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Physical model of optical constants of SiO, thin films
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Abstract: SiO, thin films were deposited by ion beam sputtering (IBS) and electron beam evaporation
(EB) technologies. The optical constants of SiO, thin films were fitted by nonlinear least square
algorithm. 8 group experiments were designed based on Lg (2°) orthogonal array. The results show that
intermix is the most important factor for the IBS SiO, thin film while Proe model for the EB SiO, thin
film. The values of MSE evaluation function for IBS SiO, thin film and EB SiO, thin film decline 35%
and 38% respectively, which shows that the physical models are reasonable and the physical meaning is
clear. The method to estimate the effect of different factors was offered, which is meaningful for the
analysis of optical constants of thin films.
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0 Introduction

SiO, thin films is one of the most important low
refractive index materials in the field of optical thin
film, having low absorption coefficient, low scattering,
high thermal stability and corrosion resistance, are
widely used in various types of optical element of
multilayer thin films, such as antireflective coatings,
high-reflection coatings, beam splitters, optical filters,
etc. The preparation of SiO, thin films are thermal
evaporation, electron beam evaporation, ion assisted
deposition, ion beam sputtering, magnetron sputtering,
sol-gel, plasma enhanced chemical vapor deposition
(PECVD),

oxidation, etc

atomic layer deposition and thermal

(-2].

The optical constants of SiO, films is the key
basic data to the optical multilayer design, because
optical constants of SiO, films is directly related to the
preparation

technology, so the precise acquisition

optical constants is a priority in the multilayer
applications. In recent years, the full spectrum inversion
fitting calculation of optical constants of thin film has
been widely used, a lot of literatures reported inversion
fitting calculation method based on the reflectance/
transmittance and the ellipsometric parameters in the
wide optical spectrum from ultraviolet to infrared. In
the process of the inversion calculation of optical
constants, the physical model of film-substrate system
directly determine the precision of inversion results™™.
In a lot of literature™™, it is generally considered
that the physical model of film-substrate system are
mainly interface layer (intermix), porosity (pore),
refractive index gradient (graded index) and surface
layer (overlayer), but the research on the rationality of
physical model is less reported. In this paper, the SiO,
ion beam

films are prepared by the

(IBS) and

sputtering

deposition electron beam evaporation
deposition (EB) respectively. Ellipsometric parameters
was used in the inversion calculation of the optical

constants of SiO, films in visible range. Based on the

orthogonal experiment design method, the physical
model rationality of SiO, film-substrate system was
studied, the results show that the method in the thin
film optical constants of inversion on the
computational physics model rationality evaluation has
extensive application value. The result shows that this
method in inversion of thin film optical constants for
rationality evaluation of the physical model can be

widely used.

1 Basic theory

According to the basic theory of optical thin
film, ideal film-substrate system have two interfaces,
the first interface is between air and film, the second
interface is between film and substrate. With the
improvement of the precision of measuring of optical
thin film, the physical model of film-substrate system
was modified. So the calculation accuracy of optical
constants of thin films can be improved. The
calculation results will have a physical meaning more
clearly. Tikhonravov ' gives theory and method of the
modified physical model of ideal film-substrate
system, as shown in Fig.1. In the modified model,
graded index, overlayer, intermix and pore are all
ideal film-substrate

included, so the system is

equivalent to a multilayer system.
Ambient medium =,

Lo Overlayern d |

Thin film n; d;
Graded index An
Pore f

Ambient medium 7,

Thin film n, d,

| Overlayer n, d. |

Substrate n, Substrate n,

(a) Ideal thin film-substrate (b) Modified multilayer thin

system film-substrate system

Fig.1 Thin film-substrate system

Reflected ellipsometry measures the change in
polarization state of light reflected from the surface of
the thin film. The measured values are expressed as

¥ and A" These values are related to the ratio of
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Fresnel reflection coefficients r, and r, for p— and s—

polarized light, respectively.

p="r-=tanexp(iA) (1)
rS
¢ and A are ellipsometric parameters, they are
expressed as follows.
‘R,
y=actan | % ) (2)
A=5,-5, (3)

R, and o, are reflectivity and reflected phase for p—
polarized light, respectively. R, and &, are reflectivity
and reflected phase for s—polarized light, respectively.

