman scattered field is approximated as fR≈f0 [30].Without
consideration of Raman polarizability andRaman tensor, the SERS field enhancement is proportional to the
second power of localfield enhancement,ER(ωR)∝ f0

2E0(ω0). The Raman enhancement factor (the ratio of
SERS intensity to normal Raman intensity) is proportional to the fourth power of localfield enhancement,
IR(ωR)/I0(ω0)∝ f .0

4 f0
4 here corresponds to our experimental ratio of SERS peak intensity to Raman intensity

without SERS effect.
To understand experimental results, FDTD simulations are performed to study the distribution of

electromagnetic field around the Aunanorods and predict the corresponding Raman enhancement ratiowith
respect to temperature. In our simulations, array of Au nanorods is represented by a hexagonal array of gold
cylinders layer for simplification. Simulation region of 750×524×1500 nm3 (x×y×z) is used. A 532 nm
wave (wavelength used in experiment) is applied as the excitation light source, which irradiates perpendicularly
to the sample surface and polarizes along x axis, as shown in figure 6(c). The unit electricfield amplitude of
1 Vm−1 is used for comparison. The distribution of electrical field around the Aunanorods of one period is
shown infigure 6(c). The local electric field is evidently enhanced aroundAu nanorods along the polarization
direction. The average andmaximumRaman enhancement factor is 14.9 and 6×103 respectively, compared to
results in [6]. Note that we use a dielectric function based on results reported in [31] to describe the permittivity
of Au nanorods and there is complex interaction of light with silicon in experiment. So the calculated value is
higher than the experimental one.

In the calculation of Raman enhancement factors at elevated temperatures, the effect of temperature on the
optical property of Au nanorods plays the dominant role. The dielectric function of Au nanorods is expressed as

Figure 6.The principle for Raman scattering frombare silicon (a) andwith Aunanorods (b). Localfield enhancement ( f0, on a log
scale) on the bottom surface of Au nanorods at 300 K (c) and 430 K (d) from simulations.
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e w e w e w= +( ) ( ) ( )ib D [32], where εib is the contribution of bound electrons and considered as non-
temperature-dependent, and εD is the contribution of the free electrons, which is

e w w w g w w= - + -( ) ( ) · [ ( ) ] ( )T T T, 1 i , 1D p
2 2 1

where, the plasmon frequencyωp(T) [33] and the damping constant of plasma oscillations γ(ω,T) are the terms
depending on temperature.ωp(T) is derived as w w b= + D -( ) · [ ( ) · ] /T T T1P p0

1 2 whereβ(T) [33] is the
volume expansion coefficient,ωp0 is the plasmon frequency constant at room temperature, andΔT is the
temperature difference based on ambient temperature.ωp(T) is changed by 0.2%whenT is increased by 130 K,
showingweak dependence on temperature. The term γ (ω,T) [32] can be expressed by
g w g g g w= + +- -( ) ( ) ( ) ( )T T T, ,e ph s e e where γ e−ph(T) is the electron-phonon scattering rate, γs(T) is the
surface scattering rate of free electrons and γe−e(ω) is the electron-electron scattering rate. γ e−ph(T) [32] is

òg = +
q

q

- -

⎡
⎣⎢

⎤
⎦⎥( )( ) ·

/

T S 4 ,e
T

T
x x

ph
2

5

5

0

d
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4

where S is a constant, θ is theDebye temperature for bulkmetal, as a

constant.WhenT is increased by 130 K, γ e−ph surges by 1.4 times. γs(T) [34] is
g b= + D -( ) · [ · ( · ) ]/T Av L T1s F eff0

1 3 1which changes by 0.13%withT. γe−e(ω) [35] has little dependence on

temperature, expressed as w = w
p w- ( )r .e e 4

2

2
p0

Above dielectric function suggests that the electron-phonon

scattering rate γe−ph(T) is the termwith strongest dependence on temperature andwould play themost
important role in themeasurement. The calculated dielectric constants of Au nanorods are plotted infigure 7(a).
It shows that as temperature is increased by 130 K, the imaginary part of permittivity for Au nanorods increases
by 10%and the real part by 4%.

Figure 7. (a)The calculated permittivity of Aunanorods underwavelength of 532 nm. (b)Normalized calculated and experimental
enhancement factor vs temperature.
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The calculated spatial distribution offiled enhancement at 430 K is shown infigure 6(d). In contrast, thefield
enhancement at 300 K is a little higher than that at 430 K. The normalized predicted enhancement factor
(corresponding to averaged f0

4 on the bottom surface of Au nanorods of one period) as function of temperature
is plotted infigure 7(b). Thefitting slope is−0.0022/K.When temperature is increased by 130 K, the
enhancement factor is decreased by 28.6%, agreeingwell with the experimental result (10.2%). Note thatwe use
a dielectric function based on previous results to describe the temperature-dependent permittivity of Au
nanorods and there is complex interaction of light with silicon in experiment. So the decreasing ratio of f0

4 is
higher than the experimental value, which is as a variation range of prediction.

The simulationmodels show that there are three terms contributing to the effects of temperature on
dielectric constant of Au nanorods, including ωp(T), γ e−ph(T) and γs(T). The decreasing ratio of enhancement
factor ( f0

4) is 26.9% if only considering the temperature dependence of γ e−ph in dielectric function of Au
nanorodsmuch higher than that only taking account ofωp(T), or γs(T), whichmeans that the electron-phonon
scattering rate contributes 92% to the decreasing of enhancement ratiowith temperature.While the plasmon
frequencyωp(T) and the surface scattering rate of free electrons γs(T) are not themain contributors to the
dependence of enhancement on temperature.

4. Conclusion

In this work, systematic study on the temperature dependence of SERS signal fromordered array of Au nanorods
decorating silicon is conducted experimentally combinedwith numerical simulation explanations. Significant
enhancement (63%) of Raman intensity is observed in our experiment based on the SERS substrate. Heating
experiment results reveal that Raman intensity of both bare silicon and decorated silicon is decreasedwith
increase of temperature, having different slope of 0.0020/Kand 0.0026/K, respectively. It is found that an
increase of 130 K in temperature leads to a decrease of 10.2% inRaman enhancement factor.We also observe
that the photon frequency of inelastic scattered light for SERS substrate and bare silicon is different (0.35 cm−1)
at room temperature, which is attributed to the existence of residual stress during sample preparation. The
calculated enhancement ratio fromnumerical simulation agrees well with experimental data, which reveals that
the effect of temperature on SERS signal is attributed to the temperature dependence of dielectric constants in
Aunanorods.
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