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Abstract Based on Hartmann–Shack sensor technique, an
online thin film stress measuring system was introduced to
measure the film stresses of TiO2 and SiO2, and comparison
was made between the film stresses prepared respectively by
the conventional process and the ion-beam assisted deposi-
tion. The effect of ion-beam assisted deposition on the film
stresses of TiO2 and SiO2 was investigated in details, and
the stress control methodologies using on-line adjustment
and film doping were put forward. The results show that
the film stress value of TiO2 prepared by ion-beam assisted
deposition is 40 MPa lower than that prepared by conven-
tional process, and the stress of TiO2 film changes gradually
from tensile stress into compressive stress with increasing
ion energy; while the film stress of SiO2 is a tensile stress
under ion-beam assisted deposition because of the ion-beam
sputtering effect, and the film refractive index decreases with
increasing ion energy. A dynamic film stress control can be
achieved through in-situ adjustment of the processing param-
eters based on the online film stress measuring technique,
and the intrinsic stress of film can be effectively changed
through film doping.
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1 Introduction

It is common for film stresses to occur in films during their
preparing processes, and almost all films have some kinds
of stresses. The factors affecting the film stresses are di-
versified, including film material, substrate, deposition pro-
cess and environmental parameters [1–4], while the deposi-
tion process is one of the most important factors to induce
the film stresses, so the effect of deposition process on film
stresses and stress control method is an important subject.
Film stresses can result in curved optical films, and make the
reflected light distorted [5]. Even worse, the film stresses
can cause the films to be cracked and peeled off, making the
films completely invalid.

Ion-beam assisted deposition (IBAD) has become a pre-
ferred method for producing high quality optical films. There
are many reports about IBAD influencing the characteristics
of oxide films and optical films [6, 7], not only increasing
the density and eliminating the columnar crystal structure of
films, but also improving the stability and uniformity of the
films’ optical constants and improving the films’ stoichio-
metric ratio and so on. However, there are few reports about
the effect of IBAD process on film stresses, and correspond-
ing investigations on film stresses control are also rare.

Now the main film stresses measuring methods include
substrate deformation method [8], diffraction method [9],
spectrometry and film vibration method [10]. The substrate
deformation method is widely adopted in the film stress mea-
suring field for its simplicity and non-destructiveness. At
present, the measuring method of substrate deformation are
mostly based on off-line measurement. For example, Shao
et al. [11] developed a testing device of film stress using the
reflecting principle of light; Chen et al. [12] reported that
a whole cascade film stress measurement device of moiré
fringe had been developed; Bicker et al. [13] have proposed
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a in-situ film stress measurement method using double re-
flecting lights, and the sensitivity of which is only 4.4 MPa;
Lin et al. [14] developed a film stress sensor of dual beam ar-
ray, mainly using the 2D Dammann grating and Fresnel wave
band technologies, and the measuring sensitivity of which is
2.5 MPa. Since the real-time film stress measuring devices
need to be installed on the film preparing equipments, the
sensitivity of these methods will be affected by the vibrations
of the equipments, limiting the application of these meth-
ods in many aspects. In this paper, an online film stresses
measuring system based on Hartmann–Shack (H–S) sensor
technique is adopted. The equipment is non-sensitive to the
vibrations of the device during the film preparing process
because the measuring principle is calculating the relative
deformation of each very small area of samples. It makes
the precise measurement and real-time measurement of film
stresses feasible.

In this paper, the film stresses of TiO2 and SiO2 were
analyzed and compared respectively under the conventional
process and the IBAD conditions based on a real-time film
stresses measuring system of H–S sensor, and the effect of
ion energies on the film stresses was studied. Also, stress
control methodologies using in-situ adjustment and film dop-
ing were put forward. The film stresses measurement is a
complicated work since the effect of IBAD on film stresses
is complex, and the exploratory work presented in this paper
is only for reference.

