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Effects of temperature on the surface plasmon resonance
at a metal–semiconductor interface
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Abstract

The effects due to elevated temperatures on the surface plasmon (SP) at a metal–semiconductor interface are studied both experimentally and
theoretically. In particular, a junction made of silver and amorphous silicon is fabricated and the interfacial plasmon is excited optically via the
Kretschmann geometry. Both the reflectance and phase monitoring of the response of the junction have been studied as a function of temperature
from 300 K to 380 K. Theoretical simulations have been carried out to understand the observed data, using a previously established model for the
temperature-dependent optical constants of the metal, together with empirically fitted data for those of the semiconductor. Reasonable qualitative
comparison between experimental data and simulation is obtained. It is found that the strength of the SP at the junction will decrease as
temperature increases, and the methodology of the present experiment may provide a way to quantify such a decrease in the operation efficiency of
the junction. In addition, it is shown that, by monitoring the resonance angle, such a junction may act as a temperature sensor with sensitivity
possibly higher than the previous ones which employed a bare metal film in the Kretschmann geometry.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that the Schottky junction, formed by the
interface of a semiconductor and a metal, has many applications
including those in the field of solar-cell technology [1]. It has also
been known for some time, that one approach to enhance the
quantum efficiency of such a device is to couple the external light
to excite the surface plasmon (SP) at the metal–semiconductor
interface of the junction [2,3]. Here SP refers to the collective
oscillation of the free electrons at the interface and once excited, it
strongly couples to the external light under resonance condition.
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When this happens, large photocurrents will be generated and
hence larger quantum efficiency will be achieved.

Optical excitation of SPs at flat interfaces was developed in
the late 1960s via the attenuated total reflection method [4]. In
our present study, we adopt the Kretschmann geometry with a
metal–semiconductor (MS) junction coated on a quartz prism
(Fig. 1). Note that unlike previous experiments with the
Kretschmann geometry [3], we have utilized a semiconductor
film coated on the metal, which enables the SP to be excited at
the MS interface. Both the intensity and the phase difference
between the p and s reflected wave will be monitored as a
signature of the excitation of the SP at the junction interface.
Our focus here is on the temperature effects on this SP enhanced
mechanism for the operation of the junction. Alternatively, our
study will also reveal the possibility of employing such a SP-
driven device as a temperature sensor with high sensitivity [5,6].
While there have been many previous studies on the tempe-
rature effects for the operation of a MS junction [7,8], none of
these has been conducted in conjunction with the SP-enhanced
mechanism. An interesting aspect in this study is that, as we
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Fig. 1. Configuration of SPR-driven MS junction.
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shall see, while the quantum efficiency of a MS junction is
expected to increase with temperature in case the barrier height
decreases as temperature rises [7,8], the SP mechanism also
decreases in its enhancement due to the large damping the free
electrons undergo at high temperatures.

Hence we have in this case two competing mechanisms
which determine the final operational efficiency of a SP-en-
hanced MS junction at elevated temperatures. Since the temper-
ature variation of the barrier height has been studied intensively
in the literature [7,8], it will be of interest to investigate the
temperature effects when the SP mechanism is applied to en-
hance the operation of such a junction.

2. Experimental section

The experimental setup is shown in Fig. 2 [9]. Two He–Ne
lasers of wavelengths 632.8 nm and 1.15 μm, respectively, have
Fig. 2. Experim
been employed in our system to study the wavelength depen-
dence in phase and reflectivity measurement. Linearly polarized
light with angular frequency ω0 from a He–Ne laser is in-
troduced through a polarizer. The light is then directed into an
electro-optic modulator (ConOptics) with a fast axis in the
horizontal direction, the light is then reflected from a quartz
prism (np=1.452) coated with a thin MS film which is in contact
with a temperature controller. The film is coated by using an
electron beam evaporator and annealed to optimize film
uniformity. The laser light then passes through an analyzer
ANt. Both the transmission axes of the polarizer and analyzer
are at 45° relative to the horizontal polarization direction. The
light is then detected by a photodetector which generates an
electric signal and is phase-locked by a lock-in amplifier. A
sawtooth signal with angular frequency ω and half-wave volt-
age Vλ/2 is applied to the electro-optic modulator. From Jones'
calculus, the electric field arriving at the photodetector can be
described by

