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Abstract 

X-ray diffraction stresses analyses have been performed on two different thin films deposited 

onto silicon substrate: ZnO and ZnO encapsulated into Si3N4 layers. We showed that both as-

deposited ZnO films are in a high compressive stress state. In situ x-ray diffraction measurements 

inside a furnace revealed a relaxation of the as-grown stresses at temperatures which vary with 

the atmosphere in the furnace and change with Si3N4 encapsulation. The observations show that 

Si3N4 films lying on both sides of the ZnO film play an important role in the mechanisms 

responsible for the stress relaxation during heat treatment. The different temperatures observed 

for relaxation in ambient and argon atmospheres suggest that the thermally activated stress 

relaxation may be attributed to a variation of the stoichiometry of the ZnO films. The present 

observations pave the way to fine tuning of the residual stresses through thermal treatment 

parameters. 

                                                 

*
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1. Introduction 

ZnO has been studied increasingly for several years in regard to its particular and original 

properties. The extreme complexity of intrinsic defects seemed to limit the studies in the past, but 

now these properties become advantageous in the scope of material science [1]. Many studies 

deal with electronic and optical properties [2-6], and to much less extend with stresses building in 

ZnO thin films [6-8]. Nowadays, ZnO, being optically transparent, is widely used in many 

application domains such as ultraviolet detectors, light-emitting diodes, solar cells. As a II-VI 

semiconductor, ZnO physical properties (direct gap around 3.3 eV at room temperature [9]) found 

applications in short-wavelength optoelectronic devices and surface protection. The growth of 

ZnO films can be realized with several deposition techniques such as, non exhaustively, 

sputtering methods [10], metal-organic chemical vapor deposition [11] and pulsed laser 

deposition [12]. Each cited layering method induces residual stresses which can be detrimental 

for the film quality and cause spontaneous delamination at either short or long term. These 

stresses can also have large effects on the electrical and optical properties of the ZnO films [13-

16]. It is thus of utmost importance to get insight into the stresses building in the films during the 

deposition process. The generation of stresses is strongly linked to the deposition process, to the 

microstructure of the thin film and the nature of the interfaces.  

The importance of all these factors varies with the experimental deposition method conditions 

and post-deposition treatments. In the case of magnetron sputtering, oxygen partial pressure [17] 

as well as r.f. power [18] affect stresses in ZnO films. Post-heat treatment is known to affect 

texture, grain size and surface roughness [19]. The magnetron sputtering deposition technique is 

often used for its large and fast surface recovering although inducing high compressive intrinsic 

stresses in ZnO thin films around 1GPa [6,20], which causes film degradations. This deposition 

technique often leads to the wurtzite structure of ZnO (P63mc) with a columnar growth 

associated to a (0002) preferential orientation [10]. Moreover, the grain boundaries play an 
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important role in electrical properties [17] and stress relaxation [21].  

For all these above reasons, many studies are in progress for comprehension of stresses and 

relaxation mechanisms in ZnO deposits. In the present paper, X-ray diffraction measurements 

have been performed on two different thin films (100 nm thick) deposited onto silicon substrates: 

ZnO and ZnO encapsulated into Si3N4 layers. In-situ x-ray diffraction measurements have been 

performed during annealing up to 800°C with ambient and argon atmospheres inside the furnace 

chamber, and, ex situ x-ray stress analysis has been performed to study accurately residual 

stresses relaxation. 

 

2. Experiments 

Two different x-ray diffraction experiments have been performed on both samples (raw ZnO and 

encapsulated ZnO): in situ θ-2θ scans in a furnace on a Bruker diffractometer, ex-situ x-ray stress 

analysis at room temperature on a Seifert diffractometer.  

 

2.1. ZnO films elaboration  

ZnO films (100 nm thick) were deposited by magnetron sputtering on glass and (100) Si 

substrates covered with a native oxide. In the present paper, we report only observations on films 

deposited on silicon substrate because the glass induced a large halo on the diffractogram and a 

high background which complicate the analysis of XRD data. We used a zinc target, 40 mm apart 

from the substrate. Films were sputter-deposited under Ar pressure of 1.5×10-6 bar, with a power 

of 1500 W. The content of oxygen in the plasma was about 48%. The deposition was conducted 

without intentional substrate heating. Finally, two kinds of films deposited on Si were analyzed: 

raw ZnO films (100 nm thick) and ZnO films (100 nm thick) encapsulated on both sides (e.g. at 

the film/substrate and at the film/air interfaces) by Si3N4 protective layers (40 nm thick). These 
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Si3N4 sublayers are used as diffusion barriers and may also help in preventing the active film 

from ageing or scratching. 

