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A B S T R A C T   

This work reports the deposition and characterization of piezoelectric ZnO thin films on semi-insulating GaAs 
substrates for the fabrication of bulk acoustic waves sensors. ZnO films are deposited at 350 �C and low depo-
sition rate using reactive radio frequency magnetron sputtering. The use of a Pt bottom electrode, between ZnO 
and GaAs, with and without Ti buffer layer, as well as the effect of the substrate crystallographic orientation are 
investigated. The characterization of the deposited films is performed to determine the optimal parameters for 
obtaining high-quality films and ZnO residual conductivity. ZnO films are textured along the c-axis for all GaAs 
cuts. The highest structural quality is obtained on (100) GaAs substrates. Moreover, the presence of the Ti buffer 
layer improves the texture quality, surface roughness and residual stresses. The lowest residual conductivity is 
determined for the ZnO/Pt/Ti/GaAs structure. However, a slight diffusion of Ga and Ti into Pt is observed, which 
may be of concern if Pt is used as a bottom electrode. Therefore, for thickness excitation functioning, further 
optimization of the Pt/GaAs interface has to be considered.   

1. Introduction 

Gallium arsenide is a III–V direct gap semiconductor presenting a 
combination of physical properties that made it widely used in micro-
electronics and opto-electronics devices [1]. The microfabrication of 
GaAs has been widely investigated for device miniaturization and 
integration [2,3]. In addition, semi-insulating GaAs combines advanced 
MEMS and piezoelectric properties required for sensor transducing [4]. 
Moreover, its surface can be functionalized and regenerated, consti-
tuting a real advantage for the development of reusable sensors [5–8]. 
Despite the many potential applications of this material, only a few GaAs 
based sensors have been developed, in spite of a significant amount of 
research work carried out [9,10]. In this context, we have previously 
designed and fabricated a resonant GaAs sensor operating in shear 

modes of bulk acoustic waves generated by lateral field excitation [11, 
12]. However, the major obstacles to the implementation of such sensor 
were the low piezoelectric sensitivity and environmental stability, 
resulting in poor performances of the device [13]. To overcome these 
drawbacks, our research has been oriented towards the enhancement of 
the piezoelectric coupling of the GaAs-based structure. ZnO thin films 
have been occasionally used for probing weak/non-piezoelectric GaAs 
crystal orientations [14–17]. The deposition of piezoelectric ZnO thin 
films on GaAs substrates could then potentially increase the electro-
mechanical coupling of the transducer and is investigated in this paper. 

ZnO is a semiconductor material with interesting physical properties 
that place it among the most used materials in micro and opto- 
electronics. Apart from its large direct bandgap, high electron mobility 
and strong room-temperature luminescence, ZnO has been renowned as 
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a very promising material for acoustic applications thanks to its high 
piezoelectric coefficients. Indeed, ZnO piezoelectric properties have 
been widely investigated [18–20] and applied for diverse applications in 
many fields [21,22]. More specifically, ZnO films have been used in 
surface and bulk acoustic wave devices for filtering and sensing appli-
cations [23–26], due to the numerous advantages that this material 
presents compared to other piezoelectric thin film materials such as AlN 
and PZT [27]. For instance, good film crystallinity and control of the 
stoichiometry of a ZnO thin film and its texture can be easily achieved at 
relatively low deposition temperatures [28]. In addition, ZnO normally 
has a low film stress and a relatively good adhesion with most substrates. 
Furthermore, ZnO material is considered as biosafe and therefore is 
suitable for biomedical and microfluidic applications [29]. 

ZnO thin films have been deposited using a large variety of growth 
methods due to the diversity of its applications [30–32]. However, 
obtaining ZnO films of high crystalline quality usually requires the use of 
high deposition temperature and very low growth rates. The sputtering 
technique is then preferred, mainly because of its low thermal budget, 
the control of the deposition parameters, the interfacial adhesion to the 
substrate and the high reproducibility [33–35]. 

