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Enhancement of photon absorption on barium strontium titanate (Ba
𝑥
Sr
1−𝑥

TiO
3
) thin-film semiconductor for mole fraction 𝑥 =

0.25, 0.35, 0.45, and 0.55 using one-dimensional photonic crystal with defect was investigated experimentally. The thin film was
grown on transparent conductive oxide (TCO) substrate using chemical solution deposition method and annealed at 500∘C for 15
hours with increasing rate of 1.6∘C/min. From optical characterization in visible spectrum it was found that the average absorption
percentages are 92.04%, 83.55%, 91.16%, and 80.12%, respectively. The BST thin film with embedded photonic crystal exhibited a
relatively significant enhancement on photon absorption, with increasing value of 3.96%, 7.07%, 3.04%, and 13.33% for the respective
mole fraction and demonstrating absorbance characteristic with flat feature. In addition, we also discuss the thin-film properties
of attenuation constant and electrical conductivity.

1. Introduction

In solar cell technology, there are some materials that can be
used as its base material. Three of them are CulnSe

2
(or its

alloys such as CulnS
2
or CulnGaSe

2
), CdTe, and amorphous

silicon materials. These materials only require one micron
thickness to establish an efficient solar cells, due to their high
light absorption [1–4]. However, CdTe and CulnSe

2
have a

bad impact on environment; namely, when the CdTe solar
cells are on fire, this cadmiumwould cause harmful pollution.
In laboratory scale, the CuInSe

2
material has efficiency above

15%, but it is difficult to control its elements, especially when
being produced in larger scale, which implies that it is difficult
to produce the associated module even in a laboratory scale
[1, 2]. In the mean time, for amorphous silicon material, the
related solar cell has been produced in laboratory scale with
efficency about 9.5% to 13% [2, 4–7].

There are several other important ferroelectric materials
which were studied by many researchers such as PbTiO

3
,

Pb (ZrxTi1−x)O3, SrBiTaO3, Pb(Mg
1/3

Nb
2/3

)O
3
, and BaTiO

3

which is the basic of (Ba,Sr)TiO
3
[8]. Due to its properties,

BaSrTiO
3
(or BST for short) is a material which has been

intensively studied and developed. One of them is in the
form of BST thin-film ferroelectric which is used and utilized
in electronics such as for light sensor application that can
be developed to make solar cells according to optical and
electrical characteristics [9, 10].

BST thin film is a material with high dielectric constant,
high degree of crystallinity (∼800∘C), low leakage current,
and resistance to high breakdown voltage at Curie’s tem-
perature, as well as high capacitance [11, 12]. This thin film
can be produced with various methods such as metalorganic
chemical vapor deposition (MOCVD) [13], sol-gel [14–17],
atomic laser deposition (ALD) [18], hydrothermal synthesis
[19], metal organic decomposition (MOD) [20, 21], and
chemical solution deposition (CSD) [22–26].

To examine the ability of BST as a material that can be
utilized as solar cell, some measurements such as its ability
in absorbing photons are required, because antireflective
material is more preferred in solar cell system. Photon
absorptionwill affect the efficiency of the associated solar cell.
Based on this fact, we have attempted to increase the photon
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absorption of a BST thin film grown on transparent conduc-
tive oxide (TCO) glass using chemical solution deposition
(CSD) method with annealing temperature of 500∘C for 15
hours. To do this, we used one-dimensional photonic crystal
(PhC) to trap the corresponding photon. It is well known that
a PhC structure can manipulate light flow [27] due to the
existence of the so-called photonic band gap (PBG) which
prevent light to propagate in specific direction. Interestingly,
when a defect layer is introduced into the PhC it will lead
to the occurrence of the so-called photonic pass band (PPB)
that allows a narrow window of light transmission in the
corresponding PBG [28].

The CSD method was employed in this research due to
its advantages, such as relatively low processing temperature,
homogeneity composition, precise control of composition,
and large area deposition [15, 24]. In addition, it also offers
other advantages such as stoichiometry control, homogene-
ity, and low sintering temperature, and the most important is
relatively low cost.These advantages are suitable for scientific
research and development.

