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The refractive indexes of thin films are determined by spectrophotometric measurement in
the ultraviolet-to-near-infrared spectral range on a high-absorption metal, molybdenum, as an
example. In our theoretical derivative, the refractive indexes of a substrate with and without
low absorption are calculated first and then that of the combined film stack is calculated. Both
solutions are obtained by the Newton—Raphson iteration method. The calculated refraction
index is 1.64-2.88 and the extinction coefficient is 2.76—4.52, which are within the measured
ranges for the Mo film. Both indexes increase monotonically with the wavelength in the visible
and near-infrared ranges.

1. Introduction

A spectrophotometer is a popular instrument in the laboratory for measuring the
transmittance (T) and reflectance (R) of films or film stacks deposited on substrates. Therefore,
a spectrophotometer can be considered as a sensor for detecting changes in the R and 7 of film
materials owing to the microstructural or compositional changes. The refractive index can
reflect the material microstructure, and three common methods are frequently applied to obtain
it. However, unlike ellipsometry,"?) which measures parameters to determine the refractive
index at a single wavelength, and the enveloped method,®* which measures the variation
in T oscillation with the wavelength of a thick low-absorption dielectric film deposited on a
transparent substrate to determine optical properties, a spectrophotometer evaluates the R and
T of films with moderate absorption covering wide wavelength ranges. Despite improving the
ellipsometry method to accurately examine metal thin films, the price of the instrument for
this method is almost twice that of a spectrophotometer. It has been proposed that refractive
indexes, also called optical constants, of films deposited on a transparent substrate be calculated
by measuring total R and 7.°™® The refractive index of a material film comprises two parts,
namely, the real part, which is the refractive index, and the imaginary part, which is the
extinction coefficient.
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Molybdenum is an important metallic element used in a variety of applications owing to
its high thermal and electrical conductivities, low thermal expansion coefficient, resistance to
attack by molten metals, high stability and strength at high temperatures, and compatibility
with most glass compositions.(g) Mo-based sensors, which consist of compounds such as Mo
disulfide or Mo selenide, are reported to be used as gas detectors to detect triethylamine!”) and
NH; concentrations, and as gauges(lz) and humidity,(l3) and temperature(M) sensors. These
sensors were produced by first depositing a very thin metal Mo layer with a thickness of 10 nm
order on a dielectric substrate, then reacting the Mo layer with gaseous sulfur or selenium,
and finally depositing electrical contact pads to form a sensor device. It is necessary to use a
noncontact method to examine the quality and thickness of the deposited thin Mo film. The
sulfurization of Mo is applied to produce MoS; films. The measurement of the refraction index
can be applied to estimating variations in sulfurization degree and film quality.

The variation in 7 with the wavelength was previously reported to demonstrate the optical
properties of deposited films.(1>10)
and depends significantly on the film thickness and measured wavelength. A true material
characteristic of a film is the refractive index (optical constant), which is uniquely related to

However, T is not an intrinsic property of materials

the chemical composition and microstructure. We developed a numerical approach to obtain
the refractive indexes of a substrate and a film deposited on a substrate with low absorption
using the measured R and 7 in certain wavelength ranges. The film thickness can be estimated
within the error of 5% of its true thickness. R and 7 are measured using a widely available and
affordable spectrophotometer.

2. Theoretical Derivation

An incoherent incident beam is irradiated normally onto a rectangular block substrate
with two uniform, double-side-polished, smooth, and parallel planes, and the intensities of the
incident, reflected, and transmitted beams are recorded, as shown in Fig. 1.

We adopt the nomenclature in Ref. 17. The Fresnel reflection and transmission coefficients
ri and ¢; are defined as

n—n; 2n,
_ 1 J _ . _ i _ .
n+n; n+n;

where n, and 1/1: are the refractive indexes of the two neighboring substances across the
boundary in their complex form. The refractive index of medium i is expressed as follows

in complex form, in which #; is the real part of the refractive index and £; is the extinction
coefficient:

The theoretical calculations of the R and 7 of a moderately transparent substance under
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Fig. 1.  (Color online) Geometric configuration of the transparent substrate irradiated with a normal incident
beam.

