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Abstract Thin film technology is an area of great impor-
tance in current applications of opto-electronics, electronics,
MEMS and computer technology. A critical issue in thin
film technology is residual stresses that arise when the
coating is deposited onto a substrate. Residual stresses can
be very large in magnitude and have detrimental effects on

the role that the thin film must play. To save development
time on coating deposition processes it is important to
perform accurate residual stresses measurements in situ in
real time where the deposition is made. A novel optical set
up is developed in this study to measure deflections and
residual stresses generated in coated specimens that can be
applied directly in the reactor utilized in the deposition
process. Experimental results are in good agreement with
other measurements carried out independently and other
data reported in literature for thin films like those tested in
the experiments.
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Introduction

Residual stresses in thin films arise because of the
existence of discontinuous interfaces, inhomogeneous
thermal history during deposition or subsequent fabrica-
tion process, and various imperfections by ion bombard-
ment [1–3]. Residual stresses may affect significantly
the mechanical properties and reliability of the thin film
as well as the performance of thin-film based devices.
In particular, high residual stresses will result in detri-
mental effects in the performance of thin films.

Experimental techniques for measuring residual stresses
in thin films and the corresponding equations providing
residual stress values are critically revised in [4, 5]. In
general, there are two main possible approaches to this
problem: (i) lattice strain based methods such as, for exam-
ple, X-ray diffraction [6], X-ray microdiffraction [7] and
neutron diffraction [8]; (ii) physical surface curvature-
based methods. However, residual stress values measured
by these two methodologies may be quite different because
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lattice strain based techniques provide local information
while the latter methods provide average data. Lattice-
based methods rely on the principle that residual strains
and hence residual stresses are caused by the relative dis-
placement between atomic planes: therefore, these techni-
ques measure variations of lattice spacing. Lattice strain
methods can be expensive in terms of experimental equip-
ment and can be used only if the films are crystalline.

Determination of residual stress through curvature meas-
urements is easier and less expensive to perform than lattice
strain methods and does not introduce constraints on the
type of film structure. The average level of residual stress
has been computed in many experimental papers using the
classical Stoney’s equation [9] or variations of this equation
(see, for example, [10–12] and the references cited in these
papers) which is however valid when the coating is much
thinner than the substrate and a number of additional restric-
tions are satisfied [9–12]. Nano-indentation is the most
recent approach and is a commonly used method to measure
residual stresses in thin films. It is done by observing how
the force-indentation curve changes with respect to a stress
free surface (see, for example, the discussion presented in
[1, 13] and the references cited in these two articles).

Among curvature measurement methods, non-contact
optical techniques are preferable in view of their high sen-
sitivity and because they do not alter the specimen surface.
Classical interferometry (i.e., Newton’s rings) [14], shearing
interferometry [15] or moiré techniques [16–19] can be used
to measure curvature of surfaces. Reflection moiré allows
measuring the slope of a reflective surface and, through
differentiation of the fringe pattern in the frequency space,
the curvature of the surface. Projection moiré measures the
height of a surface with respect to a reference plane. A
system of lines is projected onto the specimen surface and
modulated by the curved specimen. The topography of the
surface can be obtained from the phase difference generated
by the modulation of the grating lines due to the surface
curvature. From displacements, derivatives can be comput-
ed by differentiation and, from derivatives, surface curva-
tures can be determined.

This work presents a practical solution of performing
measurements of thin plate curvatures in situ for diffusing
and highly reflecting surfaces. For highly reflecting surfa-
ces, a reflection moiré interferometry set up is developed.
The optical set up measures displacements rather than slopes
as it is usually done in reflection moiré [17, 19].

The new optical set up developed in this paper is first
tested in laboratory measurements of residual stress of a
diamond-like-carbon (DLC) thin film, deposited on a quartz
substrate via Plasma Enhanced Chemical Vapor Deposition
(PECVD). The value of the residual stress developed in the
film is derived from the average curvature of the DLC
specimen determined via reflection moiré measurements.

