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The integration of ferroelectric layers on gallium nitride (GaN) offers a great potential for various applications.
Lead zirconate titanate (PZT), in particular Pb(Zr0.52Ti0.48)O3, is an interesting candidate. For that a suitable buffer
layer should be grown on GaN in order to prevent the reaction between PZT and GaN, and to obtain PZT with a
preferred orientation and phase. Here, we study pulsed laser deposited (100) rutile titanium oxide (R-TiO2) as a
potential buffer layer candidate for ferroelectric PZT. For this purpose, the growth, morphology and the surface
chemical composition of R-TiO2 films were analyzed by reflection high-energy electron diffraction, atomic
force microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. We find optimally (100) oriented
R-TiO2 growth onGaN (0002) using a 675 °C growth temperature and 2 PaO2 deposition pressure as process con-
ditions. More importantly, the R-TiO2 buffer layer grown on GaN/Si substrates prevents the unwanted formation
of the PZT pyrochlore phase. Finally, the remnant polarization and coercive voltage of the PZT filmon TiO2/GaN/Si
with an interdigitated-electrode structure were found to be 25.6 μC/cm2 and 8.1 V, respectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The epitaxial integration of ferroelectric films on GaN enables
several new applications [1]. Ferroelectric materials such as lead
zirconate titanate (PZT or Pb[ZrxTi1-x]O3) can pave the way for new de-
vice concepts due to the unique intrinsic ferroelectric properties of this
material, such as a large remnant polarization, a large dielectric con-
stant, good piezoelectric and pyroelectric response, fast switching
speed and a high Curie temperature [2,3]. These materials have a high
potential for non-volatile memories, high-density capacitors, actuators,
and sensors [4–7]. Another possibility of the integration of PZT is the
possibility to reduce the power consumption in transistors with gallium
nitride (GaN) as the platform. There has been a strong drive for steep-
subthreshold slope devices such as ferroelectric field-effect transistors
(FeFETs) to reduce the leakage current. FeFETs are basicallymetal–insu-
lator–semiconductor transistors comprising a ferroelectric layer as a
(part of a) gate insulator [8–11]. In particular PZT close to the
morphotropic phase boundary (PbZrxTi1 − xO3, x = 0.52) should be
very suitable for FeFET applications [12,13].

GaN (a III–V semiconductor) is an important material with many
potential applications such as field effect transistors in high power and
high frequency devices, and light emitters due to its direct, wide band
gap of 3.45 eV at room temperature [14–17]. Moreover it possesses a
high chemical and mechanical stability and high thermal conductivity
[18]. In addition, presently more and more GaN is integrated on silicon
substrates, because of its large size availability, mass production, and
hence significantly lower cost for GaN optoelectronic and microelec-
tronic devices [19]. The GaN films are grown on Si (111) substrates to
obtain favorable lattice match conditions between GaN and Si because
GaN has a hexagonal symmetry.

Recently, the integration of PZTwith GaN has attracted the attention
in the scientific community despite the difficulties to integrate these
two materials [20,21]. There is limited experience with the integration
of PZT material on GaN, mainly because of the different crystal struc-
tures and large lattice mismatch between that of perovskite PZT and
wurtzite GaN [22,23]. PZT films grown directly on GaN can react with
GaN, hence, the interdiffusion of Pb and Ti atoms at the PZT/GaN inter-
face could occur and in addition a pyrochlore phase of PZT is formed
[24]. In order to overcome this interdiffusion problem, a so-called buffer
layer can be used between PZT and GaN layer [22]. A buffer layer
reduces the interdiffusion and avoids direct reaction between the ferro-
electric and the semiconductor. It can also be effective to promote
certain growth orientation of PZT films and to avoid ferroelectric perfor-
mance degradation [25]. Earlier reports [20,22,23,26,27] mainly focused
on the integration of epitaxial PZT with GaN grown on Al2O3 using buffer
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layers such asMgO [20], TiO2, SrTiO3 [22], PbO, PbTiO3 (with the epitaxial
relationship PZT[112]||GaN[1100] and PZT[110]||GaN[1120]) [26].