The growth and characterization of ZnO films have been widely re-
ported on different kinds of substrates [36–40]. However, there are only 
few reports on the growth on GaAs substrates [41–44]. The oxidation of 
GaAs and interdiffusion of ZnO at high deposition temperatures (>400 
�C) are to be considered to avoid the degradation of the film resistivity or 
the unwanted doping of GaAs during the sputtering process [45,46]. In 
addition, the oxidation of GaAs surfaces may prevent the growth of 
crystalline structures. To address this problem, several studies have been 
carried out and different buffer layers have been tested such as SiO2 
[41], Si3N4 [47], ZnS [48] and ZnSe [49]. However, none of these buffer 
layers met the structural and functional requirements of the film, 
especially for the fabrication of a bulk acoustic waves transducer. 

In this work, the deposition of ZnO films on oriented GaAs substrates 
using reactive Radio Frequency (RF) magnetron sputtering is reported. 
The addition of Pt bottom electrode with Ti buffer layer is investigated. 
Little is known on the use of Pt for depositing piezoelectric ZnO films on 
GaAs substrates. The quality of the deposited films is studied using 
different characterization techniques. Based on these measurements, the 
effects of the substrate orientation and the use of the buffer layer on the 
film quality are evaluated. 

2. Materials and methods 

2.1. Deposition of ZnO thin films 

ZnO thin films were deposited on GaAs substrates of different crys-
tallographic orientations (100), (110), (111)A and (111)B, where A and 
B stand for Ga and As terminated surfaces respectively. The used sub-
strates were semi-insulating and undoped GaAs wafers (supplied by 
AXT, Inc.) of 3 inches in diameter and 625 � 25 μm in thickness (double- 
side polished). Two sets of depositions were carried out for each sub-
strate orientation: the first is performed directly on the GaAs substrates, 
and the second is done using a Pt bottom electrode. The latter consisted 
of a 150 nm thick Pt metallic layer and a Ti buffer layer of 15 nm 
thickness, both deposited using cathodic sputtering. The deposition of 
ZnO films was carried out using reactive RF magnetron sputtering 
(Plassys MP450S) using metallic zinc target. Prior to deposition, the 
substrates were cleaned under a plasma of argon and oxygen for 2 min 
and the target was presputtered for 2 min to remove contaminants. The 
substrate temperature and the chamber pressure were set to 350 �C and 
4 mTorr, respectively. The O2/Ar gas ratio was 1.5, providing a depo-
sition rate of approximately 2.77 nm/min. The deposition time was 
240–280 min. 

2.2. ZnO films characterization 

The phase composition and out of plane orientation of the deposited 
ZnO films were analyzed by means of X-ray diffraction (XRD) using a 
Bruker D8 Advance diffractometer with monochromatic radiation CuKα 
as the X-ray source (λ ¼ 1.5405 Å). Rocking curves and φ-scans were 
measured using a Bruker D8 Discover diffractometer with CoKα radia-
tion (λ ¼ 1.79026 Å) to assess the texture quality of the films. The 
rocking curves were measured for the (0002)-ZnO reflection to deter-
mine the mosaicity of the c-axis orientation. The texture quality of the 
layers was evaluated from the full width at half maximum (FWHM) of 
the rocking curves fitted using a Voigt function. 

Raman spectra of the deposited films were collected at room tem-
perature using S&I MonoVista polarized Raman microspectrometer with 
a laser excitation of 532 nm. The reference spectra were obtained by 
measuring Z- oriented ZnO single crystals and GaAs of different crys-
talline orientations: (100), (110), (111)A and (111)B. For each sample, 
the parallel and cross polarization spectra were measured and noted 
according to Porto notation in reference to the ZnO layer orientation 
using XRD orientation. The Raman selection rules, the frequencies and 
the symmetries of the fundamental Raman modes of ZnO and GaAs can 
be found in Refs. [50–52]. 

The surface topography of the films was characterized using a 
Nanowizard III AFM (JPK Instruments, Germany) mounted on a Leica 
microscope (Z16 APOA). Imaging was performed in air using Nano 
World NPS-10C cantilevers made from silicon nitride with a stiffness of 
0.32 N/m. AFM images were collected in contact mode, at a frequency of 
0.5 lines/sec with a resolution of 512 by 512 pixels. Scans of different 
dimensions (100 � 100 μm2 to 1 � 1 μm2) were made in order to have a 
representative sampling of the surface. 