normal incidence are formulated below. Here, we do not consider the diffraction condition,
which is a constructive intensity when in phase or a destructive intensity when out of phase,
because an incoherent light source is applied. No R or T oscillation as a function of wavelength
will be observed because a substrate with a thickness larger than the measured wavelength is
used and an incoherent light source is applied.

r=fo T, 27k, 3)
DD o

Ry =(g§1 +h§1)[1+e_4a (1—2(&%1 +hgl))i| )

T :[(1—801)2+h§1][(1+g01)2+hgl}372a ®)

D=1-¢"(gg +hj))’ (6)

Here, kg is the extinction coefficient of the substrate, d; is the thickness of the substrate, and A
is the measured wavelength. The subscripts 0 and 1 attached to the g and / represent media 0
and 1, respectively.

When a uniform and homogeneous film is deposited on a transparent substrate, on the
basis of the requirements for the developed theory, a schematic diagram of the measurement
configuration is shown in Fig. 2 and the equations for the R and 7 of the film stack irradiated
with a normal incident beam are derived below. The minimum 7 of the film stack must be
at least 3% to obtain reliable simulation results. This restriction limits the thickness of films
with high absorption that can be characterized. Because the average values of the measured
R and T from either the film or the film stack are obtained with a finite monitoring spot size
of ca. 10 mm, the developed method can neither distinguish the optical property of each film
from that of the film stack nor detect the local chemical composition or thickness difference
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Fig. 2.  (Color online) Schematic diagram showing how to evaluate R and 7 for a film stack, in which a film with
refractive index 7irand thickness dydeposited on a transparent substrate is irradiated with a normal incident beam.

in the film. The measured R and 7 from the film stack are effective or equivalent values and

the simulated optical constants obtained from the film stack are effective optical constants. If

the optical constant and properties of a single film are desired, a single uniform film must be
deposited on a substrate and the simulation must be performed again. The thickness of the film

in Fig. 2 is exaggerated to clearly show the film.
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Here, 4 = 2(gogss + hofs), B = 2(gohss — gphoy), C = 2(gogs — hohg), D = 2(goshss + grhoy),
27d . 27n rd
S5, = lS(nS—zks), v, = ; /

and the subscripts 0, £, s, and 3 denote medium 0 (air), the

deposited film, the supported substrate, and medium 3, respectively.

The two-dimensional Newton—Raphson method is used to solve the R and T of the film
stack simultaneously. For two functions with two unknowns, R = R(ns; ky) and T = T(ny, k), the
method provides the following iteration formulas for nyand ky:

TXZI;—RXZZ

ni+l:ni+aﬁxal_aixal, (14)
on ok Ok oOn
Rxa—T—Txa—R

ot =y + O O (15)

aR or _aR oT
on ok 0Ok oOn

Several iterations with the initial seed values, which are selected on the basis of experience
and experimental conditions, are executed and the solutions are obtained.

3. Experiments

We performed the experiments to measure R and 7 from both the glass substrate and the
deposited film on the glass substrate in order to calculate their respective optical constants.
Glass pieces, B270, with the dimensions of 25.4 x 254 x 1 mm°> were used as substrates. The
surfaces of the substrates were cleaned by washing in detergent, rinsing in flowing water,
and drying with a nitrogen blower. A molybdenum film with a thickness of around 35 nm
was deposited on each glass substrate by DC sputtering. A spectrophotometer (Perkin Elmer
Lambda 900) was used to monitor R and 7 in the wavelength range from 300 to 1200 nm. The
instrument was warmed up 30 min before measurement.

4. Results and Discussion
4.1 R and T measurements of glass substrate as functions of wavelength

Figure 3 shows the measured R in blue circles and the measured 7 in black open squares as
functions of wavelength. T increases abruptly from 43.57 to more than 90% in the wavelength
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Fig. 3. (Color online) Measured R and T of glass substrate in the wavelength range from 300 to 1200 nm.

range from 300 to 400 nm and then slowly increases from 90 to 92% in the wavelength range
from 400 to 1200 nm. R increases from around 6 to 9.5% in the wavelength range from 300 to
350 nm, and then subsequently decreases to 7.7% at a wavelength of 1200 nm.

