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The determination of the thickness and the optical dispersion
property of gold film using spectroscopy of a surface plasmon

in the frequency domain∗
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We propose to use wavelength modulation approach, i.e., the spectroscopy of a surface plasmon in the frequency
domain, to characterize the optical dispersion property of gold film. Using this method, we determine the dispersion
relationship of gold film in a wavelength range from 537.12 nm to 905.52 nm, and our results accord well with the reported
results by other authors. This method is particularly suited for studying the optical dispersion properties of thin metal films,
because a series of dielectric constants over a wide spectral range can be determined simultaneously via only a single scan
of the incident angle, thereby avoiding the repeated measurements required when using the angular modulation approach.
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1. Introduction
Surface plasmon polaritons (SPPs), also abbreviated

as surface plasmons (SPs), present coupled electromagnetic
field-collective charge density oscillations localized at the in-
terface between a dielectric (with dielectric constant εd > 0)
and a metal or semiconductor, of which the dielectric constant
(ε = εr+ iεi) has εr < 0. The surface plasmon resonance (SPR)
phenomenon exhibits extremely high sensitivity to the optical
and structural properties of the surface layer above the SP-
supporting metal film. Owing to this feature, the SPR tech-
nique has been used in a wide range of applications includ-
ing biosensing, drug development, food, safety, environmental
monitoring, and medical diagnostics.[1–3] Especially, the SPR
biosensor is the most advanced and developed optical label-
free biosensor technology.[4]

As an important application, some earliest SPR studies
were devoted to the determinations of the optical and geo-
metrical constants of thin metal films, and so it has been
confirmed that the SPR technique is an accurate and simple
method of characterizing thin metal films,[5–16] and it is partic-
ularly suited for studying thin metal films of a few hundred
angstroms in thickness.[5,17,18] In all studies of characteriz-
ing thin metal films using SPs, an attenuated total reflection
(ATR) prism coupling in the Kretschmann–Raether geometry
has been always employed as the method of optical excitation
of SPs, and among the four modulation approaches (including
modulations in wavelength, angle, amplitude, and phase), an-
gular modulation is the only adopted approach. Generally, a
one-layer model is employed to characterize thin metal films.

When using a one-layer model, the metal films are consid-
ered to be homogeneous and perfectly flat[19] and each of them
can be fully characterized by three parameters: the real part
εr and imaginary part εi of the complex dielectric constant,
and the thickness d. Evaluations of εr, εi, and d from experi-
mental data points via curve-fitting method require to solve a
set of nonlinear equations by using numerical procedure. For
the convenience of calculation, it was proposed to model the
SPR dip with Lorentzian curve. With this method εr, εi, and
d can be evaluated simultaneously from three characteristic
parameters of the SPR curve: the half-width ∆θ1/2, the res-
onance angle θR, and the minimum reflectivity Rmin.[5,20,21]

However, modeling the reflectivity data by a Lorentzian curve
leads to an ambiguity in the determination of the optical con-
stants and the thicknesses of metal films.[5–8] The method of
removing the ambiguity is to introduce an additional constraint
by which thickness d can be uniquely determined, and then a
unique solution of εr, εi, and d is obtained, such as by us-
ing the dual-wavelength method,[5,7] and the extended ATR
spectrum.[20,22,23]