Ellipsometric spectra were measured using the UVISEL spectroscopic 
ellipsometer (HORIBA Jobin Yvon) in the range of 0.73 eV and 4.75 eV, 
at an angle of 70�. In order to estimate the thicknesses and optical 
properties of the films, a model composed of a ZnO layer with the sub-
strate measured before deposition was used (with top surface of Pt or 
GaAs). The layer model is the excitonic model of K. Sato et al. [53] with 
free parameters. These parameters were first optimized on ZnO single 
crystal. The routine of optimization of the model started by searching for 
the thickness with fix parameter of the layer model of ZnO, and in a 
second time, the film parameters were relaxed. The final results gave χ 2 

below 1 and can be considered very good. More complex models taking 
into account the roughness or the buffer layer were tested but did not 
give realistic optical properties. 

Secondary ions mass spectrometry (SIMS) depth profiles of the 
deposited ZnO films were done in interlaced mode on a 100 μs cycle. In 
this mode, the sputtering source was used to remove the analyzed ma-
terial for 80 μs. During the remaining 20 μs of the cycle, the flood gun 
sent a pulse of low energy electrons to discharge the surface. The surface 
was then bombarded with the primary ions of Biþ, and the emitted 

Table 1 
Experimental SIMS parameters used to collect the depth profiles of the deposited 
ZnO thin films.  

Apparatus ION-TOF SIMS IV 
Ionic courant 0.5 pA 
Pulse 19.1 ns 
Pressure 5.0 � 10� 9 Torr 
Charge neutralization 2.35 A 
Spectroscopy Source Biþ

Energy 25 kV 
Analyzed surface 50 μm � 50 μm 
Spectral resolution 128 x 128 pixels 
Mass resolution H/Si 0.7 ns 

29Si M/ΔM > 8000 
Profiles Source Csþ and O2þ

Energy 3.0 kV 
Pulverized surface 300 μm � 300 μm  
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secondary ions were collected for analysis. The craters with dimensions 
of 300 μm � 300 μm were etched, and the analysis with the primary ions 
of Biþ was carried out in a region with dimensions of 50 μm � 50 μm 
located in the center of the crater to avoid the edge effect. All profiles 
were obtained to the interface of GaAs. The crater depth was then 
measured using a profilometer to determine the average erosion rate and 
to express the profiles as a function of the depth. A detailed list of the 
parameters used for this technique is provided in Table 1. 

With regards to the elements expected in the present analysis, oxides, 
Pt, and As have a better detection yield of negative ions. On the other 
hand, Ti and Ga have a better yield of positive ions. Negative ion profiles 
were first established using a Csþ sputtering source to observe the pro-
files of ZnO, Pt, As and GaAs. Then, positive ion profiles were established 
using an O2þ sputtering source to observe the distribution of Zn, Ti, and 
Ga. Pt was also detected, but with a decreased intensity compared to 

what was found in negative ions profiles. 
In plane conductivity was characterized by I(V) measurements using 

Keithley 2636B sourcemeter, at room temperature. Prior to the mea-
surements, two electrodes made of chromium/gold (Cr 15 nm/Au 150 
nm) and separated by a gap of 200 μm were deposited on top of the ZnO 
film to compare the residual conductivity of ZnO/GaAs and ZnO/Pt/ 
GaAs structures. 

3. Results and discussion 

3.1. Structure and residual stresses 

The XRD θ/2θ patterns of the ZnO films grown on differently ori-
ented GaAs substrates with and without the Pt/Ti buffer layer are shown 
in Fig. 1. All XRD patterns show crystalline Würtzite structure with 

Fig. 1. θ/2θ X-ray diffraction patterns of ZnO films deposited on GaAs substrates with different crystallographic orientations without (a) and with (b) Pt/Ti 
buffer layer. 

Table 2 
FWHM of (0002) ZnO rocking curve, c-lattice constant, strain and residual stress in ZnO thin films deposited on GaAs substrates with different crystallographic 
orientations with (þ) and without (� ) the Pt/Ti buffer bilayer.  