Moiré results are in good agreement with experimental
values provided by other well established measurement
techniques such as Newton’s rings and coordinate measur-
ing (CMM) tactile devices. Furthermore, the stress value
measured with moiré is consistent with data reported in
literature.

The new reflection/projection moiré set up is then imple-
mented in situ by designing a special optical circuit. The
layout of the optical circuit must satisfy the geometric con-
straints deriving by the general layout of the deposition
system. Measurements carried out for a 1,050 nm thick
zirconium nitride film deposited on a 300 μm silicon sub-
strate provide values of residual stress that fall in the range
indicated in literature.

The main purpose of the paper is to present the developed
optical methodology to measure residual stresses in thin
films and the adaptation of this technology to perform
measurements in situ. The paper is structured as follows:
after this introduction, we summarize the basic equations
describing the distribution of residual stress generated in the
thin film by the deposition process. The third section
describes the process of formation of interference fringes
and reviews the equations required to compute displace-
ments from reflection moiré patterns. The reflection/projec-
tion moiré set up developed in this research is described in
detail in the fourth section. Results of moiré measurements
carried out on DLC specimens are presented in the fifth
section together with Newton’s ring and CMM measure-
ments. The sixth section describes the in situ implementa-
tion of the moiré set up in a vacuum deposition chamber.
The main findings of the study are summarized in the last
section of the article.

Stress Analysis of the Thin Film

In the Plasma Enhanced Chemical Vapor Deposition
(PECVD) process for thin films, an electric discharge gen-
erates film precursors, such as neutral radicals and ions, by
electron-impact decomposition. Significant residual stresses
can develop in the coated specimen because the atoms
passing from the gas phase to the substrate during the
adsorption process do not reach their correct position in
the reticular structure finally formed. As is reported by
Davis [2] and Lacerda et al. [3], compressive stresses arise
when a growing film is bombarded by atoms or ions with
energies of tens or hundreds of eV by a process of “atomic
peening”. Energetic ions cause atoms to be incorporated into
spaces in the growing film which are smaller than the atomic
volume of the inserted atoms. This effect causes the expan-
sion of the film outwards with respect to the substrate. The
film is constrained by the plate that is bounded to. The effect
of the adhesion to the plate is equivalent to apply a
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compressive normal force to the film to shorten it to the
smaller dimensions of the upper fiber of the plate. If the film
is very thin compared to the substratum the stress resultant
force of the film, the thickness of the film multiplied by the
stress in the film, produces a stress resultant that is assumed
to be applied at the upper face of the plate. This force
produces a bending moment with respect of the middle fiber
of the plate and also a normal stress resultant that equili-
brates the stress resultant of the film.

In the general case, the applied coating generates bending
stresses and normal stresses. The sign of the stresses
depends on the expansion or contraction of the coating with
respect to the plate. In Fig. 1, one element of a plate coated
with a film is represented for the case that the film tends to
expand but it is contracted by the contact with the plate. For
the stress analysis of the film-plate system an additional
hypothesis is made when films are very thin and their
Young’s modulus is smaller than that of the substratum.
The strains caused by the normal stress resultants are
neglected and only the effect of bending is considered. In
such a case, following Kirchhoff’s plate theory [20], the
second derivatives of the deflections define the state of
strain and stress on the substrate (Fig. 1) as:

σxx ¼ � Esz
1�n2s

@2w
@x2 þ n @2w

@y2

� �
σyy ¼ � Esz

1�n2s
@2w
@y2 þ n @2w

@x2

� �
txy ¼ � Esz

1þns
� @2w
@x@y

8>>><
>>>:

ð1Þ

where: w(x,y) is the out-of-plane displacement experienced
by the middle plane of the substrate; z is the distance from
the middle plane measured in the direction of the curvature
radius; Es and νs are respectively the Young’s modulus and
the Poisson ratio of the substrate material. In the coating the
effect of the bending stresses is neglected while in the plate
the effect of the normal stresses is neglected when compared
to the bending stresses, if the coating rigidity is small
compared to the rigidity of the plate.