The ellipsometric parameters ¢y and A are functions
of the angle of incidence 6, the film characteristics
(thickness d;, the refractive index n(A), the extinction
coefficient k()), the refractive index inhomogeneity An,
porosity f), the surface layer (refractive index n;,
physical thickness d;), the interface layer (refractive
index n,, physical thickness d,). Therefore, with ¢ and
A values, using nonlinear constrained optimization
algorithm, the optimal iterative solution of the above-
mentioned variables are gradually achieved. In the

iterative process, the evaluation function is defined as

follows™":
5
1 N qund ‘lI,cxp Amod Ag,xp 2 ?
MSE= it i = -
ZN_M ; exp + exp
Oy, Opi
1
1 ) 2
{ZN—M X ] )

Where N is the number of (¥, A) pairs, M is the
number of variable parameters in the model, and o is
the standard deviations of the experimental data points.
The smaller MSE is the fit is better.

functions  of

Since the variables are all

wavelengths, the dispersion model of the optical
constants is needed. The dispersion model are fitted
instead of the refractive index n(A) and the extinction
coefficient k(A). In this article the extinction coefficient
was set as zero (in the visible band of the order of

10°-107°), and the Cauchy model was used:
n(/\)=A+f—2+)% (5)

Where A, B, and C are constants, for extrapolating

the index values estimated in the transparent region of

the spectrum to weakly absorbing region.

2 Experiment and measurement

The first SiO, films were prepared using an ion-
beam sputtering (IBS) apparatus. A 16 cm RF ion
source was used to obtain the sputtering ion beam
(Ar*). The sputtering ion beam voltage and ion beam
current were 1 250 eV and 600 mA. The target used
was high purity UV fused silica disk (purity greater
than 99.995% ) of diameter 365 mm. O, gas was
supplied to the target as atmospheric gas, the flow
rate was 25 sccm. The background pressure during
deposition was 1x107~*torr, and the deposition time is
6 000 s. The second SiO, films were deposited using
an electron beam evaporation (EB) of a high purity
UV fused silica source (purity greater than 99.995%).
The substrate temperature was 120 C. During deposition,
the deposition rate was 0.3 nm/s, and the pressure in
the chamber was 1x107*Pa. For the EB deposition of
SiO, films with a thickness 1 500 nm, an IC5 quartz
crystal monitor was utilized to measure film thickness.
All SiO, films were deposited on silicon substrates,
and the substrate are 40 mm in diameter, 0.32 mm in
thickness and surface roughness greater than 0.3 nm.
The visible ellipsometric parameters ¥ and A were
measured at an angle of incidence of 55° and 65° on
a J.LA. Woollam ellipsometer between 400 and 900 nm.
Figure 2 and Fig.3 show the spectra of the ¥ and A
of IBS SiO, films and EB SiO, films.

80r (a) ' po  AOI=SS?
’ i 7N #A0I=65°
6.\607‘. !
20t e N
400 450 500 550 600 650 700 750 800 850 900
Wavelength/nm
280
(b) K 227 —--AOQI=55°
i ' ~#-AOI=65"
£ 200, :
< 160}

N A S O
400 450 500 550 600 650 700 750 800 850 900
Wavelength/nm

Fig.2 Ellipsometric parameters for IBS SiO, thin film on Si
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Fig.3 Ellipsometric parameters for EB SiO, thin film on Si

3 Results and discussion

In this paper, the modified physical model of
Si0, films is selected as main calculation model. In
this model, the film-substrate includes the interface
layer between substrate and film, pore, graded index
and overlayer. The Cauchy model was used as film
refractive index dispersion equation. In the process of
inversion calculation, the orthogonal experimental
design method to determine the different model of
MSE function contribution. The A, B, C, and D
represent the intermix, index and

pore, graded

overlayer in the modified physical model (1 means
using the model, 0 means it is not applicable model).
Two factors and two levels were analyzed in the
orthogonal experiment. The Lg (2%) orthogonal table is
used for the design of the inversion -calculation
experiment of SiO, films optical constants, the design
results are shown in Tab.l. According to the
experiments sequence in Tab.l, the optical constants
of SiO, films were calculated respectively. Table 1
presents the MSE values of each experiment.

