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a b s t r a c t

Residual stress in optical plasma vapor deposited coatings must be carefully measured. The
topographic inspection of the coatings’ surface at microlevel allows the assessment of its
residual stress. In the present work we will report on the optical non-destructive and
non-invasive microtopographic inspection of WO3 PVD thin films for residual stress eval-
uation. The MICROTOP.06.MFC system, an active optical triangulation sensor developed
at the Universidade do Minho, was employed. It allows depth resolutions down to 2 nm
and lateral resolutions down to 1 lm. The three dimensional coordinate set obtained on
the inspection allow the calculation of the stress distribution over the film.

� 2010 Elsevier Ltd. All rights reserved.

1. Residual stress measurement by microdisplacement
techniques

Residual stress of as-deposited PVD coatings may cause
bending of the coating/substrate system. If residual stres-
ses are present and the overall deflection is small com-
pared with the substrate thickness, then by symmetry
the coated substrate will take up a spherical curvature in
the region away from the edges [1]. Near the edges a com-
plex stress state will be present. However away from the
edges this reverts to a simple stress state where stresses
normal to the substrate and shear stresses are zero [2–4].
Therefore we will measure the residual stress of the coat-
ings from the radius of curvature of the coating/substrate
system measured away from the edges.

In Fig. 1 we illustrate the typical measurement of the
radius of curvature of the PVD coating/substrate system.
Since the deflections (a few microns) is several orders of
magnitude smaller than the sample length (up to a few
centimeters), its circular profile approximates to a parab-
ola (Fig. 2). Therefore, the height values were fitted to a

general parabolic equation by a least-squares procedure
and thus the radius of curvature in the middle of the coat-
ing can be calculated from the fitted parameters. This
method is much less prone to inaccuracies than simply
measuring the height difference between the middle and
ends of the sample. Slight discrepancies of data point com-
pared with the fitting parabolic curve may be caused by
positioning errors of the coated substrate under the laser
beam but this is a minor random error which is likely to
average out along the sample, giving the same fitting
parameters.

Once the radius of curvature is determined, and since
the PVD coating is thin compared with the substrate thick-
ness, the in-plane residual stress in the coating, rc, can be
determined as per the equation [1–6]:

rc ¼
Es

6ð1� msÞ
t2

s

tc

1
Rc
� 1

Ruc

� �
ð1Þ

where Es is the Young’s modulus of substrate, ts is the Pois-
son ratio of substrate, Ruc is the radius of the curvature of
the uncoated substrate, Rc the radius of curvature of the
coated substrate, and ts and tc are the substrate and coating
thickness, respectively. The first term in Eq. (1) is used to
correct for non-flat substrates before the deposition of
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the coating. The radius of curvature can also be determined
by other methods such as interferometry [7], where the
interference fringes in a finished optical surface (such as
a glass substrate) are used to obtain the curvature in the
bent sample. In the present work we used a laser triangu-
lation based microtopographer developed at the Microto-
pography Laboratory of the Physics Department of the
University of Minho [7,8]. Being a 3D inspection system
we are able to measure curvatures not only from profiles
but yes tridimensionally from the relief maps obtained.
The method and system is described and a few results of
residual stress measures on WO3 thin films on glass sub-
strates is presented below.

2. The microtopographic inspection system

Optical triangulation [9], as a non-contact non-destruc-
tive method, extensively proved its usefulness on the topo-

graphic and dimensional inspection of objects and surfaces
of use in the industrial world. Not only rough surfaces [10]
can be microtopographically inspected [7,8]. Also the
inspection of smooth mirror like surfaces is possible with
resolutions in the nanometer range [11,12].

The method over which we based our work is optical
active triangulation with oblique incidence and normal
(and or specular) observation, and automated mechanical
sample’s scanning [8]. The surface to be inspected is
scanned by an oblique laser beam. The incident light is col-
limated and focused. A small, diffraction limited, bright
spot is thus projected onto the sample. The bright spot is
imaged perpendicularly and specularly onto electronic
photosensitive detection systems in order to assess its lat-
eral position. The area of the surface to be inspected is
scanned point-by-point by the ‘‘sensor’s tip’’ (the light
beam focused onto the surface). The highest system’s
robustness was sought. Also a high lateral positioning res-
olution and accuracy is achieved. In order to perform the
sample’s scanning it will be moved by means of a precision
XY displacement table driven by precision step motors. At
each scanning point the lateral spot’s position is obtained,
using both, or just one of the detection systems of the nor-
mal and specular reflection arms of the sensor. For mirror
like types of surfaces the more reliable data is obtained
with the specular data while for very rough surfaces the
specular arm does not give reliable enough depth mea-
sures. The horizontal spot’s shift between scan positions
is directly related to the height differences between those
surface’s inspected points and thus the topographic map
is obtained.

