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ZnO thick Stress relaxed films were deposited by reactive magnetron sputtering on
2”-wafer of SiO2/Si at room temperature. The residual stress of ZnO films was
measured by measuring the curvature of wafer using laser scanning method and
found in the range of 0.18 x 109 to 11.28 x 109 dyne/cm2 with compressive in
nature. Sputter pressure changes the deposition rates, which strongly affects the
residual stress and surface morphologies of ZnO films. The crystalline wurtzite
structure of ZnO films were confirmed by X-ray diffraction and a shift in (0002)
diffraction peak of ZnO towards lower 2θ angle was observed with increasing the
compressive stress in the films. The band gap of ZnO films shows a red shift from
∼3.275 eV to ∼3.23 eV as compressive stress is increased, unlike the stress for
III-nitride materials. A relationship between stress and band gap of ZnO was derived
and proposed. The stress-free growth of piezoelectric films is very important for
functional devices applications. C 2015 Author(s). All article content, except where

otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported

License. [http://dx.doi.org/10.1063/1.4922911]

I. INTRODUCTION

ZnO thin films have been extensively studied due to its co-existing semiconducting, optical and
piezoelectric properties.1 Moreover, ZnO is bio-safe, biocompatible2 and its promising applications
in surface acoustic wave, bulk acoustic wave, optical waveguides, filter and sensor devices because
of its piezoelectric nature.3,4 ZnO films also have compatibility with standard silicon fabrication
process. For reliable and high performance devices, ZnO films must have good crystal quality,
smooth, stress-free and high piezoelectric properties. Stress free high sensitive piezoelectric ZnO
films on insulating substrates are always challenge for researchers.5,6 Physical properties of ZnO
thin films deposited by sputtering strongly depends on growth parameters such as sputtering pres-
sure, substrate temperature, power, gas flow rate etc.7,8 Biaxial stress primarily produced in ZnO
thin films due to confined conditions imposed by underlying substrate and deposition parameters.
Large residual stresses develop in ZnO thin films due to intrinsic or thermal stress produced by a
mismatch between the thermal contractions of the film and the substrate.9,10 The residual stresses
in ZnO films was measured using X-Ray diffraction (XRD) by Conchon et al.11 and found that
deposited films are highly compressively stressed.

Stress in ZnO films exhibits poor performance, low reliability and poor yield of the devices
when used in practical devices.12,13 Due to the existence of high residual stress in ZnO films, a
curvature in the wafer were mostly observed and results buckling in the films.14 This buckling leads
to cracks formation and results to poor performance and reliability. Therefore, stress free piezo-
electric films are essential requirement for practical and reliable micro-electro-mechanical-system
(MEMS) based acoustic devices.15–17
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Stress free ZnO thin film can be deposited via using unique sputtering deposition condi-
tions.18,19 Jou et al.20 optimized sputtering pressure which is 17 mTorr for 1:1 Ar, oxygen ratio for
stress free ZnO thin film deposition. However, residual stress also effect the optical properties of
ZnO thin films.9,10,21,22 The Band gap of ZnO films shows red/blue shift with increasing compres-
sive/tensile biaxial stress, unlike the stress in GaN films but both semiconductor shows same behav-
iour for change in lattice constant (c). Li et al.23 measured tensile stress in ZnO films deposited on
quartz by X-ray diffraction technique and a blue shift was observed in optical band gap with increas-
ing tensile stress. The minimum stress was found to be ∼14.5 x 109 dynes/cm2. Mohanty et al.24

studied thickness dependent stress in ZnO thin films on glass and found a compressive stress of ∼8.4
x 1010 dynes/cm2 in 84 nm thin film. Kumar et al.9 measured a red shift in band gap with increasing
tensile stress in GaN layers on Si and linear relationship was derived between stress and band gap. It
is also important to study change in lattice constants with residual stress mainly because of change
in cell volume of ZnO or GaN. Ping et al.25 reported that lattice constant(c) increases linearly with
compressive stress. Rieger et al.26 reported the influence of biaxial compressive stress on optical
bandgap and lattice constant of GaN thin film on sapphire with thickness variation of AlN buffer
layer .With increasing biaxial compressive stress, band gap (blue shift ) as well as lattice constant(c)
also increases. MEMS based piezoelectric devices must be processed in the range of room temper-
ature to 150◦C for functional layer (ZnO, AlN, PZT etc.) deposition because of inter-diffusion
among metal and oxide layers at higher temperature.7 To overcome this problem a process should be
established at room temperature. In the present work, we have deposited thick ZnO films on SiO2/Si
wafers at room temperature and study the stress effects on optical properties.