As the substrate layer we considered a one-dimensional
PhC with a defect that consists of two different dielectric
materials in a unit cell and a single defect layer in one of the
unit cell. This treatment is expected to improve the sunlight
absorbance. It was shown that the utilization of PhC on
silicon solar cells can enhance photon absorption ranging
from 15% to 26% depending on the associated PhC structures
[29–32].

In this research, the combination of BST thin film with
varying mole fraction and one-dimensional PhC is studied.
It is found that a remarkable enhancement can be achieved.
This report aims to discuss the results.

2. Experimental Methods

Instruments used in this research are analytical balance
Sartonius model SL6100, ultrasonic Branson model 2210,
spin coater reactor, LCR meter (HIOKI 3522-50 LCR
Hitester), and VIS-NIR spectrophotometer ocean optics.The
materials are barium acetate [Ba(CH

3
COO)

2
, 99%], stron-

tium acetate [Sr(CH
3
COO)

2
, 99%], titanium isopropox-

ide [Ti(C
12
O
4
H
28
), 99.999%], gallium trioxide [Ga

2
O
3
], 2-

methoxyethanol [H
3
COOCH

2
CH
2
OH, 99%], ethanol 96%,

TCO glass, distilled water, silver paste, preparate glass, and
aluminum foil. All these materials are from Sigma Aldrich.

As the first step in BST thin-film manufacturing, we
prepared substrate of transparent conductive oxide (TCO);
after that BST solution is made by reacting barium acetate,
strontium acetate, titanium isopropoxide, and 5mL of 2-
methoxyethanol solvent using Branson Model 2210 ultra-
sonic for 90 minutes. Besides BST solution, BGST solution
is made in the same way as BST solution, plus adding gallium
oxide at 10% of the mass of BST. BGST and BST solutions are
used as p-type andn-type layers, respectively.Next step is film
growth processing; in this step, p-type layer manufacturing is
done first then n-type layer. P-type layer (BGST solution) is
grown by using spin coating reactor with speed of 6000 rpm
for 30 seconds. For the n-type growth, its process is similar as

p-type growth, but it is done after the p-type layer has been
annealed.

The two last steps are annealing process and contact
installation using aluminium metallization process. Anneal-
ing process, which aims to diffuse BST solution to substrate,
is conducted at temperature of 500∘C with increasing rate of
1.67∘C/minutes and held up for 15 hours. The BST thin-film
structure with photonic crystals layer is shown in Figure 1.

The optical characterizations of BST thin film, which
are performed by using VIS-NIR optical spectroscopy ocean
optics DT-mini-2 model, include measurements and cal-
culations of absorbance, transmittance, absorbance coeffi-
cient, and attenuation coefficient. The setup processing of
optical characterization is shown in Figure 2. While the
electrical characterizations, that is, electrical conductivity,
was carried out by measuring electrical conductance using
LCR meter HIOKI 3522-50 LCR HiTester type, conductance
measurements of these thin films were done at frequency
of 100 kHz. The setup processing of electrical conductance
characterization is shown in Figure 3.

3. Results and Discussions

3.1. Absorbance and Transmittance. The optical characteri-
zations of BST thin film are performed in the wavelength
of 400–800 nm. Absorbance (𝐴), transmittance (𝑇), and
reflectance (𝑅) values are expressed in percentage. The
absorbance percentage is obtained based on the relationship
that the total amount of absorbance, transmittance, and
reflectance is equal to one (𝐴 + 𝑇 + 𝑅 = 1).

Figure 4(a) shows that the overall absorbance percentage
of BST thin film has light absorption almost in every visible
light spectrum range, even in the infrared region with
absorption value more than 67.6%. In addition, it is indicated
that themaximum absorbance of BST thin film for all barium
mole fractions is in the range of 457 nm ≤ 𝜆 ≤ 570 nm,
and the minimum absorbance spectrum is in 570 nm ≤ 𝜆 ≤
678 nm. The largest absorbance was found at mole fraction
𝑥 = 0.25 with average absorbance value of 92.04% and
maximum and minimum absorbance peaks at wavelength of
502.7623 nm and 657.7201 nm, respectively. For 𝑥 = 0.35,
average absorbance value decreased to 83.55% with maxi-
mum and minimum peaks at wavelength of 506.4238 nm
and 613.6818 nm, respectively. Then, absorbance value is
increased to 91.16% at𝑥 = 0.45withmaximumandminimum
absorbance peaks at 507.7586 nm and 618.5747 nm, respec-
tively. For 𝑥 = 0.55, overall average absorbance decreased
to 80.12% with maximum and minimum absorbance peaks
at 512.7549 nm and 608.7889 nm, respectively. Minimum
absorbance value implies that electron did not absorb the
photon energy.This means that most of them are transmitted
or reflected.

