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The surface roughness and residual stress behavior in two types of SiNx / SiO2 dielectric quarter-wave
stacks was investigated experimentally. A reactive pulsed magnetron sputtering system was used to
prepare the SiNx / SiO2 multilayer thin films. The results show that SiNx / SiO2 quarter-wave stack
with a buffer layer of MgF2 thin film can reduce the residual stress. The effect of aging on the re-
sidual stress in two quarter-wave stacks was also studied. We found that the residual stresses in both
SiNx / SiO2 multilayer coatings are changed from a compressive state to a tensile stress state with
increasing the aging time. The root mean square (RMS) surface roughness of  MgF2 / (SiNx / SiO2)22

and (SiNx / SiO2)22 quarter-wave stacks are 2.23 ± 0.22 nm and 2.08 ± 0.20 nm, respectively.
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1. Introduction

Silicon nitride (SiNx) films have been widely used in optical coatings as a high refrac-
tive index material [1]. Silicon nitride thin films can be used as antireflection coatings
and passivation layers because they possess several attractive features [2], for example,
high hardness, corrosion resistance, temperature resistance, thermal conductivity and
insulation. The characteristic development of SiNx thin film is an important issue for
material applications [3–5]. Silicon dioxide (SiO2) is the common low-refractive index
layer material in oxide-based optical coatings for the spectral range of 250–2500 nm.
SiO2 is the low absorption material used in combination with high-index oxide layer
coatings that operate in the ultraviolet (~200 nm) to near-infrared (~3 μm) regions.
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SiO2 can be used in combination with specific high-index layers to form multilayer
structures. In general, optical interference coatings typically utilize alternating layers
of high-refractive and low-refractive index materials with the precise thickness control
of each layer. 

The residual stress in thin film multilayers is a critical issue for the optical coatings.
The residual stress may affect the durability and quality of the optical thin film com-
ponents. If the film stress is too large, it will cause the thin film component failure or
damage. The measurement and evaluation of the residual stress in thin films are needed.
The residual stresses in multilayer films are not only related to the deposition technol-
ogy, but also dependent on the effect of interlayer in film structure. The residual stress
in the multilayer films is more complicated because the adjacent layers and the coating
substrate should be taken into consideration [6]. In the past decades, many studies were
carried out to show that different processing conditions will affect the residual stress
values. Therefore, an accurate evaluation and controlling the residual stress become
a significant work in thin film coatings. ENNOS [7] reported an empirical formula for
predicting residual stress in multilayer thin films which based on single layer film.
TINONE et al. [8] presented low stress multilayer films grown by varying the relative
thickness of each layer and by adjusting the radio-frequency (RF) powers during film
deposition. They showed that the RF power is an experimental parameter to be con-
trolled in order to change film stresses and to obtain low stress multilayer films. How-
ever, these studies are focused on the residual stress of evaporated dielectric films and
sputtered metal films. The goal of this work is to fabricate multilayer films with a low
residual stress and specific spectral reflectance requirements. In order to reduce the
residual stress in the multilayer films, an effective method was proposed to compensate
the residual stress by adding a layer of tensile stress of the MgF2 film to the sputtered
(SiNx /SiO2)22 multilayer stack. After thin film deposition, the residual stress is measured
by a home-made Twyman–Green interferometer combined with the fast Fourier trans-
form method [9, 10]. The aging effect of the two (SiNx /SiO2)22 multilayer stacks on
the residual stress over time is also discussed in this study.

