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Abstract
The performance of surface plasmon resonance (SPR) sensors has great dependence on its plasmonic material’s frequency
response, which is described by the complex dielectric function. Through history, researchers developed and enhanced mathe-
matical models to accurately describe the material dielectric function. Although many papers compared the accuracy of different
dielectric function models and stated its limitations, none of it addressed the effect of dielectric function model on the SPR
sensor’s characteristics. In this paper, we investigated the performance of the three most used dielectric function models (Drude,
Lorentz-Drude, and Brendel-Bormann) and their effect on the theoretically obtained sensor parameters when used in a gold SPR
sensor’s model and validated it with the experimentally measured dielectric function. The result showed that using less accurate
dielectric function’s model has a drastic effect on the theoretically obtained sensor’s parameters. Among the three models, the
widely used Drude model was not the most accurate; alternatively, Brendel-Bormann model was the most accurate.
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Introduction

Surface plasmon resonance occurs when a photon hits the
interface between two materials with dielectric function of
opposite signs (typically, a metal film and a dielectric). At a
certain angle of incidence, electrons in the metal surface layer
absorb a portion of the p-polarized incident light and oscillates
in response to light excitation. These electron excitations are
called plasmons. They propagate parallel to the metal surface
generating a surface plasmon wave (SPW) in the interface.
SPW frequency depends on the parameters of the sample

solution near the interface, namely, on the average refractive
index near the sensor’s surface [1–3].

Because of its prominent features such as its sensitivity,
fast response, great accuracy, radio frequency interference
(RFI), and electromagnetic interference (EMI) immunity and
its relatively small size and low cost, surface plasmon reso-
nance (SPR) sensors have been a major subject of interest
during the last two decade [4, 5].

The first observed SPR phenomena were byWood [6], but
Liedberg et al. [7] introduced the principle for gas sensing and
bio-sensing. Since then, a numerous SPR sensing structures
have been reported. Many introduced different sensor config-
urations like removing the fiber cladding [8–10], tapering the
fiber [11, 12], U-bent fiber [13–15], and the use of fiber Bragg
grating [16–18].

On the other hand, investigating the optimal plasmonic
materials was never settle, starting with metals gold [11, 14,
16–18], silver [9–11, 13], aluminum [19–21], copper [22, 23],
and platinum [24, 25] to semiconductors [26, 27] and
graphene [8, 13, 15, 16, 21, 23]. The plasmonic material per-
formance depends on how it interacts with light: transmission,
absorption, and reflection. This behavior is described by the
material complex dielectric function [3]. The complex dielec-
tric function consists of a real part and an imaginary part that
describe the deflection of light and its absorption,
respectively.
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There are different calculation methods for determination
of metal complex dielectric function (permittivity); the most
common are Drude, Lorentz-Drude (L-D), and Brendel-
Bormann (B-B). Drude model is the basic one, which de-
scribes the free electron effects and proves to be accurate for
the low-energy part of the dielectric function [3, 28, 29].
Lorentz reduced the error in Drude model by adding a com-
pensation term for the inter-band electron transitions.
Although L-D model extends the validity of dielectric func-
tion calculation, it could not describe the sharp absorption,
especially in noble metals [28]. The B-B model further im-
proves the accuracy by replacing Lorentz oscillators with a
superposition of infinite number of oscillators.

Many studies compared the three models’ performance rel-
evant to measured data; the B-B model showed the best accu-
racy with more than 94% overlap with the measured data; L-D
model was less accurate, and Drude model was the least accu-
rate [28–31]. Although the Drude model performance was not
the best, many SPR sensor studies adopted it as a simple cal-
culation method for metal complex dielectric function [32–35],
and few papers used the more accurate L-D model [36, 37].

In this paper, we investigated how the selection of the used
dielectric function model affects the gold SPR sensor’s char-
acteristics, mainly the sensitivity, full width at half maximum
(FWHM), and the signal-to-noise ratio (SNR), using the three
dielectric function models Drude, L-D, and B-B, and the ex-
perimentally measured dielectric function introduced in [38].

Method

We created a model of gold SPR fiber optic sensor; the sensor
consisted of a fused silica multimode fiber with a part of its
cladding removed and a thin layer of gold deposited on its
core as shown in Fig. 1. The fiber optic parameters are shown
in Table 1.

