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A newmethod for measuring the dielectric functions change
with the thickness of nanometal thin films was proposed.
To confirm the accuracy and reliability of the method, a
nano-thin wedge-shaped gold (Au) film with continuously
varied thicknesses was designed and prepared on K9 glass
by direct-current-sputtering (DC-sputtering). The thick-
nesses and the dielectric functions in the wavelength range
of 300–1100 nm of the nano-thin Au films were obtained
by fitting the ellipsometric parameters with the Drude and
critical points model. Results show that while the real part
of the dielectric function (ε1) changes marginally with in-
creasing film thickness, the imaginary part (ε2) decreases
drastically with the film thickness, approaching a stable
value when the film thickness increases up to about
42 nm. This method is particularly useful in the study of
thickness-dependent optical properties of nano-thin
film. © 2016 Optical Society of America

OCIS codes: (310.6860) Thin films, optical properties; (290.3030)
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With the recent advances in micro- and nano-fabrication tech-
nologies, nanometric thin film has received extensive attention
in the fields of nanoelectronics, optoelectronics, and photonics,
including transparent electrodes [1], antireflection coatings [2],
optical metamaterials [3], and nanoplasmonic devices for bio-
chemical sensing [4,5]. Though the optical constants of the
most materials has been reported and summarized in Palik’s
optical database [6], it is not applicable to nano-thin films with
thicknesses under several tens of nanometers because it has
been proved that the optical constants of thin films are depen-
dent on the film thickness [4,7,8]. Obvious deviations with the
experimental results were found when bulk optical constants
were used in the simulations [9], especially when the device’s

performance is sensitive to the dielectric functions of their com-
ponents. Hence, a detailed study of the dielectric functions of
nano-thin Au film is very essential for its wide optical and elec-
trical applications.

Generally, optical constants can be obtained by spectro-
scopic ellipsometry (SE) [7,8], the surface plasmon resonance
technique [10], and the reflectance and transmittance method
[11]. However, the SE technique is the most used method in
the determination of the energy dispersion of complex dielec-
tric functions, ε�ω� � ε1�ω� � ε2�ω� of thin films in high ac-
curacy due to its surface sensitive and nondestructive feature.
For SE measurements, to evaluate the influence of the film
thickness on the dielectric functions, usually lots of samples
with various thicknesses need to be deposited and measured.
It will lead to the difficulty in ensuring the identical deposition
and measurement conditions of samples with different thick-
nesses, which will induce unavoidable errors in the determina-
tion of the thickness influence on the optical constants.

To overcome the disadvantages of traditional multiple-sam-
ple measurements, a new method was proposed for measuring
the dielectric functions change with the thickness of the nano-
metal thin films in this Letter. A novel of wedge-shaped nano-
thin Au film on K9 glass with continuously varied thicknesses
was designed and fabricated by a DC-sputtering method. The
dielectric functions of the nano-thin Au film were obtained by
the spectroscopic ellipsometer (SE). Afterward, the influences
of the film thickness on the dielectric functions and free-elec-
tron relaxation time were discussed.

The nano-thin Au film with the target purity of 99.99% was
DC-sputtered on the double-polished K9 wedge-shaped glass
with an angle of about 2° in the Leybold LAB600 SP chamber
at room temperature. Prior to evaporation, the K9 substrate was
ultrasonically cleaned using acetone, ethanol, and deionized
water for 10 min, respectively; then it was dried under a nitro-
gen atmosphere. The target–substrate distance was 9 cm. The
working pressure, discharge voltage, current, and power
were fixed at 3.0 × 10−3 mbar, 428 V, 0.07 A, and 30 W,
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respectively. In this Letter, a mask was driven by a stepping
motor at a constant velocity of about 11.4 μm∕s during the
deposition process to obtain the wedge-shaped sample [8].

The surface morphology of the sample at different positions
was characterized by atomic force microscopy (AFM Bruker
Multimode-8) in the contact mode with the scanning area
of 2 × 2 μm2, with one of the results showing in Fig. 1. It in-
dicates that the surface roughness is nearly uniform for all the
measured areas with Rq ≈ 1.0 nm (root mean square of surface
roughness), which is in favor of the ellipsometry measurements.

The variable-angle spectroscopic ellipsometer (J.A. Woollam
VASE) was used to simultaneously extract both the thickness
and complex dielectric functions of the thin Au film at different
positions of the wedge-shaped nano-thin Au film (from positions
1 to 12, with the distance between the adjacent positions
along the measuring direction of about 1 mm). A focused beam
with the measured area of about 200 μm was used to overcome
the restriction of uniform characteristics within a relatively
large region of the typical probe beam of SE.

Ellipsometric parameters �Ψ;Δ� were obtained over the
wavelength range of 300–1100 nm at three different incident
angles of 65°, 70°, and 75°, respectively. To avoid the influence
of the prolongation of the beam size along the direction of the
incident light on the thickness of the Au thin film due to the
different incident angles, the incident plane was perpendicular
to the sample surface. Details can be found in our previous
work [8].