2. Experiment

In this experiment, the multilayer film (SiNx / SiO2)22 is alternately stacked by two
dielectric materials, which are composed of a low refractive index material SiO2 and
a high refractive index material SiNx, wherein each layer has an optical thickness of
one-quarter wavelength (QW). The (SiNx /SiO2)22 and MgF2/(SiNx /SiO2)22 quarter
wave layers were prepared by a reactive pulsed magnetron sputtering system. The MgF2
film as a buffer layer is prepared by a thermal evaporation technique. For the reactive
pulsed magnetron sputtering, the vacuum system is a combination of a mechanical pump
and a turbo-molecular pump. The target is a 99.999% pure silicon placed on a vertical
sputtering gun. The size of the target is 182 mm × 62 mm × 6 mm, the distance from
the target to the substrate is 70 mm, and the background pressure to be reached before
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each experiment is 8.0 × 10–6 Torr and BK7 glass substrates were placed on a rotatable
substrate holder. Working pressure is about 1.07 × 10–3 Torr. The rotation speed of the
substrate holder is 30 revolutions per minute (rpm). When a SiNx film was deposited,
argon (Ar) and nitrogen (N2) were used as sputtering and reaction gases at flow rates of
20 and 12 sccm, respectively. The total working pressure of Ar and N2 is 1.2 × 10–1 Pa.
The flow rates of Ar and O2 when depositing the SiO2 film were 80 and 9 sccm,
respectively. The working pressure is 2.4 × 10–1 Pa. The pulse charging and discharg-
ing time were 30 and 40 μs, respectively. The reactive pulsed magnetron sputtering
was connected to a pulse controller and activated by a DC power supply. The DC power
supply was set to a constant power mode of 550 W. The substrate temperature was heat-
ed to 100°C. Controlling the reactive gas through closed loop control stabilizes the
stoichiometric ratio of the film to achieve high rate deposition. In order to provide some
insights into the multilayer designs, a multi-layered film structure is schematically
shown in Fig. 1, where n layers of film with individual thickness ti are bonded sequen-
tially to a substrate with thickness of ts. The subscript i denotes the layer number for
the thin film and is ranged from 1 to n with the layer 1 being the buffer-layer. 

In this work, a home-made Twyman–Green interferometer was used to measure
the residual stress of thin films. The optical setup for residual stress measurement is
shown in Fig. 2. A He-Ne laser passing through a micro-objective and a pinhole, as
a spatial filter, form a point source and then propagate through a collimating lens to
form a plane wavefront. The wavefront is divided in amplitude by a beam splitter.
A circular BK7 glass substrate (25.4 mm in diameter and 2.0 mm in thickness) was
placed on a substrate holder and acts as a test plate. The reflected and transmitted beams
travel to a reference plate and a test plate. After being reflected by both the reference
plate and the tested substrate, two beams recombine to form interference fringes and
travel toward a digital CCD camera. The interference pattern can be seen on a LCD mon-
itor through the CCD camera. The captured interference images were analyzed by the
fast Fourier transform (FFT) method [11]. The analyzed software based on the
MATLAB software was used to determine the radius of curvature of the tested sub-
strates. Finally, the residual stress of the thin film was calculated from the change of

Fig. 1. Schematics of a multi-layered film structure. 
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the radius of curvature of the substrate before and after coatings. Stoney formula was
used to determine the residual stress [12, 13]. The modified Stoney formula is expressed
as follows:

(1)

where σ is the residual stress in thin films; R1 and R2 are the radius of curvature before
and after thin-film is deposited on a BK7 glass substrate. The BK7 glass substrates are
single sided polished to a flatness of one wavelength. Es = 81 GPa and νs = 0.208 are
the Young’s modulus and the Poisson’s ratio of the BK7 glass substrate, respectively;
ts is the thickness of the substrate and tf (tf << ts) is the film thickness. The tensile re-
sidual stress is taken to be positive. Meanwhile, the compressive stress is taken to be
negative.

The average residual stress of the multilayer film can be evaluated by the formula
proposed by ENNOS [7]. The Ennos empirical formula is expressed as follows:

(2)

where σi and ti are the residual stress and film thickness of each layer of the coating,
respectively. Tf is the total thickness of the multilayer coating. R is the change of the
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Fig. 2. Schematics of a film stress measurement system. 
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radius of curvature before and after the multilayer coating. The average residual stress
of the multilayer is weighted by the film thickness of each layer. The average residual
stress of multilayer coatings can be simulated by self-developed MATLAB software, and
the residual stress evolution can be used to understand the stress behavior in multilayer
thin films.

