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Abstract

 Advanced applications of optical thin films frequently require 
considering the mechanical and thermal properties of the 
applied high and low index materials. In the present work, 
the growth of niobium oxide thin films in a dual ion beam 
sputtering (DIBS) system were systematically studied, and 
their microstructure and properties were specifically related 
to the energetic conditions dictated by the energy and flux of 
the bombarding ions. Film properties such as internal stress, 
hardness, Young’s modulus, thermal expansion coefficient, 
Poisson ratio, and adhesion were tested using substrate cur-
vature method, depth-sensing indentation, and microscratch 
measurements. The refractive index, extinction coefficient, 
and optical transmission were determined using spectroscopic 
ellipsometry and spectrophotometry. The average hardness 
and Young’s modulus of the deposited niobium oxide films 
increased from 5.5 to 6.5 GPa, and from 119 to 130 GPa, 
respectively, when increasing the secondary ion beam cur-
rent from 100 to 150 mA. The Poisson ratio and the thermal 
expansion coefficient of the deposited films were 0.38 and 
4.85×10-6 °C-1, respectively. The internal stress of the niobium 
oxide films decreased from 220 MPa to ~100 MPa when the 
secondary ion beam energy increased from several tens of eV 
to 550 eV. We correlate this change in stress with the decrease 
of the refractive index from 2.32 to 2.26, (@ 550 nm).

Introduction

Metal oxide dielectric films are frequently used in a variety 
of applications such as, interference filters, photovoltaic so-
lar cells, waveguides, and electrochromic devices. Niobium 
oxide (NbOx where x =1.4-2) dielectric films have attracted 
much interest due to their optical properties: wide band 
gap (~3.85 eV), high index of refraction (~2.4), and low 
extinction coefficient (<10-4) in the visible and near infrared 
spectra. Furthermore, NbOx films are good candidates for 
many applications due to their superior chemical and thermal 
stability compared to other dielectric metal oxide materials. 
NbOx dielectric films have been successfully prepared by 
various techniques including plasma enhanced chemical 
vapor deposition (PECVD) [1], atomic layer epitaxy [2], ion 
beam sputtering (IBS) [3,4], reactive magnetron sputtering 
[5,6] and spray deposition [7]. Among these methods, it has 
been shown that absorption-free films in the VIS and NIR 

spectra can be deposited using ion beam sputtering. Addition-
ally, energetic particle bombardment has a significant effect 
on the properties of the deposited films such as grain size, 
defect levels, and the optical and mechanical characteristics. 
In dual ion-beam sputtering (DIBS) the target is sputtered by 
the primary ion source, while additional ion bombardment 
from the second ion beam ensures further densification [8]. In 
order to design and fabricate high quality thin films devices 
with high reliability, the effects of the deposition conditions 
on the characteristics such as optical constants, mechanical 
properties, and stress must be precisely determined [9]. In 
this content, the coefficient of thermal expansion (CTE), and 
the Poisson’s ratio (ν) of NbOx have not been determined, 
and the film users only rely on the limited data for the bulk 
crystalline material; This includes CTE =5.8×10-6 °C-1[10] 
and ν=0.23 [11], or ν=0.19 [12].

In the present work, we systematically study the growth of 
NbOx films using DIBS, particularly, the effect of second ion 
beam energy and ion beam current on the microstructure, and 
the optical and mechanical characteristics. We focus on the 
optimization of the deposition conditions to obtain high qual-
ity coatings with low stress, good adhesion, low absorption, 
and high refractive index, and we describe the methodology 
for the assessment of the CTE and ν values.

Experimental Methodology

NbOx films have been deposited on glass, UV fused silica 
(UVFS), one side polished 50.8 mm diameter Si(100) and 
GaAs(100) substrates using the Spector® DIBS system at room 
temperature. The first ion beam source (16 cm- diameter) was 
used to sputter the Nb target using an ion energy (Ei) of 1250 
eV and ion current (Ii) of 600 mA. The second source (12 cm-
diameter) was used to modify the deposited layers properties 
while varying the ion beam energy and the ion beam current 
from 50 to 550 eV, and from 100 to 150 mA, respectively. 
The base chamber pressure was 2.6×10-7 torr, and the oxygen 
flow during the deposition was 28 sccm. 