Figure 4(b) shows that maximum absorbance value has
the lowest transmittance value at 𝑥 = 0.25 with overall
average transmittance value of 3.79% with maximum trans-
mittance peaks at 462.7919 and 657.7201 nm and minimum
at 502.7623 nm. For 𝑥 = 0.35, the overall average transmit-
tance value is 8.25% with maximum transmittance peaks at



International Journal of Optics 3

Aluminium contacts

PhC substrate

BST (n-type)

BST doped gallium (p-type)

TCO glass substrate

6mm

0.5674𝜇m

10mm

10mm

10mm

1.5mm

2mm

4mm

0.51mm

1.07mm

Figure 1: Structure of BST thin films with one-dimensional photonic crystal substrate.
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Figure 2: Setup of optical characterization.

445.9323 nm and 613.6818 nm and minimum at 507.7586 nm.
Then, for 𝑥 = 0.55, the overall transmittance value is
9.88% with maximum transmittance peaks at 442.8061 and
608.7889 nm, and minimum at 512.7549 nm.

It is shown that the addition of bariummole fraction leads
to the increase of maximum absorbance or minimum trans-
mittance peaks on the same light spectrum, that is, green.
However, minimum absorbance or maximum transmittance

is decreased, in the blue and red spectrum.These facts are due
to the addition of barium moles which increased the atomic
core radius which implies in the decrease of absorbance value
of BST film. These can also be influenced by the increase of
transmittance value (Table 1).

Besides absorbance and transmittance values, we also
measured the reflectance value. As shown in Figure 5, it can
be seen that the reflectance value is not significantly different
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Figure 4: Relation between wavelength and (a) absorbance; (b) transmittance of BST thin films for mole fractions 𝑥 = 0.25 (—Δ—), 𝑥 =
0.35 (—◻—), 𝑥 = 0.45 (—I—), and 𝑥 = 0.55 (—◊—).

from the transmittance and shares similar maximum and
minimum reflectance peak patterns but with different values.
This is consistent with the theory that when a material has
the maximum absorbance value, so the transmittance and
reflectance are minimum. Based on the average absorbance
value more than 80.12% or the average transmittance and
reflectance values less than 10% indicates that BST material
which is employed in this study can be utilized as amaterial in
the solar cell manufacturing, because one of the requirements
of solar cell material is antireflective material [1, 7].

The PhC with defect that is used in this study as the
BST thin-film substrate consists of 11 unit cells with each
composed of two different dielectricmaterials of high and low
refractive indices, namely, OS-5 (alloy of ZrO

2
and TiO

2
) and

MgF
2
with refractive indices of 2.1 and 1.38, respectively, and

it was fabricated using electron beam evaporation method
on substrate of standard glass material borosilicate crown

(known as BK-7) with a refractive index of 1.52. Details of
this fabricated PhC can be found in [33]. We inserted a single
defect layer with different thickness in the related PhC such
that a PPB occurred inside the associated PBG. Based on
the results of UV-VIS spectroscopic measurements, as shown
in Figure 6, the range of 400–612 nm corresponds to PBG
of PhC, with the localized PPB transmittance being around
510.5300 nm.

When a polychromatic light is exposed to BST thin film
with the embedded PhC, a part of light with specific wave-
length is absorbed and transmitted by BST layer. However,
there is a part of polychromatic lightwhich is directly exposed
to the PhC, especially on substrate surface which is not coated
by BST. The light which is directly exposed to the surface of
PhC and light with specific wavelength which is transmitted
by BST layer are reflected back by PhC to BST.The total light
spectrawhich are reflected by the PhC layer are then absorbed
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Table 1: The shift of maximum and minimum absorbance and
transmittance wavelengths of BST film caused by addition of
barriums mole fraction.

