
1. Introduction

Barium titanate (BaTiO3) is a very attractive material in the 
field of electroceramics and microelectronics due to its good 
electrical properties. Its high dielectric constant and low loss 
characteristics make BTO an excellent choice for many appli
cations, such as capacitors, multilayer capacitors (MLCs) 
and energy storage devices [1]. In the past two decades, there 
have been extensive activities to grow ferroelectric BTO with 
thickness  ⩾  1 µm which led to standardization of growth of 
relative thick films with good ferroelectric properties [2–6]. 

BTO being free of Pb makes it an attractive alternative to 
PbZrTiO3 (PZT). BTO, which is ferroelectric at room temper
ature, undergoes a transition from a ferroelectric tetragonal 
phase to a paraelectric cubic phase upon heating above 130 
°C [1, 7]. In cubic perovskite BTO, titanium atoms are octa
hedrally coordinated by six oxygen atoms. Ferroelectricity 
in tetragonal BTO arises due to an average relative displace
ment along the caxis of titanium from its centro symmetric 
position in the unit cell and consequently the creation of a 
permanent electric dipole. The elongation of the unit cell 
along the caxis and consequently the deviation of the c/a 
ratio from unity are used as an indication of the presence of 
the ferroelectric phase [1].
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In more recent activities, the focus has shifted on the 
growth of thin BTO films [8, 9] with thickness  ⩽200 nm 
and preferably even thinner, such as 100 nm [10]. It is desir
able to have thin films of BTO grown on Pt/Si that can act 
as a super capacitor if the relative permittivity is more than 
100. However, the growth of thin BTO film (~100 nm) with 
acceptable dielectric and ferroelectric properties has not been 
adequately addressed and the method to grow such a film has 
not been standardized either. In a recent work [10], BTO film 
of thickness 100 nm was grown on Si with a buffer layer of 
SrTiO3 (STO) using different methods (including pulsed laser 
deposition (PLD)) for electrooptic modulators. It was found 
that the morphology, crystallite grain size as well as porosity 
are important parameters that need be controlled for retention 
of good ferroelectric properties. Attempts to grow thin BTO 
films (thickness  ⩾  230 nm–400 nm) on Pt/Si using PLD by 
Nd: YAG laser show that the dielectric constants are strongly 
suppressed and the relative dielectric constant is often  <30 
[11]. The microscopic origin of this reduced capacitance, 
which is often discussed in terms of a lowpermittivity ‘dead 
layer’, is not well understood [12–15]. Experimentally, the 
thickness of the ‘dead layers’ seems to be about 10 nm or 
somewhat more [16, 17]. It is found that though existence of 
such a low permittivity ‘dead layer’ has been acknowledged 
in past investigations, there is lack of knowledge about the 
nature of this layer [16, 18, 19]. There is also a strong require
ment of its removal along with the restoration of the perovskite 
phase by a post growth processes. In this paper, we address 
this issue specifically and show that this layer in fact is a non
perovskite TiO2 rich phase that lowers the dielectric constant. 
This article highlights the use of xray diffractometry (XRD), 
fieldemission scanning electron microscopy (FESEM), 
energy dispersive xray spectroscopy (EDS) and xray photo
electron spectroscopy (XPS) for both invest igation and semi
quantitative evaluation of Si/Pt(1 1 1)supported BTO films. 
We also show how a postgrowth combination of Ar plasma 
treatment can remove this nonperovskite layer followed by 
annealing in Ba reach condition restores the perovskite phase 
and thus significantly improves the dielectric and ferroelec
tric response. The invest igation was carried out on a BTO 
thin film (~110 nm) grown on a Pt/Si substrate by PLD using 
an Excimer laser and a number of diagnostics tools were used 
to identify the surface and subsurface layer.

2. Experimental methods

2.1. Material synthesis and film growth

Commercially available BaCO3 and TiO2 powders of 99.9% 
purity from Sigma Aldrich in the molar ratio of 1:1 were used 
to make a pressed target for PLD. The mixture of BaCO3 
and TiO2 was calcined at 900 °C for 3 h using a PVA binder.  
Then it was pressed to form a pellet and finally sintered at  
1200 °C for 3 h to make a compact and defect free target for 
PLD. In this work KrF excimer laser with laser wavelength 
248 nm has been used. Thin films of BTO were grown on 
Pt(1 1 1)(150 nm)/TiO2(20 nm)/SiO2 (300 nm)/Si substrate 

kept at 650 °C at oxygen partial pressure of 0.2 mbar by 
varying the laser fluence. Films are grown at four fluences 
varying from 1.7 J cm−2 to 3.7 J cm−2 with 4000 laser shots. 
The films were post growth annealed at 650 °C in a partial 
pressure of 0.3 mbar.

