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Abstract: The optical constants (refractive index and extinction coefficient) accuracy of thin films directly affects
the properties of designed and fabricated optical devices. Most of the determination methods of optical constants
are complex and cannot be applied during the film depositing process. In this paper, an optical constants determi-
nation method of thin films on-site is proposed. By monitoring the transmittance of depositing materials, this
method can rapidly and accurately determine the optical constants on-site. For demonstration, the near-infrared
optical constants of high-absorption material Si, low-absorption material Ta,O, and ultra-low-absorption material
Si0O, are obtained as n=3. 22, k=4.6x10”, n=2.06, k=1.3x10” and n= 1.46, k=6.6X10” respectively by this
method. It reveals that this method is suitable for determining both strong and weak absorption materials’ optical
constants. It provides an effective way for precisely determining optical constants on-site, which is meaningful
for the design and fabrication of high-quality optical devices.
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Introduction

Optical thin films have broad applications in the
fields of astronomy "', energy-saving building **', laser
detection ", optical communication systems ol and
sensors "' | ete. The determination of optical constants
is essential for the design and preparation of high-perfor-
mance optical thin film devices, such as ultra-narrow
bandpass filters, which heavily depends on the accuracy
of optical constants. However, the optical constants of
thin films are affected by many factors, including the de-
position methods, deposition conditions and other param-
eters """, They might change after being exposed to air.
To date, numerous approaches of optical constants mea-
surements have been reported, such as Brewster angle
method "*, prism-film coupling "7, ellipsometry "',
photometric method fol envelope method 200 " ete. Most
of these methods require not only complex equipment but
also work off-site. For example, although the ellipsome-
try method is highly sensitive to optical constants, it re-
quires complicated instruments and data analysis 7.
The Prism-film coupling also needs complicated test
equipment and requires enough thickness of samples
which is difficult to be prepared "'”'. For optical constants
determination, it is critical to improve the measurement
accuracy and reduce experimental error. However, the
optical constants of deposited film always have some devi-
ation between the optical monitor of deposition system
and off-site measuring setup, due to their difference in
principle, method and composition, etc. This will result
in the difficulty of control precision and deviation of opti-
cal property from the designed ones. To avoid such a
problem, it is ideal to determine the optical constants of
films directly from the deposition system without using
other measurement setups. Determining the optical con-
stants of films on-site is of great significance for evaluat-
ing the quality of thin film devices and improving their
yield.

In this paper, an on-site determination method for
optical constants of thin films is proposed by employing
the optical monitor of deposition system itself, which can
eliminate the error between the deposition system and
measurement system and get the result in real time. It is
valid for both high-absorption and low-absorption materi-
als with very high precision.

1 Experimental details

The Leybold ARES1110 high-vacuum evaporation
coating device is selected for this experimental demon-
stration, which is equipped with a monochromatic optical
monitoring system, is shown in Fig. 1. During the coat-
ing process, the material of evaporator is deposited onto
the glass substrate under the action of electron beam heat-
ing, and plasma is introduced into the chamber by plas-

ma source to improve the quality of the coating. Optical
coating thickness measurement unit (a dual-beam pho-
tometer) measures the optical transmission of the coating
through the centrally substrate mounted on holder. The
physical thickness is obtained by the system’ s quartz
crystal film thickness monitor. Sample signal is transmit-
ted to the optical monitoring system through the optical fi-
ber, and the monochromator controlled by the stepping
motor is integrated into the standard device, allowing pre-
cise measuring of entire refractive or transmission spec-
tra. This information is synchronized with the computer
terminal, the optical information of the current coating
can be obtained through nonlinear fitting of the monitor-
ing curve. This method can be applied to coating systems
equipped with optical film thickness detectors, and also
applicable to broadband optical monitoring systems.

2 Results and discussion

2.1 Calculation of refractive index and extinction
coefficient

Since the film transmittance mainly depends on the
refractive index n and physical thickness d. The refrac-
tive index of a transparent dielectric film can be accurate-
ly determined in real time by the change trend of trans-
mittance with thickness, which is obtained by the optical
monitor of deposition system during depositing. And the
extinction coefficient k can be accurately determined by
the change of peak transmittance with depositing thick-
ness simultaneously. Therefore, the optical constants of
transparent dielectric films can be obtained by on-site fit-
ting the spectral shape with nonlinear optimization meth-
ods.

