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devices has created needs of precision, conformal at the atomic level deposition
materials. In the last years, Atomic Layer Deposition (ALD) has received much
position method for advanced thin film structures. ALD presents several advan-

ntly conformal and reproducible; the film thickness depends only on the number
makes the thickness control accurate and simple; the film can be deposited onto

cause of the process slowness, layer thickness is generally less than 100 nm. This
tudy all characteristics of the coating. Thin layers deposited onto bulk substrates
r compressive stress state, which may significantly affect physical properties and
eir lifetime. To determine the residual stress it is mandatory to know the elastic
depend on the microstructure of the layers and thus the deposition process.
diffraction (XRD2) in combination with in situ tensile testing has been applied for
e elastic properties of TiO2 anatase films obtained by ALD. Experimental condi-
eing installed in a laboratory micro-diffractometer equipped with a 2D image-

nformation that can be extracted from 2D diffraction patterns will be discussed.
ary results, synchrotron radiation beam time has been allocated to study elastic
films. The advantages and disadvantages of the proposed laboratory equipment,
hrotron beam lines, are discussed.
1. Introduction

In recent years, Atomic Layer Deposition (ALD) technique has
been rapidly developed, thanks to its attractive characteristics:
ALD is a chemical deposition technique based on sequential self-
terminating gas–solid reactions suitable for the synthesis of ul-
tra-thin films with thickness beneath the nanometer [1]. ALD film
growth is self-limited and based on surface reactions, which makes
achieving atomic scale deposition control possible. While the
Chemical Vapour Deposition (CVD) and the Physical Vapour Depo-
sition (PVD) provide that the precursors are pulsed at the same
time, ALD reaction is split into two half-reactions, keeping the pre-
cursor materials separated during the reaction. ALD permits to de-
posit many oxides at very low temperature (also down to 100 �C)
in comparison with the other chemical deposition techniques,
allowing for the deposition on polymeric substrates.
x: +39 030 3702448.
tempi).
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Many metal oxides materials have been deposited by means of
ALD. In particular, titanium dioxide (TiO2) has interesting applica-
tions in many research fields owing to its attractive physicochem-
ical properties. Currently TiO2 thin films are employed in optics, as
filters and anti-reflection coatings, in catalysis as photosensitive
layers and solar cells, in medicine, as biocompatible coatings for
biomaterials, and in electronics. Recently TiO2 films were also
employed successfully as high k gate oxide semiconductor manu-
facturing processes and as constituent of important multi-compo-
nent oxides for random access memory (ST, BST, PZT).

The deposition of TiO2 films is currently obtained by ALD
through many precursors. The employment of this technique is
very attractive in all the applications where high uniformity of
the thickness and high density are requested. Titanium tetrachlo-
ride (TiCl4) in association with water was widely employed, but
the corrosive nature of the reaction by HCl product is considered
a drawback [2]. Other precursors, like titanium isopropoxide of
the alkoxide group (Ti(OCH(CH3)2)4) or tetrakis dimethylamido
titanium (TDMAT) (Ti(N(CH3)2)4) of the metal amide group were



tested [3]. TDMAT presents a high reactivity with water also at low
temperature and also a higher growth per cycle (GPC) with respect
to the isopropoxide. ALD process using TDMAT and water as pre-
cursors enables to obtain TiO2 films with excellent uniformity
and sub-nanometric control on thickness [4]. Even if a large num-
ber of papers have been devoted to the synthesis and functional
properties of films deposited by means of ALD, mechanical proper-
ties have not been properly investigated.

X-ray diffraction (XRD) is a well-known non-destructive tech-
nique currently used to determine the level of residual stresses
in crystalline phases wherein the atomic planes are used as strain
gauges: if elastic constants of the material are known or have been
experimentally determined, residual stresses can then be calcu-
lated in the hypothesis of elastic regime [5]. XRD shows several
advantages: it is phase selective, non-destructive, and allows
determining both residual stress and microstructure of the dif-
fracting phases.