Real metal films cannot be perfectly flat, and the influ-
ence of surface/and interfaces roughness on an SPR curve has
been studied extensively.[19,24–28] Investigations demonstrated
that in the presence of surface roughness, the SPs are atten-
uated by two processes: radiation into the vacuum, or scat-
tering into other surface-polariton states; and the former is
responsible for increase in the resonant curve angular width,
the latter leads to resonant curve shift.[28] Experiments also
demonstrated that the effective dielectric functions and surface
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plasmon wavevectors of gold film change drastically under the
influence of increasing roughness amplitude.[27] If we use a
one-layer model to characterize metal films, we should know
that the magnitude of the imaginary part of the dielectric con-
stant from SPR measurement must be somewhat larger than
that arising only from absorption process, because the attenu-
ation of SPs due to plasmon scattering on surface roughness
is not removed in calculating εi, and in consequence, the mag-
nitude of the real part is smaller.[19] To describe the influence
of the layers roughness, an intermediate layer accounting for
the roughness at each interface was introduced in the model,
and the optical property of the intermediate layer was mod-
eled by the effective medium approximation.[19,25] To see how
accurately the dielectric constants and thicknesses of metal
films can be deduced from SP measurement, the influence of
the layer roughness of an SP-supporting system (including the
substrate, Cr film, and Au film) was thoroughly studied. In
conclusion, the model with intermediate layer is more realistic
and the results from this model are more reasonable. How-
ever, on the other hand, the one-layer model is much simpler
and also good enough to describe the SP-supporting system by
giving the effective dielectric functions. The model with inter-
mediate layer is necessary only if we need to determine the
dielectric constant which depends only on the internal struc-
ture of the metal film and is not influenced by its roughness.[19]

Some experiments also demonstrated that the thicknesses ob-
tained from SPR measurements using a one-layer model, coin-
cide very well with those from the measurements by X-ray,[19]

ellipsometry,[29] and atomic force microscopy (AFM).[20]

Until now, using SPs to determine optical constants
and/or thickness of thin metal films still attracts considerable
attention, which is, to a great extent, due to the requirements
of developing the SPR technique itself. Thin metal films are
an integral part of the SPR-based devices, such as the SPR
sensors,[1,4] the metal-clad waveguide,[30–34] and the long-
range SPP waveguide,[35–37] and the performances of these
optical devices are determined dominantly by the optical and
geometrical properties of the metal films. Furthermore, pa-
rameters of the overlayer (or overlayers) deposited above the
metal films are often required to be determined correctly, and
it is evident that the metal films must first be characterized ac-
curately. In fact, the effective optical constants of the metal
films also depend on their thickness, which is related to the
internal structure, owing to the variation in film density and
resistivity.[29,38–40]

For the development of sensors and other optical devices
associated with SPR phenomenon, it is important to deter-
mine the dispersion properties for the most suitable metal
films. Dispersion properties of silver and gold films have been
studied using SPR technique with an angular modulation ap-
proach, and satisfactory results were obtained compared with

the results obtained using other experimental methods and
with the classical free electron model.[10,11,14] However, us-
ing the angular modulation approach to study the dispersion
properties of metal films is intrinsically complex, because the
measurement of the dielectric constants must be performed re-
peatedly at a series of sampled wavelengths. To simplify this
tedious process, we propose to use the wavelength modula-
tion approach, i.e., the spectroscopy of surface plasmon in the
frequency domain to characterize the dispersion properties of
the metal films. In our method, a well collimated broadband
source is employed to excite the SPs with the construction of
ATR prism coupling in the Kretschmann–Raether geometry.
When the prism coated with SP-supporting film rotates step
by step, a series of SPR curves in frequency domain are gen-
erated correspondingly, and each curve has its own minimum
reflectivity and resonant wavelength which are then used to de-
termine the dielectric constants at a series of wavelengths, and
then the dispersion relationship of the metal film is obtained.
This method is particularly convenient for studying the disper-
sion properties of thin metal films, because with only a sin-
gle scan of the incident angle, a series of dielectric constants
over a wide spectral range can be determined simultaneously,
thereby avoiding the repeated measurements required when
using the angular modulation approach. Using this method,
we characterize the dispersion property of gold film in a wave-
length range of 537.12 nm–905.52 nm, the obtained results ac-
cord well with those reported by other authors. To our knowl-
edge, it is the first time that the wavelength modulation ap-
proach has been used to characterize the optical properties of
metal films.