The range analysis of the orthogonal experiment
was carried out on the table™. The range through the
use of poor can judge a model’s contribution to the
MSE. The size of the range can illustrate the model’s
contribution to the MSE. Figure 4 and Fig.5 show the
evaluation function range of IBS SiO, films and EB
Si0, films, respectively. For the IBS SiO, thin films,

they are intermix, graded index, pore and overlayer by

should be

according to the determined order.

fitting process, the model added in

Tab.1 Results of orthogonal experiments of the

SiO, thin film optical constants

MSE
Number Experi- Inte.:r— Pore Qraded Over- (SiO, film)
ments mix index layer

IBS EB
1 ABCD 1 1 1 1 5.79 7.759
2 ABC 1 1 1 0 5.786 7.534
3 AD 1 0 0 1 5.851 7.061
4 A 1 0 0 0 5.851 7.109
5 BD 0 1 0 1 7.289 7.065
6 B 0 1 0 0 8.232 7.807
7 CD 0 0 1 1 6.622 6.694
3 C 0 0 1 0 6.651 6.672

1.4

1.2

1.0

0.8

g0

~ 0.6

0.4

0.2

Graded index Overlayer
Model

Intermix Pore

Fig.4 MSE range analysis of IBS SiO, thin film fitting

Graded index Overlayer
Model

Intermix Pore

Fig.5 MSE range analysis of EB SiO, thin film fitting

The range analysis of MSE is to obtain the
weight of different models contribution to the MSE.

Through analysis of variance to Tab.l, confidence
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probability of the impact of different models on MSE 8.5 o o~ IBS $i0,

can be obtained. The confidence probability analysis 3(5)

of the impact of different models on MSE is shown in 27.0-

Fig.6 and Fig.7. For IBS SiO, thin film, the film- g:g:

substrate interface mixed layer (intermix) is the most 5.5 .\o ° °

important for MSE, the confidence probability is T — (;rrn:'liid Pore Overllayer
99.03% , indicating that intermix is a key factor. For Model

EB SiO, thin film, the pore model is the most Fig.8 Fitting MSE variation of IBS SiO, thin film
important factor, whose confidence probability is 8.5¢ )
2l & -e-EB SiO,

94.78% , indicating that electron beam evaporation 7'5_ \.
film is a porous structure. These results have been 27.0- \

. . . 6.5F

. .

consensus on properties of the SiO, films by the two 600 -—
deposition technologies. 5.5¢

Cauchy Pore Intermix Overlayer Graded

100%
index
,E’ 80%| Model
- Fig.9 Fitting MSE variation of EB SiO, thin film
S 60%
&
= 40% Tab.2 Calculated optical constants of the SiO,
Q
=
2 20% thin films

Properties

IBS SiO,

EB SiO,

Intermix Pore  Gradedindex Overlayer
Factor
Thickness d/nm 789.8+0.8 1479.8+0.2
Fig.6 Confidence probability analysis of IBS SiO, thin film
Intermix d,/nm 3.4+0.7 2.1+0.5
100%
E 80% Overlayer d,/nm 0.42+0.03 1.297+0.78
=
¥ 60% A 1.466 9+0.001 0 1.459 6+0.000 9
E Cauchy
= 40% equation B 0.003 4+0.000 3 0.003 0+0.000 4
E coefficient
2 20% 3e_5
= C 5.1e=5+0.3e-5 1.2e-4+0.6e-5
Intermix Pore  Gradedindex Overlayer Inhomogeneity
Factor of refractive An —-0.007+0.004  —-0.024+0.008
Fig.7 Confidence probability analysis of EB SiO, thin film index
. . . L Pore Porosity/% 0.029+0.00 0.466+0.332
With the analysis results, for IBS SiO, thin film,
.. . . . MSE 5.451 5.957
after the fitting with the Cauchy model, the intermix,
graded index, pore and overlayer were added orderly,
fitting MSE result shown in Fig.8. MSE eventually 1.490% —TBS SiO
'\, 2
. L . . x L™ ---EBSiO,
fell 35% relative to the initial value. For EB SiO, thin 4.; 1485 '
= 1.480
film, with the model added by order of pore, 2 147
. . e S :
intermix, overlayer and graded index, the final MSE %1.470
. . . 2
value declined 38% shown in Fig.9. Table 2 shows 1.465