The values of ellipsometric parameters �Ψ;Δ� are defined
from the ratio of the amplitude reflection coefficients for
p- and s-polarizations [12]:

ρ � tan Ψ exp�iΔ� � rp∕rs; (1)

where rp and rs represent the reflectance of the p- and
s-polarizations, respectively.

To obtain the real film thickness and dielectric functions,
an accurate theoretical dispersion model must be chosen.
For metal, a Drude and Lorentz (DL) model, as shown in
Eq. (2) [13], was always used to depict the free electron
intra-band transitions in the infrared frequency region and
bond electron inter-band transitions in the visible/near-UV
region, respectively:

ε � ε∞ −
E2
p

E�E � iΓp�
�

Xn
j�1

A2
j

E2
j − E2 � iEΓj

: (2)

In Eq. (2), ε, ε∞, Ep, and Γp are the complex dielectric func-
tion, the high-frequency dielectric constant, the plasma
frequency, and the Drude broadening, respectively. Further-
more, Aj; E j, and Γj are the oscillator strength, oscillator

energy, and oscillator damping, respectively. In our previous
work [8], the DL model was utilized to predict the optical
dispersion properties of the titanium (Ti) thin film.
However, it has been found that the DL model faces limitations
in predicting the inter-band transitions of the Au in the visible/
near-UV region due to the somewhat asymmetric transition
line shape of the Au which will add “artificial” and unphysical
parameters in the DL model [14]. By considering the two inter-
band transitions in the visible/near-UV range, Etchegoin et al.,
proposed an analytic model [14] called the Drude and critical
points (DCP) model as follows:
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E2
p
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; (3)

where the two critical points correspond to the two inter-band
transitions in the visible/near-UV region of the Au. Compared
with Eq. (2), a phase parameter ϕ is added in the DCP model
to account for the band-edge effects. The expression is consis-
tent with the Kramers–Kronig relation. Note that the DCP
model does not satisfy the “plasma sum rule,” but it can be used
over a finite frequency range [14].

To accurately characterize the optical dispersion properties
of the Au nano-thin films at different thicknesses in the wave-
length range of 300–1100 nm, the DCP model was chosen in
this case to fit the experimental data. The difference between
the measurements and the fitting results is defined by the root
mean square error (RMSE) [7]:

RMSE�
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(4)

where N is the number of the experimental points, M is the
number of parameters, σ is the standard deviation, and the
superscripts mod and exp refer to the modeled and measured
data, respectively.

A four-phase model consisting of air/roughness layer/Au
layer/K9 glass was employed in the SE parameter fitting proc-
ess. For the Au layer, the DCP model was chosen. In Eq. (3),
ε∞ is the value of the dielectric functions at infinite energy,
which is assumed to be 1 in all fittings. The Bruggeman effec-
tive medium approximation model [15] was used to depict the
roughness layer which is consistent with the Au and void.
To reduce the fitting parameters, the void fraction was set
to 50%, and the rough layer thickness was set to 1.0 nm.
To exclude the influence of the reflected light from the rear
surface of the K9 glass, a wedge-shaped K9 substrate was used
with its optical constants measured in advance.

The ellipsometric parameters with the incident angle of 70°
at different measured positions (corresponding to the different
thicknesses of the nano-thin Au film) were presented in Fig. 2.
It shows that the fitting of the Au films at different film thick-
nesses presents a good agreement with the experimental data in
the entire measured spectral range at the three incident angles
with the RMSE ≈ 0.18, which demonstrates that our fittings
are accurate and reliable in the whole investigated spectrum
range. It is evidenced that both the parameters Ψ and Δ
increase with the film thickness, to be nearly unchanged when

Fig. 1. AFM image of the nano-thin Au film on K9 substrate.
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the film thickness increases to 41.9 nm, indicating the change
trend of the dielectric functions with the Au film thickness.

The fitting parameters are listed in Table 1. For the Au, the
two inter-band transitions are located at the L and X symmetry
points, with the calculated energy gap of about 4.0 and 2.5 eV,
respectively [16]. Consistent results have been produced from
our SE fitting (E1 ≈ 3.35 eV, E2 ≈ 2.62 eV). Similar results
have been found in the literature [14], proving the accuracy
of our fitting. The nearly unchanged plasma energy with the
film thickness at a value of about 9.4 eV, is comparable with
the data from [6,17]. The fitted film thickness changes from
8.5 to 44.3 nm. For thin Au films, it has been found that
the thickness obtained from an ellipsometer is consistent with
the result measured by transmission electron microscopy with
an error of about 1.0 nm in the previous work [7].

The distance between adjacent positions along the measur-
ing direction was about 1 mm. Hence, the thickness gradient
was about 3.5 nm∕mm along the measuring direction. In each
measured area (≈200 μm), the Au film thickness difference is
just about 0.7 nm. It is so small a value compared with the large

measured region [8,18] that the film can be considered as uni-
form in the measured area. For simplicity, the fitting parameters
for position 7, 8, 9, and 10 were not shown in the Table.