2 Experiment

The ZZSX-800ZA automatic vacuum coating machine and
in-situ film stress measurement system based on H–S were
adopted in this experiment, the structure of which were
shown in Figs. 1 and 2, respectively. The H–S film stress
instrument was installed on the top of the coating machine,
and the computer connected with the CMOS camera was re-
sponsible for processing single data collected by the CMOS
camera. The system is consisted of three parts: the self-
collimator imaging system, the H–S sensor and the image
acquisition and processing unit. The light emitted from the
light source passes through the prism, then normally inci-
dents on the sample’s surface after passing through the ob-
jective lens. The parallel light is reflected by the sample’s
surface, then changes into parallel light after passing through
relay lens. Finally, imaging on the surface of the photo-
detector after passing through the H–S lens array. The basic
principle of the instrument is as follows: the sample’s sur-
face is divided into several small areas by the H–S lens ar-
ray to get the small areas’ slope caused by the film stresses,
and through measuring the relative position change of each
small region’s image, the whole area’s deformation is ob-
tained. When the film thickness is far less than that of the
substrate, we can get the film stresses from the following
stress formula proposed by Manning et al. [15, 16]

σf =
4Estsδ

3(1 − ηs)D2
Stf
,

where Es, ts, δ, Ds, ηs and tf are the substrate elastic mod-
ulus, the substrate thickness, the deformation slope of the
substrate, the diameter of the substrate, the Poisson’s ratio
and the film thickness, respectively.
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Fig. 1 The schematic scheme of ZZSX-800ZA automatic vacuum
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Fig. 2 THe physical scheme and structural drawing of no-line film
stress measuring instrument based on Hartmann–Shack sensor: a
Physical scheme; b Structural drawing

As to the measurement precisions of this system, the
measurement precision of substrate deformation slope is
15.6 nm, and the measurement precision of film stress is
3.3 MPa (BK7, 0.7 mm thickness); the measurement stabil-
ity of light spot centroid is 0.52 µm (1/10 CMOS pixels) for
2 h, and the measurement frequency is 6 Hz. Taking the light
spot of the sample center as the referring point, we measure
the variations of other spots relative to the referring point.
This system can avoid measuring error when the samples are
vibrating through adaptation.

The Kaufman ion source made by Space Science and
Applied Research of Chinese Academy of Science is adopted
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in this experiment, the diameter of which is 12 cm, and the
ion beam energy is 100–600 eV. BK7 glass is used as the
substrate, the size of which isΦ 40 mm × 0.7 mm. The elas-
tic modulus of the substrate is Es = 75 GPa, and the Pois-
son’s ratio ηs = 0.21. The substrates are cleaned with com-
mercial detergent and de-ionized water before loading, then
the substrates are pre-cleaned using Ar+ ion-beam bombard-
ment for 5 min to further reduce impurities on the substrate
surfaces prior to deposition. The Ar+ ion-beam parameters
for cleaning are: ion energy of 350 eV, ion beam current of
100 mA, argon flux of 5 mL/min. A 15 nm silver film was
coated on the substrate surface which was taken as the stress
testing surface, and then put in the atmosphere 72 h for ag-
ing treatment. The refractive indexes of films are measured
by post-deposition ellipsometry measurements (VASE, J.A.

Woollam Co., Inc.).

3 Results and discussions

3.1 The effect of IBAD on the film stresses of SiO2 and
TiO2

3.1.1 Comparisons between film stresses of SiO2 and TiO2

films prepared respectively by IBAD and traditional process

TiO2 and SiO2 films are the research objects, with the BK7
glass as the substrates. The preparation parameters are
shown in Table 1. TiO2 and SiO2 in the table mean that
the TiO2 and SiO2 films prepared by traditional process, and
TiO2/IBAD and SiO2/IBAD in the table mean that the TiO2

and SiO2 films prepared by IBAD. The film stresses are on-
line monitored during the preparation.