2.2. Characterization

Crystallographic phase formation and perovskite phase content 
in the bulk and at the surface of the films were characterized 
by XRD using a nickel filtered CuKα1 radiation and grazing 
incidence XRD (GIXRD) measurements with an angle of 
incidence of 0.2° to the sample surface. The morphologies of 
the BTO films were also characterized using FESEM. Cross
sectional TEM (XTEM) studies of BTO on Pt/Si substrates 
were carried out using a microscope operating at 300 kV with 
LaB6 emitter. Composition as well as the chemical states of 
Ba, Ti and O of the BTO films were examined as a function 
of film thickness through XPS depth profiling using a mono
chromatized Al Kα (1486.6 eV) xray beam of size ~100 µm. 
For surface cleaning and depth profiling, the sample surface 
was etched with Ar+ ion at 2 keV for different time intervals 
to sputter out the films over an area of ~2 mm  ×  2 mm. The 
sputtering rate of the surface is 5 nm min−1. During XPS mea
surements, the residual pressure of the analysis chamber was 
maintained at ~10−8 mbar. The energy scale of highresolution 
Ba3d, Ti2p, and O1s spectra were calibrated in reference to the 
adventitious carbon at 284.5 eV in binding energy (BE) scale to 
compensate the surface charge effects. Following the straight 
line back ground subtraction method, recorded high resolution 
Ti2p, Ba3d5/2 and O1s photoelectron peaks were resolved into 
their respective Gaussian fits after background subtraction.

Ferroelectric test system was used to measure the polariza
tion–electric field (P–E) hysteresis curves of the BTO films at 
a frequency of 1 kHz. Remnant polarizations (Pr) and coercive 
fields (Ec) were determined from the P–E loop. The di electric 
measurements were performed in the frequency range of 
1 kHz to 1 MHz. The capacitance was determined using a par
allel plate configuration where Pt was used as the bottom elec
trode and a film of Cr/Au (5 nm/60 nm) grown on BTO film 
was used as the top electrode. The dielectric permittivity was 
obtained from the measured capacitance using the equation of 
a parallel plate configuration. Surface reconstruction has been 
carried out using a hybrid process of Ar plasma treatment [20] 
along with post annealing with excess Ba. An inductively cou
pled plasma reactive ion etcher (ICPRIE) system was used to 
remove the top surface of the BTO film by Ar plasma. A 13.56 
MHz RF generator is used for driving the inductively coupled 
source and a second RF generator is coupled to the substrate 
electrode. In an ICP reactor, plasma density and ion energy 
can be varied separately. To increase the flux density, ICP 
power has to be increased and to increase the ion energy, the 
DC bias on the substrate electrode, which is the RF power, has 
to be increased. A detailed description of the ICPRIE system 
is given in supplementary SS2 (available online at stacks.iop.
org/JPhysD/51/085304/mmedia). The plasma treated film was 
then air annealed within a closed chamber.

stacks.iop.org/JPhysD/51/085304/mmedia
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3. Results and discussion

3.1. Interface and surface study using cross sectional TEM 
and GIXRD

BTO films grown on a Pt/Si substrate using PLD at optimal 
condition (2.8 J cm−2) shows a rich perovskite phase content 
(92%) as determined from XRD data (see supplementary data 
SS1) with balanced content of 8% being nonperovskite TiO2 
phases. For films grown with non optimal fluence, the content 
of perovskite and nonperovskite phases can both be nearly 
50%. The surface microstructure of BTO thin films grown 
under different laser fluence and subsequently postannealed 
under identical conditions as investigated by FESEM show 
wellcrystallized BTO films with a uniform granular morph
ology at an optimal laser fluence of 2.8 J cm−2 (see supple
mentary data SS1).

The bright field XTEM image of 110 nm thick BTO film on 
a Pt/Si substrate (figure 1) shows nanocolumnar morphology 
of the perovskite BTO grown perpendicularly on the substrate 
surface. The BTO film maintains a sharp interface with the Pt 
bottomelectrode as observed from the highresolution image 
(inset figure 1).

