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Abstract
We report the deposition of ferroelectric lead-free  BiFeO3 perovskite film on Si (100) substrate by RF magnetron sputtering 
using  Al2O3 as buffer layer. X-ray diffraction and multiple-angle ellipsometric analysis show the pure ferroelectric phase and 
maximum refractive index of the  BiFeO3 film at the annealing temperature of 500 °C. For different annealing temperature 
of  Al2O3 film, amorphous film structure and refractive index in the range 1.7–1.77 has been observed. Metal–ferroelectric–
metal (MFeM), metal–ferroelectric–silicon (MFeS), metal–insulator–silicon (MIS) and metal–ferroelectric–insulator–silicon 
(MFIS) structure have been fabricated with  BiFeO3 ferroelectric and  Al2O3 insulator layer to investigate the electrical charac-
teristics. Improvement in the memory window from 2.3 V in MFeS structure to 4.8 V in MFeIS structure has been observed 
with 10 nm buffer layer at the annealing temperature of 500 °C. The  MFe(100 nm)I(10 nm)S structure annealed at 500 °C shows 
the breakdown voltage of 38 V and no degradation in the polarization charge upto the read-write cycles of  108.

1 Introduction

In the last two decades, continuous scaling of flash mem-
ory has brought it to its physical limit that has lead to the 
requirement of an alternating non-volatile memory (NVM) 
technology. Single-transistor-based ferroelectric memory 
also known as ferroelectric field effect transistor (Fe-FET) 
has emerged as one of the promising candidate to meet the 
NVM requirements such as small size, high speed, ease of 
operation, and low operating voltage. In single-transistor-
based ferroelectric memory, the ferroelectric film polariza-
tion controls the channel between source drain and the chan-
nel resistivity shows the device ON/OFF state. The FeFET 
was proposed in late 1960s [1–3] and the first FeFET was 
fabricated by Wu et al. [4]. Further, an improved structure 
with the insulator layer sandwiched between ferroelectric 
and silicon substrate, i.e. metal–ferroelectric–insulator-field-
effect-transistor (MFIS-FET) was demonstrated by Sugibu-
chi et al. [5]. The research on the development of MFIS-FET 
was slowed down during that period due to the technological 
challenges. In the last two decades, with the advancement in 

process and deposition technologies, the research and devel-
opment of the MFIS-FET is now on surge for the future 
NVM [6].

Ferroelectricity in perovskite materials has revolution-
ized the research and developments towards the non-volatile 
memory. Perovskite-type materials having chemical for-
mula  ABO3 has been widely investigated for pyroelectric, 
piezoelectric and ferroelectric applications [7]. Different 
lead-based and bismuth-based perovskite materials such 
as  BaTiO3,  PbTiO3,  SrTiO3,  PbZrO3, PZT,  SrBi2Nb2O9, 
and  SrBi2Ta2O9 have been widely investigated and their 
ferroelectric properties have been explored over the years. 
Lead-based perovskite shows large polarization but suf-
fers from fatigue and is toxic in nature [8], whereas the 
bismuth-based perovskites are fatigue free and even non-
toxic [9]. Bismuth ferrite  (BiFeO3) has been developed in 
1970s [10], when the atomic structure was investigated by 
C. Michel et al. [11] and the dielectric hysteresis in single-
crystal  BiFeO3 was first reported by Teague et al. [12]. Since 
then  BiFeO3 has been studied as an important multiferroic 
material. Many researches have been done to explore the 
electrical properties of pure  BiFeO3 deposited by solid-state 
reaction [13], microwave-assisted sol–gel [14–16], pulsed 
laser [17], chemical synthesis [18], etc. Ca-doped [19], La-
doped [20], Zn-doped [21], and different transition metal-
doped [22]  BiFeO3 thin films have also been investigated 
for ferroelectric and multiferroic applications. In the recent 
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years, as an alternative to FLASH memory, the integration 
of perovskite thin films on silicon for non-volatile memory 
(NVM) applications have been promoted.  BiFeO3, due to 
the large polarization [23] and multiferroic property [24, 
25], has emerged as an important candidate for the NVM 
application. In the direct integration of  BiFeO3 on silicon, 
due to ferroelectric–silicon lattice mismatch and silicon 
diffusion into  BiFeO3 [26], the ferroelectric properties of 
 BiFeO3 degraded, resulting into larger leakage current and 
low memory characteristics. To reduce the gate leakage cur-
rent and suppress the ferroelectric–silicon interdiffusion, a 
High-k dielectric layer sandwiched between ferroelectric and 
silicon substrate has been proposed. Various studies have 
been done with different insulator layers such as  CeO2/YSZ 
[27],  ZrO2 [28, 29],  HfO2 [30],  BaTiO3, and  SrTiO3 [31] and 
the improved ferroelectric properties have been observed.