 

2.2. In-situ x-ray diffraction measurements 

A first set of experiments has been performed where attention is paid to in-situ XRD 

measurements and their interpretation in terms of stress relaxation mechanisms. For that purpose, 

we performed θ-2θ scans in the 2θ range of 29-39° to observe the evolution of the peak position 

and shape during annealing. A four-circle Bruker D8 diffractometer is used. It is equipped with a 

Cu X-ray source with a linear focus, Soller slits determining the divergence (1°) of the incident 

beam. Finally, the diffracted beam is collected by a set-up composed by two slits (0.6 mm and 0.2 

mm) and a Sol'X detector. Heat treatments were carried out on raw and encapsulated ZnO films 

in a hemispheric furnace mounted on the diffractometer. This furnace is equipped with a graphite 

dome and allows performing heat treatment under controlled atmosphere up to 1100°C. In this 

study, films were annealed both in argon and air atmosphere up to 800°C with a heating/cooling 

rate of 1°C/s. It is worth noting that the θ-2θ scans last about three hours, and relaxation 

processes or chemical diffusion may happen during the measurement. Moreover, it is important 

for such experiments to keep in mind the thermal expansion mismatch between the materials. 

Considering thermal expansion, ZnO is anisotropic : αa= 8.47x10-6 °C-1 (along the a axis of the 

hexagonal unit cell) and αc = 4.94x10-6 °C-1 (along the c axis) [22]. For the Si substrate, we have 

taken a mean value of  αSi∼3.45x10-6 °C-1 in the present temperature range (αa = 2.6×10-6 °C-1 at 

room temperature and 4.3×10-6 °C-1 at 800°C [22]). 

 

2.3. Ex situ x-ray diffraction measurements  

In the aim of analyzing residual stresses in thin films one can have recourse to various techniques 
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such as the wafer curvature technique [23,24] or Raman spectroscopy [25], but the most common 

non-destructive method to determine residual strains and stresses in thin films is based on XRD 

[26]. The 2θ shifts observed during in-situ XRD measurements can already give some idea about 

the level of residual stresses in the film. But quantitative reliable analysis requires data on much 

more than one diffraction peak shift. In the present study, residual stresses analysis was 

investigated by complementary XRD measurements on a four-circle Seifert 3003 diffractometer. 

This diffractometer is equipped with a Cu X-ray source (1×1 mm2 point focus) and a Ni filter in 

the direct beam path to absorb the CuKβ radiation. The incident beam is collimated with a 1 mm 

diameter collimator and focused on the sample mounted on a four-circle goniometer. The detector 

set-up is defined by two slits (0.5° and 1° of acceptance) and a proportional detector. 

Residual stresses were then evaluated by the sin
2ψ method [26,27] which is described in details 

below. Whereas the wafer curvature technique (based on Stoney's formalism [28]) leads to the 

determination of the macroscopic residual stresses implying the whole film volume (crystalline 

and non-crystalline), the sin
2ψ method only concerns the diffracting regions of the film. The 

XRD stress analysis relies on the evaluation of the stress state in the material by the measurement 

of d-spacings in different directions of reciprocal space. This can be achieved by performing θ-2θ 

scans for various (14 in the present study) tilt angles ψ (ψ being the angle between the normal to 

the surface and the normal to the diffracting planes). 

For the general case of a triaxial state of stress, the strain experienced by a set of lattice planes 

{hkl} in a direction defined by the azimuthal angle φ and the tilt angle ψ depends on the 

components of the stress tensor, σij (i, j = 1 to 3) [27]. For sub-surface regions like thin films, the 

strain-stress relation can be simplified due to the free surface condition (σi3 =0). This state of 

stress is defined as a planar (or biaxial) stress state, and using the logarithmic strain definition we 
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can write: 
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For a macroscopically isotropic material, the strain (or ln(1/sinθ)) vs sin2ψ plots are linear, the 

slopes being directly proportional to the stress but are hkl dependent (via the XEC see Eq. (2)). 