For optical thin films deposited on a substrate, an
ideal equivalent interface can replace the two interfaces
of a monolayer film and all media are assumed to be ho-
mogeneous and nonmagnetic. Where the overall reflec-
tion and transmission are the superpositions of the multi-
ple reflection and transmission at the two interfaces. Due
to the thickness of substrate is much larger than the wave-
length of light, the interference effect can be ignored.
Moreover, the absorption at near-infrared wavelengths is
negligible when glass is used as substrate. The transmis-

sion coefficient of the film and substrate is expressed as:

Lt
tmm[ = — . ( 1)

1-rr

In Eq. (1), t,, and t,, are the transmission coeffi-
cient of thin film and substrate, respectively. r, is the re-
flection coefficient of interface between thin film and sub-
strate, r, is the reflection coefficient of substrate. For
simplicity, glass is assumed as substrate in the following
description.

The feature matrix of thin film is described as:
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of thin film and n, represents the optical constants of thin
film. d is the physical thickness of thin film, and the an-
gle of incident light € is fixed to 0. Here, n,=n,, n,=n,,

7, and n, are the optical admittance of thin film and sub-
strate, respectively. The optical admittance of the combi-

Herein, the 8§, =

cosf is the phase thickness

nation of thin film and substrate is ¥ = i
According to Fresnel’ s formula and transmission
matrix method (TMM) , the reflection of a thin film can

be defined as: (Here, 7, is incident medium admittance )

_ M~ Y ’
R—(n0+y) . (3)

From Eq. (2), a series of extreme values appear at
the reference wavelength when the effective optical thick-
ness of the film is integral multiple. And the reflectance

has a maximum value when the optical thickness of the
film is odd multiple. In the spectral transmission curve of
the sample, the extreme reflectance can be calculated in
terms of the transmittance corresponding to the odd multi-
ple optical thicknesses. The refractive index of the film n
can be obtained by Eq. (3).

The influence of the absorption of thin film material
on transmittance is further considered. The film’ s ab-
sorption will directly affect the transmittance of thin film,
even if it is a slight difference. From Equation. (1), we
can obtain the total transmittance of the film and sub-
strate:

T

total

4770772%32* (4)
(moB +C)(n,B+C)(1

The incident light is unpolarized and chosen as A,

2
—Iar 23)
where incident medium admittance n,=n,=1. The trans-
mittance can be described as T, =f(n, k,d,n,n,, )\).

The relationship is established between the film transmit-
tance and its optical constants n, k, d. Since the film
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transmittance T mainly depends on the refractive index n
and physical thickness d, the refractive index n of the
film under the corresponding process conditions can be
accurately obtained through the relationship between the
film transmittance T and physical thickness d. Due to the
absorption of thin film materials, the transmission peaks
in spectra are different. The extinction coefficient of thin
film material can be obtained by fitting the transmission
spectral curve of thin film.

Fig. 2 schematically shows the flow of the calcula-
tion process of optical constants. The fitting method we
chose is the widely used least squares method (LSM) ,
the goal of the optimization is to minimize the spectral
discrepancy function (SDF) such that the thickness-de-
pendent transmission of the dielectric thin film can ap-
proach the monitoring curve. We define the spectral dis-
crepancy function of the optimization as

SDF = /]IVZ-I{Tﬁ,[d,n()\n),k()t,,)} - TW,(/\”)}Z,(S)

where T, and T, represent the optical transmission of op-
timally fitting and monitoring, respectively. Here, ab-
sorption loss and monitoring sensitivity of the film is con-
sidered, the lower limit of film thickness and extinction
coefficient is set to 0, and the substrate refractive index
is less than the thin film refractive index. In addition,
the error value of on-line detection method of optical con-
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stants of materials is 0.05%, which is mainly deter-
mined by the square root of measurement error of coating
optical monitoring system provided by the manufacturer.
2.2 On-line detection of optical constants of high
absorption materials

Taking absorptive material of Si as an example, it is
deposited on glass with the thickness of 6H, where H is
the abbreviation of 1/4 wavelength optical thickness of
high refractive index material at monitor wavelength. The
change of transmittance with Si depositing thickness at
monitor wavelength of 1300 nm is shown in Fig. 3 (a).
The transmission curve can be fitted in real time to obtain
the refractive index of Si as n =3. 22. In addition, the ex-
tinction coefficient of thin films can be obtained by the re-
duction of transmission peaks as well. For high absorp-
tion materials, the extinction coefficient is easy to be ac-
curately obtained, since the transmission decreases obvi-
ously with the increase of deposition thickness, as shown
in Fig. 3(b). The extinction coefficient k of Si can also
be accurately obtained as 4. 6x10” by rapidly fitting the
peaks of the transmission curve as shown in Fig. 3(b).