Mole fraction (𝑥) Wavelength, 𝜆 (nm)
Absorbance Transmittance

0.25 502.7623a 462.7919a dan 657.7201a

657.7201b 502.7623b

0.35 506.4238a 445.9323a dan 613.6818a

613.6818b 506.4238b

0.45 507.7586a 452.7993a dan 618.5747a

618.5747b 507.7586b

0.55 512.7549a 442.8061a dan 608.7889a

608.7889b 512.7549b
aMaximum absorption peak; bminimum absorption peak.

Wavelength (nm)
400 500 600 700 800

Re
fle

ct
an

ce
 (%

)

0
2
4
6
8

10
12
14
16
18

Figure 5: Relation betweenwavelength and reflectance value of BST
thin films for mole fractions, 𝑥 = 0.25 (—Δ—), 𝑥 = 0.35 (—◻—),
𝑥 = 0.45 (—I—), and 𝑥 = 0.55 (—◊—).

again by BST layer, so the absorbed light by BST is expected
to be increased.

Significant changes in absorbance occurred when the
PhC is applied to the associated BST thin-film. As shown
in Figure 7, our BST thin film with embedded PhC shows
increasing absorption for all 𝑥 values in the range of 3.04% to
13.33%. For 𝑥 = 0.25, the overall average absorbance percent-
age increased by 3.96% from 92.4% into 95.68% (Figure 7(a)).
For 𝑥 = 0.35, the average absorbance percentage increased by
7.07% into 89.45% from 83.55% (Figure 7(b)). Furthermore,
the overall average absorbance at 𝑥 = 0.45 increases from
the 91.16% to 93.93% or increased only by 3.04% which is the
lowest (Figure 7(c)), and 𝑥 = 0.55 has the highest average
absorbance percentage, that is, by 13.33% from 80.13% into
90.81%. (Figure 7(d)).

The largest absorbance was found at the mole fraction x
= 0.55 with the highest being in orange spectrum (37.71%),
followed by yellow spectrum which is 33.53%. Next, there
are purple, red, blue, and green spectra with the amount
of 17.85%, 12.32%, 11.24%, and 9.96%, respectively, while the
lowest absorbance occurred at 𝑥 = 0.25 except red spectrum
(for 𝑥 = 0.45). The lowest absorbance percentage is in purple
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Figure 6: Comparison between absorbance of BST thin films with
(—I—) and without (—Δ—) photonic crystals for mole fraction (a)
𝑥 = 0.25, (b) 𝑥 = 0.35 (c) 𝑥 = 0.45, and (d) 𝑥 = 0.55.

spectrum with an increase of only 0.39% followed by blue,
green, red, yellow, and orange spectra with the amount of
0.87%, 2.08%, 2.55%, 6.44%, and 7.03%, respectively.

Higher absorbance of BST thin films, which is expressed
in a percentage and varies for each 𝑥 mole fraction, when
compared to thin films without photonic crystals layer, is due
to structure and characterization of photonic crystals layer.
Remarkably, an almost flat absorbance feature in range of
400 to 700 nm was exhibited as shown in Figure 7, especially
for 𝑥 = 0.45. This interesting feature can be explained
as the result of mutual combination between BST thin-film
absorbance characteristic and transmittance of PhC given in
Figure 6.

3.2. Attenuation Constant (k). It is well known that when
light with specific wavelength illuminates a material, the
corresponding intensity will be attenuated on short distance.
In this condition, the wave’s amplitude will decrease expo-
nentially, with different intensity reduction for each material
[34]. One of the parameters which is used to determine the
attenuation effect is from its attenuation constant (𝑘). By
using (1), the value of 𝑘 in this study can be determined from
the following relation [35]:

𝛼 =

4𝜋𝑘

𝜆

, (1)

where 𝑘 is attenuation constant value, 𝜆 is wavelength (m),
and𝛼 is absorbance coefficient (cm−1) which is obtained from
the transmittance data using the following equation:

𝛼 =

ln (1/𝑇)
𝑑

, (2)

where 𝑇 is amount of transmittance and 𝑑 is the thickness of
BST films layer; in this study 𝑑 = 0.576 𝜇m,which is obtained
by using volumetric method.