Table 1 Preparation parameters of TiO2 and SiO2 films

Films
Ion source Gas flow Evaporation

Vacuum/(mPa)
Substrate

Accelerating voltage/V Beam current/mA O2/(mL ·min−1) Ar/(mL ·min−1) rate/(nm · s−1) temperature/◦C

TiO2 0 0 30 0 0.3 15 250

TiO2/IBAD 330 100 25 5 0.3 20 250

SiO2 0 0 0 0 6 0.6 250

SiO2/IBAD 330 100 8 5 0.6 12 250

Usually, the types of film stresses are defined by the sub-
strate deformation compared to that of the film. When the
substrate shrinks towards the film, this kind of film stress is
called tensile stress (the stress value is “+”); while the sub-
strate shrinks opposite to the film, this kind of film stress is
called compressive stress (the stress value is “−”).

From Fig. 3 we can see that the stress of the TiO2 film
prepared by the traditional process is a compressive stress in
the beginning, then it changes into tensile stress when the
film is 30 nm thick, and rises slowly with increasing thick-
ness. The stress reaches the maximum value of 150 MPa
when the thickness is 150–175 nm, then decreases slowly.
When the thickness is 300 nm, the stress value is 124 MPa.
The stress of TiO2 film prepared by IBAD is also a compres-
sive stress in the beginning, however, the compressive stress
changes into tensile stress when the film thickness is only
18 nm. While the thickness is greater than 30 nm, the rising
rate becomes slow and stable, and the stress value is only
84.8 MPa when the thickness is 300 nm.

Meanwhile, the following two conclusions can be drawn
from Fig. 3 for SiO2 films: (1) The film stress of SiO2 pre-
pared by IBAD declines more sharply compared to that pre-
pared by traditional process; (2) The film stress of SiO2 can
be changed from compressive stress into tensile stress under
an appropriate condition.
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Fig. 3 Relationship between thickness and film stresses of TiO2

and SiO2 under two preparation conditions

The film stress of TiO2 is tensile stress under both the
preparation conditions, and the stress value of TiO2 film pre-
pared by IBAD is 40 MPa lower than that of TiO2 film pre-
pared by traditional process; but the film stresses of SiO2

prepared by the two preparation conditions are greatly differ-
ent. The film stress of SiO2 prepared by traditional process
is compressive stress, while that of SiO2 film prepared by
IBAD is tensile stress. This conclusion is different from the
common conception that the structure of films prepared by
IBAD is denser than that of the films prepared by traditional
process. Preliminary hypothesis results from the sputtering



Effect of ion-beam assisted deposition on the film stresses of TiO2 SiO2 and stress control 1385

effect of ion-beam, since the structure of SiO2 is denser than
that of TiO2 [17], and the evaporating rate of SiO2 is larger
than that of TiO2. So it is easier for sputtering effect of ion-
beam to occur in SiO2 films, and the sputtering effect is more
obvious. The effect of IBAD on different films is distinctly
different, depending on the properties and the preparation pa-
rameters of the film itself.

3.1.2 The effect of ion source parameters on the film
stresses

Using different ion energies, and the ion energies are char-
acterized with the accelerating voltage of ion source in this
experiment. The preparation parameters of the samples are
the same except for the accelerating voltage of ion-beam, and
the preparation temperature is room temperature, as shown in
Table 1. The accelerating voltages of ion source used in the
experiment are 220 V, 330 V, 450 V and 550 V, respectively.
The film stresses are on-line monitored during preparation.

TiO2 films have complicated lattice structure and crys-
tal structure (e.g., anatase, rutile, brookite), varying with the
substrate temperature and particle energy. TiO2 films can
easily crystallize when the films are forming (anatase phase),
so it will result in instable refractive index of TiO2 films (the
filling density of films changes with the change of crystal-
lization phase).

The relationship between film stresses of TiO2 films and
ion source energies is shown in Fig. 4. It shows that TiO2

film stresses gradually change from tensile stress into com-
pressive stress with increasing ion energy. The type of stress
changes when the ion energy is 450 eV. When the ion ener-
gies are 200 eV, 330 eV, 450 eV and 550 eV, the correspond-
ing refractive index of TiO2 films are 2.441, 2.563, 2.561
and 2.452, respectively (λ = 600 nm). Considering the film
stress and refractive index comprehensively, it can be con-
cluded that the stress type of TiO2 film changes and the re-
fractive index reaches its maximum value when the ion en-
ergy is about 450 eV. Therefore, it can be inferred that the
crystal structure of TiO2 films changes from polycrystalline
state into amorphous state. Meanwhile, it also shows that the
effects of ion implantation and sputtering on TiO2 films in-
crease with increasing ion energies, which results in a grad-
ual decline of the refractive index of TiO2 films.