A GIXRD pattern taken at an incidence angle of α  =  0.2° 
provides crystallographic phase information of the film with 
predominant contribution from the region near the surface. 
Figure 2(a) shows the data for the asgrown film, which shows 
that along with peaks of perovskite phase (marked with symbol 
Pv) there is an intense peak due to TiO2 at 2θ  =  25.23°. TiO2 
phase contribution is calculated to be around 37%. This sug
gests that the top surface of the as grown film is enriched with 
TiO2, because in the bulk of the film the TiO2 phase contrib
ution is only 8% (as deduced from XRD). The GIXRD data 
thus ascertains that the nonprovskite TiO2 phase is predomi
nantly present at the surface.

3.2. Dielectric and ferroelectric response study

The presence of the nonperovskite top layer leads to 
depressed dielectric and ferroelectric response as can be seen 
in figure 3 which shows dielectric properties studied on the 
asgrown film using impedance spectroscopy in a planar con
figuration within the frequency range of 1 KHz–1 MHz. The 
relative dielectric constant (∈r) of the asgrown film (figure 
3(a)) is ~60, which is below the reported values observed 
in relatively thicker films [4]. Dielectric loss of the film, as 
shown in figure 3(b), is around 1.6. Both the quantities fall 
sharply after a frequency range of 1 KHz–10 KHz, showing 
the poor dielectric behavior and lossy nature of the asgrown 
BTO/Pt. The typical values of permittivity for polycrystal
line tetragonal BTO films in the thickness range 0.2–2 µm 
as reported by previous investigation range between 80 and 
1900 [21], indicating the presence of some amount of non
perovskite phase that lowers the permit tivity in these films 
[22]. Figure 3(c) shows the P–E loop taken on the asgrown 
BTO at 1 KHz, that reveals a low remnant polarization of 
0.037 µC cm−2 (scaled to 2 xs in the figure) and a coercive 
field 56 kV cm−1.

3.3. Depth resolved XPS analysis to determine the surface 
and near surface phases

As confirmed by the GIXRD analysis, there is an enrichment 
of TiO2 at the surface/subsurface of the optimized films that 
leads to the necessity of an in detailed analysis of the depth 
dependent change in the BTO film composition at the sur
face/subsurface. Hence, XPS depth profiling study was car
ried out on the asgrown optimized BTO films (2.8 J cm−2). 
Highresolution spectra of Ba3d, Ti2p and O1s photoelectron 
lines recorded from the BTO film as a function of Ar+ sput
tering time are shown in figures 4(a)–(c). Spectra shown in 
figures 4(a)–(c) were acquired over a time span of 1–12 min 
of Ar+ sputtering. As we approach from the surface to the 
inter ior of the film, a slight shift in the peak position of Ti2p 

Figure 1. Bright field XTEM image of BTO film on a platinized 
Si substrate showing nanocolumnar morphology. Inset: a high
resolution image showing sharp interface with Pt.

Figure 2. GIXRD analysis of BTO thin films on Pt/Si substrate 
at α  =  0.2°. (a) Showing enrichment of TiO2 phase at the surface. 
(b) Showing conversion of nonferroelectric phase to ferroelectric 
perovskite phase after surface restructuring.
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can be observed (mark by arrow). The pattern becomes wide 
with an asymmetry towards lower binding energy side, which 
suggests the existence of multiple valence states of Ti across 
the thickness of the films.

The deconvoluted Ti2p, Ba3d and O1s photoelectron 
spectra (lines assumed to be Gaussian) obtained after succes
sive Ar+ sputtering are shown in figures 4(a)–(c) respectively. 

At the surface (Ar+ sputtering  =  1 min), Ti2p spectrum can 
be resolved into two Gaussian components. Resolved pho
toelectron peaks at ~457.5 eV and ~463.3 eV correspond to 
Ti2p3/2 and Ti2p1/2 spin orbit doublets due to Ti4+ chemical, 
i.e. Ti atom attached to BTO and/or TiO2 [23, 24]. But as we 
move towards the interior of the film, two valence states of 
Ti have been noticed. The peaks of Ti2p at a lower binding 

Figure 3. (a) Change in the dielectric constant. (b) Change in the dielectric loss. (c) Polarization versus electric field of BTO films grown 
on Pt(1 1 1)/Si substrate before (red) and after (black) surface engineering.