Et ¼ 1

2
ffiffiffi
2

p jrpjei xt
2þ�pð Þ þ jrsjei −xt

2 þ�sð Þh i 1
1

� �
eix0t; ð1Þ

and therefore the corresponding detected intensity is

It ¼ 1
4

jrpj2 þ jrsj2
2

þ jrpjjrsjcos xt þ �p−�s

� �" #
; ð2Þ

where rp, rs, ϕp, ϕs are the field reflectivity and phases of the
p-wave and s-wave, respectively. Since only the p-wave can
ental setup.



Fig. 4. Experimental (A) and theoretical (B) results for the temperature-
dependent SPR reflectivity for the system in Fig. 1. Ag and a-Si film thickness
are 30 nm and 10 nm, respectively; laser wavelength is 632.8 nm.

Fig. 3. Calculations of SPR reflectivity for a Ag/a-Si junction (A) for different
thickness of the Ag film with the a-Si film thickness fixed at 10 nm and (B) for
different thickness of a-Si film for a Ag film of 50 nm thick.
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excite the SP at a metal–dielectric interface, |rs|=1 and ϕs is
almost a constant in Eqs. (1) and (2). We can therefore calculate
(ϕp−ϕs) and rp from Eq. (2).

3. Theoretical simulation

In order to understand the experimental results, we have also
developed a semi-empirical model for the temperature depen-
dence of the SP excitation from a Ag/a-Si junction. For the
metal (Ag), we have adopted a previously established tempe-
rature-dependent Drude model in which both the plasmon and
collision frequencies vary with temperature: the former through
a simple volumetric effect, and the latter through its dependence
on the electron–phonon as well as electron–electron collisions,
respectively [10]. Here we give a brief summary of the model in
the following. Thus we have the metal dielectric function as
follows:

e ¼ 1−
x2

p

xðxþ ixcÞ; ð3Þ
where ωc is the collision frequency and ωp the plasma fre-
quency given by:

xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pNe2

m⁎
;

r
ð4Þ

with N and m⁎ the density and effective mass of the electrons,
respectively. The collision frequency will have contributions
from both phonon–electron and electron–electron scattering:

xc ¼ xcp þ xce: ð5Þ

As reported previously, for surface plasmon resonance (SPR),
one must account for the temperature (T) variation of ωp besides
that for ωc. Hence, as before, ωp will depend on T via volume-
tric effects as follows:

xp ¼ xp0 1þ gðT−T0Þ½ �−1=2; ð6Þ

where γ is the expansion coefficient of the metal and T0 is a
reference temperature taken to be the room temperature. The
collision frequency, ωc, can then be modeled using the phonon–



Fig. 5. Experimental (A) and theoretical (B) results for the temperature-dependent
SPR phase measurements for the system in Fig. 1. Ag and a-Si film thickness are
30 nm and 10 nm, respectively; laser wavelength is 632.8 nm.

Fig. 6. Experimental (A) and theoretical (B) results for the temperature-dependent
SPR reflectivity for the system in Fig. 1. The thickness of Ag film is 50 nm and the
laser wavelength is 632.8 nm.
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electron scattering model and the electron–electron scattering
model, respectively. We thus obtain [11]:

xcp Tð Þ ¼ x0
2
5
þ 4

T
h

� �5Z h=T

0

z4dz
ez−1

" #
; ð7Þ

where θ is the Debye temperature and ω0 is a constant to be
determined from the static limit of the above expression
together with the knowledge of the direct current conductivity.
In addition, we have:

xce Tð Þ ¼ 1
12

p3
CD
JEF

ðkBTÞ2 þ ðJx=2pÞ2
h i

; ð8Þ

where Γ and Δ are defined in Ref. [9].
For the semiconductor a-Si, we are not aware of any theo-

retical model for the temperature dependence of its optical
constants, although one can retrieve the same information
for bulk crystalline Si at certain wavelengths [12,13]. Because
of this, we have decided to conduct separate measurements
using spectroscopic ellipsometry for the temperature depen-
dence of these constants. The results for the two wave-
lengths in our experimental study can be numerically fitted as
follows:

For the wavelength of 632.8 nm:

nðTÞ ¼ 3:08895þ 0:00119T−1:14044� 10−5T2

þ 6:51458� 10−8T3

kðTÞ ¼ 0:09386þ 0:00107T−8:26437� 10−6T2

þ 1:58958� 10−8T3 ð9Þ

For the wavelength of 1150 nm:

nðTÞ ¼ 3:55851−6:667116� 10−5T−1:69628� 10−6T 2

þ 7:20826� 10−9T3

kðTÞ ¼ 0:0901þ 1:25621� 10−4T−2:3746� 10−7T2

−3:34922� 10−10T3 ð10Þ

With the above results in Eqs. (1)–(10), the SPR reflectance
and phase as a function of temperatures can be calculated. Note



Fig. 7. Experimental (A) and theoretical (B) results for the temperature-dependent
SPR phase measurements for the system in Fig. 1. The thickness of Ag film is
50 nm and the laser wavelength is 632.8 nm.

Fig. 8. Experimental (A) and theoretical (b) results for the temperature-dependent
SPR reflectivity for the system in Fig. 1. Ag and a-Si film thickness are 30 nm and
10 nm, respectively; laser wavelength is 1150 nm.
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that we have also accounted for the expansion of the film
thickness of the metal [11].

4. Results and discussion

We have performed both measurements and simulations on
both the SPR reflectivity and phase change, over a temperature
range of 300 K–380 K in steps of 20 K, for the configuration
shown in Fig. 1 with different thickness for the metal film. For
graphs turn out to be too clouded in the following figures, we
shall report results only for three temperatures in this range. Just
like the case with a pure metal film, there exists an optimal
thickness of the metal film for the SP-driven MS junction to
operate, as illustrated in Fig. 3Awhere a calculation of the SPR
reflectivity for different metal thickness with a fixed a-Si thick-
ness is performed. It is clear that the resonance width of the SPR
curve becomes very narrow when the metal film attains its
optimal value of thickness. The room temperature thickness
of the a-Si film has been fixed at 10 nm throughout our study.
Figs. 4–7 show the results for an incident wavelength of
632.8 nm, with Figs. 4 and 5 showing the reflectivity and phase
results for a Ag film of room temperature thickness equal to
30 nm; while Figs. 6 and 7 showing the corresponding results
for the case with a Ag-film thickness of 50 nm. Furthermore,
we have also studied the effects at the longer wavelength of
1150 nm which is close to the room temperature band gap of a-
Si. The corresponding results are shown in Figs. 8–11. From the
results shown in the above figures, we make the following
observations and comments:

(1) As temperature increases, all the reflectivity curves
become broadened due to the increase in damping of
the metal. In addition, the resonance angles in both the
reflectivity and phase plots shift to larger values at ele-
vated temperatures. This can be understood from the dis-
persion relation for SP waves, together with the decrease
in plasmon frequency and increase in collision frequency
in the Drude model as the temperature increases [14].

(2) From the phase plots, we see again the two possible
patterns (from a sudden drop to a sudden rise across the
resonance) as have been reported previously in the lite-
rature for a case with a pure metal film [15]. Note that
the shift from one pattern to another depends on the
competition of two damping rates in the plasmon of the
metal, which in turn depends critically on the incident



Fig. 9. Experimental (A) and theoretical (B) results for the temperature-dependent
SPR phase measurements for the system in Fig. 1. Ag and a-Si film thickness are
30 nm and 10 nm, respectively; laser wavelength is 1150 nm.

Fig. 10. Experimental (A) and theoretical (B) results for the temperature-dependent
SPR reflectivity for the system in Fig. 1. The thickness of Ag film is 50 nm and the
laser wavelength is 1150 nm.
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wavelength and the thickness of the metal film [15]. In
our MS junction, this critical thickness of the Ag film
turns out to be about 40 nm. Thus we see, for both cases
with 632.8 nm and 1150 nm incident wavelengths, the
phase switches from a sudden drop as the angle increases
(for the case with a 30 nm Ag film) to a sudden rise (for
the case with a 50 nm Ag film). Data were also obtained
for the case with a 40-nm film (not shown), analyzed in
Table 1. Note that when the temperature is increased, the
Ag-film expands which can lead to the switching of the
phase curve from one pattern to another when the film
thickness has expanded to cross the critical value.

