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Abstract

Lanthanum-doped bismuth titanate (BLT) thin films were grown on buffered Si substrates
using a RF magnetron sputtering system. Electrically conducting ZnO layers were used as an
effective buffer layer to facilitate the growth of the ferroelectric thin films. X-ray diffraction
data shows the Aurivilius phase structure with the highest diffraction peak (117), indicating
non-c-axis-oriented microstructure. Random oriented plate-like grains were observed using
scanning electron microscopy. The ferroelectric nature of the film was proved by ferroelectric

domain switching under an electrical field.
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Introduction

Aurivillius phase bismuth layer-structured ferroelectrics (BLSFs) have the general formula
(Bi202)* (Am-1BmOsm+1)*", where A is a mono-, di-, or trivalent cation, or a combination of
them with cuboctahedral coordination. B is a transition-metal cation suited to octahedral
coordination, and m is the number of octahedral layers in the perovskite slab, which varies
from 1 to 6 [1]. Grains of BLSFs are plate-like with c-axis along the thickness of each grain.
Because the majority of ferroelectric thin film devices utilises the polarization perpendicular
to the thickness direction of each grain, it is necessary to prepare BLSFs film with non-c-axis
orientation for ferroelectric applications due to the higher polarisation of the a and b-axis
compared to the c-axis. However, it is a challenge to prepare films with a non-c-axis
direction, because the BLSFs intrinsically possess c-axis-oriented films due to their highly

anisotropic structure [2].

Lanthanum-doped bismuth titanate (BLT) is a three layer (m=3) Aurivillius phase compound.
BLT is a promising candidate in non-volatile ferroelectric random access memories
(FeERAMSs) due to its fatigue resistance characetristics[3-4]. For practical applications such as
memory devices, BLT materials in the format of thin films are urgently needed for its better
congeniality with integrated circuit technology. Experimental methods such as sputtering or
pulsed laser deposition.are commonly utilized for BLT thin films integration onto silicon [5].
However, the endeavor to integrate BLT directly on Si substrates is challenging due to the
substantial lattice mismatch between BLT and Si. Furthermore, the reaction of Si with the
ferroelectric materials oxygen components can result in the formation of SiO, or amorphous
phases between the layers [6]. This oxide layer may be undesirable in applications because as
it forms in series with the Aurivillius film, limiting the applied electric field across the
device. The amorphous layer may also be troublesome as it will prohibit the thin film growth.
In order to overcome the above challenges and to improve the thin film crystal quality, a thin
ZnO film is proposed in this paper as an interface layer between the BLT and the Si
substrates before deposition. ZnO is an excellent semiconductor which can be used as a
buffer layer for the BLT thin film integration due to its wide bandgap, nontoxicity,
affordability and abundance, whilst possessing chemical and thermal stability under plasma
processes[7]. It offers the potential to block the elemental diffusion across the BLT films and

substrates. These features make it suitable for integration of BLT/ZnO/Si MOS devices. The



lattice parameters of wurzite ZnO are az;o = bo = 3.35 A and ¢, = 5.2 A and those of
tetragonal BLT are ap = 0.545 A, by = 0.541A and ¢y = 3.282 A. This indicates a lattice
mismatch exists between the two, which could lead to the formation of non-c-axis BLT thin
films. This paper reports on the growth of non-c-axis-oriented ferroelectric BLT thin films on
silicon using ZnO buffer layer, which tends to favor a polar axis lying in-plane rather than
out-of-plane.

Experimental.

A BLT target with Aurivillius phase structure was purchased from Nanoforce Technology
Ltd. The crystal structure of BLT was characterised by XRD prior to deposition. For the ZnO
thin films deposition, a ZnO target (Advent Research Materials Limited) was utilized. A
radio frequency magnetron sputtering apparatus was employed to deposit the BLT and ZnO
thin films. P-type silicon (100) wafers were used as substrates throughout the experiments.
Silicon substrates were cleaned by sonication in acetone and isopropanol, and then rinsed in
de-ionized water, followed by blow drying with N, gas before being loaded into the
sputtering chamber. All sputtering deposition was performed with a base pressure of less than
10" Pa. The BLT films were deposited with an RF power of 150 W and a pure argon
atmosphere of 1 Pa, obtained with a gas flow rate of 14 sccm. ZnO thin films were deposited
with an RF power of 300W, whilst the other conditions remained the same as for BLT films.
The target-substrate distance was 15 cm and all depositions were carried out at ambient
temperatures without external heating. The thickness of films was controlled by varying the
deposition time. To analyse the effect of the ZnO interface layer on the crystallinity of BLT,
170nm thick ZnO interface films were deposited onto Si substrates firstly. A BLT layer with
300 nm thickness was then deposited. The BLT films were annealed at 550°C, 650°C, 700°C
and 750°C for 60 minutes in ambient atmosphere for comparison studies. In order to
evaluate the ferroelectric properties, optimised BLT thin films (annealed at 700°C) were
chosen, which possesses the minimal pyrochlore phase with the strong BLT peak presence.
These films were ulitised in a vertical WC/BLT/ZnO/Si/WC structure. WC is used as the
electronic contacts as it has a high temperature tolerance. The crystal structures of the BLT
thin films were characterized by X-ray diffraction (XRD), using an X'PERT-PRO with a
wavelength of 1.54 A. The surface morphology was observed by scanning electron
microscope (SEM). The current—electric field (I-E) and electrical displacement—electric field
(D—E) hysteresis loops were measured using a ferroelectric hysteresis measurement tester at

Nanoforce Technology Ltd.