The fiber core refractive index has been calculated using
Sellmeier formula Eq. (1) of fused silica dispersion in visible
and near-infrared range [39]:

n2c λð Þ ¼ 1þ ∑
M

i¼1

Bi λ
2

λ2−λ2i
ð1Þ

where Bi is the ith oscillator strength for the resonance
wavelength λi (Table 2)and λ indicates the wavelength of
incident light in (μm).

Dielectric Function Models

We created three sensor models adopting each of Drude, L-D,
and B-B models as the dielectric function’s calculation model
using parameters provided in [28] and another reference mod-
el using the experimentally measured data of the dielectric
function obtained from [38].

Drude model:

ϵ ωð Þ ¼ 1−
Ω2

p

ω ω−iΓ 0ð Þ ð2Þ

Lorentz-Drude model:

ϵ ωð Þ ¼ 1−
Ω2

p

ω ω−iΓ 0ð Þ þ ∑
k

j¼1

f jω
2
p

ω2
j−ω2

� �
þ iωΓ j

ð3Þ

where ωp is the plasma frequency, k is the number of oscilla-

tors with frequency ωj, strength fj, and lifetime 1/Γj, while Ωp

¼ ffiffiffiffiffi
f o

p
ωp is the plasma frequency associated with intraband

transitions with oscillator strength fo and damping constantΓo.

Fig. 1 Sensor’s configuration

Table 1 Fiber optic
parameters Parameter Value

Core diameter (D) 600 μm

Sensing area length (L) 15 mm

Numerical aperture (NA) 0.24

Gold layer depth (d) 50 nm
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Brendel-Bormann model:

ϵ ωð Þ ¼ 1−
Ω2

p

ω ω−iΓ 0ð Þ þ ∑
k

j¼1
χ j ωð Þ ð4Þ

where

χ j ωð Þ ¼ 1ffiffiffiffiffiffi
2π

p
σ j

∫
∞

−∞
exp −

x−ω j
� �2
2σ2j

" #
� f jω

2
p

x2−ω2ð Þ þ iωΓ j
dx ð5Þ

Since the B-B model’s integral calculation solution con-
tains the computation of the complex complementary error

function: erfc(z) [28], we used the rational expansion method
introduced by Weideman [40].

For a surface plasmon wave to occur, the resonance condi-
tion is:

2π
λ

nc sinθ ¼ Re
2π
λ

εmn2s
εm þ n2s

� �1=2
" #

ð6Þ

where nc, ns, and εm are the fiber core refractive index,
sensing layer refractive index, and metal layer dielectric con-
stant, respectively [41]. For wavelength interrogation fiber
optic SPR sensor, the condition is met at a specific wavelength
(resonance wavelength), at which the intensity of the transmit-
ted light is the lowest [42]. The resonance wavelength can be
obtained from the SPR curve, which shows the detected

Table 2 Sellmeier
constants for fused silica
[39]

B1 0.6961663 λ1 0.0684043

B2 0.4079426 λ2 0.1162414

B3 0.8974794 λ3 9.8961610

a

b

Fig. 2 aReal part of Au dielectric
function using Drude, L-D, and
B-B models compared with the
measured data. b Imaginary part
of Au dielectric function using
Drude, L-D, and B-B models
compared with the measured data

1701Plasmonics (2020) 15:1699–1707



transmitted light at the fiber’s end, after passing through the
sensing area, as a function of the wavelength.

The light was launched into the fiber from a collimated
light source through a microscopic lens. For a given incidence
angle θ, and a fiber core refractive index nc, the corresponding
optical power P(θ) is [43]:

P θð Þ∝ n2c sinθcosθ

1−n2ccos2θ
� �2 ð7Þ

To calculate the transmitted power, the reflection intensity
coefficient (RP) of each ray is raised to the power of its corre-
sponding number of reflections (Nref). Accordingly, the for-
mula of the normalized transmitted power (Pt) for a p-
polarized light is [44]:

Pt ¼
∫
π=2
θcr R

Nref θð Þ
P P θð Þdθ

∫
π=2
θcr P θð Þdθ

ð8Þ

where RP is the reflection intensity coefficient for a p-
polarized incident wave and is defined by:

RP ¼ rp
		 		2 ð9Þ

rp represents the reflection coefficient for p-polarized light
and was obtained by applying the N-layer model [45] and
creating our 3-layer transfer matrix as described in [44].