(3) The overall comparison between the simulation results
and the experimental data is qualitatively reasonable,
with all the behaviors of the experiment captured by
the temperature-dependence model we introduce. Since
the optical constants for a-Si used are fitted from
ellipsometric measurements [see Eqs. (9) and (10)
above], we conclude that the simple temperature-
dependent Drude model we established previously [11]
has some validity in the description of this SPR
phenomenon. In particular, it is observed that agreement
between theory and experiment is much better for the
1150 nm case than that for the 632.8 nm case. This
could be due to certain systematic error (e.g. oxide layer
formation) in the ellipsometric measurement of the a-Si
optical constants for the experiment in the latter case.

(4) From the comparison between the results for 632.8 nm
and those for 1150 nm, it is seen that the changes in the
reflectivity, the resonance angle, and the phase are all
more pronounced in the 1150 nm case than the corres-
ponding changes in the 632.8 nm case. This is likely
because 1150 nm (∼1.08 eV photons) is close to the
band-gap of a-Si, which leads to larger absorption by the
a-Si thin film. Furthermore, this band-gap also decreases
with a sensitive dependence on the temperature [16],
which finally leads to a more pronounced temperature
variation in the SPR data for the 1150 nm case.

We have further studied the sensitivities of various schemes
in the SPR monitoring of temperature changes at the Ag/a-Si
junction. By regarding our SPR-driven MS junction as a
temperature sensor [5,6], one can analyze its sensitivity
according to the monitoring of the resonance (dip) angle; the
dip reflectance; and the resonance phase change as a function of



Fig. 11. Experimental (A) and theoretical (B) results for the temperature-dependent
SPR phase measurements for the system in Fig. 1. The thickness of Ag film is
50 nm and the laser wavelength is 1150 nm.
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temperature. By accounting for the limitations of our measuring
apparatus with a minimum angular resolution (σθ) of 0.001

0, a
minimum reflectance resolution (σR) of 0.001, and a minimum
phase resolution (σϕ) of 0.01

0; we can compute the sensitivity
of each monitoring scheme from plots of the resonance angle,
resonance reflectance, and resonance phase change as functions
of temperature. The “sensitivity factors” in the various schemes
will be given by:

ShT ¼ DT
Dh

rh; SRT ¼ DT
DR

rR; S�T ¼ DT
D�

r�; ð11Þ

where we have assumed a linear regression analysis over the
relative small range of temperature change in our experiments.
Results for the various sensitivity factors for the two wave-
lengths with different Ag-film thickness are summarized in
Table 1. It is seen that a temperature sensor of high sensitivity
(down to 0.037 K resolution) can be obtained using such a SPR-
driven MS junction operated at a wavelength (1150 nm) close to
the band-gap of the a-Si, and with the implementation of the
phase monitoring technique. Sensitivity down to a resolution of
0.168 K can be achieved using the same apparatus and incident
wavelength (1150 nm) with the angle monitoring method.
Compared to a conventional SPR temperature sensor using only
a single metal film [14], a large improvement in sensitivity is
achieved using a SPR-driven MS junction with angle interro-
gation technique; though the same improvement has not been
achieved with the phase monitoring technique in our experi-
ments. This seems to imply that the change in the refractive
index of the a-Si over-layer will lead to more significant shift in
resonance angle, and not as much in phase changes for the SPR
curves at elevated temperatures. To further illustrate the differ-
ence between a “pure Ag” and a “Ag/a-Si” temperature sensor,
we have in Fig. 12 shown explicit calculations for the SPR
reflectivity and dip-angle of the two systems as functions of
temperature, from which the unique role of a-Si can be clearly
revealed. From Fig. 12B, it is observed that the rate of change of
the dip angle per temperature rise is about 15% higher in the
case when the a-Si film is present.