Because of the elastic constants of thin films may be different
from those of corresponding bulk material, it is fundamental to
experimentally determine these (mainly the macroscopic Young
modulus E) for correctly characterizing the materials. To reach this
goal, in situ X-ray stress/strain analysis methods have been devel-
oped and applied extensively in the last decade [6–8]: combining
an X-ray diffractometer with a tensile tester, it is possible to deter-
mine X-ray elastic constants (in particular the Poisson ratio and the
Young modulus) of each diffracting phase in a thin film/substrate
system [9].

Because of the small amount of matter available to perform XRD
measurements (the thickness of thin film can be thinner than
100 nm), these experiments are usually performed at beam lines
available at synchrotron facilities. Synchrotron radiation provides
many advantages, related also to the possibility of tuning beam
wavelength, but, essentially, X-ray intensity is the fundamental
characteristic that makes synchrotron radiation crucial for some
experiments. However, in recent years, the use of an image-plate
detector allows to obtain a significant signal also from small
amount of material, with conventional X-ray sources. It has a large
dynamical range that makes possible to vary the image exposure
without overloading the detector. The use of an image-plate detec-
tor allows also evaluating the microstructure of the crystalline
phases. To calculate the strain by XRD measurements, it is neces-
sary to collect diffraction peaks for several W angles (W is the angle
between the normal to investigated diffracting planes and the nor-
mal to the sample surface) for each applied load. Thus, for this kind
of experiment, by using point detectors, long data collection times
are also required with synchrotron radiation.

The aim of this paper is to present a laboratory experimental
configuration to perform mechanical testing of thin films materi-
als. Even if similar experiments were already performed at syn-
chrotron [10], only XRD measurements with conventional
punctual detectors have been collected in the past in laboratory.
We report the first study of mechanical properties of a TiO2 thin
film, deposited by means of ALD, studied with in situ XRD mea-
surements during an applied load. According to this method, the
film was deposited onto a compliant substrate (Kapton HN), which
was mechanically strained by a tensile tester. During the in situ
tensile test, XRD measurements were performed to evaluate the
resulting deformation.
Fig. 1. D/max RAPID apparatus, with the Deben testing module inserted at the
centre of the diffractometer. The diffractometer (D) and the sample (S) reference
systems are also reported.
2. Experimental procedure

TiO2 was deposited by Atomic Layer Deposition (Savannah 100
of the Cambridge Nanotech Inc., MA), using TDMAT (tetra-
kis(dimethylamido)titanium), Sigma–Aldrich, (Germany) as tita-
nium source and milliQ water as oxygen source. The deposition
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temperature and pressure were, respectively, 90 �C and 0.5 Torr.
TDMAT (99.999%) and H2O was evaporated from stainless steel
reservoirs held, respectively, at 80 �C and at room temperature,
and led into the reactor through solenoid valves. Nitrogen was
used as a precursor carrier and purge gas. The processing cycle
consisted of a TDMAT pulse of 0.1 s, a 10 s of purge time, a 0.1 s
pulse of water vapour and 10 s of purge time. The deposition rate
was 0.0667 nm per cycle. As-prepared films are amorphous; the
sample was then crystallized in oven at 300 �C and in air during
36 h. The physical properties of Kapton HN substrates are not af-
fected by the annealing for temperature below the vitreous transi-
tion temperature which appears between 360 and 410 �C.

The XRD2 images for phase identification and stress analysis
were collected by a D/max-RAPID Rigaku micro-diffractometer
with CuKa radiation. The use of a two-dimensional detector for
stress measurements is now a well-known method [11].

This system is equipped with a cylindrical imaging plate (IP)
detector, which can record 2D X-ray diffraction data in angular dif-
fraction ranges from �45� to 160� (2h) horizontally and ±45� (2h)
vertically with respect to the direct beam position (0�). The irradi-
ated area can be chosen by using collimators of diameters ranging
from 800 down to 10 lm. In the experiments, the diameter of the
collimator is 300 lm.

