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Abstract

Presently, the research on thin films is essentially useful in the world of science and technology.
Therefore, this study aims to explore Barium Strontium Titanate (BST) as the basis in the making of
dynamic random access memory (DRAM). This DRAM technology produces small cells that have faster
operations, lower energy, longer data storage period, and are found to havemade up of Barium Strontium
Titanate nanoparticles (Bao.sSrosTiO3; BST). BST applications in the form of capacitors can be used as gas
sensors, temperature sensors, microwave phase shifters, tunable filters, oscillators, infrared sensors, etc.

The main component of BST was showed by the sol-gel method, and the device structure constituted
of Si/SiO2/RuO./TiO, /Bag4SrosTiOs/Al. All the samples were annealed at 400, 450, 500, 550, 600, 650
and 700 °C for 60 min. The sample was annealed to see the crystalline structure of the sample.

The sol gel method was chosen in the process of making thin films of Bag.4SrosTiOs (BST) because
this method was easier and cheaper than other techniques. The thin film was characterized by optical and
electrical properties. The results showed that a rise in the annealing temperature increased the crystalline,
grain size, thickness and surface roughness of the sample. The characterization was carried out on the device
structure (Si/SiO2/RuO,/TiO2/Bag4SrosTiOs/Al) in order to examine the optical and electrical properties,
including the current density and the dielectric features. At the annealing temperature of 700 °C, the device
showed the best value, with the absorption peak at the wavelength of 688 nm. And also, with the dielectric
constant (gr) of 2,500, capacitance (C) of 22.10 nF, dense alternating current (pay) Of 2.54x10* Q.m,
conductance (cau) of 1.20x102 1/Q.m, and current density of 9.85x10 > A.cm?at 0.5 V. The results of
characterization of this capacitor are very good to be used as an infrared sensor.

Keywords: BST Nanoparticles, Sol-gel method, Annealing temperature, Electrical properties, Dielectric
properties

Introduction

Presently, the study on thin films is found to be essentially useful in world of science and technology
and has started more than one hundred years ago [1]. The rapid advances in the computer fields, such as
high-tech products, those with massive capacities, and the competition from mini device manufacturers,
have demanded the production of nano-sized electronic components. This is in line with developments and
advances in the production of semiconductor devices, such as transistors, capacitors, diodes, and an
integrated circuit [2].

The nature of thin films differs from the state of materials that makes up their shapes and is
characterized by the optical and electrical properties [3]. The commonly studied optical properties are
transmission and absorption. Furthermore, a thin film layer of conductors usually has high ability to
transmit visible and reverse infrared light. Besides having good optical properties, it also possesses
electrical resistance, which is low enough to make it a good electricity conductor. Therefore, by having
both good optical and electrical properties, the use of thin films becomes very broad, encapsulating in
various fields of energy, electronics, optoelectronics, etc. Thin film applications such as gas sensors are
electro-chemical sensors, which are devices that can respond to changes in the chemical environment
around them by generating electrical signals [4-6]. In terms of general applications, thin films have reached
various fields of science. In the construction sectors, especially those related to metal materials, thin layers
are used as a material to increase corrosion resistance [7]. In the field of electronics, thin films are used to



Trends Sci. 2022; 19(19): 6178 20f12

make capacitors, semiconductors, and sensors [8]. In the field of decoration, thin layers are used to create
a more attractive appearance and are used in home decor, jewelry, and other accessories.

This research aims to explore the thin film of barium strontium titanate (BST). The perovskite
materials with high dielectric constants, such as Barium Strontium Titanate (BST), plumbum zirconium
titanate (PZT), and strontium titanate (SrTiO3), are recommended as the basis for making dynamic random

access memory (DRAM) [1]. This DRAM technology produces small cells that have faster operations,
lower energy, and longer data storage period [9]. The materials that meet these characteristics and
conditions are highly needed, with a very suitable one being the BST [10].