Textured materials are generally macroscopically non isotropic and this can lead to strong 

departures from linearity in strain vs sin²ψ plots for some reflections [26,29]. Strong textured 

materials are often encountered in PVD (physical vapor deposition) films [30,31] and, when local 

anisotropy is combined with crystallographic texture x-ray stress analysis has to be performed 

with care [26,31,32]. ZnO crystallizes in a hexagonal structure (see section 3.1). Using the 

following values for the stiffnesses cij (×105 MPa): c11= 2.097, c12= 1.211, c13= 1.052, c33= 2.109, 

c55= 0.425 [33], the elastic constants such as the Young's modulus of ZnO single crystal can be 

calculated: the Young's modulus in the (10-10) direction is about 127 GPa, it is about 118 GPa in 

the softest direction while it is 144 GPa in the stiffest direction (0001). The calculation of XECs 

should be related to the actual microstructure and reflects both the local anisotropy and the 

macroscopic anisotropy. As ZnO is locally slightly elastically anisotropic, it can be assumed as 
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macroscopically isotropic. Indeed, whatever the microstructure of the ZnO films, the error on the 

actual XECs of a polycrystalline ZnO will be of a few %. The largest error could be about 10% 

(depending on the considered crystallographic direction) in the case of a strong texture ZnO 

sample, but even in that case if the texture does not drastically change during the heat treatment 

the relative stress evolutions will be accepted as valid. In the present paper, the residual stresses 

are derived from the slope of the sin
2ψ plot expressed by Eq.(2) using XECs of 

MPa102.867=S 6hkl
1

−×−  and MPa1010.92=S2/1 6hkl
2

−× . 

 

3. Results  

3.1. Microstructural considerations 

The first three peaks, (10-10) (0002) and (10-11), of the hexagonal phase of ZnO (space group 

P63mc) are clearly identified for all the samples on the θ-2θ scans. Moreover, all ZnO films (raw 

and encapsulated) exhibit a preferential crystallographic orientation: a fiber texture with the main 

texture component (0001). This point is supported by the variation of the relative intensities on 

the diffractograms in Fig. 1. Indeed, the peak intensity of the (0002) reflection is higher for small 

ψ values than for larger ψ  angles and the diffracted intensity increases around ψ=53° for the (10-

11) reflection (which corresponds to the angle between the (0002) and (10-11) planes equal to 

58°).  

 

3.2. In-situ x-ray diffraction 

As detailed in section 2.2, ZnO films were characterized by in-situ XRD during annealing. Each 

sample was analyzed both under air and under an argon flux (P = 1.3 bar) in the furnace chamber. 

The over pressurized experiment allows to limit the presence of oxygen although it can not be 

precluded. At each temperature plateau (for T= 30°C, 200°C, 400°C, 600°C, 800°C and after 
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cooling at 30°C) θ-2θ scans are recorded. 

As shown in Fig. 2, the (0002) reflection is becoming sharper and more intense as the annealing 

temperature increases. This is explained by microstructural changes which appear at about 

400°C. Indeed, annealing at 200°C does not induce significant changes while further heating 

from 400°C up to 800°C induces a large decrease of the Full Width at Half Maximum (FWHM) 

of the (0002) diffraction peak. This observation can be attributed to the increase of grain size 

and/or decrease of microstrains (defects annihilation) [26]. This FWHM evolution is similar for 

both raw and encapsulated ZnO films (about -50%). Concomitantly to the FWHM decrease, the 

enhancement of the (0002) peak intensity is observed. The integrated intensity increases by about 

50% for raw ZnO while it is almost constant for encapsulated ZnO. Hence, the annealing at 

800°C induces a significant change in the microstructure of ZnO thin films, the “crystallinity” is 

improved for both films and the (0002) fiber texture is enhanced for the raw ZnO film. 

Fig. 3 shows the evolution of the (0002) peak position (which is sensitive to the out-of-plane 

strain) as a function of temperature for both ZnO samples and both atmospheres in the furnace 

chamber. Experimental data presented here have been corrected taking into account the 

displacement of the sample surface during heat treatment. Firstly, the starting 2θ values are 

smaller than that of the corresponding bulk value. Taking this latest value as the reference one, 

this observation means that both as-deposited ZnO films are in a compressive stress state 

(confirmed by ex-situ measurements). Following the same reason, all ZnO films are in a tensile 

stress state after the heat treatment. Indeed, the final 2θ values are larger than the one 

corresponding to the bulk value for the four cases. Secondly, a small decrease of 2θ is observed in 

the temperature range 30°C-200°C for raw ZnO (Fig. 3, full symbols) and range 30°C up to 

400°C for encapsulated ZnO (Fig. 3, open symbols). This can be attributed to in-plane 

compressive thermal stresses arising in the ZnO film because of the difference in coefficients of 
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thermal expansion between the Si substrate and the ZnO film. The film having a coefficient of 

thermal expansion larger than that of the substrate, it is then subjected to in-plane compressive 

stresses upon heating giving rise to a tensile strain in the out-of-plane direction. From 200°C to 