Nref(θ) is the total number of reflections of the light in the
sensing region and is defined by:

Nref θð Þ ¼ L
D tan θð Þ ð10Þ

where L is the length of the sensing area, D is the fiber core
diameter, and θ is the incidence angle.

θcr is the fiber’s critical angle and is described by:

θcr ¼ sin−1
ncl
n1

� �
ð11Þ

n1 and ncl are the refractive indices of the core and cladding,
respectively.

Results

First, we calculated the Au dielectric function over our fre-
quency range of interest from 0.8 to three (eV), i.e., wave-
length range from 1400 down to 400 (nm) using Drude, L-
D, and B-B models. The real and imaginary parts of the
models-obtained dielectric functions compared to the mea-
sured data were illustrated in Fig. 2b.

As we can see from Fig. 2, the B-B model gives the best fit
of the measured Au dielectric function in both its real and
imaginary parts. On the contrary, Drude model has the worst
fit of the three models. In spite of having the best fit for lower
frequencies, its deviation increases rabidly above 1.8 eV (eV),
i.e., under 688 nm especially for the imaginary part. This
matched the previously reported results in [3, 28, 29, 31].

Fig. 3 Fiber optic SPR sensor
normalized transmitted p-
polarized light of Drude, L-D, and
B-B models’ sensors compared
with the measured dielectric
function model’s sensor at RI
1.33

Table 3 Error in sensor’s resonance wavelengths obtained using the
three dielectric function models with reference to the one obtained
using the measured dielectric function’s model at RI of 1.33

Model Error %

Drude 10.72%

L-D 7.03%

B-B 4.69%
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Then, we calculated the SPR curve for the visible and near-
infrared (NIR) range at a medium refractive index (RI) of
1.33, using each of the discussed dielectric function models’
sensors and the measured dielectric function’s sensor as
shown in Fig. 3.

As we can see from Fig. 3, the SPR curve of the measured
dielectric function sensor has its resonance wavelength at
597 nm. The nearest to it is the B-B model’s curve at
625 nm, while the L-D model’s is a bit higher than the B-
B’s at 639 nm. Moreover, the Drude’s is the farthest at
533 nm. Note that Drude model SPR curve nearly matches
the measured dielectric function above 700 nm and deviates
under that as expected.

To evaluate the percentage relative error in determining the
sensor’s resonance wavelength using the three models with
reference to the sensor’s resonance wavelength using the mea-
sured dielectric function, we used Eq. (12):

%Error ¼ Theoritical value−Measured value
Measured value

				
				� 100 ð12Þ

As we can see from Table 3, the Drude model’s sensor has
the highest error regarding the resonance wavelength at a re-
fractive index of 1.33 compared with L-D model’s which has
lower error and B-B model’s which is the nearest to the mea-
sured dielectric function model’s value. The resonance wave-
length (λres) values for each of the models through the RI
range from 1.33 to 1.41 is indicated in Table 4.

From Table 4, it is worth noting that, while the resonance
wavelength values of L-D and B-B models are always higher
than that of the measured dielectric function’s model, the
Drude model’s values are lower than that of the measured
dielectric function’s model only at the beginning of the RI
range up to 1.37. From 1.38 up to 1.41, the Drude model’s
resonance wavelength becomes higher than that of the mea-
sured dielectric function’s model.

a
b

c
d

Fig. 4 a Normalized transmitted p-polarized light of Drude model’s sen-
sor for RI from 1.33 to 1.41. b Normalized transmitted p-polarized light
of L-Dmodel’s sensor for RI from 1.33 to 1.41. cNormalized transmitted

p-polarized light of B-B model’s sensor for RI from 1.33 to 1.41. d
Normalized transmitted p-polarized light of the measured dielectric func-
tion model’s sensor for RI from 1.33 to 1.41

Table 4 Resonance wavelength
(λres) values for each of the
models through the RI range from
1.33 to 1.41

RI 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40 1.41

Resonance wavelength Drude 533 560 592 630 678 739 823 953 1212

L-D 639 658 681 710 746 795 864 974 1218

B-B 625 642 664 691 726 774 843 953 1176

Measured 597 612 630 653 683 723 782 877 1029
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We calculated the SPR curves for refractive indices from
1.33 to 1.41 for the discussed dielectric function models’ sen-
sors and the measured dielectric function model’s sensor as
shown in Fig. 4b, c, and d.