The sample was mounted on a commercially available Deben
tensile module with a 20 N force sensor. The testing module was
inserted in the Rigaku micro-diffractometer (see Fig. 1) inclined
by an angle a equal to 45� with respect to the vertical. In the same
figure, the diffractometer (D) and the sample (S) reference systems
are reported considering a recently proposed general approach
[12]. In this configuration, with the sample holder tilted at 45�,
the angles W and /, which are usually considered to define the dif-
fraction vector q direction, are given by the following equations:

w ¼ ar cos
sin h sin xffiffiffi

2
p þ cos h sinvffiffiffi

2
p þ cos h cos x cosvffiffiffi

2
p

� �
ð1Þ

/ ¼ ar cos
sin h cos x� sin x cos h cos v

sin w

� �
ð2Þ

Considering the curvature of the image-plate, the v angle,
defining the rotation on the diffraction cone, can be related to
the b angle along the Debye ring (see Fig. 2) by the following
relation:

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tg2ð2hÞ � tg2k

q� �
1
k

cos k ð3Þ

where k = arctg(tg(2h)cos v).



Fig. 2. XRD2 image collected for sample in the unloaded state. The diffraction peaks
identification of anatase is reported. 2h and b angles, which give the direction of
integration on the XRD2 image, are also shown. The white area that is inclined by an
angle of 45� in the 2D image is due to the sample positioning in the diffractometer.
Sample shadow separates transmitted and reflected diffracted intensities.
By fixing the x angle value to 10� for incident X-rays, we can
calculate from the b angle along the Debye ring the corresponding
W angle. Thus, the 2h, obtained from the integration of a specific
area of the Debye ring, gives the distance dhkl in the corresponding
direction and allow the application of d-sin2W technique for stress
calculation [11,12].

The thin film/substrate composite system is submitted to an
uni-axial tensile load, and the resulting lattice strains are measured
by XRD.

Sample drift may affect strain measurements accuracy; this ef-
fect occurs mainly at low applied strain during the set-up of the
dogbone sample. For this reason, only measurements with an ap-
plied load higher than 5 N were considered for this first experi-
ment (5.6 and 7.1 N) [10].

Let us notice that XRD synchrotron experiments were also col-
lected very recently on the same TiO2 samples at Diffabs beamline
(Soleil, France). The results and discussion related to the elastic
behaviour and the residual stress state of TiO2 samples, treated
for different times at 300 �C, are under investigation and will be re-
ported in forthcoming paper [14].

3. Results and discussion

Fig. 2 displays a typical XRD2 image of the TiO2 film. This dif-
fraction pattern was collected on sample before applying loads.
We can clearly see all the Debye rings, belonging to the anatase
phase [15]. Large diffused halos near the centre of the image are
due to the Kapton substrate, partially crystalline. The white area
that is inclined by an angle of 45� in the 2D image is due to the
sample positioning. Sample shadow separates transmitted and re-
flected diffracted intensities: the signal, collected in the lower part
of the image corresponds to the transmission mode while the sig-
nal in the higher part of the figure is related to reflection mode.
This experiment, combining both reflection and transmission con-
ditions, is called reflection–transmission mode, as one part of the
signal is also studied in transmission [10]; this was possible thanks
to low thickness of studied films and the X-ray transparency of the
Kapton substrate.
3

Fig. 2 shows that the intensity distribution along diffraction
rings attributed to the anatase phase is almost constant (excluding
the white area, due to the sample shadow), indicating that the film
is polycrystalline with no preferred crystallographic orientation
(isotropic texture). This was confirmed by omega-scans performed
on the same samples at Synchrotron Soleil, France. For each ap-
plied load, the 2D image was collected similar to the one shown
in Fig. 2.