Moreover, although the changes in the reflectivity, the
resonance angle, and the phase are more pronounced in the
1150 nm case than the corresponding changes in the 632.8 nm
case, there is one exception. In the case of the Ag film thickness
fixed at 40 nm, however, the sensitivity of phase measurements
at 632.8 nm is 0.01 K, which is higher than that (∼0.06 K) in the
case of 1150 nm. As we have reported recently [17], the
sensitivity of SPR sensor based on phase detection depends
crucially on the incident wavelengths. There exists a “critical
wavelength” across which two different phase change behaviors
are observed [9,17]. A slight difference of incident wavelength
could lead to drastically sensitivity change, if the incident
wavelength is close to the critical wavelength. Though the value
of this critical wavelength will change with the film thickness,
however, optimal measurement can be achieved by controlling
the incident wavelengths with fixed film thickness.

5. Discussions and conclusion

We have studied, both experimentally and theoretically, the
temperature effects on a SPR-driven MS junction in terms of
the resonance response of such a junction at elevated
temperatures. Furthermore, if we assume that this SPR is
correlated to the enhancement of the photocurrent for such a
junction as established in some previous works [2,3], our
results imply that such a SPR enhanced effect will in general
decrease at high temperatures due to the increase of damping
in the metal. However, we cannot conclude how the overall
quantum efficiency of this junction will be affected with the
increase in temperature, since our experiment was not set up
for measurements of the photocurrents as a function of
temperatures. While this problem has been studied previously
for an ordinary Schottky junction [7,8], it has not been studied
in the literature for such an SPR-driven junction. The situation
will be more interesting in this latter case since while the
increase in temperature will lower the SPR enhancement, it
will also possibly lower the Schottky barrier of the junction in
some devices [7,8]. Thus the two factors will compete to



Table 1
Comparison of the sensitivities among detection methods for (a) Ag 30 nm, (b) Ag 40 nm and (c) Ag 50 nm with wavelength at 632.8 nm and 1150 nm

(a) Ag 30 nm/Si 10 nm

Modulation technique Local slope Instrument resolution Calculated resolution (σT)

Incident wavelength 632.8 nm 1150 nm 632.8 nm 1150 nm 632.8 nm 1150 nm
Angle 809 400 0.001 0.001 0.809 K 0.4 K
Reflectivity 2756 360 0.001 0.001 2.756 K 0.36 K
Phase 13.5 3.72 0.01 0.01 0.13 K 0.037 K

(b) Ag 40 nm/Si 10 nm

Modulation technique Local slope Instrument resolution Calculated resolution (σT)

Incident wavelength 632.8 nm 1150 nm 632.8 nm 1150 nm 632.8 nm 1150 nm
Angle 678 168 0.001 0.001 0.678 K 0.168 K
Reflectivity 1111 650 0.001 0.001 1.111 K 0.650 K
Phase 1.036 6.10 0.01 0.01 0.01 K 0.061 K

(c) Ag 50 nm/Si 10 nm

Modulation technique Local slope Instrument resolution Calculated resolution (σT)

incident wavelength 632.8 nm 1150 nm 632.8 nm 1150 nm 632.8 nm 1150 nm
Angle 503 505 0.001 0.001 0.503 K 0.505 K
Reflectivity 822 822 0.001 0.001 0.822 K 0.822 K
Phase 44.492 19.02 0.01 0.01 0.44 K 0.190 K

The thickness of a-Si is fixed at 10 nm.
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determine the overall change in quantum efficiency of such a
junction at elevated temperatures. Future experiments in this
direction will be of interest.
Fig. 12. Calculations of (A) SPR reflectivity and (B) dip-angle for both pure Ag
and Ag/a-Si systems as a function of temperature.
We have also explored the application of our junction as a
temperature sensor, and have come to the conclusion that very
sensitive temperaturemonitoring can be achieved by operating the
device at 1150 nm which is close to the band-gap of the silicon. It
also re-confirmed what is already established in the literature that
phase monitoring is by far the most sensitive way to detect any
changes in an SPR experiment. In addition, the simple temperature
dependencemodel we introduced seems to be able to capturemost
of the qualitative behaviors observed in all the experiments.
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