2. Experimental details
In order to investigate the optical dispersion property of

gold film, we designed and built the measurement apparatus
as shown in Fig. 1. A well collimated light beam from a
broadband source (Tungsten halogen light source, AvaLight-
Hal) is p-polarized by a Glan–Taylor polarizer, then utilized
to excite the SPs. P-polarized light is coupled to the plas-
mon via a three-layer Kretschmann configuration consisting of
prism-gold film-air (see Fig. 2). The reflected light from the
SP-supporting system is monitored by an optic spectrometer
(Ocean Optics USB4000), from which we can obtain the spec-
troscopy of surface plasmon in frequency domain. The prism
(isosceles right-angled triangle) is mounted on a computer-
controlled rotary stage to scan the angle of incidence. Gold
film is coated on the face of right-angle side, and the face of
hypotenuse acts as both the entrance face and the exit face (see
Fig. 1). With this configuration, the light Iout output from the
prism is always parallel to the incident light Iin during scan-
ning the prism, which is very convenient for detection pur-
poses.
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Fig. 1. Schematic diagram of the experimental apparatus for determination of the dispersion property of gold film.
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Fig. 2. Three-layer Kretschmann configuration.

Gold films are obtained by evaporating 99.999% pure
gold onto a BK7 prism through electron-beam evaporation at
a pressure of 6×10−3 Pa and room temperature. The evap-
oration rate is kept at about 0.2 nm/s and the thicknesses of
prepared films are measured to be all 50 nm by using a quartz
digital thickness monitor fixed inside the vacuum chamber.
When scanning the angle of incidence through rotating the
prism step by step, a series of SPR curves in the frequency
domain are generated. Figure 3 shows the SPR curves of 50
sampled wavelengths (resonant wavelengths) in a wavelength
range of 537.12 nm–905.52 nm, correspondingly the angular
scanning range is −4◦–4.1◦ (against hypotenuse), and anti-
clockwise rotation is defined as being positive. The scanning
step is 0.5◦ for a wavelength range of 537.12 nm–580.04 nm,
and 0.1◦ for 580.04 nm–905.52 nm. To determine the abso-
lute value of reflectivity of surface plasmon spectroscopy, the
total internal reflection (TIR) spectrum of the light reflected
from no-gold film part of the prism (see Fig. 1) is measured
and taken as the calibration curve. The ratio between an SPR
curve in Fig. 3 and the calibration curve gives the normalized
SPR curve. Each normalized SPR curve has its own character-
istic parameters: minimum reflectivity Rmin, resonant wave-
length λR, and incident angle θspr which are then utilized to

determine the dielectric constant εm (λ ) at the relevant reso-
nant wavelength. The experimental data should be corrected
for reflections at the entrance and exit faces by considering
both the angles of incidence against the faces and the disper-
sion effect of the prism.
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Fig. 3. (color online) SPR curves before calibration. (a) 25 SPR curves
from −4.0◦ to 1.6◦. (b) 25 SPR curves from 1.6◦ to 4.1◦.

As an example, the SPR curves before and after calibra-
tion at resonant wavelength λR = 702.46 nm are illustrated in
Figs. 4(a) and 4(b), respectively. And Fig. 5 shows all of the 50
normalized SPR curves. From Fig. 4(b), we can clearly see the
strong absorption peak at 484.60 nm which prohibits the ob-
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taining of high-quality data below 537 nm, and beyond 905 nm
the measurement is limited by the response of the spectrome-
ter (responsive from 200 nm to 1100 nm) due to the degraded
signal-to-noise ratio.
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Fig. 4. (color online) SPR curves before and after calibration at λR =
702.46 nm. (a) The calibration curve and the SPR curve before calibra-
tion. (b) The SPR curve after calibration.

3. Theoretical analysis and results
The consideration presented here is restricted to an ideal-

ized metal film, i.e., one-layer model is used for characterizing
the gold film. According to Fresnel’s equations, the reflectiv-
ity R of p-polarization from the three-layer of Kretschmann’s
SPR configuration as shown in Fig. 2 can be expressed as

R =
∣∣rp

123

∣∣2 = ∣∣∣∣ rp
12 + rp

23 exp(2ikz2d)
1+ rp

12rp
23 exp(2ikz2d)

∣∣∣∣2 , (1)

rp
i j =

kzi

εi (λ )
−

kz j

ε j (λ )

kzi

εi (λ )
+

kz j

ε j (λ )