The optical characterization was performed using a variable 
angle spectroscopic ellipsometer (VASE, J.A. Woollam Co.). 
The optical transmission of all films was measured using a 
Perkin-Elmer Lambda 19 spectrophotometer. The optical 
properties were modeled using the Tauc-Lorentz (TL) disper-
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sion formula for the refractive index, n(λ), and the extinction 
coefficient, k(λ). In addition to the optical constants, film 
thickness, d, was determined by the same fitting process.

Film hardness (H) and the reduced Young’s modulus (Er) of 
the coatings were obtained by depth-sensing nanoindentation 
using a Triboindenter instrument (Hysitron, Inc). The maxi-
mum and the minimum loads were in the range from 100 to 
5000 µN. Twenty independent indentations per sample were 
repeated for each load. 

Film adhesion evaluation was performed by using a mi-
croscratch tester (MST-CSEM), which is equipped with a 
Rockwell C diamond hemispherical tip (50 µm). The scratch 
length and the maximum load were 10 mm and 5N, respec-
tively. The critical load (LC), which is the minimum load at 
which coating damage can be observed, characterizes the 
mechanical resistance of the interface and/or of the coating. 
In the present work, we assumed that the critical load is the 
load in which we observed the film detachment. 

Film stress (σ) was evaluated by measuring the sample curva-
ture in a Flexus 2320 (Tencor) laser deflection system before 
and after deposition and using the Stoney equation [13]. The 
CTE and the ν values were derived using the two substrate 
method [14], utilizing the σ-T measurements performed in 
the 30-120oC and 30-240oC temperature ranges. Assuming 
that Young’s modulus and CTE of the film are independent 
of temperature (T), the change of the stress as a function of 
T is given by the expression:
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where the indices “1” and “2” correspond to substrates “1” 
and “2”. If the σ vs T plots are linear and the CTE’s of the 
substrates are known, then the biaxial modulus and CTE for 
the film can be obtained from Eqs. (2) and (3). In the present 
work, the procedure of determining ν is based on measuring 
Er using the nanoindentation technique [15]:
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where αsub and αfilm are the CTE values of the substrate and of 
the film, respectively, E/(1-ν) is the biaxial Young’s modulus 
of the film, and dσ/dT is the slope of the σ vs T relationship. 
If two substrates are used, the solution for the biaxial Young’s 
modulus and CTE of the film can be presented as:
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where, Ei and νi are the Young’s modulus and Poisson’s ratio 
of the indenter, and Efilm and νfilm are the Young’s modulus 
and Poisson’s ratio of the film, respectively. Er then used to 
calculate νfilm. 

Results and Discussion

The average transmission in the visible spectrum of all depos-
ited films was 77% independent of the deposition conditions. 
The maximum optical transmission was equal to the substrate 
transmission, and did not depend on the ion energy, indicat-
ing that the deposited films were absorption free. However, 
lower transmission peaks were observed with films depos-
ited without applying the secondary ion beam, compared to 
those observed in films deposited while the secondary ion 
beam was operating, indicating the presence of some weak 
absorption. In addition to the difference in the transmission 
peaks, a shift was of observed in the interference pattern of 
this two groups of films, indicating a decrease in film thick-
ness correlated with the increased ion beam energy. Table 1 
presents the optical constants of the deposited films and the 
deposition rates. Deposition rate decreased from 0.29 to 0.25 
nm/s, as function of Ei and Ii.
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Table 1:  Optical constants of NbOx films.

Deposition 
Conditions

Ei
 Ii

n
(550 nm)

k
(550 nm)

Deposition Rate
(nm/s)

No Assist 2.31 0.002 0.29
50 eV - 100 mA 2.31 <10-5 0.27
250 eV - 100 mA 2.27 <10-5 0.26
400 eV - 100 mA 2.27 <10-5 0.25
550 eV - 100 mA 2.27 <10-5 0.25
50 eV - 150 mA 2.32 <10-5 0.27
250 eV - 150 mA 2.28 <10-5 0.26
400 eV - 150 mA 2.27 <10-5 0.25
550 eV - 150 mA 2.27 0.003 0.25

Figure 1 shows examples of the typical plots of the refractive 
index for highly dielectric films. The values of n for films 
deposited with ion assist (except 50 eV) were lower than those 
of films deposited without secondary ion beam assistance. 
The n of all films at 550 nm was in the range 2.26 to 2.32. 
The decrease in n with increasing Ei may be related to lower 
film density caused by the re-sputtering of condensed atoms. 
The values of k for films deposited at Ii=150 mA and Ei=550 
eV and the films deposited without any ion beam assistance 
had some weak absorption, indicating low film quality. How-
ever, the other films were absorption free (k<10-5) and highly 
transparent in VIS and NIR regions.

deposited at 400 eV and 100 mA, weak correlation was found 
between the LC and the deposition conditions. 