1.460 L 1 I I 1 1 I
400 450 500 550 600 650 700 750 800

Wavelength/nm

the optical constants fitting results of the two SiO,

films. Figure 10 shows the refractive index and

refractive index inhomogeneity of the SiO, films. (a) Refractive index
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1.485 ellipsometry in-situ quantification of organic adsorbate
« 1.480} attachment within slanted columnar thin films [J]. Optics
o
< -
.E 1.475) Express, 2012, 20(5): 5419-5428.
= 1470 [5]  Guo Chun, Kong Mingdong, Gao Weidong, et al. Simultaneous
Q +
“E IBS _8101 determination of optical constants, thickness, and surface
B 1 4gsl. — CBSI0;
roughness of thin film from spectrophotometric measurements
1.46(}0 20‘% 4(')% 60I% 8(‘]% 100% [J]. Optics Letters, 2013, 38(1): 40—42. (in Chinese)
Normalized depth from substrate [6] Tikhonravov A V, Trubetskov M K, Tikhonravov A A, et al.
(b) Inhomogeneity of refractive index Effects of interface roughness on the spectral properties of
Fig.10 Refractive index and refractive index inhomogeneity thin films and multilayers [J]. Appl Opti, 2003, 42 (25):
of the SiO, films 5140-5148.
[7] Kuhaili M F, Khawaja E E, Durrani S M. Determination of

4 Conclusion the optical constants (n and k) of inhomogeneous thin films

. o . with linear index profiles [J]. Appl Opti, 2006, 45 (19):
In this work, the contribution to MSE function of
4591-4597.

he single thin film-substrate system model

the g b t yst d was [8] Bao Ganghua, Cheng Xinbin, Jiao Hongfei. Study of the

evaluated by the orthogonal array experiments, this evolution of refractive inhonogeneity in HfO, thin films [J].

method could be apphed to all types of thin films. Infrared and Laser Engineering, 2015, 44 (9): 2761-2766.
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for film optical constants; the accurate optical
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constants could be obtained only with the specialties . )
Journal of Synthetic Crystals, 2015, 44 (3): 852-856. (in
of deposition technologies and features of film :
Chinese)

structure Synthetlcally considered. [12] Liu Huasong, Yang Xiao, Wang Lishuan, et al. Charateristics

of optical band gap of tantalum oxide thin film by ion beam

References: ) ) . . o

sputtering technique [J]. Optics and Precision Engineering,

[1]  Pliskin W A. Comparison of properties of dielectric films 2017, 25(1): 21-27. (in Chinese)
deposited by various methods [J]. J V § T, 1977, 14(5): [13] Wu Qian, Chen Songlin, Ma Ping. Spectroscopic ellipsometry
1064—1081. of SiO, and HfO, thin films with different technics [J].

[2] Jolanta E Klemberg-Sapicha, Jérg Oberste-Berghaus, Martinu Infrared and Laser Engineering, 2015, 44(3): 765-769. (in
L, et al. Mechanical characteristics of optical coatings Chinese)
prepared by various techniques: a comparative study[J]. Appl [14] Harland G Tompkins, Eugene A Irene. Handbook of
Opt, 2004, 43(13): 2670-2679. Ellipsometry[M]. Berlin: Springer, 2005.

[3] Miloua R, Kebbab Z, Chiker F, et al. Determination of layer [15] Dobrowolski J A, Kemp R A. Refinement of optical
thickness and optical constants of thin films by using a multilayer systems with different optimization procedures[J].
modified pattern search method [J]. Optics Letters, 2012, 37 Appl Opti, 1990, 29(19): 2876-2893.

(4): 449-451. [16] Douglas C Montgomery. Design and Analysis of Experiments

[4] Rodenhausen K B, Schmidt D, Kasputis T, et al. Generalized

0921003-6

[M]. New Jersey: John-Wiley & Sons, Inc., 2012.