GaAs orientation (100) (100) (110) (110) (111)A (111)A (111)B (111)B 
Buffer bilayer – þ – þ – þ – þ

Rocking FWHM (� � 0.25�) 5.2 1.42 – 1.55 5.5 1.47 5.84 1.48 
c-lattice constant (Å � 0.003 Å) 5.218 5.215 5.208 5.207 5.207 5.206 5.207 5.204 
Strain (� 10� 4)  25.0 19.0 6.3 3.8 3.7 1.2 3.7 1.3 

Residual stress (MPa �100 MPa) estimated from XRD data � 434 � 332 � 108 � 65 � 63 � 21 � 63 � 22 
Residual stress (MPa �100 MPa) estimated from Raman data � 244 � 57 � 98 � 59 � 106 � 49 � 41 � 21  
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dominant reflections from the (000ℓ) ZnO planes. The reflections of 
other family planes were not observed for all substrates, confirming that 
the deposited layers were strongly textured along the c-axis of the 
hexagonal crystalline structure. 

The mosaicity of the c-axis orientation was examined using rocking 
curve measurements of the 0002 ZnO reflection. ZnO films grown 
directly on GaAs presented a mosaicity ranging between 5.2� and 5.8�, 
represented by the FWHM of 0002 reflection rocking curve, while the 

films grown with a Pt/Ti buffer layer showed a mosaicity between 1.4�
and 1.6� (Table 2). The texture quality was improved in the presence of 
the Pt/Ti buffer layer, making it independent of the used substrate cut. 
The direct growth of ZnO on GaAs substrates was influenced by the 
substrate surface orientation. The best texture quality was obtained on 
GaAs (100) surface (FWHM ¼ 1.42�). The mosaicity was also high on 
GaAs (111) surfaces and similar for both of the surface terminations A 
(FWHM ¼ 1.47�) and B (FWHM ¼ 1.48�). The texture on GaAs (110) was 

Fig. 2. Raman spectra collected in Z(XY)Z polarization configuration of ZnO films deposited on GaAs substrates with different crystallographic orientations without 
(a) and with (b) the Pt/Ti buffer bilayer. The GaAs modes are labelled in red. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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Fig. 3. AFM images of ZnO thin films deposited on GaAs substrates of different crystallographic orientations with and without the Pt/Ti buffer bilayer, and of GaAs 
bare surface of different cuts. 
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of slightly lower quality (FWHM ¼ 1.55�). Furthermore, the films did 
not present any defined in-plane orientation with respect to the orien-
tation of the substrate, for all GaAs cuts, as confirmed by the φ-scans of 
ZnO reflections. 

The interplanar distance for the deposited ZnO films was calculated 
from the 2θ angle of the (0002)-plane reflection, after calibration of the 
θ/2θ pattern with respect to the reflections of the GaAs substrate (JCPDS 
data card No. 00-014-450). The calculated values of the c-lattice con-
stant for each deposited film are reported in Table 2. 

Compared with a ZnO single crystal lattice constant (cb ¼ 5.2049 Å), 
it is obvious that the ZnO films present slightly extended c-lattice pa-
rameters. Indeed, the shift of the diffraction reflection position from the 
bulk single-crystal value is mainly associated with thermal and intrinsic 
stresses produced within the film [54]. The 2θ position of the grown 
films is less than that of bulk single-crystal ZnO, indicating that the films 
are in a uniform state of stress with extended c-axis. The larger value of 
lattice constant for the grown films compared to the unstressed bulk 
single-crystal value shows that the unit cell is elongated along the c-axis, 
and compressive forces act in the plane of the film. 

Indeed, the thermal stresses acting on the films are generated during 
the cooling process following the deposition of the ZnO films. The dif-
ference in the thermal expansion coefficients of the GaAs substrate and 
the deposited ZnO films results in the generation of stresses and conse-
quently the deformation of the layer. The theoretical biaxial deforma-
tion εb related to the thermal stress can be determined from the relation:  

εb ¼ (αF – αS) (Tdep - Ta)                                                                  (1) 

Where αF and αS represent the coefficients of thermal expansion of ZnO 
(2.9 � 10� 6 K� 1) and GaAs (5.73 � 10� 6 K� 1) respectively, Tdep is the 
temperature of the substrate during the deposition (350 �C) and Ta is the 
ambient temperature. Using εb, the theoretical values of the deformation 
εzz were determined using the equation: 

εb¼ �
C33εzz 
2  C13

(2) 

The biaxial thermal stresses σb were determined using Hooke’s law 
[55]: 

σb¼

�

C13 �
ðC11 þ C12Þ  C33 

2C13

�

εZZ (3) 

The calculated value of the theoretical thermal stress is - 208 MPa. 
The elastic constants of ZnO used in this calculation were: C11 ¼ 209.7 �
0.2 GPa, C12 ¼ 121.1 � 0.3 GPa, C13 ¼ 105.1 � 0.2 GPa, C33 ¼ 210.9 �
0.1 GPa [56]. 