In the case of diffusing surfaces, projection moiré
provides the deflections and through successive differ-
entiations yields the curvatures. Two sets of moiré fringes
must be recorded for each analyzed specimen one

yielding the derivatives in the X-direction, the second
set yielding the derivatives in the Y direction. By differ-
entiating the two fields with respect to X and with
respect to Y, it is possible to obtain the four derivatives
and from them it is possible to obtain the curvatures of

the surface. The derivatives @2w
@x@y and @2w

@y@x should be

equal since w(x,y) is a continuous function twice differ-
entiable. This property should be used to check that the
followed process is correct.

Under the assumption that in-plane stress resultants can be
neglected, equation (1) becomes general and can be applied to
obtain the stresses in the substrate. If the film is very thin
compared to the thickness of the substrate and, assuming that
there is a perfect adhesion between the substrate and the film,
the strains in the substrate can be computed. By utilizing
equilibrium conditions under the same assumptions, if one
knows the local values of the film thickness, one can compute
the stresses in the thin film.

Under some simplifications of the problem and within the
restrictions mentioned in [9–12], the average value of com-
pressive residual stress σfilm developed in the thin film can
be computed with the modified Stoney’s equation:

σf ilm ¼ Es

6 1� nsð Þ �
t2s
tf
� 1

R
� 1

Ro

� �
ð2Þ

where R is the principal radius of curvature taken by the
specimen after the deposition process at the considered
section while Ro is the radius of curvature before deposition.
This equation hence assumes that the principal curvatures of
the deflected shape of the plate are the same on the film
surface. The practical meaning of equation (2) is that the
deflected shape is approximately a spherical sector that can
be represented by a second order paraboloid. If the de-
formed shape of the substrate is experimentally determined
it is possible to verify the degree of accuracy of this as-
sumption. A brief analysis of the computation of residual
stresses is presented in the following because of the utiliza-
tion of the derived expressions to verify the experimentally
measured values of residual stresses after making sure that
the corresponding restrictions concerning the applicability
of these equations are fulfilled.

Fig. 1 Schematic representation
of the stresses developed in the
coating and in the substrate. The
deposition process generates
compressive stresses in the film
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There are three forms of moiré that can be applied to
measure residual stresses in coated substrates: projection
moiré (diffusing surfaces), reflection moiré in the slope mea-
surement mode with one differentiation or projection moiré
with two differentiations in the displacement measurement
mode. In [19], reflection moiré in the slope mode was utilized
to measure residual stresses in 150 mm diameter silicon
wafers of thickness 650 μm and coatings of thicknesses of
the order of microns. It was found that in most cases twisting
curvatures were present although they were one order of
magnitude smaller than X and Y-curvatures. For example, in
a given typical wafer of the set of specimens studied in [19],
the curvatures in the central area of the wafer were κx≈κy≈
0.16 (1/m), that is R06.25 m while the twisting curvature in
the same area was κx00.01 (1/m), that is R0100 m. Hence,
stress values computed by the Stoney’s equation provide an
average of the stresses in the thin film.

For large size substrates, reflection moiré, on the basis of
results reported in [19], proved to be a reliable tool to measure
residual stresses in thin films deposited on elastic and homo-
geneous substratum. The question posed in this research now
is: Is it possible to apply the same technique utilized in [19] in
the case of small size plates?When one measures slopes using
reflection moiré a principle similar to finite differentiation (for
example, by perturbing spatial coordinate from x to x+Δx) is
applied. Consequently, the coordinate x where the derivative
of displacement takes a given value remains indefinite within
the rangeΔxwhere finite difference is computed. Preliminary
testing indicated that the error introduced by following this
approach is very significant for a small specimen. Hence, it
was decided to utilize reflection moiré to measure deflections
for mirror like surfaces. Since in thin film applications surfa-
ces can be diffusing or mirror like, an optical set up that can be
applied in either case was developed in this research.