The relationship between film stresses of SiO2 films and
ion energies is shown in Fig. 5. It shows that the stress type
of SiO2 films changes gradually from compressive stress into
tensile stress with increasing ion energy. The stress value
gradually declines when the ion energy exceeds 330 eV, and
the stress tends to be stable when the ion energy is above
450 eV.

IBAD can make the stress of SiO2 change, and make the
film refractive index decrease with increasing ion energy. It
is mainly due to the sputtering effect of ions, which makes
the compacted structure of films become loose. When the
ion energy reached a given value (e.g., 330 eV), the effects of
ion implantation appeared immediately, and made the resid-
ual stress value decrease.
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Fig. 4 Relationship between thickness and film stresses of TiO2

films prepared under different ion energies
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films prepared under different ion energies

3.2 Film stresses control

3.2.1 In-situ adjustment

The main principle of film stresses control techniques
through on-line adjusting preparation parameters is based on
the in-situ film stress measuring system, which is developed
by our laboratory. According to in-situ measurement of sub-
strate deformation or film stresses, we can adjust the prepa-
ration parameters of the subsequent films to control the sub-
strate deformation and mean the stress of the total structure
in time. Firstly, find out the relations between the film stress
and preparation parameters (e.g., deposition rate, chamber
pressure, ion source parameters, etc.). Secondly, according
to the actual measurements of substrate deformation or stress
value in the film preparing process, we adjust the preparation
parameters of films in real-time, and make the development
of substrate deformation or stress value to the desired direc-
tion. Then, we should take care of the rationality of the ad-
justed parameters, and consider the effect of the adjustment
of processing parameters on the optical properties of films,
because the changes should be limited to a suitable range.

From Sect. 3.1 we can know that the film stresses of
TiO2 and SiO2 vary greatly with varying ion energies. In
a previous work, we found that the film stress would trans-
form rapidly from tensile stress into compressive stress with
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increasing vacuum chamber pressure when the pressure was
lower than 13 mPa; while the film stress would transform
slowly from compressive stress into tensile stress with in-
creasing vacuum chamber pressure when the pressure was
higher than 13 mPa [17]. Therefore, by regulating the ion
energy and vacuum chamber pressure during the preparing
process we can adjust the film stress of device structure.

The film stress control process for the preparation of
high reflective optical films can be described as follows. The
structure system is designed as: Glass/5(HL)/Air, H : TiO2,
d = 51.6 nm; L : SiO2, d = 85.7 nm. Table 2 shows the
preparation parameters of each film. Figure 6 shows the re-
lationship between the substrate deformation and the film
thickness. From the chart, we can see that after 1#TiO2

and 2#SiO2 has been prepared, the total film stress is ten-
sile stress, so we should increase the accelerating voltage
and decrease the vacuum pressure to increase the density of
film. When 4#SiO2 has been prepared, the film stress is still
tensile stress, so we should further increase the accelerating
voltage for subsequent films. When 5#TiO2 has been fin-
ished, the film stress becomes compressive stress, we should
decrease the accelerating voltage and increase the vacuum
pressure to make the following films loose. When 7#TiO2

has been finished, the deformation of substrate is close to

zero. The preparation parameters for subsequent films can be
adjusted in a reasonable range according to the above prin-
ciple to make the deformation of substrate close to zero. As
seen from the chart, the cumulative deformation of the sub-
strate is less than 1 nm.
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Table 2 Processing parameters of films adjusted on-line

