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While piezoelectric- ferroelectric materials offer great potential for nonvolatile random access memory,
most commonly implemented ferroelectrics contain lead which imposes a challenge in meeting envi-
ronmental regulations. One promising candidate for lead-free, ferroelectric material based memory is
(1 —x)BaTiOs — xBa(Cuq 3Nb,/3)03 (BT-BCN), x = 0.025. The samples studied here were grown on a Si
substrate with an HfO, buffer layer, thereby preventing the interdiffusion of BT-BTCN into Si. This study
provides further insight into the physical behavior of BT-BCN that will strengthen the foundation for
developing switching devices. The sample thicknesses ranged from 1.5 to 120 nm, and piezoelectric force
microscopy was employed in order to understand the local ferroelectric behaviors. Dielectric constant as
a function of frequency demonstrated enhanced frequency dispersion indicating the polar nature of the
composition. The relative permittivity was found to change significantly with varying bias voltage and
exhibited a tunability of 82%. The difference in the peak position during up and down sweeps is due to
the presence of the spontaneous polarization. Furthermore, reflectometry was performed to determine
the refractive index of samples with differing thicknesses. Our results demonstrate that refractive indices
are similar to that of barium titanate. This is a promising result indicating that improved ferroelectric
properties are obtained without compromising the optical properties.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction FeRAM applications is the lead-free compound BaTiO3 (BTO). We

have shown that when BTO is doped with Ba(Cuq/3Nb,/3)03 to

Ferroelectric (FE) materials are promising candidates for
random access memory devices due to their non-volatile proper-
ties, allowing for significantly higher data retention times
compared to dynamic access memory [1—6]. They also offer
significantly faster possessing times and higher endurance
compared to flash [1,2,7]. However, two main concerns facing the
implementation of FE random access memory (FeRAM) are the
limited availability of lead-free FE materials and the possibility of a
destructive readout process [2]. One possible material candidate for
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form (1 —x)BaTiO3 — xBa(Cuy,3Nb,3)03 (BT-BCN), x = 0.025, its
piezoelectric response is enhanced [8—10]. The local crystallo-
graphic distortions in bulk BT-BCN were found to play a major role
in giving rise to enhanced piezoelectric response, as observed
through the change in the local lattice dynamics and hyperfine
splitting [8]. The overall enhanced piezoelectric response in the
bulk system was attributed to the synergic effects of the polar
distortions, distribution of polar nano-regions, and domain
confinement.

Furthermore, to maintain charge neutrality in BT-BCN, the for-
mation of the defect dipoles was reported [8—10], which were
aligned along crystallographic c-axis and found to play important
role in governing the field-dependent response. We expect these
defect dipoles, along with other charged defects, resulted in
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internal bias and modulated electrical transport behavior. These
defect dipoles can modulate the optical response of the system, and
thus this study focuses on quantifying the variation in the dielectric
permittivity and the optical response.

In our prior study, the ferroelectric properties of BT-BCN thin
films were measured and its potential applications in nonvolatile
memory devices was elucidated [11]. Apart from this electronic
memory application, current research interest also lies in the
fabrication of lead-free ferroelectrics, and in implementation of
nondestructive readout utilizing electro-optical (EO) properties of
FE materials [12,13]. In the literature, there is no report available on
determining EO coefficients of BT-BCN thin films, though BT-BCN
offers several advantages over BTO [8,9,11,14]. In this study, first
we demonstrate the integration of the ferroelectric BT-BCN thin
films on Si, with an HfO; buffer layer. Next, FE behavior was char-
acterized using domain switching through piezoelectric force mi-
croscopy (PFM) measurements and dielectric permittivity, and
lastly, reflectometry measurements were performed in order to
measure the index of refraction. This study sheds light towards
developing opto-integrated circuits on Si using a lead free FE.