Barium titanate (BaTiOs) is an important base structure used as a ferroelectric ceramic material, and
strontium titanate (SrTiOs) also a paraelectric feature. Barium Strontium Titanate (BST) is an important
ferroelectric ceramic structure used extensively as a dielectric material. The BST has high dielectric
constant and low electricity leakage [11]. The mixture of both BaTiO3 and SrTiO3 causes changes to the
Curie temperature [Tc], i.e. from the ferroelectric transition to paraelectric material. BST reduces from 120
°C to room temperature [12], which is a linear Tc reduction by 3.4 °C per mole of strontium. Therefore, 0.3
mole of strontium decreases Tc to room temperature [4].

When sunlight hits the surface of a thin film, not do all rays penetrate. Some of the lights are reflected,
as well as scattered. Furthermore, light absorption also applies. Therefore, the optical properties contained
in thin films are the reflection, transmission, and polarization of light for wavelengths that affect the normal
angle, namely from 300 - 800 nm [13].

The technique used to determine the electrical characteristics of a dielectric material is complex
impedance method. This technique uses alternating cues in the form of sinusoid, which is the output
signaling through a linear system, which has the same frequency as the input signal. Impedance modulus,
IZ | and the phase angle, (®), are determined when output signal in form of a sine is compared to that of
the input [14].

In general, the polycrystalline ceramic impedance spectrum consists of 3 perfect half-rounded curves
that represent electrical properties of the sample as shown in Figure 1. The impedance spectrum of complex
numbers shows the main components in a material such as the grains, grain boundaries, and interface
sample or electrodes. When a current flows through positively and negatively, the electrode ends up not
polished then functions as a capacitor with unidirectional resistance. Impedance value is a combination of
2 components, namely the real (Z), and imaginary components (Z") [15].

frequency
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Figure 1 Impedance spectrum for polycrystalline samples.

Curve | represents the process that applies between interface of electrode or electrolyte at low
frequencies (< 10 kHz), while curve Il represents the process that applies to grain boundaries at mid
frequencies (1 - 100 kHz). Curve 111, which applies to frequencies (> 10 kHz), is the curve that represents
sample solid process. An equivalent circuit that can describe perfect impedance spectrum for the 3 processes
above is shown in Figure 2 [15].
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Figure 2 Equivalent circuit to describe curves I, Il and I11.

Ro represents leap of a complex impedance spectrum to that of the right. This is because the starting
point for each complex impedance spectrum is not actually the coordinates (0.0), yet shifts slightly to the
real one’s right [16].

The measurement of complex impedance, i.e. The real, Z and imaginary impedance, Z. Dielectric
constant (gr), conductance (o), capacitance (C), and alternating current density (pau) is calculated using
complex impedance values (Z*) obtained from measurements [17].

7'=7-jz
J )
with j = (=1)%/2
Complex capacitance value (C”) at a certain frequency is obtained through the relationship of:
* 1
C=—z )
jol
where ® = angular frequency = 2nf
Taking into account the thickness d and surface area A, the complex resistance (p”) is written as:
p=p-Jp @3)
Complex conductance (™) expressed as :
o =—=0+jo (4)
Y2
Dielectric constant value (&) is calculated using the equation:
. C'd
g = 5)
&-A

where, d equals the thickness of the film, C* complex capacitance in units of farads. € , vacuum constant
(8.85x10*2 F/m), and A surface area of upper electrode film in units of m? [16].
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Materials and methods

The process of making thin films of Bao4SrosTiOz (BST) by using sol-gel is because the method is
easier and cheaper than other techniques. The basic ingredients are Barium acetate Ba powder (C4HgO4),
strontium acetate (Sr(CH3CO5)4, and titanium (1V) Isopropoxide liquid (Ti(OCHCH)s)2)4 isused in making
BST thin films.

Before the process of solution making is carried out, silicon substrate (Si) type-p boron which has a
single oriented crystal (100), and a thickness of 625 um with resistance 14 - 22 Q cm, gets cleaned first.
The SiO; layer (150 nm) was coated over Si substrate by e-gun method, with vacuum condition 2.5x10°
mbar. Furthermore, ruthenium oxide layer RuO, (100 nm) was coated over Si/SiO; substrate, with the
sputtering method. RuO- as a positive electrode was then annealed into the air for 30 min, at 500 °C. After
being coated with RuO; film, 70 nm thick titanium oxide coating, [TiO] is superimposed on Si/SiO2/Ru0O;
substrate using the e-gun method, then annealed for 30 min at a 500 °C temperature. The purpose of this
annealing process is to produce a stable film. The TiO, coating serves as a barrier to block injection of
currents between the substrate and ferroelectric films [18]. The Si/SiO2/RuO./TiO; substrates annealed are
then coated with BST material using the sol-gel method. Furthermore, negative electrode i.e. Aluminum,
Al 100 nm thick, is coated by using the e-gun method. Flow chart of the process of making BST thin films
by the sol-gel method is shown in Figure 3.