II. EXPERIMENTAL PROCEDURE

ZnO films were deposited by reactive magnetron sputtering using 6” diameter high purity Zn
(99.999%) metallic target. Si (100) 2-inch wafers of p-type was boiled in organic solvents trichlo-
roethylene, acetone and methanol, respectively and followed by deionized water (DI). Further,
organic residues removed in piranha (H2SO4:H2O2 = 5:1) solution. Native oxide removed in 5%
HF solution and then rinsed with DI water. Dried wafer loaded in chamber for 1µm silicon oxide
(SiO2) deposition. The SiO2 layers work as an isolation layer between underlying Si substrate and
ZnO film. The SiO2 layer thickness and RMS roughness are 1.02 µm and 2-3 nm measured by
spectroscopic ellipsometry method and AFM, respectively. The base vacuum of sputtering chamber
was achieved around ∼2 × 10−6 Torr. Sputter pressure was varied from 10 to 50 mTorr and a set of
five samples were prepared. The thickness of ZnO films was kept around ∼1µm in all the samples.
Film deposition rate was monitored by Inficon digital thickness monitor. The ratio of Ar:O2 =2:3
was maintained during the deposition. RF power and target-substrate distance were kept 450 W and
11 cm, respectively. Stress was mapped by using dual laser switching technology using Film Stress
Measurement (FSM) tool. Stress mapping of the wafer were carried out using un-deposited and
deposited ZnO wafers. Crystalline structure and surface morphology of ZnO thin film were inves-
tigated by Bruker X-ray diffractometer (XRD) and atomic force microscopy (AFM). To measure
the optical band gap, ZnO films were deposited on SiO2/glass and transmittance spectra of ZnO
films were recorded using high sensitivity 3600 UV-Vis-NIR Spectrophotometer (wavelength range
200-1100nm).

III. RESULTS AND DISCUSSION

In-plane stress in ZnO thin films was measured by using dual laser switching technology using
Film stress Measurement (FSM) tool which based on Stoney’s equations. Initially, bare wafer of
SiO2/Si was laser scanned and curvature was measured. Consequently, ZnO films were deposited
by varying sputter pressure in the 10-50 mTorr range. The ZnO film thickness was maintained
∼1µm in all the cases, to rule out the effect of film thickness on measured stress. Further, same wafer
was again mapped and measured stress profiles are shown in Fig. 1. It is clearly noted that, there is
change in wafer curvature due to ZnO layer deposition. Moreover, this indicates that the presence of



067140-3 Singh et al. AIP Advances 5, 067140 (2015)

FIG. 1. (a) Stress mapping profile of SiO2/Si wafer and (b)-(f) ZnO film on 2-inch diameter SiO2/SO wafers, samples are
prepared in 10-50mTorr range.

compressive stress in ZnO film. Film stress (σ f ) is given by Stoney’s equation27

σ f =
EsD

2
s

6(1 − νs)
·

1
d f

·
1
R

(1)

The subscripts f and s denotes thin film and substrate respectively. E and ν are Young’s modulus
and Poisson’s ratio respectively. Ds is the substrate thickness whereas d f is the film thickness.
The stress is measured by wafer curvature method and this facilitates us to measure direct stress
mapping profile compared to other stress measurement method. Stress was found in the −1.8 x 108

to −11.28 x 109 dyne/cm2 and compressive in nature.
Fig.2 shows the X-ray diffraction 2θ-ω scan of ZnO film deposited at 10 to 50 mTorr sputter

pressures. In diffraction pattern only strong peak corresponding to ZnO (0002) was observed,
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FIG. 2. X-ray diffraction 2θ-ω scan of ZnO film deposited at (a) 10, (b) 20, (c) 30, (d) 40 and (e) 50 mTorr sputter pressure.
Dotted line indicates the position of Bulk ZnO.

which indicates that ZnO films are highly c-axis oriented and having wurtzite crystal structure.28