Figure 4b, c, and d show the difference in the obtained
SPR curves using the three models’ sensors and the mea-
sured dielectric function’s model. At 400 nm, the normalized
transmitted power equals 0.3 for the measured dielectric
function’s model and B-B model. L-D’s value is between
0.3 and 0.4, and Drude’s value equals almost one. The min-
imum power level over the RI range is around 0.2 for Drude
model; on the contrary, it reached 0.1 for the other models.
For the higher frequencies, while L-D and B-B models pow-
er level stayed under 0.8, Drude model and the measured
dielectric function’s model reached higher level around 0.9.
We can also see that the Drude and the measured dielectric
function models’ SPR curves have narrower dips than the
other two models, especially the L-D model, which has the
widest dips.

As the sensitivity of a sensor is its prominent feature, we
calculated the sensitivity of each model’s sensor for the dif-
ferent RI values as shown in Table 5. The sensitivity of an
SPR sensor with spectral interrogation equals the shift in the

resonance wavelength per unit change in the medium’s refrac-
tive index and is given by:

Sn μm=RIUð Þ ¼ δλres

δns
ð13Þ

where RIU is the refractive index unit [46]. The calculated
sensitivity valves of each sensor model over the RI range from
1.34 to 1.4 are indicated in Table 5.

As we can see from Table 5, the measured dielectric func-
tion’s sensor has the lowest sensitivity values for all the re-
fractive indices. The sensitivity values of B-B model’s sensor
are the closest to the measured dielectric function model’s and
Drude’s are the furthest while L-D’s are in between and close
to the B-B model’s having the same sensitivity values for RI
values 1.39 and 1.40. The percentage relative error in sensi-
tivity values of each model’s sensor and the measured dielec-
tric function’s sensor as a reference is calculated and illustrat-
ed in Fig. 5.

As we can see from Fig. 5, the error in sensitivity calcula-
tion for Drude model’s sensor reached up to 80% between
1.33 and 1.34 RI with a mean relative error of 59.2%. As the
RI reached higher values, the Drude model’s error gradually
decreases. On the other hand, using B-B model greatly
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Fig. 5 Percentage relative error in
sensitivity of SPR sensor using
the three models with reference to
the sensor’s sensitivity using the
measured dielectric function’s
model

Table 5 SPR sensor’s sensitivity
using the three models and the
measured dielectric function

RI 1.34 1.35 1.36 1.37 1.38 1.39 1.40

Sensitivity (μm/RIU) Drude 2.7 3.2 3.8 4.8 6.1 8.4 13

L-D 1.9 2.3 2.9 3.6 4.9 6.9 11

B-B 1.7 2.2 2.7 3.5 4.8 6.9 11

Measured 1.5 1.8 2.3 3 4 5.9 9.5

Table 6 FWHM of the sensor’s
SPR curves using the three
models and the measured
dielectric function

RI 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40

FWHM (nm) Drude 57 65 77 93 114 145 193 275

L-D 90 100 111 126 148 164 190 237

B-B 58 66 78 90 106 131 176 246

Measured 51 54 59 64 78 102 147 220
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decreased the relative error to a maximum of 22% between
1.34 and 1.35 RI, which is four times less than Drude model’s
max error and almost constant through the entire RI range
with a mean relative error of 17.4%. L-D model gives higher
error than B-B model but still lower than Drude model’s error
with a maximum of 27.8% between 1.34 and 1.35 RI and a
mean of 22.3%.

The second investigated sensor parameter is the FWHM,
which is defined as the spectral width of the sensor’s SPR
curve at half maximum [47]. The lower the SPR curve spectral
width the better, because it will be easier to distinguish smaller
wavelength shifts. The values of FWHMof each sensor model
for RI range from 1.33 to 1.4 are indicated in Table 6.

As we can see from Table 6, the measured dielectric func-
tionmodel has the lowest FWHMvalues over the entire range,
and all the other models have a relatively higher FWHM
values. Figure 6 depicts the percentage relative error in

FWHM values of each model’s sensor and the measured di-
electric function model’s sensor as a reference.