Basic Equation for Reflection Moiré Working
in the Deflection Mode

Figure 2 illustrates the process of formation of interfer-
ence fringes produced by reflection moiré that provides

the deflection of the surface in place of the surface
slope. The moiré pattern is formed by superposing the
projected grating and the grating reflected by the object
surface. The basic assumption is that the virtual image
of the grating as it is reflected by the object surface is
being focused in the plane of the mirror (i.e. that
corresponding to the reflecting surface, see the schema-
tic in Fig. 2 for the surface point PS under analysis) and
not at some distance from it (i.e. in the plane of the
grating, Fig. 2) as it happens instead in the classical
reflection moiré used in the slope measurement mode.

The illumination beam is inclined by the angle θ1 with
respect to the normal to the object surface and the point
corresponding to P when viewing from a large distance is P’.
Because of the surface curvature the point actually
corresponding to P is P”. However, since the distance w be-
tween the grating and the specimen surface is small compared
to the object dimensions and the distance of the surface to the
optical center of the camera, this change of position can be
considered negligible: therefore, practically P’ ≈ P”. The
change of position of the point P then is:

u ¼ 2 w tan θ ð3Þ
where θ0θ 10θ 2.

The deflection w can be determined with the classical
moiré equation:

w ¼ f
2p

pj
2 tan θ

ð4Þ

where ∅ is the phase of the moiré pattern.
Equation (4) is similar to the equation of shadow moiré

except for the factor 2 that comes from the reflection effect.
In the above equation, pj is the pitch of the projected grating.
If one utilizes the actual pitch of the grating po and recalls
the relationship pj 0 po/cosθ, equation (4) can be rewritten
as:

w ¼ f
2p

po
2 sin θ

ð5Þ

Consequently, the distribution of light intensity I(x,y)
recorded by the sensor at each pixel (x,y) of the image can
be expressed as:

I x; yð Þ ¼ Io x; yð Þ þ I1 x; yð Þ

� cos
2p
po

� 2 sin θ � w x; yð Þ
� �

þ fc x; yð Þ
� �

ð6Þ

where: Io(x,y) is the background intensity; I1(x,y) is the
amplitude of the first harmonic, ∅c(x,y) is the phase
modulation term. The phase term (2π/po)

.2sinθ.w(x,y)
corresponding to moiré fringes is equivalent to the phase
(2π/pj)

.u(x,y) describing the local variations of the projected
pitch pj related to the displacement u(x,y). The intensity

Fig. 2 Measurement of the deflection of a surface with reflection
moiré working in the projection moiré modality. Unlike classical
reflection moiré, the CCD sensor is focused in the plane of the mirror
passing through the point Ps of the specimen surface being considered
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distribution I(x,y) corresponds to the deflection of the plate
with respect to the reference plane, not to the surface slope as
it would be in the case of classical reflection moiré. Since a
carrier is present, not only the value of the deflections can be
determined but also their sign.

Experimental Set Up and Reflection Moiré Model
in the Deflection Mode

In this study, a reflection moiré set up was developed in
order to precisely measure the deflection produced by the
deposition process and consequently derive the value of
residual stress in the film. The reflection moiré set up is
utilized in the deflection measurement mode: therefore,
displacement values rather than surface slopes are deter-
mined. Figure 3 presents the schematic of the optical set
up utilized to measure the out-of-plane displacement field
w of the film.

The optical set up is basically comprised of two principal
systems: the projection system (PS) and the acquisition
system (AS). The optical axis of the projection system is
inclined with respect to the optical axis of the acquisition
system by the angle θ1013°. The projection system includes
the laser source L, the polarizer P, the microscope pinhole
system PH, the first lens L1, the grating G, the second lens
L2, the iris IR and the third lens L3. The acquisition system
includes a CCD camera equipped with a long working
distance objective.