2. Samples

Atomic layer deposition was used to grow 10 nm thick HfO,
layers at 250 °C on a p-Si substrate, while BT-BCN was deposited by
pulsed laser deposition (PLD) at temperatures ranging from 750 to
800 °C. The BT-BCN target (for PLD) was synthesized using the
conventional solid state reaction method [11]. In order to investi-
gate microstructure, cross-sectional scanning electron micrographs
(SEM) were recorded using a LEO Zeiss 1550 (Zeiss, Munich, Ger-
many) microscope. To avoid charging during microscopy, a
palladium-gold coating was applied on the film surface. Fig. 1a) and
b) show SEM cross-sectional micrographs of the two BT-BCN films

BT-BCN

with thicknesses of 120 and 90 nm, respectively. Fig. 1c shows
transmission electron microscopic image of the sample exhibiting
HfO; buffer layer and columnar growth of the films. Fig. 1d shows
the elemental analysis of the film where one can clearly see clean
interface of the film, buffer layer (HfO;) and the substrate.
Furthermore, the BT-BCN film with higher thickness could have
reduced clamping from the substrate and may exhibit superior
functional response and relative permittivity. The enhanced
piezoelectric response is accompanied with enhanced relative
permittivity, which in turn is related to the refractive index of the
system.

3. Experimental details
3.1. Piezoelectric force microscopy

In order to quantify the local ferroelectricity in BT-BCN, we
employed PFM (SCM-PIT, Bruker) to probe the local domain con-
figurations and understand the polarization switching behavior.
The PFM topography obtained from the surface of BT-BCN thin film
is shown in Fig. 2. Fig. 2a) shows the amplitude micrograph of the
90 nm thick film, and Fig. 2d) displays the amplitude as a function
of tip bias. Fig. 2b) and c) show the PFM phase micrographs, with
the polarization of the central region in Fig. 2c) being reversed
compared to Fig. 2b). In these micrographs, polarization is down-
ward in the dark region and is upward where the region is yellow,
affirming the 180° phase difference between two domains [11,15].
The out-of-plane piezoresponse was recorded as a function of
applied voltage. The PFM hysteresis loop in amplitude is shown in
Fig. 2d), whereas, Fig. 2e) depicts the hysteresis loop in phase. These
results establish the ferroelectricity in BT-BCN thin films. In prior
work, we have also demonstrated the polarization inversion in BT-
BCN ceramics [11]. It is noteworthy to mention that domain

(c)

Fig.1. SEM measurements for two samples, with growth temperatures of 800 °C and 750 °C for panel a) and panel b), respectively. The thickness of the layer in sample a) is 120 nm,
while the thickness of the film in b) is 90 nm c) Bright field TEM image. d) Elemental mapping across the interface, indicating diffusion free interfaces.
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Fig. 2. a) PFM amplitude micrograph of the 90 nm thick BT-BCN film. The phase micrographs can be seen in b), and c), where the phase of the central region was reversed. FE
behavior can be shown by the hysteresis in the amplitude and phase component of the PFM, as seen in figures d) and e).

switching behavior in BT-BCN may play a controlling role in
determining the field-dependent change of the refractive index
[16].

3.2. Variation in the dielectric permittivity

In order to better understand the dielectric behavior of BT- BCN
films, the dielectric constant as a function of frequency was
measured, as shown in Fig. 3a, for the 120 nm thick sample. For
these measurements, Pt electrodes (diameter ~ 200 um) were
deposited on the top surface of the film. One can clearly observe
enhanced frequency dispersion of the relative permittivity
demonstrating the polar nature of the specimen. We also measured
capacitance versus voltage at 200 kHz while sweeping voltage from
negative to positive (up) and from positive to negative (down),
presented in Fig. 3b. The relative permittivity was found to change
significantly with varying bias (V) and exhibited a tunability of 82%.
The difference in the peak position during up and down sweeps is
due to the presence of the spontaneous polarization. The variation
in the dielectric permittivity under applied bias is related to the
polarization modulation, which affects the refractive index of the
system.

3.3. Reflectometry measurements

Reflectometry measurements were performed in order to
measure the index of refraction of BT-BCN. Fig. 4 shows the sche-
matic of the experimental set up. The polarization of the laser,
represented in black, is initially s-polarized, and a Glan Cube is
employed in order to change the polarization angle. The light then
reflects off the sample, which changes the polarization angle due to
the differences in the reflection coefficient between s and p-
polarized electric field components. The reflected light passes
through an analyzer, before reaching to the detector. In our set up,
the light source was a 798 nm Ti:sapphire oscillator, with a pulse

duration of 100 fs, a repetition rate of 80 MHz, and intensities of up
to 3 uW on the sample. An optical chopper with a 331 Hz frequency
was employed in order to utilize standard lock-in measurements.
The polarization of the reflected light was calculated by varying the
analyzer angle, which modulates the intensity as following:

I:Acos(t,//—ﬁ’)z—i-B (1a)

I=(A+c)cos(y —#)° +B (1b)

where we define I as the intensity, A represents the amplitude, B is
the background level, ¥ and ¢ are the analyzer and the reflected
polarization angles, respectively. Eq. (1a) is for a perfect analyzer,
however, if the light passes through the analyzer off center, then
the intensity may be modulated due to imperfections in the
analyzer. To correct for this, a first order term was added into the
equation. This fact is shown in Eq. (1b), where c represents the first
order correction. An example of a fit for finding the reflected po-
larization angle can be seen in Fig. 5a).
Since the polarization angle can be written as:

B E_; B 15Es
~E, 1k

cot(0') = gcot(f) (2)

where 6 (6) is the polarization direction of the reflected (incident)
light, s (rp) is the reflection coefficient for s (p) polarized light, and
q being the ratio of the reflection coefficients. The ratio of the
reflection coefficients was extracted by fitting cot (6') = qcot(#-m),
with m being the shift, as included due to imperfections in the
analyzer and slight differences between the zero position of the
polarizer and analyzer. An example fit for the ratio of reflection
coefficients for GaAs can be seen in Fig. 5b). The index of refraction
was extracted by using the Fresnel equation, Eq. (3), where the
index of refraction for air was already set to 1, ¢ is the incident
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Analyzer

Glan Cube

Detector

Fig. 4. A schematic of a reflectometry set up. The s-polarized light is passed through a
Glan Cube, resulting in the transmitted light being at the angle of the Glan Cube. When
the light reflects off the sample, the p-component of the wave changes by 180°, and the
polarization direction changes due to the differences in the reflection coefficients for s
and p-polarized light. The analyzer modulates the intensity reaching to the detector.

angle, and n is the index of refraction. While BTO is known to
exhibit birefringence, the observed birefringence for single domain
BTO is within our error bars [17,18].

Ts
q= T 3)
/n2 — sin(¢)?
- cos(¢ ns —sin(¢

) = )
cos(¢) + /n? — sin(¢)?

Intensity (a.u)

cot(®')

Fig. 5. a Light initially polarized at 10° was reflected off the sample, changing the
polarization to —7.81°. The fitting for the reflected polarization was repeated several
times for different incident polarizations. Fitting cot(f) to the function: qcot(f-m), as
seen in b, yields the ratio of the reflection coefficients to be —2.805. Utilizing the
Fresnel equation with this value for q yields an incident angle of 62.4°.

_ n2cos(p) — \/n? —sin(¢)

= n2cos 2 _sin(¢)?
(¢) + /N2 — sin(¢)

In order to determine the incident angle, first the ratio of the
reflection coefficients for GaAs was determined. In this process,
using Eq. (3), we were able to calculate the angle of incidence,
considering the index of refraction of GaAs to be given by Ref. [19].
After the incident angle was extracted from the GaAs measure-
ments, the refractive index of the BT-BCN sample was measured at
least one time, and then the incident angle was determined again
by measuring the GaAs sample. If the refractive index for BT-BCN
was determined multiple times from a single measurement of
GaAs incident angle, the values would be averaged, 71(¢;) . The index
of refraction shown in Table 1, is given by Eq. (4.1), where the
average value of the refractive index per determined incident angle,
is averaged over all determined incident angles. The error was
calculated as the standard error, given in Eq. (4.1), where the inci-
dent angle was determined by repeating the measurements up to
22 times per sample. An example fit for the 120 nm BT-BCN sample
can be seen in Fig. 6, whereas examples for the 90 nm and 1.5 nm
samples are shown in Figs. 7 and 8, respectively.

. w (4.1)
i = A(ey))?
on = i) (4.2)

4. Discussion

As summarized in Table 1, the refractive index of the 1.5 nm
sample is significantly larger than that of the other two samples,
this could be related to the fact that light also can be reflected off of
the HfO, layer, which would contribute to the change in the po-
larization direction. With respect to the other two BTBCN samples,
the 120 nm thick sample has a higher refractive index than that of
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Table 1

797

A list of refractive indices of BT-BCN from our study and BTO from other published works, along with their crystal structure and growth temperatures. For our work, the
reported index of refraction is an average value of several measurements, and the reported error is the standard error of the mean. For other works, we list the refractive indices

from a published figure or based off of their fits to the Sellmeier equations.