We demonstrate that the optical constants of sam-
ples can be obtained by nonlinear fitting of monitoring
curves during direct deposition. In order to further evalu-
ate the quality of this method, SDF can be used to de-
scribe. As discussed above, monitoring curve peaks are
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closely related to the optical constants in the deposition
process. The transmittance measurements and fitting
curve peaks of Si film are verified in Fig. 3, and the spec-
tral discrepancy function (SDF=0.78%) shows the reli-
ability of our method.
2.3 On-line detection of optical constants of low
absorption materials

This method is not only suitable for high absorption
materials like Si, but also valid for low absorption film
materials. The change of transmittance with the deposit-
ing Ta,Oy thickness at monitor wavelength of 890 nm is
shown in Fig. 3(¢). The transmission curve can be fitted
in real time to obtain the refractive index of Ta,0, as n =
2.06. Even though Ta,O; has weak absorption, the ex-
tinction coefficient of thin films can also be obtained by
fitting the reduction of transmission peaks as shown in
Fig. 3(d). We can obtain the extinction coefficient of
Ta,0, k=1. 3x10” (SDF=0. 12%) at the film thickness d=
500. Inm.
2.4 On-line detection of optical constants of mate-
rials with refractive index close to monitor sub-
strate

Although this method is valid to determine the opti-
cal constants on-site for both low and high absorption ma-
terials, it is invalid when there is a small refractive index
difference between deposited material and substrate lead
to the weak signal changes. In order to determine the op-
tical constants of SiO, with glass substrate on-site, the
substrate can be coated with high refractive index materi-
al or film stack to solve this problem. A film stack of
(HL)*4 (H: an optical thickness of Ta,O, layer, L: an
optical thickness of SiO, layer) has been coated on the
glass substrate to act as an equivalent substrate, as
shown in the inset of Fig. 4. Then SiO, film can be depos-
ited onto this corresponding substrate to determine its re-
fractive index and extinction coefficient. Benefits from
the coated substrate, the transmittance change becomes
much more apparent than the bare glass substrate. The
change of transmittance with the depositing SiO, thick-
ness at monitor wavelength of 1064 nm is shown in
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Fig. 4. The transmission curve can be fitted in real time
to obtain the refractive index of SiO, as n =1. 46.

For absorption material coated in an equivalent sub-
strate, the refractive index and extinction coefficient of
thin films can be obtained by monitoring the intensity of
light and reduction of transmission peaks, respectively.
The extinction coefficient k of SiO, films can also be ob-
tained as 6. 6X107 by simply fitting the curve of the trans-
mittance T" with the extreme point, as shown in Fig. 4.
Such a small extinction coefficient (SDF=0.02%) ex-
tracted by our method reveals that the high accuracy of
this method.

As discussed above, this method is not only suitable
for high absorption materials, but also suitable for low ab-
sorption materials. What is more, it is also applicable to
the film material with refractive index close to the moni-
toring substrate by depositing a high refractive index dif-
ference film or film stack. The extracted optical con-
stants of the above three kinds materials are listed below

in Table 1.

Table 1 The optical constants of film materials at moni-
toring wavelengths

1 MK TR

Monitoring
Sample  wavelength  d (nm) n k SDF
(nm)
Si 1300 508.1  3.22  4.6x10°  0.78%
Ta,0, 890 500.1  2.06 1.3x107 0. 12%
Si0, 1064 1404 1.46  6.6x10°  0.02%

3 Conclusion

In this paper, we have proposed an on-site method
to accurately determine the optical constants of thin films
and eliminate the systematic error, by employing the opti-
cal monitor of the coating system itself. The relationship
between the transmission and depositing thickness of thin
films is employed to determine the optical constants on-
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(a) transmission curve changed with the deposition thickness of SiO, film (monitor wavelength of 1064 nm) and (b) shows a

zoom-in view of the SiO, transmission curve; The inset represents the glass substrate coating with a film stack of (HL)"4
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site. The results show that the on-site determination
method can be applied to both high absorption materials
and low absorption materials. The extinction coefficient
of thin films can be obtained by the decrease of transmis-
sion peaks and spectrum shape fitting. The near-infrared
optical constants n and k of high absorption materials Si
are precisely obtained as 3.22 and 4.6x10° (SDF=
0. 78%) respectively at monitor wavelength of 1300 nm.
The n and k of low absorption material Ta,0j is also got to
be 2.06 and 1.3x10° (SDF=0.12%) respectively at
monitor wavelength of 890 nm. Meanwhile, this method
is also valid for the film materials with refractive index
close to the monitoring substrate by depositing a large re-
fractive index difference film or film stack. The optical
constants of Si0, are obtained as n=1. 46 and k=6. 6x10°
(SDF=0.02%) at monitor wavelength of 1064 nm for
demonstration. The results show that this method is sen-
sitive enough for low-absorption materials, which is re-
markably used for the design and fabrication of high-per-
formance photonic devices.
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