A typical load-displacement (F-h) curve for the deposited films 
is presented in Figure 2 in which the effects of the holding time 
and the loading rate on Er and H are presented. The derived 
H and Er values of the films are summarized in Table 2, and 
they appear to be only weakly affected by the secondary ion 
beam source. The average H and Er of the films deposited at 
100 mA were 5.7 and 122 GPa, whereas those of deposited 
at 150 mA were 6.3 and 127 GPa, respectively. 

Figure 1:  Refractive index dispersion of NbOx for different ion 
beam energies.

The scratch measurements were performed using a 50 µm 
diameter stylus from 0 to 5N. The adhesion of the deposited 
films was then expressed in terms of LC values. LC of the 
films was in the range of 2.6-3.5 N, and 2.2-3.2 N for 100 
mA and 150 mA ion beam currents, respectively, indicating 
good adherence. Although, the highest LC was 3.5 N for films 

Figure 2:  Typical load-displacement curve of NbOx film deposited 
with 50 eV ion beam energy and 100 mA ion beam current.

Table 2:  H and Er as a function of the deposition conditions.

Deposition 
Conditions

Ei
 Ii

Hardness
(GPa)

Reduced Young’s
Modulus (GPa)

No Assist 5.7 119
50 eV - 100 mA 5.5 127
250 eV - 100 mA 5.9 125
400 eV - 100 mA 5.8 117
550 eV - 100 mA 5.6 118
50 eV - 150 mA 6.5 130
250 eV - 150 mA 6.4 128
400 eV - 150 mA 6.3 125
550 eV - 150 mA 5.9 123

Stress of the deposited films is presented in Figure 3 as a 
function of the ion beam parameters. The stress was compres-
sive for all deposited films, and it decreased with increasing 
Ei from 220 MPa to 105 MPa, whereas it increased with Ii 
about 5%. Although, a large body of stress data has been 
compiled over the past fifty years, in general, there is no fully 
accepted model for stress evaluation and its dependence on 
the ion energy [16]. Recently, Davis [17] proposed a simple 
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model to explain the formation of compressive stress in thin 
films with simultaneous bombardment by energetic ions or 
atoms. In this model, two processes take place: initially, the 
incoming atoms are incorporated in the growing film by a 
knock-on process of the energetic ions, generating stress in 
the film, as the implanted atoms are in metastable positions. 
At the same time, part of the energy of the implanted atoms 
is transferred to the neighboring atoms, leading to their re-
lease from their metastable positions due to thermal spikes, 
and thus giving rise to stress reduction. This mechanism can 
explain the present stress relaxation observed in this work at 
increased Ei, however, increasing the ion current increased 
the stress and decreased optical quality of the films.

Figure 4:  Stress-Temperature plots of NbOx films deposited on Si 
and GaAs .

Conclusions

In the present work, the effects of the secondary ion beam 
energy (Ei), and the ion beam current (Ii) on the mechanical 
and optical characteristics of highly transparent NbOx thin 
films deposited with DIBS were systematically studied. Ei and 
Ii of the secondary ion source weakly affected the optical and 
the mechanical characteristics of deposited films, while the 
refractive index was found to slightly decrease with increasing 
Ei. The most significant effect of the secondary ion beam was 
on the average compressive stress, which decreased by 50% 
when the secondary ion beam source was on. When deposited 
under the optimized secondary ion beam conditions (400 eV 
and 100 mA), high quality optical films for interference filter, 
and other applications have been obtained. The correspond-
ing thermo-mechanical properties are CTE = 4.9×10-6°C-1, 
ν= 0.36, H = 5.8 GPa, Er =117 GPa.
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