The images acquired in the experiments were processed
with the Holo Moiré Strain Analyzer™ (HMSA) software
developed by Sciammarella and his collaborators [21] and
supplied by General Stress Optics Inc. (Chicago (IL), USA).
The HMSA package includes a very detailed library of state-
of-the-art fringe processing tools based on Fourier analysis
(Fast Fourier Transform, filtering, carrier modulation, fringe
extension, edge detection, masking, removal of discontinu-
ities, etc.). The information on specimen curvature required
in the determination of the residual stress field developed in
the coating can directly be obtained by applying derivative
filters in the frequency space. The theoretical foundation
and mathematical steps of the fringe processing operations

performed by the HMSA software are explained in detail in
the textbook [17] and in many references cited therein.

The coherent and polarized light beam generated by the
35 mW He-Ne laser goes through the polarizer P which
reduces its intensity. The 40X magnification microscope
expands the laser beam. The pinhole system (the nominal
diameter of this aperture is 10 μm) allows for the removal of
noise effects caused by parasitic diffraction phenomena that
may occur in the beam expansion process. The exit pupil of
the pinhole system is located in the focal plane of the first
lens L1 (focal distance f1 of 200 mm) hence, the wave front
that comes out from lens L1 is planar. The collimated beam
goes through a Ronchi Ruling grating G containing 500
lines/in (this corresponds to have a nominal pitch po0
50.8 μm) and is focused by the second lens L2. In the focal
plane of this lens (i.e. at the focal distance f20300 mm from
lens L2), is observed the Fourier transform of the light wave
front diffracted by the grating G. In this focal plane, the iris
IR can be opened so to select orders 0 and one of the ±1
orders to produce a sinusoidal carrier with the projected
grating pitch. The light beam coming out from the iris is
then collimated by the lens L3 (f20f3). The collimated wave
front carrying the filtered spectrum of the grating is pro-
jected onto the reference plane that is basically a mirror to
which it is attached the specimen SP to be analyzed.

The light wave front that impinges the mirror or the
sample is reflected back to the sensor of the CCD camera.
However, this does not mean that the optical set up works in
the reflection moiré modality. In fact, the sensor is focused
right on the surface of the sample and not on the reference
plane [22].

An objective with long working distance (denoted as M
in the schematic of Fig. 3) was coupled with a CCD camera
able to focus planes located at a distance longer than 50 cm.
The field of view of the sensor was as large as the DLC
specimen under investigation. The recording system
includes also an auxiliary lens and a 2X lens to maximize
resolution.

Figure 4(a) shows the assembly view of the moiré set up
while Fig. 4(b) shows the detail of the reference plane with
the specimen attached to it. A high precision frame onto
which the reference plane is fixed allowed the reflected

Fig. 3 Schematic of the optical
set up used for measuring film
residual stresses
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beam to be precisely lined up with the axis of the CCD
camera.

Experimental Results: Laboratory Tests on DLC
Specimens

The moiré set up described in the previous section was
tested in laboratory to determine the residual stress devel-
oped in a diamond-like carbon thin film deposited on a
quartz substrate. The specimen is circular in shape with a
diameter of 1 cm. The nominal thickness of the quartz
substrate is 2 mm (i.e. 2,000 μm) while the nominal thick-
ness of the coating is 1 μm (i.e. 1,000 nm). Elastic proper-
ties of the quartz substrate were set as follows: E094 GPa
and ν00.17.

The angle of illumination θ1013° was measured by ana-
lyzing the change in spatial frequency of the projected
grating when no specimen is mounted onto the reference
mirror. Care was taken to achieve the nominal condition of
reflection θ0θ10θ2 as accurately as possible. The projected
pitch pj0po/cosθ is 52.14 μm. The corresponding sensitivity
pj/(2tanθ) is 112.9 μm.