The R-TiO2 buffer layer is expected to relieve the lattice mismatch
between PZT and GaN because of the rutile crystal structure and the
lattice constants of the R-TiO2 (a = 4.58 Å and c = 2.95 Å) [28] match
both GaN (a = 3.18 Å, c = 5.18 Å) [29] and PZT (a = 4.058 Å and
c = 4.106 Å) [30]. Moreover, R-TiO2 has a wide band gap of ~3 eV and
a high dielectric constant [31] which makes this study also interesting
in view of power transistor applications. The R-TiO2 thin film is rather
stable in contrast to water-soluble MgO and MgCaO thin films [32,33].
Here, the epitaxial growth of R-TiO2 buffer layers on GaN was realized
by using the pulsed laser deposition (PLD) method [27].

This paper focuses on a detailed study of the integration of PZT with
commercially available substrates onwhich GaNwas grown on Si (111)
using optimized R-TiO2 buffer layers.We first focus on the optimization
of the growth morphology of the R-TiO2 buffer layer grown by PLD on
GaN (0002)/Si by adjusting the substrate temperature (Ts) and the
oxygen pressure (pO2). Subsequently, PZT films were grown on GaN/
Si using the optimized TiO2 buffered GaN/Si. The surface morphologies
of the PZT/GaN/Si and the PZT/TiO2/GaN/Si structures are investigated
by AFM. We also compare the ferroelectric properties of PZT films
grown on buffered and non-buffered GaN/Si substrates by using
interdigitated-electrode (IDT) structures, fabricated on PZT/TiO2/GaN/
Si and PZT/GaN/Si stacks, respectively.
2. Methods

Ferroelectric PZT films and TiO2 buffer layers were grown on GaN
(0002) templated Si (111) substrates. The GaN templated Si (111)
substrates include an AlxGa1 − xN/GaN stack (see Fig. 2) forming a
2DEG at the AlxGa1 − xN/GaN interface. The AlxGa1 − xN is covered
with a 3 nm GaN cap layer.

First, before introducing the GaN/Si substrates in the PLD vacuum
system, the surfaces were cleaned with acetone and ethanol. Next,
R-TiO2 thin films were grown on GaN/Si at Ts = 700 °C by the PLD
and the oxygen pressure was varied between 10 Pa to 1 Pa, to find the
optimal growth pressure. Subsequently, to find the optimal growth
temperature, the Ts was varied from 600 °C to 700 °C. After obtaining
an maximum amount of (200) oriented R-TiO2 buffer layer (20 nm), a
300 nm PZT film was subsequently deposited on the R-TiO2/GaN/Si
stack using PLD and compared to a 300 nm PZT film grown on
non-buffered GaN/Si. For the growth of the TiO2 thin films we used a
KrF (λ = 248 nm) excimer laser focussed on a Ti target and for PZT a
pressed pellet with a composition close to that of morphotropic
Pb(Zr0.52Ti0.48)O3 was used as a target. Further PLD growth details are
summarized in Table 1. The crystal orientation of the TiO2 filmswere in-
vestigated by X-ray diffraction (XRD) θ–2θ scans using a Panalytical
X'PERT MPD. The X-ray source is a ceramic X-ray tube with Cu anode
and normal operating power is 1.8 kW (45 kV, 40mA). The in-plane ep-
itaxial relationship between PZT and GaNwas analyzed by XRDΦ scans
(XRD, Bruker D8 Discover) with a Cu Kα cathode in the Bragg–Brentano
geometry. The growth process of the R-TiO2 filmswas monitored in situ
by reflection high-energy electron diffraction (RHEED). The thickness of
thefilmwas obtained using a high-resolution scanning electronmicros-
copy (HRSEM: Zeiss-1550), and the surface chemical properties were
Table 1
PLD growth parameters of PZT and R-TiO2 films grown on GaN/Si.

Parameters TiO2 PZT

Ambient pressure 2 (O2) Pa 10 (O2) Pa
Energy density 2.0 J/cm2 3.5 J/cm2

Deposition temperature 675 °C 600 °C
Laser pulse frequency 2 Hz 4 Hz
Target to substrate distance 55 mm 60 mm
Deposition rate 0.02 nm/s 0.16 nm/s
investigated by employing X-ray photoelectron spectroscopy (XPS)
using anOmicron nanotechnology GmbH (Oxford Instruments) Surface
Analysis system, having a background pressure of 5 × 10−9 Pa. The XPS
system uses Al Kα X-ray radiation of 1486.7 eV. In addition, the surface
morphologies of the GaN/Si, R-TiO2 grown on GaN/Si, PZT grown on
GaN/Si, and PZT grown on TiO2 buffered GaN/Si were characterized by
atomic force microscope (Bruker ICON Dimension AFM).