In the present study, it is perhaps the first investigation to 
integrate  Al2O3 thin film deposited by sputtering between the 
ferroelectric and silicon substrate. The selection of insulator 
layer  (Al2O3) is based upon its high band gap, large con-
duction band offset [32], high dielectric constant (k ~ 8–10), 
thermodynamically stability with silicon [33], amorphous 
even at high processing temperatures [34] and low-interface 
defect density with silicon [35, 36]. Sputtering deposition 
technique has been used for the deposition of ferroelectric 
and insulator film in the current study as it produces high-
quality oxide film and widely accepted in R&D industries.

2  Experimental procedure

p-type silicon wafer of orientation < 100 > and resistivity 
1–5 Ω-cm has been used as the substrate for thin film depo-
sition and device fabrication. Single-side-polished silicon 
wafer of 2″ diameter and thickness 275 µm has been selected 
for cost-effective device fabrication. Ultrasonic bath and 
standard cleaning method developed by Radio Corporation 
of America (RCA), RCA-1 and RCA-2, has been carried 
out to remove the particle, organic and inorganic impuri-
ties from the silicon wafer. Oxide removal in buffer HF and 
nitrogen drying has been carried out prior to the loading of 
silicon wafer into the vacuum chamber. 99% pure  BiFeO3 
and  Al2O3 sputtering targets of diameter 2″ and thickness 
4 mm procured from M/s Testbourne Ltd., UK., have been 
used for the thin-film deposition. 100-nm thick ferroelectric 
film is deposited and kept constant throughout the experi-
ment. The ferroelectric film deposition has been carried out 
at the power density of 9.87 W/cm2 with deposition rate of 
≈ 6 nm/min. Insulator layer of three different thicknesses 
5, 10, and 15 nm has been deposited at the power density 
of 4.93 W/cm2 and at the deposition rate of 2 nm/min. The 
sputtering has been carried out in a dual target system, the 
chamber has been pumped at the vacuum of 5 ×  10− 5 mbar 

and the process has been carried out at the pressure of 1.0 
×  10− 2 mbar in the presence of argon plasma flowing at the 
rate of 15 standard cubic centimeters per minutes (sccm). 
The deposition of  BiFeO3/Al2O3 stack has been carried out 
without breaking the plasma to obtain high-quality ferroelec-
tric/insulator interface.

After the individual film and stack deposition, the anneal-
ing has been carried out at 400, 500, and 600 °C in a com-
puter-controlled furnace equipped with quartz tube. The 
annealing has been done for 30 min in the presence of high-
purity nitrogen flowing at the rate of 20 sccm. Structural 
characterization (film thickness, refractive index and crystal 
orientation) has been carried out by multiple-angle ellip-
sometry using the SENTECH 400adv ellipsometer operated 
at 632.8 nm HeNe laser and X-ray diffraction using Cu-Kα 
laser operated at 1.54 Å wavelength. Electrical characteri-
zation (capacitance–voltage (C–V), current density–voltage 
(J–V), PUND, pulse I–V, endurance and breakdown voltage) 
has been carried out using Keithley 4200 Semiconductor 
characterization system. The fabricated MFeM, MFeS, MIS 
and MFeIS structure design is shown in Fig. 1.

MFeM structure has been fabricated on silicon substrate 
with 100-nm top and bottom electrodes deposited by RF 
sputtering. Top metal contacts in all the structures have been 
deposited using a high-quality stainless steel shadow mask 
of 100-µm circular opening.