Prior to performing the moiré test, the curvature of the
DLC specimen was measured by means of the Newton’s
rings interferometric technique. The experimental set up is
schematized in Fig. 5. The image recording system includ-
ing the CCD camera and the microscope is the same utilized
in the case of moiré measurements. On the average, a total
number of 33 rings were counted on the specimen surface
(see Fig. 6) and fractional orders were neglected. The spec-
imen was properly positioned so to lie in the center of the
image field. The total deflection was determined as the
product between the average number of interference fringes
(i.e. 33) and the measurement sensitivity which is half of the
wavelength of the He-Ne laser light (λ0632.8 nm) used in
the experiments. Therefore, it was found δDLC033×
0.3164 μm010.44 μm. The margin of possible differences
of the final result is ±0.3164 μm, that is one fringe order
since the deflection was obtained by fringe counting and the
error was estimated to be one order.

The deflection of the DLC specimen was also mea-
sured with a tactile mechanical device, a Zeiss Contura®
G2 coordinate measuring machine (CMM) operating un-
der the Calypso software. The specified accuracy of the
CMM machine is 1 μm. The deflection was measured
along 10 profiles passing through the center of the cir-
cular specimen surface. The average value of deflection,
10.8 μm with a standard deviation of ±0.3 μm, measured
by CMM hence is in excellent agreement with interfero-
metric measurements.

Since the maximum deflection to be measured was about
1/10 of the sensitivity of the moiré set up, the nominal
grating pitch of 50.8 μm was rated good for carrying out
the moiré experiments. Figure 7(a) and (b) show respective-
ly the phase maps obtained for the specimen surface and the
reference plane. The corresponding phase difference is
shown in Fig. 7(c). As expected, the phase difference cor-
responds to less than one order. It is very difficult to achieve

Fig. 4 Moiré set up utilized in the residual stress measurement: (a) 3D
assembly view of the optical set up; (b) Detail of the reference plane
and DLC specimen

Fig. 5 Optical set up used for
interferometric measurements
with Newton’s rings
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the condition of parallelism between the specimen surface
and the reference plane. Due to this fact, the deflected
surface is referred to an inclined plane. This effect is cor-
rected with a MATLAB routine and the displacement map
finally obtained is shown in Fig. 8: the 3-D plot of the
specimen’s deflection is shown in Fig. 8(a) while the
corresponding contour lines, that appear very regular, are
plotted in Fig. 8(b). It should be noted that Fig. 8 presents
the absolute values of measured deflection. In the DLC

experiment, the back face of the quartz plate was observed
since this face is highly reflecting when compared to the
film surface. The coated face expands and thus it becomes
convex while the observed surface was concave.

The resulting deflection measured by the moiré set up is
10.45 μm value obtained by fitting experimental orders of
the deflection to a second order parabolic function (see
Fig. 9) which is almost identical to the value of the deflec-
tion measured by means of the Newton’s rings interferomet-
ric technique and very close to the values measured by the
tactile CMM device. In particular, the difference between
the CMM and the moiré method is 3.35 %. It should be
noted that some distortions were observed in the shape of
the Newton’s rings but no correction routines were imple-
mented for that pattern as the goal of the interferometric
measurement was just to have information on the order of
the magnitude of the expected deflection.

Since the three measurements performed with moiré,
Newton’s rings and the CMM device were totally inde-
pendent and based on different physical principles, it
can be concluded that the value of deflection measured
with the moiré set up presented in this paper is reliable
and within the bounds of experimental results variations.

The data file of surface point coordinates given in output
by the HMSA software was further processed by means of a
MATLAB routine in order to determine the value of the

Fig. 6 Newton’s rings pattern recorded for the DLC specimen

Fig. 7 (a) Phase of the DLC
specimen surface; (b) Phase of
the reference plane; (c) Phase
difference
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radius of curvature of the film after deposition. The routine
twice differentiated the deflection data at the point of max-
imum deflection and gave a radius of curvature of 1.598 m.

In order to determine the average residual stress in the
film, the modified Stoney’s equation (2) was chosen in view
of the arguments presented in this paper and considering the
final purpose of the system, to measure residual stresses in
situ. The application of the modified Stoney’s equation (2)
requires the knowledge of the initial radius of curvature of
the substratum. To obtain a reliable value for Ro, substrata
that have the same geometric dimensions and went through
the same fabrication process as the DLC substratum were
analyzed: the measured value of Ro was 1.729 m.