To measure the electrical performance of PZT films, IDT contacts
were fabricated using Pt electrodes, which were sputter deposited on
the PZT films. Finally, polarization-electric field (P–E) and switching
current measurements were carried out to observe the effect of the
buffer layer on the ferroelectric characteristics of PZT films using the
ferroelectric mode of the AixACCT TF-2000 Analyzer.

3. Results and discussion

3.1. Growth and characterization of the PLD deposited R-TiO2 films

Fig. 1 shows the θ–2θ scans of the layers thatwere deposited. Next to
the expected Si(111), GaN(0002), and AlxGa1 − xN(0002) peaks the re-
sults indicate that R-TiO2 thin films with (200) orientation are obtained
at 2 Pa oxygen pressure. For other pressures, R-TiO2 thin films were not
obtained. As shown in Fig. 1(b), R-TiO2 thin film peaks were not ob-
served in films using Ts values below 650 °C. Whereas the intensity of
the (200) oriented R-TiO2 peak starts to reduce at Ts values higher
than 675 °C. Optimal crystallinity for R-TiO2 is found at Ts = 675 °C
and in pO2 = 2 Pa by using a laser energy of 2.0 J/cm2 as the (200)
oriented XRD peak has become sharper (see Fig. 1(a) and (b)). When
the oxygen pressure was lowered to 0.01 mbar, no rutile or anatase
phasewas observed. Apparently, the oxygen pressure has a strong effect
Fig. 1. XRD θ–2θ scans of 20 nmR-TiO2 thin films deposited on GaN/Si (a) for different ox-
ygen pressures at Ts = 700 °C and (b) for different substrate temperatures under pO2 =
2 Pa. The diffraction peaks of different layers are marked with different symbols: * is Si, †

is GaN (0002), ‡ is Al0.20Ga0.80N, ● is AlN (0002) and ▪ is R-TiO2 (200). For clarity the R-
TiO2 peaks have been magnified in the insets of both figures.



Fig. 2. Cross-sectional HR-SEM image of an R-TiO2 thin film grown on GaN/Si.
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on the stoichiometry of the films which in turn affects the nucleation
density and film quality. Hence, the films remain non-stoichiometric
at low oxygen pressures [34]. These results show that the optimized
temperature and pressure values given above are critical parameters
to obtain R-TiO2 thin films on the GaN/Si substrates. The deposition
rate of R-TiO2 grown at 2 Pa O2 at 675 °C by using a laser energy of
2.0 J/cm2 at 4 Hz for 60 min is estimated to be around 0.02 nm/s. This
value was obtained from the HR-SEM image (Fig. 2).

The optimized growth conditions of (100) oriented R-TiO2 films
grown on GaN/Si are summarized in Table 1. The surface morphology
of the GaN/Si surface and R-TiO2 films on the GaN/Si surface was
investigated by AFM and RHEED, as shown in Fig. 3. The original GaN
(0002)/Si (111) surface shows two dimensional (2D) RHEED patterns
along the [1120] azimuth while the surface of a 20 nm R-TiO2 thin
film on GaN/Si shows three dimensional (3D) RHEED patterns along
the [001] azimuth.

The lattice mismatch of ~20% between the R-TiO2 film and GaN can
lead to 3D island growth formation [35,36]. The increase of the R-TiO2

film thickness results in an increase in the overall strain in the film dur-
ing deposition. The AFM root mean square (rms) values of the GaN/Si
surface roughness and that of the 20 nm thick R-TiO2 on GaN/Si are
Fig. 3. The surface morphology of (a) the GaN surface and (b) 20 nm R-TiO2 grown on GaN/Si.
white dashed line. Inset (b): RHEED patterns of 20 nm thin TiO2 film grown on GaN/Si along t
0.10 nm and 0.52 nm, respectively. The surface of the 20 nm thin
R-TiO2 on GaN/Si exhibits small grains due to the 3D island formation
during the growth, as shown in Fig. 3(b).