, (2)

kzi( j) = k0[εi( j)(λ )− ε1(λ )sin2
θ ]1/2, (3)

where rp
i j is the reflective coefficient at the boundary between

i medium and j medium (i, j = 1, 2, 3), d represents the thick-
ness of gold film, kzi( j) is the component of the wave vector
in medium i( j) in the z direction, ε1 (λ ), ε2 (λ ) = εm (λ ) =

εr (λ )+ iεi (λ ), and ε3 (λ ) are optical constants of prism, gold
film, and air, respectively, k0 is the wave vector in vacuum, and
θ is the incident angle at the interface. In our discussion, the

dispersion of air is ignored. To determine the incident angle
θ correctly, the dispersion of the prism should be taken into
account when the light is refracted on the entrance face.

We can proceed to determine the dispersion relationship
and thickness of the gold film from the normalized SPR curves
in Fig. 5. The dielectric constants corresponding to the 50 res-
onant wavelengths can be determined by the best fitting of the
data, with R given by Eqs. (1)–(4) using the method of dif-
ferential correction and iteration. In calculation by iteration,
εr (λ ), εi (λ ), and d are taken as adjustable parameters, these
parameters and dispersion relationship are evaluated through
the following three steps.
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Fig. 5. (color online) The 50 normalized SPR curves covering a
wavelength range of 537.12 nm–905.52 nm. (a) 25 SPR curves from
537.12 nm to 622.10 nm. (b) 25 SPR curves from 625.69 nm to
905.52 nm.

(I) Determine the possible range of d and the adjusted step
∆d in iteration process. The value of d measured by quartz
thickness monitor is 50 nm, thereby, (50±5) nm is a reason-
able thickness range (to our experience). The adjusted step ∆d
in the iteration process is chosen as 0.1 nm, which is small
enough because the influences on dielectric constant are all on
the order of 10−4 for both ∆d = 0.1 nm and ∆d = 0.01 nm.

(II) Determine the initial values of εr (λ ), and εi (λ )

which will be used in stage (III) for each of the 50 reso-
nant wavelengths by using the method of iteration. When
thickness d is adjusted from 45 nm to 55 nm with ∆d =

0.1 nm, 100 initial values of both εr (λ ) and εi (λ ) (corre-
sponding to 100 values of thickness) for each of the 50 res-
onant wavelengths are evaluated by substituting θspr and the
measured λR into Eqs. (1)–(4) and using the criterion func-
tion R0

min [εr (λ ) ,εi (λ )]−Rmin = 0, where R0
min and Rmin repre-
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sent the minimum reflectivities of theoretical and experimen-
tal SPR curve, respectively. And 100 dispersion curves are
then established by using the above calculated initial values of
εr (λ ) and εi (λ ) (for all the 50 resonant wavelengths) via the
curve-fitting method.

(III) Determine the dispersion relationship and thickness
of the gold film by using the 100 dispersion curves obtained
from stage (II) via the method of differential correction. As-
suming x to be a set of the model parameters (εr (λ ), εi (λ ),
and d), the best fit is determined by computing the minimiza-
tion of the objective function F (x), which is defined as

F (x) =

√√√√√ N
∑
i

[
R0

i (x)−Ri
]2

N
. (4)
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Fig. 6. Comparison of our results with those from Ref. [14]. (a) Real
part of optical constants. (b) Imaginary part of optical constants.

Here R0
i (x) is the theoretical reflectivity computed by us-

ing the fitted dispersion curves from stage (II) and Eqs. (1)–
(4), and Ri is the experimental reflectivity, i is a subscript for
each of the N data points. In calculations, 200 data points near
SPR dip are sampled for each of the 50 SPR curves, so here
N = 200. In differential correction performance, we can find
that there is only one dispersion curve (among the 100 disper-
sion curves) which makes F (x) minimized. Just using this dis-
persion curve and Eqs. (1) to (3), a theoretical SPR curve near
the dip (with its own resonant wavelength λ 0