Using XRD data, the strain εzz in the films was calculated from the 
shift of the 0002 ZnO reflection in the θ/2θ X-ray patterns, using the 
following equation [57]: 

εzz¼
cf� cb

cb
(4)  

Where cf is the lattice constant for the ZnO thin film and cb is the lattice 
constant of bulk ZnO single crystal. The residual stress induced in the 
film was evaluated from the measured strain using equation (3). 

The comparison of the residual stresses for the grown ZnO films 
shows that they are all subjected to compressive stresses (<500 MPa), 
which is consistent with the fact that the in-plane expansion coefficient 
of ZnO is lower than that of GaAs. Moreover, the films deposited on the 
Pt/Ti buffer layer show slightly lower stresses than the films deposited 
directly on GaAs. Although the thermal expansion of cubic GaAs is 
isotropic and all ZnO films presented the same crystallographic orien-
tation, the highest residual stresses were developed in films grown on 
GaAs (100). The different stresses observed for the different cuts of GaAs 
could be explained by the argon ion pinning, which could generate 
additional intrinsic stresses adding to the thermal ones. The obtained 
values are in reasonable agreement with the theoretical thermal stress. 

On the other hand, the Raman spectra obtained for ZnO thin films 
deposited directly on GaAs (Fig. 2a) clearly show the ZnO and GaAs 
Raman modes, whereas the spectra of ZnO films deposited on the Pt/Ti 
layer (Fig. 2b) show only the ZnO modes, due to the absorption by the Pt 
layer. 

The polarization selection rules for Raman scattering in ZnO 
(Würtzite symmetry with 6 mm point group) predict that it is possible to 
identify the modes of the E2(low), E2(high) and A1(LO) modes in Z(XX)Z and 
Z(YY)Z polarization configurations, whereas for Z(XY)Z only the E2 
modes are observable. For the deposited ZnO films, the modes around 
101 cm� 1 and 437 cm� 1 correspond to the E2(low) and E2(high) modes 
respectively, as predicted by the selection rules. 

As for GaAs (43 m point group with zinc blende symmetry), it is 
possible to find the longitudinal modes A1(LO) for the planes (100) and 
(111) of GaAs, whereas this is not possible for the plane (110), and the 
transverse modes E1(TO) appear for the cuts (110) and (111) and not for 
(100) orientation. For GaAs, the spectra obtained for the various ori-
entations confirm the stated selection rules of a blend cubic system. The 
A1(LO) and the E1(TO) modes are observable around 291 cm� 1 and 267 
cm� 1 respectively. 

The observed modes of ZnO films are slightly shifted from the 
wavenumbers of ZnO monocrystal. These Raman shifts can provide in-
formation on the state of the stresses acting on the ZnO layers. The 
wavenumber of the modes E under stress can be described as follows 
[58]: 

ωEðTOÞ¼ a’ EðTOÞ
�
σxx þ σyy

�
þ b’ EðTOÞ σzz

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c’
EðTOÞ

�
σxx � σyy

�2
þ d’

EðTOÞ

�
σxy
�2

q

(5)  

Where σxx, σyy and σzz are the stresses along the axes X, Y and Z 
respectively (where Z is parallel to the c-axis, X- and Y-axis parallel to 
the a- and b-axis), a’ E(TO), b’ E(TO), c’E(TO) and d’E(TO) are the potential 
deformation constants expressed in terms of compliance. 