Ba(C4Hs04) SI(CH3COs

!

dissolved into acetic acid and de-ionized waterin a ratio of 1: 4

stirred 24 hours 44

(Ti(OCHCH:)24

drop by drop acetyl aceton _,l

BST solution

!

spin coating at 4000 ppm for 30 seconds

.

[
dried at 150 for 15 minutes and 3SU°x'or 15 minutes

!

o
annealing at 400-700C for 60 minutes

1

BST thin films

Figure 3 Flowchart of the process of BST thin films making.
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Figure 4 Device structure of a thin film of Bag4SrosTiOs.

A device with a structure of Si /SiO2/RuO,/TiO;/BagSrosTiO3/Al as shown in Figure 4 above.
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Results and discussion

This section discusses results obtained from the basic characterization of thin films such as
microstructure properties of the materials, morphology, grain size, thickness, optical features, and
components of BST devices such as electrical and current densities, complex impedances, dielectric
exhibition, with annealing temperature variations.

X-ray diffraction (XRD) characterization

XRD spectrum of film, Bao4SrosTiOs3, is being annealed at 350 °C temperature before and 400 °C to
700 °C after. Figure 5 shows the XRD spectrum before being annealed at 350 °C and after at 400 - 700 °C.
It is obtained that the film without and after being annealed at temperatures of 400, 450, 500 and 550 °C
has an amorphous structure, while at 600, 650 and 700 °C, is crystalline. Crystalline film, Bag4SrosTiOs,
starts at 600 °C and above. The peak of the BST phase starts at 600 °C, and crystalline increases to 700°C
temperature. Therefore, this explains that BaosSrosTiOz crystalline levels increase along with high
annealing temperature.

Low annealing temperature below 600 °C causes thin film to not undergo crystalline process.
According to Pandey et al. (2019), at low temperatures, it does not have sufficient power to overcome basic
energy between the perovskite (the phase of ferroelectric structure becomes paraelectric) and the mid-
metastable phase (the phase between the ferroelectric structure and the paraelectric). The results of this
study are the same as those reported by Zhou et al. [12]; Guo et al. [19]; Tarnaoui et al. [20]; Everhardt et
al. [21]; and Wang et al. [22]. Therefore, this is then explained by the increase in annealing temperature,
which causes the atom to have enough energy to move, so that crystalline is also increasing [23].
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Figure 5 XRD spectrum of Si/SiO»/ substrate Bag 4SrosTiO3z before being annealed (a) at the temperature
of 350 °C and after being annealed (b) 400, (c) 450, (d) 500, (e) 550, (f) 600, (g) 650 and (h) 700 °C.

Atomic force microscopy (AFM) characterization

Figure 6 shows a 3-dimensional surface morphology image structure of a thin film, BagSrosTiOs.
(a) without and after being annealed, (b) 600, (c) 650, and (d) 700 °C. Before the film morphology got
annealed, the surface had been found to be rather slippery and flatter than it became thereafter. Hilly
morphology was found to be increasing with high annealing temperature. A smooth and flat film surface is
an important producing quality device feature, with surface roughness smaller than 100 nm.

Table 1 Surface roughness values Bao 4SrosTiO3 with different annealing temperatures.