The real (ε1) and imaginary (ε2) parts of the dielectric func-
tions of the Au nano-films are given in Fig. 3 with the data
obtained from Palik [6] and Johnson and Christy [17] for com-
parison. A similar variation trend with a wavelength of our re-
sults with the references has been found. It proves that, with the
wedge-shaped Au film sample, the intrinsic dielectric dispersion
relations can be obtained due to the identical deposition and
measuring conditions.

As is clearly shown in Fig. 3, ε1 is almost uninfluenced by
the film thickness, but ε2 has a larger variation. Here, ε1 seems
to change little with the film thickness because the variation of
ε1 with wavelength is much larger than its change with the film
thickness. It can also be found that when the film thickness
increases up to 42 nm, both ε1 and ε2 are nearly uninfluenced
by film thickness, indicating the bulk thickness of the Au film
in this frequency region. When the film thickness is larger than
the bulk electron mean free path of the Au (40 nm [19]), the
contribution from film scattering will approach to that of bulk
material, inducing the optical properties independent of the
film thickness.

For ε1, it is negative in the whole spectrum range for the film
thickness investigated by us, indicating the continuous film
morphology of our sample [20]. For the Au thin film, the criti-
cal thickness for the surface changes from granular to continu-
ous is about 7 nm [20]. Hence, it is reasonable to regard the
film at the measured area as continuous because of the thinnest
film thickness focused by us is 8.5 nm.

From the fitting parameters, it can also be found that with
the film thickness increasing from 8.5 to 41.9 nm, the free
electron relaxation time τ � 1∕Γp (Γp: Drude damping factor)
increases monotonically, as depicted in Fig. 4. It proves that the
metallic character of the Au thin film is enhanced with the in-
crease of the film thickness. The result agrees well with the pre-
vious investigations [7] which can be understood from the fact
that the scattering of boundaries and imperfection becomes
more and more important as the film thickness is reduced.
The surface scattering increases with the decreasing film thick-
ness which, in turn, will make the Drude broadening larger.
This will lead to the increase of ε2, which is proportional to
Γp at a longer wavelength (ε2 ∼ ω2

pΓp∕ω3) [7]. When the film
thickness gets even larger, to 44.3 nm, the relaxation time
shows a stable value at 15.5 fs and will not be improved further.

Fig. 2. Measured (symbol) and fitting (line) ellipsometry data Ψ and
Δ of the Au film for various thicknesses at an incident angle of 70°.

Table 1. Fitting Parameters of Different Positions of the Nano-Thin Au Film by Using the DCP Model

Measured Position 1 2 3 4 5 6 11 12
Film Thickness (nm) 8.5 12.6 16.4 20.0 23.3 26.3 41.9 44.3

RMSE 0.14 0.16 0.17 0.18 0.17 0.18 0.18 0.18
Ep �eV� 9.33 9.37 9.41 9.43 9.45 9.48 9.40 9.39
Γp�10−2 eV� 11.48 9.14 7.86 6.89 5.99 5.15 4.20 4.23
E1 �eV� 2.61 2.64 2.64 2.63 2.63 2.62 2.62 2.62
A1 �eV� 1.32 1.47 1.45 1.48 1.50 1.54 1.61 1.65
Γ1 �eV� 0.40 0.41 0.40 0.39 0.39 0.39 0.39 0.40
ϕ1 −1.13 −0.92 −0.94 −0.94 −0.95 −0.95 −0.92 −0.91
E2 �eV� 3.40 3.35 3.35 3.35 3.31 3.30 3.36 3.38
A2 �eV� 11.14 10.24 10.15 9.97 9.76 9.58 9.53 9.41
Γ2 �eV� 1.95 1.72 1.67 1.64 1.60 1.57 1.52 1.50
ϕ2 −0.72 −0.88 −0.89 −0.91 −0.95 −0.99 −1.00 −1.00
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It is consistent with the relaxation time of the bulk Au
(14� 3 fs) [21].

In conclusion, a new method for measuring the dielectric
functions change with the film thickness of nanometal thin
films was proposed and confirmed by the Au film. The
nano-thin Au film was designed and prepared by DC-sput-
tering to form a wedge shape with continuously varied thick-
nesses, which was employed to study the thickness influences
on the dielectric functions. The single sample measurements
can overcome the disadvantages of traditional multi-sample
measurements. The DCP model was chosen to characterize
the dispersion relations of nano-thin Au films with fitting
results showing an extremely good agreement with the exper-
imental ellipsometric parameters, illustrating the accuracy of
obtained dielectric functions. Results reveal that while the real

part of the dielectric function (ε1) is nearly unchanged with the
film thickness, the imaginary part (ε2) decreases with increasing
film thickness, which is mainly because of the reduced surface
scattering in the thicker film. It is also found that the bulk
thickness is about 42 nm for the Au thin film in the wavelength
range of 300–1100 nm. The method provided in this Letter is
demonstrated to be effective in the evaluation of the thickness
effect on the optical properties of nano-thin films and can be
used for many other materials as well.
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Fig. 3. (a) Real and (b) imaginary parts of the dielectric functions of
the nano-thin Au film at different thicknesses.

Fig. 4. Damping and free electron relaxation time for the Au at dif-
ferent film thicknesses.
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