The c’E(TO) is related to the division of E(TO) doubly degenerate. If the 
axes a and b are affected by the different constraints or if the plane ab is 
subjected to shear stresses, the mode E(TO) is divided into two compo-
nents. However, the degeneration of E(TO) is usually quite weak and its 
division is difficult to identify, thus c’E(TO) is negligible. In addition, we 
assume that there are no shear stresses in the films, hence σxy ¼ 0. The 
ZnO films, deposited on cubic substrates, are subjected to biaxial stresses 
σb in the plane of the substrate [58]. Thus, σxx ¼ σyy ¼ σb and the shift of 
the modes E(TO) in the c-axis oriented planes can be expressed as:  

ΔωE (TO) ¼ 2 a’E (TO) σb                                                                   (6) 

Where a’ ¼ 1.4 cm� 1/GPa for the mode E2(high) (at 437 cm� 1) for ZnO. 
Thereby, the biaxial stresses σb can be calculated from the shift of the 
positions of the ZnO E2(high) modes wavenumbers: 

σb¼
ΔWEðTOÞ
2a’  EðTOÞ

(7) 

The values of stress, calculated from (7) for the different samples, are 
provided in Table 2. The low displacement of the E2(High) mode towards 
high frequencies is associated with compressive residual stresses. 
Moreover, the found values of the biaxial stresses are quite low (<0.25 
GPa) and are close to the theoretical thermal stresses and to the stresses 
calculated from XRD data (see Table 2). The ZnO films grown on 
different cuts of GaAs directly or with Pt/Ti buffer layers presented 
comparable residual stress in the limits of the errors. 

3.2. Surface morphology and roughness 

Fig. 3 shows the atomic force microscopy (AFM) images of GaAs bare 
substrates and those of ZnO thin films deposited on them with and 
without the Pt/Ti buffer layer. The corresponding average roughness 
parameters (Rms) were determined using JPK software from several 5 
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μm � 5 μm2 images (Table 3). 
The dependence of the film morphology on the substrate’s plane is 

shown on Fig. 3. The surface of the ZnO film deposited on GaAs (100) is 
the roughest, and the Rms decreases from 26.5 � 1.8 nm to 17.9 � 2.1 
nm when the Pt/Ti layer is added. The films grown directly on GaAs 
(110) showed an inhomogeneous surface, with roughness parameters 
varying according to the organization of the crystallites. However, that 
is not the case when the Pt/Ti layer is added, since the grains distribu-
tion becomes more homogeneous. In the case of GaAs (111) substrates, 
although the surface roughness of the starting substrate is higher for 
GaAs (111)A than for GaAs (111)B, the surface of the ZnO thin film 
becomes more uniform on the Ga-terminated surface. Moreover, the 
roughness of the ZnO thin film changes between 13.4 � 7.7 nm for direct 
growth and 2.7 � 0.3 nm with the Pt/Ti layer for GaAs (111)B. The 
roughness parameters for all substrate orientations decrease in the 
presence of the buffer layer, indicating a better organization of the films. 
Hence, the presence of the buffer layer promotes the growth of a 

homogeneous crystalline structure by reducing surface heterogeneities. 
Among the tested cuts, GaAs (100) has shown to promote the growth 

of high quality ZnO thin films, in terms of texture, flatness, homogeneity 
and roughness. Furthermore, the micromachining of resonant mem-
branes in GaAs using chemical wet etching has been widely studied in 
our research group [2,3,9], and GaAs (100) has shown to produce 
promising and reproducible microstructures for sensing, which is not the 
case for the other cuts. Therefore, the GaAs (100) orientation will be 
selected for the rest of the study. 

3.3. Layers interfaces and depth profiles 

For a better understanding of the ZnO/buffer layer/GaAs structure, a 
physico-chemical analysis of the layers was conducted using SIMS. This 
allowed to obtain depth profiles of the elements distribution of the 
samples at the interfaces of the constituting layers (Fig. 4). 

The examination of the depth profiles of ZnO films deposited on 

Table 3 
Average roughness parameters calculated from AFM images of GaAs substrates and ZnO thin films deposited on GaAs substrates of different crystallographic orien-
tations with (þ) and without (� ) the buffer bilayer.  