The depth resolution depends of the system used and
on its particular configuration. The MICROTOP.03.MFC
[7,8] is a robust and versatile system specially designed
to accurately perform the microtopographic inspection of
the rough surface of small samples. It allows the inspection
of a large variety of surfaces with resolutions that can be
driven down to the submicron level with dynamic ranges
up to 1:5000 (or 1:25,000 with vertical scanning).

In order to be able to inspect smaller features in
smoother surfaces a different version of this microtopogra-
pher was settled. The MICROTOP.06.MFC [12,13] maintain
the main characteristic of its predecessor gaining an in-
creased versatility with the incorporation of a second spec-
ular reflection arm. Now, height measures on mirror like
surfaces or optically non-rough surfaces can be performed
with accuracy in the nanometer range and resolution in
the sub-nanometer range with dynamic ranges up to
1:20,000 with proper vibration isolation. The inspection
of a large variety of thin films and coatings is then possible
with good resolution and reliability.

The MICROTOP.06.MFC microtopographer is based, as
said above, on active optical triangulation and angle re-
solved scattering. Referring to Fig. 3, a brief description is
given below. The surface to be inspected is scanned by
an oblique light beam. Different light sources both coher-
ent and incoherent are used according to the type of sam-
ple to be inspected: two HeNe lasers at 632.8 and 534 nm,
and, one Xe white light sources are available and can be
easily interchanged. The incident light is collimated and
focused. A small, diffraction limited, bright spot is thus
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Fig. 1. Schematic representation of the curvature measurements in the
as-deposited PVD coatings. The laser transducer is fixed and the coating/
substrate system is moved with the coating surface facing up, as shown.
The base plate is then traversed under the laser beam and surface height
measurements are made at regular intervals along the center-line of the
sample [2].

0

0.05

0.1

0.15

0.2

0.25

D
ef

le
ct

io
n 

(m
m

)

0 2 4 6 8 10

x (mm)

PVD coating  ZrO
2
Y

2
O

3
σ (interferometry)=-390 MPa
σ (displacement transducer)=-270 MPa

Fig. 2. Typical parabolic profile for a PVD coating (yttria stabilized
zirconia), measured by the microdisplacement laser transducer (x is the
position along the center-line of the coating–substrate as shown in Fig. 1)
[3].
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projected onto the sample. The bright spot is imaged both
perpendicularly and specularly onto electronic photosensi-
tive detection systems in order to assess its lateral position.
The photosensors are one 2048 pixels Fairchild CCD linear
array on the specular arm and a Reticon line scan camera.
However, one PSD, position sensitive detector (from Sitek)
and a differential detector (from Hammamatsu) are avail-
able and can easily replace the linear arrays. The area of
the surface to be inspected is scanned point-by-point by
the ‘‘sensor’s tip’’ (the light beam focused onto the surface).
The highest system’s robustness was sought. Also a high
lateral positioning resolution and accuracy should be
achieved. Thus both the incidence arm and observation
arms of the sensor are kept fixed. In order to perform the
sample’s scanning it will be moved by means of a precision
XY displacement table driven by precision step motors
(General Electric). At each scanning point, on a rectangular
array separated by distances down to 1.25 lm, the lateral
spot’s position in both sensors is obtained and registered.
The spot’s shift on both detectors’ planes, between consec-
utive scan positions is directly related with the height dif-
ferences between those surface’ inspected points. When
necessary in the ‘‘specular’’ arm of the system the detector
can be positioned (just by introducing an adapter) tilted
relative to the observation optics in order to increase the
depth range of the sensor (Schleimpflug’ condition) [7].
Employing the linear arrays both arms are on a confocal
arrangement allowing the best resolution [7]. The inci-
dence set-up comprises apart from the light source a neu-
tral density variable filter, a stabilized beam steering
system, a spatial filter and focusing optics. The change on
the incidence angle is made synchronized with the change
of the observation angle on the specular arm. A vertical
movement precision stage endowed of computer con-
trolled motion provided by a reliable accurate DC encoder
with high positioning repeatability and resolution is used
refocusing of the observation optical system but especially
for calibration of both arms of the sensor. In order to re-
solve shaded areas and mutual reflections, a high precision
rotational stage is used allowing easy change to opposite

light incidence. Often the faces of the surface to be ana-
lyzed are not parallel or simply the surface to be inspected
does not lie horizontally. In order to maintain the best
height resolution a tilt table was incorporated to the sam-
ples’ positioning system. Furthermore it may allow the
inspection of 3D objects or surfaces with pronounced holes
of it, for instance.