Finally, the R-TiO2 film surface has been investigated by XPS. Fig. 4(a)
shows the typical spectra of Ti4+ in TiO2. The Ti 2p3/2 and Ti 2p1/2 photo-
electron peaks, corresponding to a pure R-TiO2 film, are located at
459.4 eV and 465.2 eV, respectively [37]. The spin-orbital splitting be-
tween Ti 2p3/2 and Ti 2p1/2 peaks is as expected constant at approximately
5.8 eV. In the inset of Fig. 4(a), the Ti 2p3/2 low-binding-energy shoulder
around 458 eV indicates the presence of oxidized Ti states. Also, in the O
1s spectra the binding energies at 529.6 eV and 530.9 eV correspond to
oxygen bound to Ti4+ ions in TiO2 and oxygen deficient TiO2 (Ti3+/4+),
respectively [38]. The binding energy at 531.9 eV indicates that the sur-
face is partially covered with hydroxide OH groups after having been ex-
posed to air. Note that the carbon signal also arises because the TiO2 film
was exposed to air after deposition, see Table 2.

The XPS spectra of Ti 2p in TiO2 did not show Ti3+ and Ti2+ photo-
electron signals corresponding to the possible formation of Ti2O3 and
TiO. This means that the composition of the surface layer is TiO2 and
not a mixture of different oxides with an average Ti/O ratio of 1:2 and
consistent with the rutile phase of TiO2.
Inset (a): RHEED patterns of GaN (0002) along the [1120] azimuth and line profile along
he [001] azimuth.



Fig. 4. Core level spectra of the R-TiO2 thin film of (a) Ti 2p (inset: low-binding-energy
shoulder in the Ti 2p3/2 peak) and (b) O 1s.

Fig. 5. XRD θ–2θ scans of the PZT/GaN/Si and PZT/TiO2/GaN/Si structures. The thicknesses
of the R-TiO2 and PZT films are 20 nm and 300 nm, respectively. The diffraction peaks of
different layers are marked with different symbols in figure.
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Summarizing, (100) R-TiO2 thin films were obtained on GaN
(0002)/Si (111) using PLD. Unlike the growth conditions of R-TiO2

thin films grown on GaN/Al2O3 (500 °C ≤ Ts ≤ 600 °C,
1 × 10−4 Pa ≤ pO2 ≤ 1.3 × 10−3 Pa) reported in [27] and [35], in
our work, R-TiO2 thin films grown on GaN/Si were obtained at
Ts ≥ 675 °C and in pO2 = 2 Pa. The growth morphology of R-TiO2 thin
films grownonGaN/Siwas investigated. Thicker TiO2films showed3D is-
land formation. The chemical composition corresponding to pure R-TiO2

was detected by XPS, with some oxygen deficiency, which was also con-
firmed by XRD showing that the TiO2 film has the rutile structure. It has
been previously shown that the preferred orientation of the PZT films
can be maintained using relatively thick buffer layers [39]. Moreover,
the thickness of the TiO2 buffer layer between PZT and a substrate has
been shown to be an important parameter to control the amount of
diffused Pb into the substrate [40] as well as reducing leakage. There-
fore, in the following experiments, in order to prevent the diffusion of
Table 2
The atomic concentrations of different elements at the
R-TiO2 surface.

Elements % concentr.

Ti 2p 25
O 1s 53
C 1s 23
Pb into GaN/Si during the PZT deposition, a 20 nm R-TiO2 buffer layer
was used.
3.2. Deposition of PZT films on R-TiO2 buffered GaN templated Si (111)

In order to investigate the effect of the R-TiO2 buffer layer on the
growth of PZT, we now compare PZT films directly deposited on GaN/
Si and on R-TiO2 buffered GaN/Si substrates.

Fig. 5 shows the XRD θ–2θ measurements for the PZT/GaN/Si and
PZT/TiO2/GaN/Si structures. The PZT and TiO2 layer thickness is 300 nm
Fig. 6. (a) XRDΦ scans of the {101} PZT and {1012} GaN reflections of the PZT/TiO2/GaN/Si
structure. (b) Schematic top view of the unit cell configuration of PZT on GaN.



Fig. 7. Schematic of in-plane orientation of (100) oriented PZT on (0002) GaN.

Fig. 9. (a) The P–E loop and (b) switching current characteristics of the PZT/TiO2/GaN/Si
heterostructure measured with an IDT structure (for top view, see inset) at 1 kHz.
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and 20 nm, respectively. The results show that a PZT thin filmwith (100)
and (111) orientationwas obtained on the TiO2/GaN/Si(111) substrates,
without the appearance of a detectable amount of the pyrochlore phase.
In contrast, the pyrochlore phase was observed in the PZT film directly
grown on the GaN/Si(111) substrate. The growth parameters of PZT
are summarized in Table 1. The rocking curve (not shown here) of the
(111) oriented PZT film has a full width at half maximum (FWHM) of
1.86°, which is lower compared to earlier reports [20].