Figures 8(a) and 8(b) show attenuation constant as a
wavelength function of BST thin films with and without
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Figure 7: The transmittance value of PhC showing the PBG and the associated PPB.

photonic crystals layer. From these figures it can be seen
that the attenuation constant value at particular wavelength
indicates the amount of light energy which is absorbed or
transmitted by those wavelengths.

3.3. Electrical Conductivity. The electrical conductivity of
the corresponding BST thin film was obtained from the
calculation using the following equation:

𝜎 =

𝐺𝑙

𝐴

, (3)

where 𝜎 is electrical conductivity value (S/cm), G is conduc-
tance value (S), l is distance between contacts (cm), and 𝐴 is
contact surface area (cm2).

By using vernier caliper, values of the distance between
contacts, length, and width contact which we obtained are
2.50mm, 1.50mm and 2.00mm respectively. Then values of
the thickness of TCO glass substrate and photonic crystals
which we obtained are 0.51mm and 1.07mm, respectively, by
using micrometer screw. Structure of BST thin film with PhC
layer is given in Figure 1.

From characterization, we found that the correspond-
ing electrical conductivity is in the range of 5.71250 ×
10
−2–0.22525 × 10−1 S/cm. When referring to several lit-

eratures that classify materials based on their electrical
conductivity, semiconductor materials are in the range of
10
−8–103 S/cm [36]. By comparing these ranges of our BST

and semiconductor materials, this BST thin film can be
classified into semiconductor materials.

Characterizations which were performed at frequency of
100 kHz show that the larger bariummole fraction leads to the
higher electrical conductivity of BST thin filmwith nonlinear
tendency, and when it is exposed to the light, its electri-
cal conductivity is decreased (Table 2). This phenomenon
occurred due to electron-hole recombination process within
semiconductor materials which reduce electron concentra-
tion as charge carriers in conduction band [9].

4. Conclusion

The optical characterizations show that the overall
absorbance percentage of the considered BST thin film
has light absorption area on almost the entire range of
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Figure 8: Relation betweenwavelength and attenuation constant of BST thin filmswithout (a) andwith (b) photonic crystals formole fraction
𝑥 = 0.25 (—Δ—), 𝑥 = 0.35 (—◻—), 𝑥 = 0.45 (—I—) and 𝑥 = 0.55 (—◊—).

Table 2: Electrical conductivity value (𝜎) of BST thin films after exposed by light with intensity more than 2000 lux (bright condition).

Mole fraction (𝑥)
𝜎 (×10−1 S/cm) Reduction percentage 𝜎 (%)

Dark Bright
A B A B A B

0.25 0.57125 0.22525 0.24813 0.20508 130,22206 9,83519
0.35 5.10250 0.51025 3.25333 0.43117 56,83930 18,34079
0.45 4.96366 1.05475 1.21908 1.03142 307,16442 2,26193
0.55 3.50833 1.86517 2.10444 1.08008 66,71086 72,68813
Conducted relatively to mole fraction 𝑥 = 0.25; A: without photonic crystals layer; B: with photonic crystals layer.

the visible light spectrum even to the infrared range with
absorption value more than 67.6%. For 𝑥 = 0.25, 0.35, 0.45,
and 0.55 visible spectra have average absorption percentages
of 92.04%, 83.55%, 91.16%, and 80.12%, respectively.

A significant change occurred when PhC substrate is
embedded in BST thin film which shows increasing in
photons absorption in the wavelength of 400–780 nm; those
are 3.96%, 7.07%, 3.04%, and 13.33% for 𝑥 = 0.25, 0.35,
0.45, and 0.55, respectively. A remarkable feature of almost
flat absorbance characteristics was observed. This feature
occurred due to mutual combination between BST thin film
and the corresponding PhC with defect.

By considering solar cell material ability in absorbing
photons, it can be concluded that the associated BSTmaterial
can be further utilized as a solar cell material; however,
further testing on other solar cell properties is required such
as photovoltaic characteristics, fill factor, and efficiency scale
in photon-to-current conversion process.
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