Figure 4. Depth dependent highresolution XPS spectra of (a) Ti2p, (b) Ba3d, (c) O1s of the BTO film grown at a laser fluence of 2.8 J cm−2 
taken as a function of Ar penetration depth.
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energy of 456.4 eV and 461.8 eV correspond to a lower oxida
tion state of Ti that may arise due to the reduction in the Ti4+ 
state during the interaction with Ar+ [24]. Near the surface, a 
shift of 0.35 eV of Ti2p peak towards higher binding energy 
is observed. This shift in the peak of Ti2p arises due to the 
enrichment of the surface with TiO2. In case of TiO2 as well 
as BTO though the chemical state is Ti4+ but the shift in the 
binding energy position is due to the change in the chemical 
environment of the compounds. A similar type of energy shift 
has been observed by other authors in the case of Ti4+ [22]. 
The XPS results corroborates with the GIXRD analysis that 
the surface of the BTO films are enriched with TiO2.

The Ba3d signal corresponding to Ba3d5/2 and Ba3d3/2 spin 
orbit doublet exhibits three components at binding energies 
777.7 eV, 778.4 eV and 779.6 eV corresponding to barium 
in Ba° state, Ba2+ attached to BaTiO3 and Ba2+ attached to 
BaCO3, respectively. The peaks match well with the observa
tions made by other authors [24]. The lower oxidation state 
may arise due to the reduction of Ba during the interaction 
with the Ar+. Reduction of oxidation state due to interaction 
with Ar+ is a common phenomenon in XPS [25]. As the target 
is formed by a solid state reaction of BaCO3 and TiO2 some 
of unreacted BaCO3 may have been present in excess in the 
BTO pellet thus arising in the film. The O1s signal displays 
three components with at 528.7 eV, 530.7 eV and 532.4 eV at 
the surface assigned to oxygen in BaTiO3, BaCO3 and surface 
adsorbed oxygen respectively. The surface adsorbed oxygen 
vanishes as the film surface is cleaned by Ar+. The O1s peak 
also shows the presence of BaCO3 within the film matrix. 
But the GIXRD and XRD do not confirm the presence of any 
BaCO3 within the sample surface as well as bulk as it can be 
present in amorphous form.

Change in the relative concentrations of Ba, Ti and O have 
also been studied as a function of depth. At a particular depth, 
relative concentrations of Ba, Ti and O have been estimated by 
taking the ratio of integrated intensity (area under background 
subtracted photo electron profile) of the respective element to 
the sum of integrated intensities of [Ba3d/ASF(Ba3d)  +  Ti2p/
ASF(Ti2p)  +  O1s/ASF(O1s)], i.e.

Relative concentration X = (I)x/((I)Ba3d + (I)Ti2p + (I)O1s).

Here, X  =  Ba3d/Ti2p/O1s and ASF is atomic sensitivity 
factor of the respective elements. The result is depicted in 
figure 5 which shows that the surface of the film is Ti enriched 
compared to that of the interior of the film. As we move from 
the surface to the interior of the film, the concentration of all 
the three elements stabilizes.

The XPS analysis along with the GIXRD establish the 
main hypothesis that it is the enrichment of Ti on the surface 
pointing out to the higher concentration of TiO2 phase at the 
surface. This explains the poor dielectric constant and higher 
dielectric loss of the films and their poor ferroelectric proper
ties. It is also noted that that partial oxygen deficiency in the 
films enhances its conductivity and can also contribute par
tially to a degraded ferroelectric property.

The XPS result also validates the GIXRD results and estab
lishes the role of nonperovskite TiO2 at the surface/sub surface 
region up to at a depth of ~25 nm from the top surface that leads 
to degradation of its dielectric and ferroelectric properties.

3.4. Restoration of perovskite phase at surface/subsurface

So far we have found the cause of the degradation of the BTO 
thin films as well as answered a question which arises of the 
fact of the composition or nature of the dead layer as reported 
by many authors [12, 15, 16]. This leads to the fact that there is 
a strong requirement of restoration of perovskite phase at the 
surface/subsurface of BTO thin films (<100 nm). In this work, 
we attempted to restore the BTO film surface by removing the 
TiO2 enriched surface by a hybrid method of plasma treatment 
and annealing that removes the top layer of the degraded film 
and reforms the BTO with proper stoichiometry. The process 
is explained by a schematic shown in figure 6.