R and minimum
reflectivity R0

min) can be plotted. Using λR and the relevant
dispersion curve, we can determine the values of εr (λ ), εi (λ ),
and d, the results are listed in Table 1. The dispersion relation-
ships of εr (λ ) and εi (λ ) from 537.12 nm to 905.52 nm shown

in Fig. 6 are obtained by using the 50 dielectric constants listed
in Table 1. The dispersion curves are fitted with sixth-order
polynomial, which coincides very well with all the experimen-
tal data points, with the correlation coefficients R2 = 0.999995
for εr (λ ) and R2 = 0.999221 for εi (λ ). And histogram of the
measured values of thicknesses is illustrated in Fig. 7, showing
a good consistency of the measured thicknesses.
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Fig. 8. (color online) AFM results of gold film deposited on the ATR
prism. (a) Surface morphology. (b) Section analysis.

The thickness of the gold film is also measured by
atomic force microscopy (Nanosurf Easyscan 2), the result
d = 52.31 nm falls within the values determined from our mea-
surements (see Fig. 8). From the property of the fitted disper-
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sion curves and the consistency of the measured thicknesses,
the validity of our method is further confirmed.

Table 1. Experimentally determined values of the real and imaginary
parts εr and εi of the optical constants and thickness d of gold film using
our method.

λR/nm εr ∆εr εi ∆εi d/nm
537.12 –5.0540 ±0.1104 2.1321 ±0.0183 52.2
540.62 –5.3115 ±0.0217 2.0832 ±0.0166 52.2
544.32 –5.6222 ±0.0202 2.0256 ±0.0158 52.2
548.22 –5.8943 ±0.0216 1.9623 ±0.0126 52.2
552.93 –6.2310 ±0.0644 1.9129 ±0.0122 52.2
558.25 –6.5999 ±0.0159 1.8652 ±0.0113 52.2
564.38 –7.0288 ±0.0161 1.7955 ±0.0105 52.2
571.51 –7.5246 ±0.0177 1.7345 ±0.0097 52.2
580.04 –8.1350 ±0.0162 1.6788 ±0.0091 52.2
581.86 –8.2551 ±0.0161 1.6693 ±0.0090 52.2
583.69 –8.3912 ±0.0162 1.6511 ±0.0089 52.2
585.91 –8.5422 ±0.0161 1.6359 ±0.0088 52.2
587.94 –8.6867 ±0.0160 1.6244 ±0.0087 52.2
590.16 –8.8555 ±0.0160 1.6193 ±0.0087 52.2
592.58 –9.0106 ±0.0160 1.5973 ±0.0086 52.2
595.00 –9.1780 ±0.0160 1.5883 ±0.0085 52.2
597.42 –9.3474 ±0.0161 1.5870 ±0.0084 52.2
599.84 –9.5324 ±0.0159 1.5627 ±0.0082 52.4
602.66 –9.7275 ±0.0159 1.5494 ±0.0081 52.4
605.47 –9.9359 ±0.0162 1.5499 ±0.0082 52.2
608.49 –10.1434 ±0.0160 1.5389 ±0.0081 52.2
611.69 –10.3736 ±0.0162 1.5337 ±0.0080 52.2
614.90 –10.6176 ±0.0162 1.5146 ±0.0078 52.4
618.30 –10.8615 ±0.0162 1.4894 ±0.0078 52.3
622.10 –11.1181 ±0.0163 1.4760 ±0.0077 52.5
625.69 –11.3934 ±0.0164 1.4743 ±0.0076 52.4
629.67 –11.6857 ±0.0164 1.4903 ±0.0077 52.2
633.85 –12.0007 ±0.0165 1.4820 ±0.0076 52.2
638.42 –12.3257 ±0.0167 1.4719 ±0.0075 52.2
643.37 –12.6791 ±0.0167 1.4385 ±0.0072 52.5
648.32 –13.0670 ±0.0169 1.4615 ±0.0073 52.3
653.65 –13.4716 ±0.0171 1.4613 ±0.0072 52.3
659.36 –13.8972 ±0.0172 1.4607 ±0.0072 52.3
665.46 –14.3590 ±0.0172 1.4556 ±0.0072 52.4
671.73 –14.8586 ±0.0174 1.4723 ±0.0073 52.3
678.57 –15.4027 ±0.0177 1.4776 ±0.0073 52.4
685.98 –15.9873 ±0.0177 1.4700 ±0.0072 52.6
693.95 –16.6479 ±0.0179 1.4906 ±0.0073 52.6
702.46 –17.3636 ±0.0181 1.5307 ±0.0074 52.5
712.30 –18.1429 ±0.0184 1.5757 ±0.0075 52.4
722.86 –19.0284 ±0.0184 1.6347 ±0.0076 52.4
734.71 –20.0354 ±0.0185 1.7141 ±0.0078 52.2
747.25 –21.1368 ±0.0187 1.8103 ±0.0080 52.0
762.54 –22.4632 ±0.0192 1.9404 ±0.0082 52.0
778.29 –23.8133 ±0.0594 1.9962 ±0.0082 52.1
796.69 –25.4682 ±0.0212 2.1214 ±0.0085 52.2
816.59 –27.4998 ±0.0489 2.3217 ±0.0096 52.0
841.89 –29.8267 ±0.0221 2.5298 ±0.0094 52.1
869.00 –32.7075 ±0.0231 2.8116 ±0.0103 52.0
905.52 –36.3604 ±0.0553 3.1787 ±0.0119 52.3