Annealing temperature Surface roughness Ra
(°C) (£0.01 nm)
Without annealing 8.53
600 11.35
650 18.40

700 42.00
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The image of the film surface morphology provided by the sol-gel method has also been investigated
by Huang et al. (2017) through heating the substrate at 750 °C temperature for 1 h [24]. The results of their
study found that the average surface roughness of BapsSrosTiOsfilm increased with the increasing
annealing temperature, i.e., 3.8 and 7 nm, respectively. This was also investigated by Zhao et al. [25];
Gautam et al. [26] which shows that BST films annealed at an increasing temperature had high average
surface roughness. This sharp increase in roughness can be attributed to grain growth due to increased
annealing temperature. When a BST thin film is exposed to an electric field, it is generally assumed that
there is a higher electric field density at the crest of a sharp valley than on a smoother surface. Therefore,
grain growth can have a negative effect and lead to an increase in leakage currents [27].
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Figure 6 3-dimensional image of the surface morphological structure of a thin film Bag4SrosTiOs at (a)
without being annealed and after being annealed at (b) 600, (c) 650, and (d) 700 °C.

Scanning electron microscopy (SEM) characterization

Figure 7(a) shows a thin film of Bag4SrosTiO3z without being annealed, then carried out at 400 °C,
indicating that the film structure has no grain or rather invisible. For films scaled at temperatures of 450 to
550 °C, result showed that grains were initially visible, with their distance so far in size between 80 and
150 nm. Thin film, BaoaSrosTiOs, annealed at the temperature 600 to 700 °C, showed the grain sizes of
47.5,51.1, and 53.5 nm, respectively. The grain sizes increased with appearance of dense fine ones, without
any distance in between. The larger grain size is due to the increase in annealing temperature. Zaman et al.
[4] also reported the same result that the more increase in annealing temperature, the larger the grain size.
According to Manogowri (2016), with the increasing annealing temperature, movement of atoms may rise
up as well [28]. Atomic movement is the ability of atoms to move from one state to another in a crystallized
or non-crystallized material; besides, it encourages atomic surface locomotion that causes small droplets to
combine and form larger ones. This prevailing event is more recognized as a grain growth. Grain growth is
a process in which free or nearly free average size grains increase regularly at a high temperature, without
changes in the sprinkling process. The same research results have also been reported by Zhang et al. [29];
Wang et al. [30]; Chen et al. [31]; Lee et al. [32].
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Figure 7 SEM micrographs for thin films Bag4SrosTiOs, (a) after being supplied, after being annealed at
the temperature (b) of 400 °C, (c) 450 °C, (d) 500 °C, (e) 550 °C, (f) 600 °C, (g) 650 °C and (h) 700 °C.

From the measurement of thin film thickness by using SEM, values have been obtained as shown in
Table 2. In Table 2, the annealing temperature of 400 to 550 °C occurs abnormalities in the thickness of
the film, which is because the film is in an amorphous state, crystalline BST appears at annealing
temperatures of 600, 650, and 700 °C which have a regular atomic structure, so that the thickness of the
film increases regularly with increasing annealing temperature.

Table 2 BST film thickness and average film grain size.

Temperature Film thickness Average grain size

(°C) (£0.1nm) (£0.1 nm)
After provided 312.6 No details

400 508.0 No details

450 1541.0 80.0

500 2077.0 100.0

550 692.2 150.0

600 217.7 47.5

650 245.6 51.1

700 438.2 53.5
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BST thin film without annealing has a thickness of 312.6 nm and is annealed at 400 °C indicating a
result of 508 nm. The thickness of the BST film increases after being annealed. The films annealed at
temperature of 450 to 550 °C showed respective thickness: 1541, 2077, and 692.2 nm. The BST film
thickness is irregular with increasing annealing temperature. For thin films of BST annealed at the
temperature of 600 to 700 °C, it was found that the thickness skyrocketed with the increase of the annealing
temperature, respectively i.e., 217.7, 245.6 and 438.2 nm. Therefore, the thickening of the thin film rises
with increasing annealing temperature caused by differences in grain size. Figure 8 shows the thickness
value of the film and the average size of BST grain obtained with variations of the annealing temperature.
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Figure 8 Relationship of temperature with BST film thickness and average grain size.

Optical characterization

Figure 9 showed the optical absorption constant value, o on BST films, with the annealing
temperatures of 600, 650 and 700 °C coated over the quartz substrate surface. The plotted graphs showed
that there was a peak in the same wavelength region at 688 nm.