Integrating the intensities of 2D images along the rings allows
to obtain 2h conventional XRD patterns that can be analysed by
powder diffraction analysis software. For example, XRD 1D pattern
can be obtained by integrating the entire image over 360�. In this
manner, an XRD pattern, where microstructural informations are
mediated in all scattered directions, is obtained: for example pre-
ferred orientation effects can be overcome [16]. To evaluate the
strain due to an external load applied along one direction, the inte-
gration of 2D image must be performed at different b angles (see
Fig. 2). When the sample is stress-free, the peak position along
one single Debye ring is the same whatever the b angle is. On
the contrary, if the peak position is dependent of b direction, the
presence of strain is then detected and can be measured. Indeed,
a distortion of a Debye ring can be associated to a different defor-
mation of a single crystallographic plane, considering differently
W-oriented grains. In the case of an applied load (along one direc-
tion) strain values can be calculated from the difference between
the deformed shapes of Debye rings, with respect to the reference
shape (unloaded state). As a result, lateral strain values may be po-
sitive in some directions (e.g. along the tensile axis) and negative in
the others (e.g. in the direction perpendicular to the loading axis).
In order to study the Debye rings deformation produced by a stress,
a new approach (DRAST) was recently proposed [13]. In summary,
the dW values obtained from the analysis of XRD integrated pat-
terns can be directly used in the d-sin2W plot to calculate the stress
with the classical method. For the unloaded sample, a slight defor-
mation of the (1 0 1) Debye ring was found, due to the presence of
residual stress. However, only the applied stress is important for
the analysis of elastic behaviour of the thin film: elastic modulus
is not influenced by the presence of eventual residual stress.

Fig. 3 shows the strain calculated from the (1 0 1) peak position
shift, by the application of the DRAST method for two applied
loads. XRD and, more generally, all diffraction methods, measure
strain by considering the change in the d-spacing in a crystalline
sample, with respect to an ‘‘un-strained” state. The most common
difficulty in the strain measurement refers to the incertitude in the
knowledge of the strain-free d-spacing reference, the so called d0

spacing. Because thin film structure can depend on the deposition
technique, this parameter is generally not known. In the present
case, thanks to the synchrotron study of several TiO2 samples
deposited by ALD and treated at 300 �C for different times [14], re-
sults indicate that the lattice parameter values of anatase are close
to those of bulk. The first interesting result that we can see in Fig. 3
is that a large sin2W region (from 0 to 1) is available with only a
single XRD2 measurement. This is very important because, even
if synchrotron XRD experiments can be realised with high intensity
radiation, if only punctual detectors are available, very often the
maximum sin2W values can only reach 0.8 (or less). The second
interesting result is that, performing an integration in 2h direction,
at some selected b angles (then for specific W-oriented planes), the
operator can decide the numbers of W angles for the d calculation:
during the measurement all Debye rings are collected in different
directions, then it is possible to decide (and eventually change),
during the data elaboration, the number of directions (b) along
those to perform 2h integrations. This is a very important improve-
ment, with respect to punctual measurement. In the present case,
for example, a large numbers of d values have been evaluated in
the reflection part of the pattern, because of the higher intensities.
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Fig. 3. ln(1/sinh101)–sin2W values calculated for the 1 0 1 peak by the application of the DRAST method [13] for two applied load states.
In Fig. 2 we can see, that, as expected, the deformation increases
with sin2W, i.e. (1 0 1) planes perpendicular to the direction of
the applied load present a greater d-spacing value (dilatation),
while the planes parallel to the applied load present a smaller
d-spacing value (compression). It is very important to highlight
that we have access to maximum deformation because we are con-
sidering planes in two orthogonal directions, i.e. planes that show
maximum and minimum d-spacing values. This facilitates the
measurements of applied deformation, because the largest differ-
ences in the (1 0 1) planes distance can be investigated. On the
contrary, considering the same measurements performed at syn-
chrotron beamline in the reflexion geometry, the maximum defor-
mation cannot be detected [14] because of the restricted
availability of the sin2W up to only 0.8 (and moreoften 0.6). The ra-
tio between the maximum strain values, corresponding to the
directions parallel and perpendicular to the tensile axis, allowed
calculating, for any applied load, a Poisson ratio of about 0.3, very
close to that of bulk.