GaAs orientation (100) (100) (110) (110) (111)A (111)A (111)B (111)B 
Rms for GaAs susbtrate (nm) 0.18 � 0.03 0.21 � 0.01 0.41 � 0.03 0.17 � 0.01 
Buffer bilayer – þ – þ – þ – þ

Rms for ZnO film (nm) 26.5 � 1.8 17.9 � 2.1 18.9 � 2.3 17.4 � 3.8 12.8 � 1.8 10.8 � 1.9 13.4 � 7.7 2.7 � 0.3  

Fig. 4. Positive and negative ion depth profiles measured by SIMS in ZnO thin films grown on GaAs (100) (a, b), Pt/Ti/GaAs (100) (c, d), respectively.  
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GaAs (100) with and without the Pt/Ti buffer layer shows two main 
phenomena: the first one is the oxidation of Ti layer during the ZnO 
deposition, which manifested by the presence/profiles of its oxides (TiO, 
and TiO2). The oxidation of these layers was expected since ZnO films 
were grown using sputtering technique at high oxygen partial pressure. 
The second is the diffusion of some elements towards the ZnO film. 
Based on the deposition conditions used for the buffer layer, the thick-
ness of Pt is expected to be 150 nm and that of Ti is expected to be 15 nm. 
However, the depth profiles of the ZnO/Pt/Ti/GaAs structure (Fig. 4c) 
show that Ti oxides were found across all the Pt thickness, while it was 
supposed to be at Pt/GaAs interface. In addition, it was observed that 
ZnO tends to slightly diffuse to the Pt layer as well. Moreover, Ga ions 

presented very strong signal, then the signal decrease at the interface 
was delayed with respect to other detected species. It was clearly 
obvious that Ga ions diffused to the Pt layer and stopped at the ZnO 
interface. 

The behavior of the different elements could be explained as follows: 
since the deposition of the ZnO films is carried out at a temperature of 
350 �C, Ti has diffused into Pt attracted by the oxygen potential on the 
surface. As for Ga ion, which tends to diffuse at room temperature in 
GaAs [59,60], its diffusion stopped at the ZnO interface. However, Ga 
diffused easily through Ti and Pt layers. 

Fig. 5. (a) Absorption coefficient, α and (b) Refractive index, n estimated from the fitting model for ZnO films deposited on GaAs (100) with and without Pt-based 
buffer layers. 
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3.4. Thickness, bandgap and refractive index 

The thicknesses of the films were estimated from the ellipsometric 
data, which allowed to determine the interfaces, and to predict at which 
depth each element should be located. Hence, the thicknesses of the 
films were determined at 758 � 23 nm on Pt/Ti/GaAs and 611 � 19 nm 
in the case of direct deposition on GaAs substrates. 

The bandgaps of ZnO films deposited on GaAs (100) with and 
without the buffer layer were within 3.34 and 3.39 eV (Fig. 5a). The 
measured values were very close to the bandgap of ZnO single crystal 
(3.33 eV) [61]. The minor difference observed can originate from the 
stress effect on the films as measured by Raman and XRD. 

The refractive index of the films (Fig. 5b), as a function of the 
wavelength, was also in a reasonable agreement with literature (close to 
1.9 below 450 nm) [62]. Some minor difference can be observed in the 
intensity of the excitonic peak and in the visible absorption of ZnO. 
These differences may originate from intrinsic defect (oxygen vacancies) 
or ionic diffusion from the substrate, as observed by SIMS. 

3.5. I–V characteristic 

The I(V) characteristics were done by doing hysteresis loops from 0 V 
to 5 V, then from 5 V to � 5 V and finally from � 5 V to 5 V. The mea-
surements made on ZnO/GaAs and ZnO/Pt/Ti/GaAs are presented in 
Fig. 6. The conductivity of each device was calculated using the 
following equation:  

κ ¼ G x K                                                                                      (8) 

Where G is the conductance defined as the inverse of the resistance 
(G ¼ 1

a, where a is the slope of the I(V) curve in the [-1 V; 1 V] region), 
and K is proportional to the ratio of the inter-electrode distance (200 
μm) to the electrodes surface (3.6 � 3.6 mm2). 

In the case of the direct deposition of ZnO on undoped GaAs sub-
strate, the I(V) characteristic is linear, indicating an ohmic contact, with 
a conductivity of 9.5 � 10� 6 S/cm. Similarly, for films deposited on Pt/ 
Ti buffer layer, the I(V) characteristic is quasi-linear with a higher 
conductivity of 1.7 � 10� 5 S/cm. The obtained values of current (~10� 5 

A) in the voltage range [-1 V; 1 V] are in reasonable agreement with 
Fabricius et al. [63]. Some minor hysteresis was also observed in the 

case of ZnO/Pt/Ti/GaAs, which could originate from charge injection 
(memristive effect). 