3  Results and discussion

3.1  Structural characterization

Figure 2a, b shows the XRD patterns of the 100 nm  BiFeO3 
and 10 nm  Al2O3 film annealed at 400, 500 and 600 °C. 
Same annealing temperature selection for both the films has 
been done to minimize the processing steps during stack 
formation.

Result shows that the  BiFeO3 film annealed at 500 °C 
crystallizes well in a perovskite phase with the dominant 
peak (104), (110) at 2θ ≈ 32° and (100) at 2θ ≈ 22°. At the 
annealing temperature of 400 °C, several high-intensity 
peaks indicate amorphous and multiferroic film structure. 
The film perovskite phase reduces and several low-intensity 

Fig. 1  MFeM, MFeS, MIS and MFeIS structures for electrical char-
acterization
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peaks were observed at 600 °C, indicating the change in the 
ferroelectric property.

XRD pattern of  Al2O3 film annealed at different tem-
perature shows no dominant intensity peak indicating the 
amorphous nature. Amorphous film structure is the basic 
requirement of the buffer layer [37] as it provides a bar-
rier to charge leakage resulting into lower leakage current in 
comparison with the crystalline film. In the crystalline film, 
the leakage current increases due to the extra leakage path 
through the grain boundaries. Also, amorphous films form 
excellent quality interface with silicon. The amorphous film 
could improve the electrical performance of the device by 
configuring its interface bonding to minimize the number of 
defect states. This reduces the interface defects, which acts 
as the leakage path or charge trapping sites [38, 39].

Multiple-angle ellipsometry for the angle range 60–80° 
in the step size of 5° shows the refractive index of  BiFeO3 
and  Al2O3 film annealed at 400, 500 and 600 °C (Fig. 3).

The refractive index of  Al2O3 film increases from 1.7 
to 1.77 with the annealing temperature 400–600 °C, and 
increase in the refractive index is attributed to the  Al2O3 
atom rearrangement with annealing temperature and change 
in film structure towards crystallinity [40, 41]. For the 
 BiFeO3 film, maximum refractive index of 3.02 has been 
observed at the annealing temperature of 500 °C, which is 
attributed to the crystallized ferroelectric film, also con-
firmed from the XRD result. After structural characteriza-
tion, electrical characteristics of the ferroelectric, insulator 
and film stack have been obtained.

3.2  Electrical characterization

3.2.1  MFeM structures

MFeM structures annealed at 400, 500, and 600 °C were 
electrically characterized to obtain the pulse IV and hyster-
esis characteristics, shown in Fig. 4.

For the charge versus voltage measurement, voltage in 
the form of positive and negative V-shaped pulse has been 
applied across the MFeM structure and the corresponding 
current was simultaneously measured. The total current was 
then sampled to determine the charge across the ferroelectric 
film. Figure 4a, b shows the pulse IV and hysteresis curve for 
the ferroelectric film annealed at 400 °C. The pulse IV curve 

Fig. 2  XRD patterns of a 
 BiFeO3, and b  Al2O3 films 
annealed at 400, 500 and 600 °C

Fig. 3  Refractive index of  BiFeO3 and  Al2O3 film annealed at 400, 
500 and 600 °C
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shows the current following the applied voltage in a resis-
tive manner. This resistive nature of the film is attributed 
to the amorphous crystal structure. The film also shows the 
irregular and unsaturated hysteresis loop when measured for 
the voltage range from ± 1 to ± 10 V; the irregular hysteresis 
loop is due to the resistive and multiferroic characteristic 
of the annealed film. Low remnant charge (7.3 ×  10− 12 C) 
and coercive voltage of − 3.35 V have been observed for the 
voltage sweep of ± 10 V. MFeM structure with ferroelectric 
film annealed at 500 °C shows the pure ferroelectric prop-
erty and, therefore, characterized for the large voltage range 
from ± 5 to ± 40 V (Fig. 4c, d). Significant remnant charges 
are observed for the structure and plotted in Fig. 4e. The 
remnant charge increases from 3.5 ×  10− 11 for 5 V to 2.5 × 
 10− 10 for 40 V voltage magnitude. The hysteresis loop found 
shrinking for the ferroelectric film annealed at 600 °C, which 
is due to the decrease in film crystallinity and ferroelectric 
properties.