Sample Thickness (nm) Index of Refraction Growth/Anneal Structure Reference
T(°C)
1.5 298 +0.03 750 poly x This Work
90 1.99 + 0.05 750 poly x This Work
120 2.53 +0.08 800 poly x This Work
>1 um 1.98 27 amorphus [21]
>1pum 1.95 227 amorphus [21]
>1pum 2.02 327 poly x [21]
500 nm 2.03 700 poly x [22,23]
1.3 pm 1.8 300 amorphus [20]
1.0 um 1.9 650 poly x [20]
1.0 um 2.4 750 poly x [20]
1.5 pm 237 x-stal [18]
23 T T T 3 —_ T
s [®  BT-BCN120nm S |a) BT-BCN1.5nm
s ©:15° s 0: 20°
2 ' -4.9° 2 1. 9 58°
g = ®': -9.58
s - & .
£ c L -
H 1 1 1 E - . . X .
0 50 100 150 0 50 100 150
| e ‘e
-10-b) . . . .
~ 15} | b)
g 20- . =
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-25 q=-5.1762 § 9 BT-BCN1.5nm |
-30 B = .
1 1 1 1 12 q=-4.093 _
0 5 10 15 20 25 . . |
0(°) 0 20 40 60
Fig. 6. a) An example of fitting for the reflected polarization with an incident polari- ) (o)

zation of 15°, for the BT-BCN film with a 120 nm thickness. b) Shows a fit for the ratio
of reflection coefficients, q. In this case, ¢ = —5.18, and the angle of incidence was
determined from a measurement on GaAs and found to be 61.0°. Thus the calculated
index of refraction is 2.5.

+a) T T
£} BT-BCN 90 nm
& 0: 25°
2 | ': -20.67° |
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c
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Fig. 7. a) An example showing the fit for the reflected polarization with an incident
polarization of 25°, for 90 nm thick BT-BCN. The incident polarization was varied and q
was determined by Eq. (2). Panel b) shows the dependence of the incident polarization
on the cot(¢'), allowing for the determination of q = —1.64. The angle of incidence was
determined to be 37°; which corresponds to a refractive index of 1.97.

Fig. 8. a) An example of the fitting for the reflected polarization with an incident
polarization of 20° for the 1.5 nm thick sample. b) With a ratio of reflection coefficients
q = —4.093, and an incident angle of 62.9°, the refractive index was determined to be
= 3.0, which is higher than the other two samples.

the 90 nm thick layer, which was grown at a lower temperature.
This behavior is also seen in polycrystalline BTO, as summarized in
Table 1, where the refractive indices were taken from their graphs
or using their fits to the Sellmeier equation at 798 nm. In Ref. [20],
the index of refraction was found to greatly increase with
increasing growth temperatures from 600 to 700 °C, which was
attributed to crystallization and the formation of larger grain sizes.
This could play a part in the increased refractive index of the sample
grown at the 800 °C, compared to one at 750 °C, where the growth
temperature can result in differences in the domain states. BT-BCN
is a tetragonal system having two crystallographically allowed
domain variants of 90° and 180°. For example, applying an electric
field along an arbitrary direction to a set of two 180° domains, may
also result in the rotation of the optical axis within each domain
with opposite sign. For both the domains, the phase shift between
the ordinary and extraordinary light component will be opposite in
the transmitted, elliptically polarized light. The interference of
these two polarization states will result in zero net polarization of
the transmitted light [14]. Applied fields, higher than the coercive
field, switches two 180° domain states to a single 180° domain. On
the other hand, 90° domains (with differences in polarization and
crystallographic distortions) are difficult to switch. In this case,
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despite the two polarization states interfering destructively, they
would not cancel out [14]. Therefore, domain structure plays a
major role in the EO behavior of a system. The index of refraction
obtained for the 1.5 nm thick BT-BCN sample is likely due to a
mixture effects from the BT-BCN layer and the HfO, layer. The
refractive index for the 90 nm film is similar to that of BTO poly-
crystalline films with a lower growth temperature, whereas the
120 nm thick film has a refractive index closer to that of BTO with a
similar growth temperature. In these high quality films, the relative
permittivity showed significant variation with the bias voltage
which is related to the polarization modulation. Our observations
are promising results indicating that improved ferroelectric prop-
erties are obtained without compromising the optical properties
compared to materials systems such as barium titanate.
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