4.2 Calculated refractive indexes of glass substrate

The optical constants of the B270 glass substrate were calculated by the Newton—Raphson
method using the measured R and 7 shown in Fig. 3. As shown in Fig. 4(a), the refractive index
decreases gradually and monotonically from 1.59 to 1.50 within the wavelength range from 300
to 1200 nm. This decrease in refractive index with increasing wavelength is consistent with a
previous report(lg) and the values are in good agreement with the reported values in the visible
region. The variation in the extinction coefficient with wavelength is exhibited in Fig. 4(b).
B270 glass shows significant absorption at wavelengths less than 330 nm. At wavelengths
longer than 330 nm, the extinction coefficient of the glass substrate is negligible.

4.3 R and T measurements of Mo film as functions of wavelength

Figure 5 exhibits the measured R and 7 of the Mo film deposited on the B270 glass substrate
as functions of wavelength. R decreases from 56.3 to 55.1% with increasing wavelength from
300 to 350 nm, then to 57.8% at 515 nm and to 50.9% at 950 nm. It then increases again to
55.4% at 1200 nm. T increases steeply from O to 4% in the wavelength range from 300 to
375 nm, then gradually to 10.5% at 985 nm, and then decreases slowly to 9.5% at 1200 nm.

4.4 Calculated refractive index of Mo film

The calculated refractive index, denoted as open black squares, and the extinction coefficient,
denoted as open blue squares, of the Mo film as functions of wavelength are illustrated in Fig. 6.
The refractive index decreases from 2.88 to 1.64 when the wavelength increases from 300 to
370 nm, then increases gradually to 2.73 at 1000 nm, and decreases slightly to 2.67 at 1200 nm.
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Fig. 4. (Color online) Variations in (a) refractive index and (b) extinction coefficient of the glass substrate with
applied wavelength.
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Fig. 5. (Color online) Measured R and 7 of Mo film Fig. 6. (Color online) Variation of refractive
on glass substrate as function of wavelength. index and extinction coefficient of Mo film with

wavelength.

The extinction coefficient decreases slightly from 3.31 to 2.77 in the wavelength range from
300 to 365 nm and then increases monotonically to 4.52 at 1200 nm. The simulated thickness
of the Mo film is obtained by matching the calculated value and the experimental data and is
estimated to be 33 nm, which is close to the experimental layer thickness of 35 nm. Previously
reported refractive indices are exhibited in blue in Fig. 6 for comparison.!'>?? The black
symbols represent the refractive index and the blue symbols represent the extinction coefficient.
Werner and Glantschnig(lg) showed that in the visible range, the refractive index was less than
1, but the extinction coefficient was large with a steep slope as a function of wavelength, but a
different behavior was observed by Ordal e al.?” and Kirillova et al®) The data obtained in
these two studies were in reasonable agreement. The discrepancy between our results and those
of other researchers was significant and might be due to the different methods of preparing the
Mo sample and detailed microstructural differences. Our extinction coefficient was close to
that obtained by Ordal et al., but our refractive index was smaller than theirs. It is considered
that the thin surface oxide layers on the Mo film in our sample may be the main cause of the
difference in the refractive index.
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5. Conclusions

We derived two mathematical relationships for the refractive index in terms of R and 7 for
a substrate and a deposited film on the substrate. The Newton—Raphson method was applied
to simultaneously solve the two unknown parameters, i.e., the refraction index and extinction
coefficient, using the estimated film optical thickness. The method we developed is potentially
a powerful tool for examining the quality and thickness of metal films, which are important
components of sensor devices. The practical execution was manipulated in detail using a B270
glass substrate and a metal Mo layer deposited on a glass substrate as examples. The refractive
index of B270 increases gradually from 1.50 to 1.60 as the wavelength decreases from 1200 to
300 nm. The extinction coefficient of B270 is negligible when the wavelength is larger than
330 nm and increases markedly when the wavelength decreases to less than 330 nm. The data
are in good agreement with manufacturer's data in the visible range. The calculated refractive
index of Mo is slightly lower than a previously reported value in the visible range but higher
than that in the near-infrared range. However, the extinction coefficient is in reasonably good
agreement with the previously reported value. The discrepancy in the refractive index of the
Mo film resulted from the thin oxide layer generated on the Mo surface.
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