3.2.2  MFeS structure

The ferroelectric film has been deposited on the silicon sub-
strate, annealed at different temperature, MFeS structure 
fabricated and J–V and C–V characteristics were obtained, 
shown in Fig. 5.

Leakage current density of order  10− 4 A/cm2 at − 10 V 
and  10− 6 A/cm2 at 10 V has been observed at the annealing 
temperature of 400, 500 and 600 °C. Higher current density 
at negative gate bias is due to the substrate injection from 
p-type silicon. Pore and void defects in the ferroelectric 
film act as the leakage current path, resulting in the rela-
tively high current density in the MFeS structures. With the 
applied gate voltage, current density increases gradually, 
which may originate from the gradual release of oxygen 
vacancy from the complex defects.

The voltage (C/Cox ‒ V) characteristic (Fig.  5b) has 
been measured for the voltage sweep from accumulation to 
inversion and back to accumulation for the voltage range of 
± 10 V at 100 KHz. The MFeS structure shows the maxi-
mum memory window of 2.03 V at the annealing tempera-
ture of 500 °C. The memory window reduces to 1.38 V with 
an increase in the annealing temperature to 600 °C. The 
memory window indicates the difference between flatband 

voltages during the voltage sweep. Maximum memory win-
dow is due to the crystallized perovskite film even indicated 
from the XRD and ellipsometric data. Low memory window 
observed in the MFeS structures might be due to the follow-
ing reasons: (1) charge injection into the ferroelectric layer 
from silicon substrate or metal electrode, (2) interface trap 
states or defects in the ferroelectric layer and ferroelectric/
silicon interface, and (3) voltage drop across the interfacial 
native  SiO2 layer. To address these causes of low memory 
window MFeIS structure has been fabricated. Optimization 
and investigation of the buffer  Al2O3 layer has been done by 
fabricating the MIS capacitor structures.

3.2.3  MIS structure

Al2O3 thin film of 10 nm has been deposited on the silicon 
substrate and annealed at 400, 500, and 600 °C. The struc-
tures were then electrically characterized (current density 
and capacitance were measured) to investigate the effect of 
annealing temperature on the buffer layer parameters, shown 
in Fig. 6.

Symmetric leakage current density of the order  10− 2 A/
cm2 has been observed for the  Al2O3 film. The symmetric 
current is due to the amorphous nature of the deposited film 
at different annealing temperature even evident from the 
XRD data. Similar C–V characteristic has been observed 
for the MIS capacitor with  Al2O3 film annealed at different 
temperature. The results shows that for the annealing tem-
perature selected in this study, the insulator film remains 
amorphous.

3.2.4  MFeIS structure

From the structural and electrical characterization of the fer-
roelectric film, the perovskite nature and maximum memory 
window has been confirmed at the annealing temperature 
of 500 °C. Also, amorphous nature of the insulator layer at 
500 °C has been evident from the structural and electrical 
characterization. Based on the findings, annealing tempera-
ture of 500 °C has been selected as the reference temperature 
for further study. For the MFeIS structures, stack of buffer 
layer (5, 10 and 15 nm) and ferroelectric layer (100 nm) has 
been deposited and annealed together at 500 °C in nitrogen 
ambient for 30 min. J–V and C–V measurements were car-
ried out to investigate the device electrical characteristics, 
shown in Fig. 7.

Leakage current density in the range of  10− 4–10− 6 A/
cm2 has been observed for the MFeIS structure annealed at 
500 °C with buffer layer of 5, 10 and 15 nm thickness. As 
apparent from the obtained characteristics, introduction of 
buffer layer significantly reduces the substrate injection into 
the ferroelectric layer leading to the reduced leakage cur-
rent. At high gate voltage direct tunneling and trap-assisted 

Fig. 4  a Sample input triangular waveform and current response for 
the MFeM structure annealed at 400 °C, b charge versus gate voltage 
characteristic of MFeM structure for different input voltage sweep 
and anneal at 400 °C, c input triangular wave and corresponding cur-
rent for the MFeM structure annealed at 500 °C, d charge versus gate 
voltage characteristic for the MFeM structure annealed at 500 °C, e 
remnant charge and coercive voltage for MFeM structure annealed at 
500 °C, f input triangular waveform and corresponding current for the 
MFeM structure annealed at 600 °C, g charge versus gate voltage for 
the MFeM structure annealed at 600 °C