XRD Φ scans have been carried out to study the in-plane epitaxial
relationship between the PZT and the GaN. The in-plane alignment of
the PZT films grown on R-TiO2 buffered GaN is confirmed by the scans
of PZT {101} andGaN {1012} reflections shown in Fig. 6(a). The diffraction
peaks of {1012} plane of GaN, observed at every 60°, show that GaN
epilayer has a sixfold symmetry indicating its wurtzite structure.
However, twelve diffraction peaks of PZT {101} are separated by 30°.
Note that in these scans the R-TiO2 peaks do not show because of low
intensity. For clarity, a schematic of PZT on GaN is shown Fig. 6(b).
These Φ-scans can be interpreted that the PZT film grow epitaxially on
TiO2 buffered GaN, with the epitaxial relationship (100)[011 ]PZT//
(0002)[1120]GaN. A schematic illustration of the epitaxial orientation
relationship between (100) PZT and (0002) GaN is shown in Fig. 7.

The surface morphologies revealed by AFM of 300 nm thick PZT films
grown on GaN/Si and R-TiO2 buffered GaN/Si are shown in Fig. 8(a) and
(b), respectively. The roughness of PZT film grown on GaN/Si (rms:
3.31 nm) is lower than that of a PZT film grown on R-TiO2 buffered
GaN/Si (rms: 7.13 nm), and both these films demonstrate a grainy
structure. Fig. 8(b) shows relatively bigger crystalline PZT islands, grain
size of ~150 nm, with an irregular shape form, compared to PZT grown
Fig. 8. The surface morphology of (a) 300 nm PZT grown on GaN
on GaN/Si (see Fig. 8(a)). The AFM results indicate that the R-TiO2 buffer
layer plays an important role on the surfacemorphology and grain size of
the PZT films.

Finally, in order to investigate the ferroelectric properties of PZT
films grown on GaN/Si and TiO2/GaN/Si substrates, an IDT structure
was fabricated on the surface of the PZT film, as shown in the inset of
Fig. 9. The IDT electrodes were used to achieve the d33-mode of
operation. In this mode the applied electric field and the ferroelectric
/Si and (b) 300 nm PZT grown on R-TiO2 buffered GaN/Si.
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polarization are along the PZT film surface [41]. Thus, the PZT films are
poled in the plane of the film [42]. An electrode consisting of 100 nm
thick Pt layer was deposited by using sputter deposition. The results
indicate that the PZT film on GaN/Si does not appear to be ferroelectric
(not shown here). This is caused by an irreproducible high leakage
current which prevents the formation of a closed polarization-electric
field (P–E) loop. On the other hand, the PZT film grown on TiO2/GaN/
Si shows ferroelectric behavior as demonstrated with a characteristic
hysteretic P–E curve, as shown in Fig. 9(a). The remnant polarization
(Pr) and coercive voltage (Vc) of the PZT film grown on TiO2/GaN/Si
are 25.6 μC/cm2 and 8.1 V, respectively. Fig. 8(b) shows that PZT films
grown on TiO2/GaN/Si can be switched in two directions. Earlier reports
showed that the PZT films grown on GaN/Al2O3 exhibit ferroelectric
properties, although the pyrochlore phase was observed [20,23,43]. In
contrast with these earlier reports, we found that the PZT films grown
directly on GaN/Si appear to not exhibit ferroelectric properties
concealed by the high leakage currents.

4. Conclusions

It has been shown that optimized (100) orientedR-TiO2 buffer layers
can be grown onGaN/Si (111) at Ts= 675 °C and in pO2=2Pa by using
PLD. Both these Ts and pO2 values are higher than that of R-TiO2 thin
films grown on GaN/Al2O3 reported earlier [27, Ts = 500–600 °C,
pO2 = 1 × 10−4 Pa]. By using RHEED, a 3D island growth formation
was observed for the 20 nm thin R-TiO2 film. It has also been shown
that a PZT film grown directly on GaN/Si shows the pyrochlore phase,
while the R-TiO2 buffer layer on GaN prevented this. The R-TiO2 buffer
layer enabled the growth of epitaxial PZT films on GaN/Si, and effectively
promoted the growth of ferroelectric PZT films, as confirmed in the P–E
loop measurements.
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