In order to verify the assumed hypothesis that the
shape of the deformed membrane can be represented
by a paraboloid, a cross-section of Fig. 8(a) was
plotted and a quadratic function was fitted to the
deflected shape (see Fig. 9). Figure 9 shows that the
assumed behavior of the deformation of the substrate
is satisfied on the average and provides a value of the
curvature, the second derivative of the fitted second
order polynomial, κ00.6052 (1/m). This value differs
from the value obtained by the MATLAB routine by
3.4 %, hence there is a very good agreement. Taking
the curvature value given by the plot in Fig. 9 as a
more representative value than the numerical value of

Fig. 8 (a) Deflection of the
coated plate measured in the
case of the DLC specimen; (b)
Contour lines of the deflection
map shown in Fig. 8(a). Abso-
lute values of deflection are rep-
resented in the plots
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the second derivative obtained by finite differences
and replacing it and the initial curvature value into
the modified Stoney’s formula (2) yields,

σfilm ¼ � 94 � 109 Pa
6 � 1� 0:17ð Þ �

2 � 10�3ð Þ2m2

1 � 10�6ð Þm

� 0:6052� 0:5784ð Þ 1
m

¼ �2:02 GPa

where the minus sign indicates that the thin film has
compressive residual stress. This value is realistic and
consistent with data reported in literature [23, 24].

The obtained result indicates that the reflection moiré
method used in the deflection measurement mode can be
utilized to determine an average value of the residual
stresses on a small circular plate. A very simple procedure,
the fitting of the measured deflections with a paraboloid
surface, provides the value of the curvature that must be
given in input in the Stoney’s equation. It becomes feasible
to implement a real time procedure to get information about
the deposition process in situ and in real time.

In Situ Implementation of the Reflection/Projection
Moiré Set Up

The encouraging results obtained in the DLC laboratory
tests in terms of agreement between moiré experimental
data, other measurements performed independently and lit-
erature data led us to adapt the novel reflection/projection
moiré set up to a real vacuum deposition chamber. The goal
was to measure in situ the level of residual stress developed
in the thin film during the deposition process. For that
purpose, a special optical circuit was designed. Figure 10
(a) shows the vacuum chamber for thin film deposition
instrumented with the moiré optical set up. The whole

system is now physically located in the Thin Films Labora-
tory of the Italian National Agency for New Technologies,
Energy and Sustainable Economic Development (ENEA),
Mesagne (Italy).

The original laboratory set up described in “Experimental
set up and Reflection Moiré Model in the Deflection Mode”
was modified in order to fit in the general layout of the depo-
sition chamber. The chamber has two large windows of given
dimensions and fixed position. One window was used as the
access window for carrying the illuminating wave front through
which the grating is projected. The other window was utilized
as the exit window to record moiré patterns. The projection
system was mounted onto a prismatic arm rigidly supported
and lined up with the access window (see Fig. 10(a)).

The grating was projected onto the specimen submitted to
deposition by a composite prism system located near the exit
window. Figure 10(b) shows a 3D schematic of this prism
system. The laser beam carrying the image of the projected
grating passes through the access window of the vacuum
deposition chamber, then experiences three successive reflec-
tions and is finally directed onto the specimen. The optical set
up allows performing measurements on both reflecting and
diffusing objects. In the case of reflecting surfaces, the image
is reflected on the adjustable mirror to align the beam with the
camera sensor. In the case of a diffusing surface, the direction
of observation is normal to the specimen. The modulated
wave front is hence reflected by the prism back to the exit
window and then imaged by the CCD sensor.