600°C, the 2θ values increase for raw ZnO. This may be attributed to a stress relaxation or/and a 

change in stoichiometry. In any case, the oxygen seems to be an influent parameter as the 

evolution is delayed for a treatment under argon atmosphere. This remark is confirmed by the fact 

that the presence of Si3N4 layers also delays stress the relaxation. Indeed, the 2θ evolutions for 

raw ZnO (Fig. 3, full gray triangle) and encapsulated ZnO (Fig. 3, open symbols) are similar and 

shifted by about 200°C. Moreover, the atmosphere inside the furnace chamber has no influence in 

the case of encapsulated ZnO. Lastly, 2θ values are similar for the four studied cases at 800°C 

and they increase by about 0.17° during cooling to room temperature. As already seen for 

heating, the increase of 2θ values can be attributed to high in-plane tensile thermal stresses which 

appear during cooling because of the difference in coefficients of thermal expansion between 

substrate and film. 

 

3.3. Ex situ residual stress analysis 

The sin
2ψ analysis has been carried out on both ZnO films at room temperature after each 

treatment used for in situ XRD except 200°C (for T= 30°C, 400°C, 600°C, 800°C and after 

cooling at 30°C). Typical set of diffractograms is shown in Fig. 1. In order to extract the peak 

position of the (10-10) (0002) and (10-11) reflections, θ-2θ scans were least-squares fitted with 

three Voigt functions [35] (considering a linear background). Figs. 4 show typical ln(1/sinθ) vs 

sin
2ψ  plots. Each set of data strongly suggests linear variation as expected from Eq.(2) with the 

least-square fits being shown (lines in Figs. 4). These linear fits are performed by taking into 

account weights (represented by the errors bars) attributed to experimental points. The weights 
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have been calculated from the uncertainty (∆2θ) on the peak position which is extracted from the 

simulation of the θ−2θ scans. 

For sake of clarity, Figs. 4 show the sin
2ψ plots only for the (10-11) reflection. As a first result, 

the sin
2ψ plots (Figs. 4) exhibit a linear behavior which confirms that the ZnO may be considered 

as macroscopically isotropic. Moreover, the negative slopes observed on the sin
2ψ plots for both 

as-deposited ZnO films (Figs. 4, open square) reveal that they are in a compressive stress state. 

Using Eq. (2), we obtain stress values of σ = -0.8 (± 0.1) GPa for ZnO/Si and σ = -0.6 (± 0.08) 

GPa for Si3N4/ZnO/ Si3N4/Si which are in good agreement with the values reported by Hinze and 

Ellmer on similar systems [30]. As the stress values are similar for these two kinds of samples, 

we can conclude that the Si3N4 films lying on both sides of the ZnO film have no mechanical 

influence on ZnO. From the mechanical point of view, this result is expected because of the small 

thicknesses of Si3N4 films. From the microstructural point of view, this result means that the 

Si3N4 underlayer has no significant influence on the growth of ZnO. 

After annealing at 400°C, the compressive stress increases for the encapsulated ZnO (Fig. 4a), 

while the initial compressive stress state is decreasing slightly for the raw ZnO (Fig. 4b). After 

annealing at 600°C, there is a drastic stress relaxation for both films: encapsulated ZnO is almost 

stress-free (-40 MPa) while the raw ZnO stress state becomes tensile, i.e. tensile stress of about 

500 MPa. Then both ZnO film tend to a similar tensile stress state of about 600 MPa after 

annealing at 800°C. It is worth noting that the sin
2ψ graphs for samples annealed at different 

temperatures (see Fig.4) do not have a common intersection point. This suggests that the stress-

free lattice parameter changes (decreases!) due to annealing. It can be explained by 

microstructural/stoichiometry changes. 

 

4. Discussion 
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Ex situ XRD measurements recorded on the annealed samples show significant changes in terms 

of residual stresses. Annealing strongly impacts the residual stresses which reverse from 

compressive to tensile for both films. These results show that Si3N4 films lying on both sides of 

the ZnO film play an important role in the kinetic responsible for the relaxation of residual 

stresses during heat treatment. However, the kinetic of thermal stress relaxation depends on the 

sample and on the atmosphere. The identification of this mechanism appears then to be a crucial 

point at this stage to control the value of residual stresses in these films. The explanation for the 

formation/relaxation of stress in oxide materials can be more complex than for metallic materials. 

Indeed, an important parameter comes into play when depositing thin oxide films: the 

stoichiometry. For sputter-deposited ZnO films, many studies concern the evolution of the stress 

and the microstructure as a function of the sputtering pressure and the oxygen partial pressure 

[10,20,36-39]. These two parameters strongly influence residual stresses in sputtered ZnO films. 

Moreover ZnO is well-known to present several types of point defects in large concentration. 