The surface free energy is minimal in wurtzite structure and ZnO film was grow in c-axis direc-
tion.1 The full width half maxima (FWHM) of diffraction peak increases with sputter pressure
which indicates that ZnO crystal quality degraded with increase in sputter pressure. The XRD
peak position strongly depends on processing parameters and pattern shows that the diffraction
peak (0002) shifted towards lower 2θ angle with respect to bulk 2θ = 34.42◦ value.23 The devi-
ation in 2θ values shows ordered behavior with sputter pressure. For 10 mTorr deposited films
2θ = 33.62◦ , indicates that grown film is under large compressive stress due to unit cell distortion.
The ZnO film deposited at 10 mTorr shows much higher value (∼5.327 Å) of lattice parameter
c compared to bulk value (5.20 Å). As a result, ratio of c/a ∼1.6 for wurtzite phase is no longer
maintained and elongated along c-axis direction.23,24 As a consequence, the lattice parameter in
basal plane is compressed to maintain unit cell volume constant. This distortion in the unit cell
results to higher compressive stress (−11.28 x 109 dyne/cm2) in the sample deposited at 10 mTorr
probably due to extensive bombardment of energetic particles on film surface. The negative sign
of stress indicate that lattice constant c of deposited films elongated along the growth direc-
tion. The reactive sputter deposition may induce native defects and interstitial sites in growing
film due to extensive bombardment at higher RF power (450W). The elongation of unit cell in
c-axis direction and thereby giving distortion in unit cell leads to compressive stress. Further, at
higher sputter pressure (50mTorr) collision between energetic species are very high and mean free
path is decreased. This may also restrict the incorporation of appropriate oxygen content in ZnO
crystalline growth. At higher sputter pressure (50mTorr) deposition rate is ∼0.5Å/sec which is lower
than 10mTorr (1.4Å/sec) deposited films. The adatom surface mobility is reported to be less at
higher sputter rate. ZnO film grown at 20 mTorr shows the peak position (0002) at 2θ = 34.42◦

corresponding to bulk value and lattice is relaxed (−1.8 x 108 dyne/cm2). Thus, the growth thermo-
dynamics and deposition parameters play a key role for stress relaxed and c-axis orientation ZnO
films.

For hexagonal structure, the lattice constant (c) can be calculating using10

1

d
2
=

4
3

(

(h2 + hk + k2)

a2

)

+
l2

c2
(2)

Where h, k, l are miller indices and a, b, c are lattice parameter along x, y, z axis, respectively. For
(0002) plane and using braggs law (nλ = 2d sin θ), lattice constant (c) can be directly calculating
using
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FIG. 3. (a)-(e) show AFM images (3 x 3 µm2) of deposited ZnO films in the range of 10 to 50mTorr sputter pressure,
respectively.

c =
λ

sin θ
(3)

Surface morphologies were investigated by using AFM and shown in Fig. 3. It clearly indicates that
films are very smooth and having low surface roughness. As sputtering pressure varies from 10 to
50 m Torr, root mean square (RMS) roughness decreases from 5.33 nm to 4.40 nm. Fig. 4(a)-4(b)
show relationship between RMS roughness, growth rates and sputter pressure. Further, it is noted
that relatively higher surface roughness (∼5.33 nm) obtained for 10 mTorr deposited films, due to
high growth rate of deposition at low pressure. For low deposition pressure, deposited atom does
not get sufficient time to settle down on substrate and increases film roughness. The growth rates are
decreased with increasing sputter pressure due to decreased mean-free path of sputtered atoms. The
surface roughness is slightly decreases with pressure but XRD FWHM increases, which reduce the
crystalline quality of ZnO.
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FIG. 4. (a) RMS roughness and growth rate versus Sputter pressure and (b) RMS roughness versus sputter pressure.

Compressive stress commonly exists in ZnO film due to the constraints imposed by underlying
substrate and processing conditions. However, stress is undesirable for practical applications of
ZnO films. Lattice mismatch and thermal expansion coefficient difference of film and substrate
produces extrinsic stress in thin films.29,30 In present case, thermal expansion coefficient of ZnO
film (αZnO = 2.9 x 10−6 K−1) and SiO2 substrate (αSiO2 = 0.6 x 10−6 K−1) and films were deposited
at room temperature. The average stress, 2θ peak position, FWHM, band gap and RMS roughness
of ZnO films are listed in Table I. The minimum stress was observed for 20 mTorr deposited films.
ZnO films deposited at 10 mTorr partial pressure were found under large compressive stress, which
indicates the unit cell elongation along c-axis direction and compression in basal plane. Effectively,
at lower sputter pressure, mean free path of species is higher. At lower deposition pressure, film
deposition rate is relatively higher and depositing species has a less scattering with gas molecules.
Nearly stress free films were deposited at the 20 mTorr with a unique combination of processing
parameters.