Preliminary tests were conducted to optimize the quality
of the images acquired by the sensor. The brightness and
contrast of the pattern of lines recorded in the experiments
depend on the reflection/diffusion properties of the film
deposited onto the substrate. Diffraction figures eventually
created by some residual curvature of the access and exit
windows through which the laser beam passes can be re-
moved by properly selecting harmonics in the filtering oper-
ations. In order to simplify measurements and avoid damage

w(x) = 0.3026x2 + 0.0826x + 10.45
R² = 0.9948
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Fig. 9 Plot of the cross-section
of Fig. 8 and polynomial equa-
tion providing the shape of the
cross-section
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of the prism surface, film deposition must be done at the
longest distance from the exit window. The luminescence
produced by the deposition process did not affect the inten-
sity distribution of the modulated grating recorded by the
CCD sensor either because deposition occurred far away
from the prism and the colour of light emitted in the deposi-
tion process (light violet) did not overlap with the CCD
camera sensitivity spectrum.

The residual stress produced by a zirconium nitride (ZrN)
film of thickness 1,050 nm deposited on a silicon substrate
of thickness 300 μm was measured. Elastic properties of the
substrate were set as follows: E0150 GPa and ν00.17. The
spatial frequency of the grating used in the experiments was
317.5 μm (i.e. 80 lines/in). As the prism was designed so
that the angle made by the direction of illumination with the
normal to the specimen surface is 32.3°, the corresponding
value of sensitivity pj/(2tanθ) adopted in the in situ measure-
ments on the reflecting object surface is 299.6 μm.

Since no significant variation in the spatial frequency of the
lines projected onto the sample before the beginning of the
deposition process could be detected by the moiré set up, it
was concluded that the initial curvature of the substrate must
be negligible. After the deposition process, the spatial fre-
quency of the lines modulated by the object increased in

correspondence of the sample edges thus indicating that the
out-of-plane displacement field generated by the deposition
process has a maximum in the central region of the specimen.
By processing the moiré pattern it was found a total deflection
of 9.7 μm which corresponds to a curvature radius of 1.45 m.
By substituting these values in the Stoney’s formula (2) with
1/Ro00 (i.e. no initial curvature), it was possible to determine
a residual stress of 1.78 GPa. This result is consistent with
similar data reported in literature [25]. In this case, the reflec-
tivity of the coating produced good quality patterns.

Concluding Remarks

The research work presented in the paper is the first step towards
the application of moiré to routine in situ measurements of
residual stresses generated in thin films during the de-
position process. For that purpose, a reflection moiré
optical set up working in the projection moiré modality
was developed and tested in laboratory on diamond-like
carbon thin film specimens. The deflection measured
with moiré was found to be consistent with Newton’s
rings interferometric measurements and CMM tactile
device measurements carried out independently. The

Fig. 10 (a) Assembly view of
the vacuum chamber deposition
system equipped with the re-
flection/projection moiré system
(the optical prism and the ad-
justable mirror are fixed to the
supporting frame); (b) 3D sche-
matic of the optical circuit that
allows the grating to be pro-
jected onto the specimen and the
light wave front modulated by
the specimen to be sent to the
sensor
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applicability of the Stoney’s equation to determine the
residual stresses in the film by fitting the deformed
shape of the substratum to a parabolic surface was
verified by the observed results that confirm residual
stresses measurements on large size substrata utilizing
reflection moiré in the slope measurement mode [19].

The encouraging results of laboratory tests then led us to
implement the novel moiré set up described in the article in
a real vacuum deposition chamber located in the Thin Films
Laboratory of the Italian National Agency for New Tech-
nologies, Energy and Sustainable Economic Development
(ENEA), Mesagne (Italy). The optical circuit was adapted to
the layout of the deposition chamber. The experimental set
up can treat both reflecting and diffusing objects. In situ
measurements were successfully carried out in the case of
ZrN thin films deposited on a silicon substrate finding stress
values consistent with data recently published in literature.
The results presented in this paper fully demonstrate the
feasibility of use of reflection/projection moiré for real time
measurements of residual stress developed in the thin film
deposition process. The process can be completely automat-
ed by introducing electronic circuitry that does the fringe
processing in real time.
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