◂
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conduction is the dominant current conduction mechanism. 
Fowler–Nordheim tunneling mechanism has been observed 
at lower gate voltages. Maximum memory window of 3.49 
and 4.75 V has been observed for the MFeIS structure with 
5 and 10 nm buffer layer, respectively. In the MFeIS struc-
ture, memory window depends on the inter-reaction and 
interdiffusion between the ferroelectric and silicon layer. 
It is important that the introduced dielectric layer act as 
a potential barrier to inhibit the charge injection from the 
silicon substrate to the ferroelectric layer. Along with that, 
the buffer layer should be sufficiently thick to prevent the 
inter-reaction between the ferroelectric layer and silicon sub-
strate. Low memory window detected in case of 5-nm buffer 

layer is due to the insufficient buffer layer thickness which 
is unable to prevent the diffusion of ferroelectric to silicon 
substrate. Direct contact of ferroelectric layer with silicon 
provides a leakage path for the current to flow and reduced 
memory window. The 10-nm buffer layer is thick enough to 
prevent the ferroelectric–silicon interdiffusion and loss of 
ferroelectric properties, hence improved memory window. 
An interesting result has been observed for 15-nm buffer 
layer, where the memory window reduced from 2.03 V in 
MFeS capacitor to 1.89 V in MFeIS capacitor. Reduced 
memory window is attributed to the higher voltage drop of 
the applied gate voltage across the 15-nm buffer layer com-
pared to 10-nm buffer layer. For the MFeIS capacitor with 

Fig. 5  a J–V and b C–V 
characteristic of the MFeS 
structure annealed at 400, 500, 
and 600 °C

Fig. 6  a J–V and b C–V char-
acteristics of MIS capacitors 
annealed at 400, 500 and 600 °C

Fig. 7  a J–V and b C–V charac-
teristics of MFeIS structure with 
5, 10 and 15 nm buffer layer
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10-nm buffer layer, PUND and endurance characterization 
has been carried out and the results obtained are shown in 
Fig. 8.

PUND and Psw–Qsw characteristics shows the ferroelec-
tric property of MFeIS structure with no charge degradation 
upto  108 read–write cycles.

A ramp voltage has been applied to investigate the break-
down voltage of the MFeS and MFeIS devices showing 
maximum memory window, the results obtained are shown 
in Fig. 9.

MFe(100 nm)S and  MFe(100 nm)I(10 nm)S structures annealed 
at 500 °C show the breakdown voltages of 29 and 39 V, 
respectively. Enhancement in the breakdown voltage with 
the buffer layer is due to increase in total dielectric plus fer-
roelectric thickness, improved Si–Al2O3 and  Al2O3–BiFeO3 
interfaces.

4  Conclusion

In this work, pure  BiFeO3 film deposited by RF sputter-
ing on the silicon substrate crystallizes for 30 min nitrogen 
ambient annealing at the temperature of 500 °C. The fer-
roelectric properties of the  BiFeO3 film have been found 
very sensitive to the annealing temperature. The crystallized 
 BiFeO3 film in MFeS structure shows memory window 

of 2.03 V at ± 10 V sweep and remnant charge of 2.5 × 
 10− 10 at 40 V pulse voltage magnitude. Improved memory 
window of 4.75 V and breakdown voltage of 39 V have been 
observed in MFeIS structure with 10-nm buffer layer. The 
Metal/BiFeO3/Al2O3/Si structure shows promising PUND 
and endurance characteristics with the read–write cycles of 
 108. The fabricated combination may serve as a promising 
structure for the future non-volatile ferroelectric memory 
applications.

Fig. 8  a, b PUND, and c Psw–
Qsw characteristics of MFeIS 
capacitor structure with 10-nm 
buffer layer

Fig. 9  Breakdown voltage of  MFe(100 nm)S and  MFe(100 nm)I(10 nm)S 
structure annealed at 500 °C
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