Figure 6 indicates that Drude model unexpectedly gives
better performance in terms of FWHM calculation accuracy
than the other two models with respect to the measured dielec-
tric function model’s values over the RI range from 1.33 to
1.35 with a max relative error of 46.2% at 1.37 RI and a mean
relative error of 31.6%. B-B model’s performance is not as
good as Drude’s, but not far from it, and precedes it above
1.36 with a max relative error of 40.6% at 1.36 RI and a mean
relative error of 25.6%. L-D model is the least accurate among
the three models with a max relative error of 96.9% at 1.36 RI
and a mean relative error of 66.8%. It beats the other two
models only at 1.4 RI.

The SNR of an SPR sensor is another important aspect; it
indicates how accurately and precisely the resonance wave-
length can be detected and, hence, the refractive index of the
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Table 7 SNR values of each sensor model for RI range from 1.33 to 1.4

RI 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40

SNR Drude 0.474 0.492 0.494 0.516 0.535 0.579 0.674 0.942

L-D 0.211 0.230 0.261 0.286 0.331 0.421 0.579 1.030

B-B 0.293 0.333 0.346 0.389 0.453 0.527 0.625 0.907

Measured 0.294 0.333 0.390 0.469 0.513 0.578 0.646 0.691
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sensing layer. For a spectral interrogation SPR sensor, the
SNR is a dimensionless parameter defined by:

SNR ¼ δλres

FWHM
ð14Þ

where δλres is the shift in the resonance wavelength of the SPR
curve induced by an amount of change in the sensed medium
refractive index [47]. The SNR values of each sensor model
for RI range from 1.33 to 1.4 are stated in Table 7.

In Table 7, the Drude model’s SNR values are always
higher than that of the measured dielectric function’s model.
On the other hand, L-D and B-B models give lower SNR
values than that of the measured dielectric function’s model
for all the RI range except at 1.4 RI. The percentage relative
error in SNR values of each model’s sensor and the measured
dielectric function model’s sensor as a reference was calculat-
ed and illustrated in Fig. 7.

From Fig. 7, it is obvious that B-B model gives very accu-
rate SNR values with almost zero error from 1.33 to 1.34 RI, a
max relative error of 31.2% at 1.4 RI, and amean relative error
of 10.5%. Drude model has a very high error at the start of RI
range with a max of 61.1% at 1.33 RI and a mean relative error
of 23.8%. The error decreases gradually as the RI increases
until it becomes the dominant model in terms of accuracy
from 1.36 up to 1.39 RI. L-D model has an intermediate rel-
ative error from 1.33 to 1.34 RI and gives the highest error
among the three models over the rest of the RI range with a
max of 49% at 1.4 RI and a mean relative error of 31.7%.

Discussion and Conclusion

In this paper, at first we confirmed that Brendel-Bormann
model gives the most accurate representation of Au dielectric
function among the three most used dielectric function models
(Drude, Lorentz-Drude, and Brendel-Bormann) compared
with the Au measured dielectric function in the visible and
NIR range.

Then, we investigated the performance of each of the three
models along with the measured data as a reference, when
adopted in an SPR sensor model. Based on our results,
Brendel-Bormann model preceded the other two models in
determining the SPR sensor’s main parameters, sensitivity,
FWHM, and SNR with a mean relative error of 17.5%,
25.6%, and 10.5%, respectively. Drude model gave the sec-
ond best result for FWHM and SNRwith a mean relative error
of 31.6% and 23.8%, respectively, and the least accurate sen-
sitivity values with a mean relative error of 59.2%. L-Dmodel
performed better than Drude model in case of sensitivity with
a mean relative error of 22.3% but was the least accurate in
determining FWHM and SNR with a mean relative error of
66.8% and 31.7%, respectively.

Using Drude model to describe the gold complex dielectric
function of an SPR sensor severely degrades the accuracy of
the sensor’s sensitivity and FWHM and SNR calculations.
Using L-D model instead of Drude’s improves the accuracy
of the sensitivity calculation but degrades the FWHM and
SNR calculation accuracy. The best choice is B-B model,
which has the best accuracy for all the sensor’s parameter
calculations leading to a more realistic representation of the
SPR sensor and reducing the gap between theoretical sensor’s
models and the experimental results.
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