Residual stress significantly affects the band gap of thin films.31 Consequently, shift in band
gap can be correlated with in-plane stress. ZnO thin films were deposited on SiO2 coated glass
substrate at same deposition parameters and UV-Visible transmittance spectra were recorded at
room temperature. Fig. 5(a) shows the transmittance spectra of 10-50 mTorr range deposited ZnO
films. The result shows that nearly all films have transmittance better than 75%. The sputter pressure
influences the optical properties of depositing films. The estimated band gap of ZnO films as a
function of growth pressure is shown in Fig. 5(b). It may be noted that fundamental absorption edge
of ZnO film was found to show red shift with increase in compressive stress. The band gap of ZnO
films was estimated by extending linear region of (αhν)2 versus hν curve, where α is considered
as absorption coefficient. The ZnO film thickness (d) and transmittance (T) are experimentally
known parameters. Hence, absorption coefficient α = (1/d) ln(1/T) calculated. The stress is mainly
responsible for red shift in band gap (Eg). The in-plane stress (σ f ) can be directly correlated with
bang gap (Eg) using follows relation by using linear fitting equation:

Eg = 3.277 − 0.0041σ f (4)

TABLE I. Measured and estimated ZnO thin film parameters.

Sample
ID

Stress x109

(dyne/cm2)
2θ

(degree)
FWHM
(degree)

Band gap
(Eg)

RMS values
(nm)

Sputter pressure
(mTorr)

Z2 −0.18 34.42 0.69 3.275 4.93 20
Z3 −5.07 34.21 0.92 3.26 4.73 30
Z4 −8.23 33.80 0.87 3.245 4.61 40
Z5 −8.39 33.74 0.91 3.24 4.40 50
Z1 −11.28 33.62 0.68 3.23 5.33 10



067140-7 Singh et al. AIP Advances 5, 067140 (2015)

FIG. 5. (a) Transmittance spectra of ZnO films deposited from10 to 50mTorr sputter pressure, (b) absorption coefficient
plotted with photon energy for band gap estimation.

Where optical band gap of stress free ZnO film is 3.277 eV, which is comparable to bulk ZnO
band gap. This fitting curve indicates that optical band gap Eg (eV ) has its linear relation with
in-plane stress σ f (dyne/cm2). Further, it is noted that and band gap decreases with increase in
compressive stress. ZnO film bandgap (Eg) plotted with in-plane compressive stress and liner fitting
data are shown in Fig. 6(a). The negative sign of σ f indicated that grown film is under compressive
stress.32 As discussed, there are many sources of stress in ZnO films such as lattice mismatch,
thermal expansion coefficient mismatch, thickness and processing parameters.33 Here, the measured
compressive strain is mainly caused by sputter pressure. This lattice distortion with sputter pressure
is clearly evidence in XRD pattern and supported by FSM measurement. It is clearly noticed that
10 mTorr deposited film are under large compressive (−11.28 x 109 dyne/cm2) stress while 20 mTorr
deposited films have minimal stress. Furthermore, higher spotter pressure due to higher growth rate
at lower sputter pressure (≥20 mTorr) deposited films shows again compressive stress. In fact, stress
has its origin in the lattice parameter and lattice parameter changes with deposition conditions. It
is well known that optical band gap and lattice constant are highly influenced by biaxial stress for
ZnO and GaN. Relationship between stress and optical band gap revelled that compressive stress
gives red shift in bandgap for ZnO (blue shift in band gap for GaN) and vice versa.6,34 Fig. 6(b)
shows linear relationship between lattice constant and residual compressive stress. As compressive
stress increases, lattice constant (c) increases from 5.208 A

o
to 5.327 A

o
Mathew et al.35 calculated

stress induced by ZnO thin film on glass shows tensile in nature and it shows blue shift of optical
bandgap (bandgap increases) as well as decreasing lattice constant (c) when tensile stress increases
with annealing temperature. In the present case, a red shift was observed in bandgap with increasing
compressive stress and lattice constant (c) increases with compressive stress.

FIG. 6. (a) Bandgap (Eg) versus in-plane compressive stress of ZnO films, and (b) Lattice constant (c) variation with in-
plane compressive stress.
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IV. CONCLUSION

Stress relaxed highly c-axis oriented ZnO films are deposited at room temperature by reactive
sputtering technique. Compressive stress in ZnO films is highly dependent on sputter pressure
and gives stress free ZnO film at 20 mTorr pressure. XRD (0002) peak shifts from 34.42o to
33.62o as residual compressive stress increased from 0.18 x 109 to 11.28 x 109 dyne/cm2. A red
shift was observed in optical band gap with increasing compressive stress and band gap decreased
from 3.275eV to 3.23 eV with increases in compressive stress from −0.18 x 109 dyne/cm2 to
−11.28 x 109 dyne/cm2. Linear relationship has been proposed between stress and band gap which
shows optical band gap of stress free ZnO film is 3.27 eV. Lattice constant (c) also increases
from 5.20 to 5.32 A

o
as in-plane compressive stress increases from −0.18 x 109 dyne/cm2 to

−11.28 x 109 dyne/cm2 because the stress produces elongation of a,b lattice parameters. The stress
relaxed piezoelectric ZnO films are very important for practical devices applications.
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