It was noted that the absorption values increase with annealing temperature reduction. This
is explained from the formula of the absorption coefficient (a) as a wave function, namely:

2.3034

t (6)

where a is the absorbance and t is the thickness of the film. From Eq. 6, it is known that increasing film
thickness means increasing annealing temperature, so the absorption coefficient decreases [28].

—> 20 -

8 18 |
M"l_/ o
= 186 600 C
>4

e 14 ~ 650°C

: 121 JL—/"_/MW

=

8 10 J AM/_,_,\/

8 J =

= PR 700° C

o € J

(5]

g 4 ]

.2

a2 |

£ o

= 600 620 640 660 680 700 720 740

Wave length (nm)

Figure 9 Complete absorption, o as a function of the wavelength of BST thin films at the annealing
temperatures of 600, 650 and 700 °C.
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Current and voltage characterization (I-V)

Figure 10 showed the 1-V characterization of BST thin films, with annealing temperature variation
of 600, 650 and 700 °C. The current density is 9.40x107, 2.77x10"° and 9.85x10-°A.cm at 600, 650 and
700 °C, respectively, at 0.5 V. This proved that the device with 650 and 700 °C is not good because electric
current in the forward direction is flowing more slowly with the increasing voltage values. Besides, having
a surface film which is not too slippery and flat compared to that of 600 °C. The device is said to have good
properties when the electric current flowing in the forward direction rises rapidly with the increase in
voltage value, while the skyrocket in the current to the uplift in the voltage value in the reverse direction is
very small.
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0.025
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0.01 700C

Current density, J (A/em)

0.005
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Figure 10 I-V Characterization of BST devices with varying annealing temperature of 600, 650 and 700
°C.

Characterization of spectroscopy

Impedance characterization is carried out using complex impedance spectroscopy, which is used to
determine the properties of the grain components, boundaries, and nature of the sample interface with
electrodes to the alternating current given. The frequency range used in this measurement is 10 Hz to 1
MHz. Measurement and calculation of data are obtained at 1 kHz Zhou et al. [12]; Veerapandiyan et al.
[23]; Pandey et al. [33]; Zhai et al. [34] by using Egs. (1) to (5). The 1 kHz is the best value to represent
the dielectric properties of ferroelectric material. It was found that the device had a dielectric constant and
a high resistance value at room temperature as shown in Table 3.

Table 3 Effect of annealing temperature on dielectric constant (gr), capacitance (C), alternating current
density (pas) and conductance (o a) at a frequency of 1 kHz.

Annealing Dielectric Capacitance Alternating Conductance (oa)
temperature constant ?C) nE current dencity Lom a
<) (er) (pau) .M i
600 163 1.44 2.41x107 2.171x0°
650 779 6.89 1.06x10° 5.10x10*
700 2,500 22.10 2.54x10* 1.20x107?

The BST device has a high-density value, which is in the range of 10* to 107 Q.m. The density value
for a good dielectric material is between 10%° to 102 Q.m.

Figure 11, a to b, each showed a BST device with a dielectric constant value () and dielectric loss
() as a function of the frequency relating to the annealing temperature. Besides, the dielectric constant
value (gr) and dielectric loss at 1 kHz are 2,500 and 30,000, respectively.
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Figure 11 BST device with (a) Dielectric constant plot (&), (b) and Dielectric loss (g/") to frequency (kHz)
without and after annealing at 600, 650 and 700 °C.

Conclusions

The sol-gel method successfully showed the BST nanoparticles (Si/ SiOa/ RuOa/ TiO2/ Bag4SrosTiO3
/Al) at 400 to 700 °C. The results of the XRD, AFM, SEM characterization, and their optical properties
showed that BST material is included in the nanomaterial. The results of 1-V characterization and
impedance of the device showed the best value at 700 °C dielectric constant (&) of 2,500, capacitance (C)
of 22.10 nF, alternating current density (pay) 0f 2.54x10* Q.m, conductance (o) of 1.20x102 1/Q.m, and
the current density of 9.85x105A.cm? at 0.5 V. Therefore, these findings are used as capacitors and basic
material for making DRAM. Applications that use this BST material are infrared sensors, gas sensors,
temperature sensors, pressure sensors, and others.
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