The observation optical systems are formed by micro-
scope objectives chosen according to the characteristics
of the surface’s relief. In both sensor’ arms the objectives
can be independently focused. They will be used to image
the light spot onto the opto-electronic photosensitive
detection systems. Both the ‘‘normal’’ and the ‘‘specular’’
sensors’ arms are attached to a XYZ precision displacement
table for finer adjustments. A 2D CCD camera was attached
to the system allowing the capture of bidimensional color
images of the scanned area for matching and improved
visualization aid. Projection of the actual 2D image onto
the 3D map is being studied at the moment. In order to
cope with different requirements different photosensitive
systems are available and all are interchangeable (see
above). A personal microcomputer acquires the data and
takes control of the whole inspection process and result’s
presentation. At the end of the inspection process we
may have just one but typically will have two sets of data
one for each sensor’s arm. Data processing is indepen-
dently performed and two sets of parameters and func-
tions are obtained by triangulation and scattering
analysis. The correlation of the sets of data is investigated.
Comparison and matching is performed in order to obtain
the best set of reliable and accurate data. Depth resolutions
down to 2 nm and lateral resolutions down to 1 lm with
dynamic ranges of 1:25,000 and measurement speeds of
2000 points per second are achieved.

3. Results

From the coatings surfaces’ relief maps obtained with
our laser microtopographer we are able to calculate the

Fig. 3. The MICROTOP.06.MFC: 1. Interchangeable light sources; 2. Vibration isolation stand; 3. Neutral density filter; 4. Beam steering system; 5. Incidence
angle control motorised system; 6. Incidence optics; 7. Normal observation optics; 8 and 10. Beam splitters; 9. Interference filter; 11. Normal photosensitive
detection system; 12. Photodetector; 13. Video camera and illuminator; 14. Specular observation optics; 15. Interference filter; 16. Specular photosensitive
detection system; 17. Sample support and motorised positioning system; 18. Data acquisition and control system; 19. Microcomputer.
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coatings’ residual stress in that particular coating/sub-
strate system.

In Fig. 4 we present the results of the stress evaluation
of a 123 nm thick b tungsten thin film PVD deposited, on a

Fig. 4. Relief map of a WO3 film used in electrochromic applications [10].

Fig. 5. Microtopographic map of a tungsten film. Different curvatures in central and outer regions of the film are noticeable possibly due to partial non-
adherence of the film to the substrate.

Fig. 6. Principle parabolic profiles of the tungsten film whose 3D relief map is presented in Fig. 5 fitted on the central (above) and outer regions of the film
(below).
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15 mm per 15 mm square glass blade 0.15 mm thick, at a
4 � 10�2 mbar pressure during 6 min in a sputtering cham-
ber. The substrate–target distance was set to 60 mm and
the sputtering current of 0.23 A. The thin film (in fact the
film/substrate system) presents a slight curvature and a
surface with an average roughness (Ra) [7] of 0.34 lm.
The calculated transversal compressive stress ranges be-
tween 461 and 447 MPa (454.38 ± 6.84 MPa) across the
central region of the film. This roughly 1.5% variation is
not significant and the stress distribution essentially iso-
tropic. The three-dimensional topographic inspection of
the sample allows a easier detection of any anisotropy in
the residual stress distribution. Furthermore we can also
distinguish zones in the coating that may eventually pres-
ent different residual stress for instance off the central re-
gion of the film. In Fig. 5 is shown a thin film that produced
a major curvature in the glass substrate. High stress caused
a partial non-adherence of the film to the substrate. Never-
theless being evident the detaching the residual stress cal-
culated in the central zone (still adhered to the substrate)
is only 9% higher than at outer regions (510.7 and
459.8 MPa: Fig. 6 above and below respectively).

4. Conclusions

Residual stress is a major parameter in the characteriza-
tion of thin films. Different methods exists and are success-
fully used in residual stress measurement in thin films and
coatings of different types [1,4,14–16].

Contactless methods allowing non-invasive stress mea-
sures are advisable in many instances. Optical distance
sensors and profilometers may be used to measure
curvatures of thin films bended due to stress allowing a
non-destructive non-contact evaluation. Integral microto-
pographic inspection of the surface of PVD coatings and
thin films in different substrates allow a better assessment
of its residual stress.

The performance of our non-invasive optical microto-
pographer allows a reliable and efficient inspection of the
PVD optical coatings in order to detect flaws and defects,
to evaluate the films roughness but also to determine
stress distribution on the produced films in a non-invasive
fast, accurate and reliable way. Due to the robustness of
the optical triangulation procedure used, a large range of
thin film’ surfaces from polished mirror like to rough ones
can be measured. The measurement process does not allow
in situ evaluation of the samples. Furthermore the inspec-
tion process being point-by-point is inherently relatively

slow (up to 2000 inspected points per second) yet with
high lateral and height resolution and repeatability. The
employed system’ configuration can me adjusted accord-
ing to the particular sample characteristics allowing the
measure of samples of different sizes and grades of stress
induced deformations The 3D representation of the films’
surface allows the identification of stress zones in non-
homogeneous films.
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