In Fig. 6, we also plot other authors’ data[14] for compar-
ison. It is clearly seen that our results accord quite well with
the results from Ref. [14]. The slight difference between these

two results might arise from the difference in surface rough-
ness amplitude between the two samples.

Now we discuss the resulting errors of εr (λ ) and εi (λ )

from our method. As mentioned above, we have determined
the values of εr (λ ) and εi (λ ) by λR (corresponding to the ex-
perimental curves in Fig. 5), but there is a discrepancy be-
tween λR and the theoretical value of λ 0

R obtained from the
fitted SPR curve, also a discrepancy exists between Rmin and
R0

min. Using ∆λR = λR − λ 0
R, ∆Rmin = Rmin −R0

min, and the
relevant dispersion curves of εr (λ ) and εi (λ ), we can esti-
mate the measurement errors ∆εr and ∆εi arising from ∆λR and
∆Rmin. Analysis demonstrates that (i) for εr (λ ) the influence
of ∆λR is dominant (over 103 times larger than the influence
of ∆Rmin); (ii) for εi (λ ) the influence of ∆Rmin is dominant
(over 10 times larger than the influence of ∆λR); (iii) ∆λR is
almost the same as the readout resolution of the spectrometer
(0.21 nm); (iv) ∆Rmin is almost the same as the power stability
of the light source (0.1%). From (i) to (iv), we can draw the
conclusion that the measurement error ∆εr can be estimated
by using the relevant dispersion curve of εr (λ ) under the as-
sumption of ∆λR = ±0.21 nm; ∆εi can be estimated by using
the relevant dispersion curve of εi (λ ) under the assumption of
∆Rmin =±0.1%. The errors for the 50 dielectric constants are
also listed in Table 1.

4. Conclusions
For the first time we propose to use the wavelength mod-

ulation approach, i.e., the spectroscopy of surface plasmon in
frequency domain to characterize the dispersion properties of
the metal films. The dispersion relationship of gold film in
a wavelength range from 537.12 nm to 905.52 nm is deter-
mined, and the obtained results accord well with those from
other authors. The validity of our method is also confirmed by
the excellent coincidence between the fitted dispersion curves
and all the experiments data points, and by the consistency of
measured thicknesses. The thickness measured by using the
wavelength modulation approach is in good agreement with
that measured by AFM. This method is particularly suited for
studying the optical dispersion properties of thin metal films,
because a series of dielectric constants over a wide spectral
range can be determined simultaneously via only a single scan
of the incident angle, thereby avoiding the repeated measure-
ments required when using the angular modulation approach.
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