In this work, the use of a buffer layer as a means of adjusting the residual stress in
the multilayer coating was explored. Multilayers deposited using sputtering typically
exhibit the presence of compressive stress behavior. The MgF2 film has a low refractive
index, and it has been confirmed that the MgF2 film deposited by the thermal evapo-
ration method exhibits a tensile film stress. Several analytical models have been de-
veloped to predict residual stresses in multilayer films on substrates [14, 15]. This
analytical method will help to design a multilayer coating with lower residual stress.
In the stress simulation, we set the stress data of the single-layer material to the initial
value, and then input the design layer of the high-refractive-index material and the low
-refractive-index material. The thickness is set to a quarter wavelength or a non-quarter
wavelength. The total average stress can be evaluated by the self-developed MATLAB
program [16]. We expect that the simulation method described herein for evaluating
residual stress can be applied to reactive pulsed magnetron sputtering deposition, but
needs to include other related effects for a complete understanding. Surface roughness
was measured by a microscope interferometer associated with FFT and Gaussian filter.
The configuration of the microscope interferometer is derived from a Michelson

Fig. 3. Schematics of a surface roughness measurement system.
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microscope interferometer. This system is not only equipped with a 50× microscope
objective on a testing path but is equipped with the same microscope objective on
a reference path. This arrangement has advantage to compensate for optical aberra-
tions. The microscope interferometer measurement system is shown in Fig. 3. After
reconstructing the film surface profile by the FFT method, using a Gaussian filter to
remove the high-frequency signal and to acquire the roughness profile, the root mean
square (RMS) and average roughness can be evaluated from the surface profile.

3. Results and discussion

Figure 4 shows that the multilayer film transmission spectra of two SiNx /SiO2 alter-
nately stacked were measured by a Perkin–Elmer Lambda-900 optical spectrophotom-
eter in the wavelength range from 250 to 2000 nm. The optical band stop filter was
designed for the dual band-rejection wavelengths of 700–850 nm and 860–1060 nm,
respectively. The average transmission outside the stop-band is about 85%. The total
thickness of the film was measured by the α-step stylus profilometer (Surfcorder
ET3000, Kosaka Laboratory Ltd., Japan).

In this study, the optical band-stop filter composed of multilayer stacks of alternating
quarter-wave films of SiNx and SiO2 deposited by a reactive DC pulsed magnetron
sputtering system on BK7 glass substrates. The stress value of SiNx and SiO2 single
layer films were –210 and –204 MPa, respectively. A buffer layer of MgF2 film was
deposited by thermal evaporation with a tensile stress of 197 MPa, and then added to
form a 45-layer MgF2/(SiNx /SiO2)22 quarter-wave (QW) stack.

For the residual stress, the prediction was simulated by a self-developed MATLAB
program based on the Ennos empirical formula. Figure 5 shows 44 layers of the
(SiNx /SiO2)22 multilayer films, and the compressive residual stress is –91.27 MPa for
the simulation and –11.38 MPa for the stress measurement. A 45-layer of alternating
QW stack of SiNx and SiO2, and an additional buffer layer of MgF2 films is designed
for a band-stop filter. The residual stress is –74.66 MPa for the simulation and
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Fig. 4. Transmittance spectra of different multilayer stacks.
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–8.43 MPa for the measurement. The difference between simulation and measurement
value is mainly due to the Ennos formula which ignores the interface stress between
the film layers. The stress on the interlayer surface is essentially controlled by the
stress/strain of the interlayer. It is worth noting that the residual stress in 45 layers of
the QW stack is less than that of 44-layer QW stack. It is owing to a MgF2 film which
in tensile state is added to the film stack and balances out the stress level of the multilayer
and reduces the total residual stresses. Therefore, the goal of reducing the residual
stress can be achieved.