4. Discussion 

The structural characterization of the ZnO films deposited on the Pt/ 
Ti buffer layer showed better texture and lower residual stress than the 
films deposited directly on GaAs. Indeed, the films grown with a low 
deposition rate (2.77 nm/min) and a medium temperature (350 �C) 
were of higher crystalline quality (FWHM ~ 1.4�) compared to literature 
(FWHM ~ 3.9�) [44]. In parallel, the morphological characterization 
showed a better homogeneity, texture and organization of grains in 
presence of Pt (Rms: 17.9 � 2.1 nm with Pt vs. 26.5 � 1.8 without Pt). 
This indicates that the proposed buffer layer promotes the growth of 
ZnO films on GaAs with higher crystalline quality. On the other hand, 
ZnO films grown of fairly good quality were obtained on GaAs (100) 
with respect to the other tested cuts. In addition to this result, the pos-
sibility of micromachining resonant GaAs membranes in this particular 
cut using chemical wet etching, has motivated us to select GaAs (100) 
for the development of acoustic wave sensors. 

For this application, the transducer requires low conductivity at low 
voltages. The electrical measurements showed quasi-linear I(V) char-
acteristics for ZnO films grown directly on GaAs and on Pt/Ti/GaAs. The 
latter presented the lowest conductivity, indicating that the buffer layer 
can improve not only the structure of the ZnO films, but also the device 
performance. 

However, SIMS analysis revealed a diffusion of Ti and Ga into the Pt 
layer, which is reasonably in agreement with the literature regarding the 
problems of diffusion and oxidation of Ti above and below Pt [64–66]. 
Otherwise, ellipsometric measurements showed that the inter-diffusion 
in the buffer layer did not affect the bandgap nor the refractive index 
of ZnO. Nevertheless, the consequences on the overall performances of 
the sensor would be of concern if Pt was used as a bottom electrode, 
since it would affect the electrical properties, the durability and the drift 
over time of the device. Indeed, the diffusion phenomena must be 
avoided; otherwise, the conductivity of the interface would vary over 
time and tend to make ZnO film conducting. As ZnO is the material 
exciting the resonant structure, the piezoelectric performance would be 
extremely affected if the films were no longer dielectric. Hence, 
although the piezoelectric layer is of better quality with the Pt/Ti buffer 

Fig. 6. I–V characteristic of ZnO/GaAs and ZnO/Pt/Ti/GaAs devices.  
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layer, the inter-diffusion does not make it possible to have a stable de-
vice over time. Therefore, further optimization of the interface layer 
between Pt and GaAs has to be considered to stop the diffusion. This 
problem could be addressed in the future, by adjusting the deposition 
temperature, or by adding an extra diffusion barrier at the Pt/GaAs 
interface, such as TiO2, which has shown superior stability in the liter-
ature [67]. 

5. Conclusion 

Piezoelectric ZnO films were deposited on semi-insulating GaAs 
substrates using reactive radio frequency magnetron sputtering, for 
enhancing the piezoelectric performances of a GaAs-based acoustic 
wave sensor. The effect of the crystalline orientation of the substrate on 
the films properties was studied, and GaAs (100) was selected for pro-
moting the growth of well-textured ZnO films. The use of a Pt layer was 
investigated, using Ti buffer layer. The XRD and AFM measurements 
confirmed that this buffer layer improves the crystalline and structural 
quality of the films, in terms of texture, stress and roughness, but it 
promotes the diffusion of Ga and Ti. The characterization of the bandgap 
and refractive index of the films confirmed that this diffusion did not 
affect these properties of ZnO. Finally, the lowest conductivity, required 
for the functioning of an acoustic wave transducer, was determined for 
the ZnO/Pt/Ti/GaAs structure. This result proves the potential of the 
proposed buffer layer to promote the growth of high quality ZnO films 
on GaAs and to provide the electrical contact required for acoustic waves 
transduction. 
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