The surface TiO2 phase extending to ~25 nm was etched 
using Ar plasma in an inductively coupled plasma (ICP) 
system. The ICP power and substrate RF power were optim
ized under the process pressure of 0.6 Pa with 20 sccm Argon 
gas flow. The etch time (30 s) was set in accordance to the pre
measured etch rate of 50 nm min−1 to remove the 25 nm of top 
surface with the optimized ICP power of 200 W and RF power 
of 50 W. The RF power corresponds to the DC bias of  −138 V  
which is applied at the bottom electrode and controls the 
average energy for the ion bombardment on the substrate. 
The ion milling by RF plasma with a substrate power avoids 
damage to the surface as it is often obtained with ion gun based 
cleaning. The plasma processed BTO film still does not have 
high enough dielectric constants due to the presence of Ba defi
cient phases. The film was then postannealed again using an 
excess of BaCO3 (10 mol% of target composition) in a furnace 
at ~700 °C for 3 h (figure 6). Crystallographic phase formation 
and dielectric properties were studied in the previous manner 

Figure 5. Change in the relative concentration of the elements Ba, 
Ti and O as a function of Ar penetration depth throughout the BTO 
film grown at 2.8 J cm−2 shows the enrichment of Ti at the surface 
of the film.



S Sengupta et al

and compared to that of the as grown film. The GIXRD was 
taken again after the plasma and annealing treatment and the 
data are given in figure  2(b). It shows that the annealing of 
BTO films with excess of BaCO3 results in the enhancement in 
the intensity of all diffraction lines corre sponding to perovskite 
phase implying an overall improvement in the degree of crys
tallization and/or in perovskite phase content of the films. It 
also shows that the surface has been completely transformed to 
the perovskite phase (from 63% to 100%) and there is also no 
signature of TiO2 phase (that decreased from 37% to 0%). This 
process also increases the texturing of the film and enhances 
the extent of orientation along (1 0 0) direction as obtained 
from GIXRD analysis (figure 2(b)).

Importantly, the post growth treatment of the film also 
enhances the dielectric properties. Figure 3(a) shows an incre
ment of ∈r by more than 2 times and ∈r  →  175. In fact, even 
upto a frequency of 1 MHz and possibly beyond ∈r stabilizes 
at around 100. This is a significant improvement because in 
the asgrown film ∈r  →  0. The loss factor versus frequency 
plot in figure 3(b) also shows that the there is a decrease in the 
loss factor that indicates a compact perovskite structure. At 
frequencies ~1 MHz, the loss factor is  ⩽0.1. Importantly, as 
shown in figure 3(c), there is a significant improvement in the 
P–E loop that shows enhanced (one order more) polarization. 
The above study establishes that the surface and subsurface 
can be made free from nonperovskite TiO2 phases by means 
of a combination of plasma and annealing treatment done 
postgrowth. It is noted that the surface cannot be restored 
by either of the treatments alone. When individually carried 
out, neither the plasma treatment or annealing lead to property 
enhancement in the film.

4. Conclusion

This work provides a new method to convert the nonfer
roelectric phases that are present on the surface as well as 
the subsurface of BTO thin films to ferroelectric perovskite 
phases. Our work also provides a complete analysis towards 
the important question of degradation of ferroelectric and 
dielectric performances in BTO films grown on metallic Pt 
substrates. We have shown, using different characterization 

tools (in par ticular depth resolved XPS and GIXRD data), 
that the presence of nonperovskite and nonferroelectric 
phase (like TiO2) at the surface and the subsurface region 
plays a crucial role that leads to degradation of the ferro
electric properties of the BTO film. In our work, we have 
studied systematically the phase formation, morphology as 
well as ferroelectric and dielectric properties of thin film of 
BTO grown on platinized Si substrates using PLD. It has 
been observed that though the BTO phase formation is about 
92% in the bulk of the asgrown film, the film has very low 
di electric and FE response due to TiO2 enriched (37%) top 
and near surface region of the film. By employing post 
growth plasma treatment with Ar followed by annealing with 
excess of BaCO3, it was possible to convert the surface as 
well as subsurface of the BTO thin films to 100% perovskite 
phase. This led to the substantial enhancement of dielectric 
and FE properties.
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