The relationship between the stress evolution and the aging time of the two multi-
layer designs is shown in Fig. 6. It shows the multilayer films of (SiNx /SiO2)22

QW stack, where the compressive stress is changed from –11.38 to –1.56 MPa. Fur-
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Fig. 5. Stress simulations of 44-layer and 45-layer quarter-wave stacks.
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Fig. 6. Residual stress versus the aging time for (SiNx /SiO2)22 quarter-wave stack.

24 48 72 96 120 144 168

(SiNx/SiO2)22

Aging time [hour]

R
e

si
d

u
a

l s
tr

e
ss

 [
M

P
a

]

Tensile

Compressive

8

4

0

-4

-8

-12



230 C.-L. TIEN et al.
thermore, the compressive stress changes to a tensile state of 4.82 MPa after the aging
time of 168 hours, because the stress is released after deposition. Figure 7 shows
a 45 layer MgF2/(SiNx /SiO2)22 QW stack which includes a MgF2 film with high tensile
stress. Stress evolution of this stack is very similar to that in Fig. 6. This result shows
that the compressive residual stress is changed from –8.43 to –1.18 MPa, and after dep-
osition of 168 hours, it changes to a tensile stress of 3.08 MPa. This difference is mainly
due to the high tensile stress of the MgF2 buffer layer to compensate for the compres-
sive stress in the multilayer stacks [17, 18].

Fig. 7. Residual stress versus the aging time for MgF2/(SiNx /SiO2)22 quarter-wave stack.
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The root mean square (RMS) of surface roughness (Rq) is a key parameter of thin
film coatings. The surface roughness of a single layer is determined by the atomic force
microscopy (AFM) and microscopic interferometer. Figure 8 reveals the 5 μm × 5 μm
surface morphology of the SiNx thin film with the surface roughness of 0.809 nm. Fig-
ure 9 shows the surface morphology of the SiO2 thin film with the surface roughness
of 1.330 nm which is higher than that of SiNx single layer. The surface roughness of the

Fig. 9. Surface roughness of SiO2 thin film measured by AFM.

Fig. 10. Surface roughness of quarter-wave stacks (a) MgF2/(SiNx /SiO2)22; (b) (SiNx /SiO2)22 measured
by a microscopic interferometer.
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multilayer thin films was measured by a microscopic interferometer, and the measure-
ment area was chosen for analysis in order to prevent any edge effects. Figure 10
shows the measurement results representing an actual dimension of 50 μm × 50 μm.
The RMS surface roughness of MgF2/(SiNx /SiO2)22 and (SiNx/SiO2)22 QW stack were
2.23 ± 0.22 and 2.08 ± 0.20 nm, respectively. The RMS surface roughness of sputtered
(SiNx /SiO2)22 film is slightly smaller than that of MgF2/(SiNx /SiO2)22 multilayer film.
However, the latter structure design has a lower residual stress and smooth surface.

4. Conclusion

In this work, we investigated the effect of a MgF2 buffer layer on the residual stress of
SiNx /SiO2 quarter-wave stacks. The numerical simulation of multilayer stress behav-
ior by using the MATLAB software was performed. It has been experimentally proved
that stacking a buffer layer with tensile stress can effectively reduce the residual stress
in the multilayer stacks. The main factors for the weight of the multilayer residual stress
are the thickness of each layer, interface stress and the buffer layer design. The residual
stress and aging effects in two different designs of SiNx /SiO2 multilayer films were
measured by the FFT method. The aging effect of the two multilayer films was a func-
tion of exposure to air for 168 hours. The transition of two kinds of multilayer films
changed from compressive stress to tensile stress over time. We also found that in the
experiment of adding a MgF2 film, it can reduce the residual stress in multilayer stacks
through the balance of tensile and compressive stresses. It is possible to reduce the large
compressive stress caused by sputtering process.

Acknowledgment – This work was supported by the Ministry of Science and Technology (MOST) of
Taiwan under Grands MOST 104-2221-E-035-058-MY2 and 106-2221-E-035-072-MY2. 

Fig. 10. Continued.
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