Results and Discussion

Fig.1 presents XRD pattern of the ZnO films on Si and the BLT thin films with different
annealing conditions deposited on interface layers. The diffraction pattern of the ZnO
interface layer (Fig.1.A) presents a single board peak located at 33.7°, which is characteristic
of (100) orientated ZnO [8]. The wide shoulder above 35° indicates the presence of secondary
orientation of ZnO with weak crystallinity. Fig.1.B presents the plot of the as-deposited BLT
thin film on the ZnO interface layer. No characteristic peaks of Aurivillius phase BLT are
present, indicating the film is amorphous. Fig.1.C-F present the diffraction patterns of BLT
thin films on as-deposited ZnO interface layers after annealing at 550°C, 650°C, 700°C and
750°C, respectively. After annealing, the films present Aurivillius phases, with a dominant
non-c-axis-oriented (117) crystal plane, which indicate that the films are non-c-axis oriented
because all the highest peaks of three layerd BLSF is (1 1 2m+1) [9]. Additionally, a peak
corresponding to (002) ZnO is present for annealed BLT thin films, indicating the ZnO layer
has undergone a change in crystallinity after annealing. A Bi-deficient Pyrochlore (Bi,Ti,O7)
secondary phase, labeled ‘P’ is-also observed in the XRD of films annealed at temperatures of
700°C and 750°C, which can be attributed to bismuth oxide loss at high temperatures due to
their volatility [10].

To further investigate the effect of a ZnO interface layer on surface morphology, the films
were studied by scanning electron microscopy. Fig.2 presents the surface morphology of BLT
thin films on as-deposited ZnO interface layers and the surface morphology of the ZnO
interface layer. Fig.2.A presents the morphology of the ZnO interface layer, indicating an
amorphous phase. Fig.2.B presents the as-deposited BLT film on ZnO interface layers, which
shows a non-crystalline amorphous structure. Fig.2.(C-F) demonstrate BLT thin films
annealed at 550 °C, 650°C, 700°C and 750°C, respectively.

The grain morphology changed from almost equi-axed for C and D to platelet for E and F.
Nanoparticles produced by RF Sputtering have equi-axed shapes and form agglomerates. The
shape of the nanoparticles and their agglomerates are still preserved in the bulk ceramic

sample annealed up to 650°C. With increasing annealing temperature, limited grain growth



takes place at 700°C accompanied by a vanishing of the initial agglomerates to form large
equi-axed grains. At 750°C, anisotropic grain growth has occurred, which results in micron-
size, faceted platelet grains. After annealing, it is clear that all the BLT films have randomly
orientated plate-like grains [11], which is consistent with the XRD data in Fig.1.

Fig.3 shows the current-electric field (I-E) and electrical displacement-electric field (D-E)
loops of optimised BLT thin films on silicon substrates with as-deposited ZnO interface
layers, measured at 20 Hz. The current peak near 35kV/cm in the I-E loop can be attributed to
the ferroelectric domain switching along a-b-direction in BLT platelet-like grains, which
indicates the ferroelectric nature of the film [12]. The D-E loop in Fig.3 (b) presents a
ferroelectric hysteresis curve with a remanent polarisation of 2Pr=6.72 pC/cm? and coercive
field 2Ec of 120kV/cm under the applied electric field of 180kV/cm. Zhai et.al. reported the
growth of preferred c-axis-oriented ferroelectric BLT thin films using LaNiO3 buffer layer.
Their ferroelectric hysterisis curve is saturated (with a remanent polarisation 2Pr of 3.6
uC/cm? and coercive field 2Ec of 90kV/cm) at the same applied electric field value of
180kV/cm [13]. In comparison, the remanent polarisation value for BLT films with non-c-
axis orientiation is larger than their reported value for preferred c-axis-oriented BLT films.
This improvement can be atributed to the larger and platelet-like grains of the non-c-axis-
orentiated BLT films. The domain walls in larger and platelet-like grain are easiler to be
switched under external field, whilst smaller domains in peg-like shape grains seem more
stable. It is worth noting that ZnO as buffer layers may induce additional coupling between
BLT and ZnQO due to the possible junction formation at the interface between the ZnO and
BLT layers, which will induce space charge region to influence the overall ferroelectric

properties [14].

Conclusion

In summary, the non-c-axis-oriented BLT thin films were successfully grown on buffered
ZnO/Si substrates by RF magnetron sputtering system. The dominated (117) diffraction peak
in X-ray diffraction pattern reveals the non-c-axis-oriented structure. With the increase of the
annealing temperature, the grain structure were turn to be more anisotropic. Ferroelectric

domain switching within a-b plane observed in I-V loops confirmed the ferroelectric nature



of the BLT film. The remanent polarisation (2Pr) of the BLT film annealed at 700°C was
6.72 pClem?.
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Figure Caption

Fig.1. XRD patterns of (A) ZnO interface layer on Si(100); (B) BLT thin film on ZnO/Si substrate
without annealing; (C) BLT thin film on ZnO/Si substrate annealed at 550°C, (D) BLT thin filmon
ZnO/Si substrate annealed at 650°C, (E) BLT thin film on ZnO/Si substrate annealed at 700°C, (F)
BLT thin film on ZnO/Si substrate annealed at 750°C. Pyrochlore phase peak labelled P’

Fig.2. SEM images of surface morphology of (A) as-deposited ZnO; (B) As-deposited BLT on
ZnO/Si, (C) 550°C annealed BLT; (D) 650°C annealed BLT; (E) 700°C annealed BLT; (F) 750°C

annealed BLT .

Fig.3. I-E , D-E hysteresis loops of BLT thin films annealed at 700°C at 180kV/cm and 20Hz.
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Figure 2
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Highlights

La-doped bismuth titanate (BLT) thin films were grown on Si substrates using ZnO buffer
Layers.
ZnO buffer layer facilitates the formation of non-c-axis-oriented microstructure.

BLT films with non-c-axis-oriented grains shows stronger ferroelectric domain switching.
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