Serial number Films Thickness/nm
Ion source

Vacuum/mPa
Accelerating voltage/V Beam current/mA

1 TiO2 51.6 330 100 19

2 SiO2 85.7 330 100 13

3 TiO2 51.6 450 100 17

4 SiO2 85.7 450 100 11

5 TiO2 51.6 550 100 17

6 SiO2 85.7 200 100 13

7 TiO2 51.6 200 100 19

8 SiO2 85.7 330 100 11

9 TiO2 51.6 550 100 19

10 SiO2 85.7 300 100 11

3.2.2 Doping effect

The intrinsic stress of film will be changed greatly by doping
with certain proportion of impurities. There are two theories
to explain this phenomenon. One is that the intrinsic stress of
film is caused by the electron density difference between the
film and the substrate surface, which results from the conti-
nuity of atom surface electron density in the interface. This
mode is known as the electron density contrast of atomic sur-
face mode [18, 19]. So we can reduce the stress of the film by
injecting ions according to this theory [20]. The other is that
the intrinsic stress of film is influenced by the crystal lattice
structure of the film [21], so doping certain proportion of im-

purities will optimize the crystal lattice structure and reduce
the intrinsic stress of the film [22–25].

In this experiment, zirconia oxide (ZrO2) and titanium
oxide (TiO2) are adopted to carry out experiments. The
mixed oxide consists of ZrO2 and TiO2 with a mass ratio
of 9:1, which is provided by the Beijing General Research
Institute of Nonferrous Metals. The preparation parameters
of ZrO2, TiO2 and ZrO2+TiO2 mixed films are shown in Ta-
ble 3, and the relationship between stress and thickness of
the three films is shown in Fig. 7.

From Fig. 7 we can see that the stress of the ZrO2+TiO2

mixed film is 104 MPa when it is 200 nm, decreased by
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71 MPa compared to the pure ZrO2 film. The reasons are as
follows: While TiO2 is doped into ZrO2 to prepare a film, the
atoms of TiO2 filling into the holes of ZrO2 crystal structure
to form a mosaic structure, which plays an important role in
resisting the stress deformation for the host material of ZrO2,

so TiO2 optimize the crystal lattice structure and reduce the
intrinsic stress of ZrO2 film [26, 27]. By measuring the opti-
cal parameters of films, the optical properties (e.g., transmit-
tance and refractive index) of ZrO2+TiO2 mixed film change
little compared to the pure ZrO2 film.

Table 3 Preparation parameters of ZrO2, TiO2 and ZrO2+TiO2 films

Films
Ion source Gas flow Evaporation

Vacuum/mPa
Accelerating voltage/V Beam current/mA O2/(mL ·min−1) Ar/(mL ·min−1) rate/(nm · s−1)

ZrO2 330 100 8 5 0.3 15

TiO2 330 100 25 5 0.3 20

ZrO2+TiO2 330 100 8 5 0.3 15
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Fig. 7 Comparison between the film stresses of ZrO2, TiO2 and
ZrO2+TiO2 mixed films

4 Conclusions

The film stress investigation is important and promis-
ing, and some exploratory work about the effect of IBAD
on the film stress and film stress control methodologies have
been studied. The film stresses of TiO2 and SiO2 films pre-
pared by IBAD are different from those of the films prepared
by traditional process. The film stress of TiO2 film is ten-
sile stress under both the preparing conditions, but the stress
value of TiO2 film prepared by IBAD is 40 MPa lower than
that of which prepared by traditional process. The film stress
of SiO2 film prepared by traditional process is compressive
stress, while that of which prepared by IBAD is tensile stress.
With increasing ion energy, the structure of the TiO2 film be-
comes more compact, and the stress changes from tensile
stress into compressive stress, and the refractive index also
increases. However, the effect of IBAD on the SiO2 film is
opposite.

Meanwhile, according to in-situ measurement of sub-
strate deformation or film stress, adjusting the preparation
parameters of each film can control the substrate deformation
and mean the stress of the total structure in time. By doping
with certain proportion of impurities, the intrinsic stress of
film will be changed greatly, and the film stress will be ad-
justed effectively.
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