Hence, thermally-induced changes of the stoichiometry are highly probable in the ZnO films. The 

different behavior observed for both atmosphere (in the case of ZnO/Si) and, for both samples 

(with or without Si3N4 protective layers) suggests that the stress relaxation is mainly driven by a 

"chemical" mechanism, i.e. by a change of the ZnO stoichiometry during annealing. This kind of 

relaxation mechanism is now well recognized in oxide films [40]. In addition, it is well-known 

that ZnO films present oxygen vacancies VO [41-43] regardless of the deposition process. If VO 

is the dominant defect, it may induce large distortion in the ZnO wurtzite lattice. In fact, the large 

size of the oxygen ions helps to maintain the ZnO crystal structure so that oxygen vacancies 

induce large inward relaxation of the neighboring atoms and then high stresses [39]. As a 

consequence, we postulate that, similarly to what occurs in epitaxial ZnO films deposited by 

pulsed laser deposition [42], a variation of the oxygen vacancy concentration during heating (or 

ageing under air) involves a stress relaxation. This phenomenon is limited by the presence of 
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Si3N4 coatings preventing the diffusion of oxygen atoms through the ZnO films, and the Si3N4 

diffusion barrier is operant up to 600°C. 

The fact that the four cases are similar on Fig. 3 from the annealing at 800°C and during cooling 

suggests that a complete relaxation of as-deposited stresses (i .e. due to the growth process) may 

happen at 800°C. Thus the residual stress in ZnO at room temperature should be only thermal 

stresses due to the mismatch of the coefficients of thermal expansion of the film (αf) and the 

substrate (αS). If we assume a purely elastic behaviour during cooling and a perfect adhesion 

between thin film and substrate, the thermal stress σTh can be written as : 

 

( )( )fiSf
f

f
Th TT

1

E
−α−α

ν−
=σ  (3) 

where Ef et νf are the Young’s modulus and the Poisson’s ratio of the film, Ti is the intial 

temperature (i.e. temperature of the plateau) and, Tf the final temperature (i.e. room temperature). 

If we consider a perfect (0001) fibre textured material, the cooling treatment should lead to a 

tensile stress state of about 680 MPa in the ZnO films. This calculated value is in good agreement 

with the ones obtained on both samples (about 600 MPa). The presented analysis leads to the 

same results for the two different samples after annealing at 800°C. We can conclude the Si3N4 

layer is no more operant as a diffusion barrier at such temperature.  

 

5. Conclusions 

In summary, we have investigated residual stresses in sputter-deposited ZnO films on Si 

substrates with the use of XRD. Two kinds of films have been studied raw ZnO and ZnO 

encapsulated in Si3N4. First, we have shown that as-deposited ZnO films are both in a high 

compressive stress state (about -0.65 GPa). Stress relaxation upon annealing is observed: a 
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transition from compressive to tensile stresses has been evidenced at different temperatures 

during annealing up to 800°C. Thanks to in-situ XRD measurements, we have observed a 

significant microstructural evolution and stress relaxation in ZnO films during annealing. The 

comparison between annealing in Ar or air atmospheres allows us to highlight that the stress 

relaxation in ZnO films may be oxygen concentration dependent and, thus may be attributed to a 

variation of the oxygen vacancy concentration. This chemical stress relaxation mechanism is 

thermally activated and starts at 200°C to finish at 600°C. All the presented results show that the 

encapsulation limits the structural evolution and stress relaxation (which are then shifted toward 

higher temperature of about 200°C) and then constitutes an efficient protective barrier for the 

ZnO films up to 600°C. 
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List of figure captions 

 

Fig. 1: A few exemples of ex-situ θ/2θ diffractograms measured for x-ray stress analysis for the 

100 nm thick encapsulated ZnO film before annealing. The legend reports the corresponding ψ 

angles (i.e. inclinaison of the sample). 

 

Fig. 2: In situ θ/2θ diffractograms measured during annealing in air atmosphere for the 100 nm 

thick raw ZnO film.  

 

 

Fig. 3. (0002) peak position as a function of temperature during heat treatment (from 30°C until 

800°C) and after cooling (at 30°C) for ZnO/Si (full symbol) and for ZnO encapsulated by Si3N4 

(open symbol). These XRD measurements were recorded in air (gray continuous lines) and argon 

(dotted black lines) atmospheres inside the furnace chamber. 

 

Fig. 4: sin
2ψ plots of the (10-11) reflection for an encapsulated (a) and raw (b) ZnO film. The 

measurements are performed at room temperature after a given heat treatment (see legend). Open 

symbols represent experimental data with the associated error bars, straight-lines correspond to 

the linear fit.  
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Fig. 4.b 