Thanks to the availability of several W angles, either compres-
sive or tensile strains were measured, and, from the fit of curves
in Fig. 3, it is possible to calculate the deformation corresponding
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to planes perpendicular to the applied loads (W = 90�). The values
obtained when extrapolating e for W = 90� correspond to experi-
mental results, indicating great reliability of the obtained data.
These values are plotted in Fig. 4, where the applied loads axis
are reported as a function of the deformations along the applied
load direction. In the unloaded state, a residual strain in compres-
sion was found in the film. The points show a linear trend indicat-
ing that the mechanical testing corresponds to the elastic regime.
To model elastic properties of the film, we have to remember that
there is a difference between the macroscopic strain (‘‘mechanical
strain”) and a lattice strain, that depends on intergranular interac-
tions: the last one can be determined by XRD peak shift, while the
overall stress is determined by the load cell. To extract the relation-
ship between in-grain strains and mechanical stresses (macro-
stress), it is necessary to know the average elastic behaviour of
the crystals, which results from averaging the elastic properties
over the volume under study, where elastic grain interaction oc-
curs [17]. The mechanical behaviour of a polycrystalline thin film
is determined by the distribution of the crystallite orientations
within the thin film and the grain interaction. If the orientations
are randomly distributed, the thin film is quasi-isotropic, i.e., the
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average mechanical properties of the mechanically macroscopi-
cally isotropic thin film are the same along all directions. Then,
XRD strain measurements, during applied load, may be performed
following only one diffraction peak. Moreover it should be better to
evaluate the response of several crystallographic planes, to verify
this. 2D detectors allow collecting simultaneously all Bragg peaks,
but unfortunately, because of the great contribution of the sub-
strate, in the present experiment it was very difficult to obtain sat-
isfactory fits of the reflections at higher angles than 25�. We are
currently working for modellization of the sample system to ex-
tract information about elastic modulus of the film. Because of
the thermal annealing, the elastic modulus of Kapton may be chan-
ged, with respect to tabulated one. Indeed, a first calculation shows
that a lower young modulus of Kapton must be considered for get-
ting a reasonable young modulus value for the film. We planned to
measure this value for different annealing times by using an optical
system for following in situ the evolution of strain during loading.
Finally, deposition of TiO2 by ALD is done on both substrate sur-
faces; this must be considered in the mechanical modelling of
the system.

4. Conclusions

Based on the XRD2 data, an alternative X-ray diffraction method
is proposed for mechanical properties measurement of thin films
with a laboratory instrument. The mentioned technique can imple-
ment the evaluation of the mechanical properties within short
time, as only one measurement and the analysis of single Debye
ring are needed, for each applied load. The main advantages of this
method are:

– very fast measurement because only one X-ray diffraction pat-
tern recording is needed, for each applied load;

– a large sin2W region is accessible with only one single
measurement;

– very good resolution in the d calculation, as a function of differ-
ent W can be obtained;

– the sample and the beam are fixed during the measurement,
thus the statistical errors introduced by rotations of diffractom-
eter mechanical components are absent.

The use of a micro-beam allows to study in detail elastic prop-
erties of materials, with not planar surfaces or samples with com-
plex geometries.

Despite all the above mentioned advantages, this method shows
one main disadvantage, with respect to synchrotron analysis: dif-
fraction rings show weak intensities, then only low angle diffrac-
tion peaks may be detected, making possible to study only some
crystallographic directions. As most crystalline materials are heter-
ogeneous from the mechanical point of view, X-rays strain mea-
surements should be carried out for several diffracting planes, i.e.
5

for different Bragg peaks, to obtain reliable results. In addition,
for better precision of stress measurement, Debye ring with higher
2h would improve the analysis for getting higher accuracy in peak
position calculation.

However, the proposed laboratory method is very interesting
and seems to produce reliable results. The obtained strains corre-
spond to those extracted, for the same sample and the same load-
ing conditions, at synchrotron beamlines [14].

Some improvements of the proposed experiments will be (1) to
correct the sample alignment after any loading; (2) to use a stan-
dard powder (stress-free) to verify, for any 2D image collection,
the sample and/or instrument misalignments; (3) the coupling of
XRD measurements with optical deformation measurements to
monitor the total strain (elastic and plastic); (4) the use of a soft
substrate, possibly without any contribution in XRD pattern.

Moreover, the introduction of new accessories, as for example
poly-capillary, to increase the intensity of incident radiation, may
drastically reduce the difference in the diffracting signal between
synchrotron and laboratory X-ray sources.

A more comprehensive study about residual stress of anatase
thin films obtained through ALD technique after thermal annealing
at 300 �C for several hours (performed with Synchrotron radiation)
will be discussed in more detail in another work [14].
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