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Abstract

The organic 5',5"-dibromo-o-cresolsulfophthalein (BCP) compound thin films were deposited simply through spin coating
technique from a pre-prepared solution of different molarities. Differential thermal analysis (DSC) and thermogravimetric
analysis (TGA) of the starting powder compound were investigated to obtain the thermal stability and phase transformation
of the compound. The structure, morphology, and optical properties were analyzed for all the prepared films of different
molarities. Structural analyses revealed the nanocrystalline composition of all the prepared thin films. The resulted thin films
nanostructure feature is verified by utilizing both the field emission scanning-electron-microscope (FESEM) and the high-
resolution transmission electron microscope (HRTEM). Optical absorption exploration of BCP thin films was carried out in
the limit of 200-2500 nm wavelength. The results revealed no changes in optical properties with molarity change. Al/p-Si/
BCP/Au junction was prepared and investigated electrically in dark conditions and the diode parameters were extracted. The
obtained diode can be employed in many applications such as rectifiers, clipper circuits, clamping circuits, reverse current

protection circuits, logic gates, voltage multipliers, flexible electronics, and many other optoelectronic applications.
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1 Introduction

Organic semiconductors are generally n-conjugated net-
works. They are divided into a couple of categories accord-
ing to the molecular weight [1]: high molecular weight con-
jugated polymers and low molecular weight molecules. Each
of those groups shares a conjugated p-electron created by the
p, orbitals of sp® hybridized C atoms in the molecules [2].
The electronic benefits of a molecule depend upon the length
of the conjugation bond or the existence of electron giving
groups. -electrons are generally delocalized and can revolve
in the region of the molecular plane. Even so, the molecular
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chain turn into larger, the n-electrons amount increases and
an enhance in electrical conductivity is attained [3-5]. &
bonding is critically weaker than in ¢ bonds presented in the
molecule backbone. Subsequently, the minimum electronic
excitations of conjugated molecules are the =—=" transitions
[6]. The energy gap in most cases is from 1.5 to 3 eV result-
ing in visible spectral absorption or emission [7]. It may be
possible to outline the variables that develop a good organic
semiconducting device as [8, 9]: the existence of a conju-
gated structure, the n-electronic cloud could be overlapped,
good thin film structural benefits, chemical purity, and mate-
rial stability. Hence organic chemistry supplies a wide vari-
ety of opportunities to tune the optoelectronic benefits of
organic semiconductors. Organic substances practically have
an unlimited number and unlimited size extent from simple
molecules to polymers [10]. These characteristics consider-
ably raise the limit of selection and designing opportunities
and applications of organic semiconductors such as photo-
sensors, photovoltaic devices, transistors, and light-emitting
diodes [11].

Bromocresol purple (BCP) dye, 5',5"-dibromo-o-cresol-
sulfophthalein, is a sulfonephthalein dye wherein the phenyl
group is linked to the main carbon atom, Fig. 1a. BCP dye
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Fig. 1 a The BCP molecule rehybridization from unsymmetrical resonance scheme to symmetric one and vice versa which is responsible for
coloring transformation, and b The resultant deposited films of different molarities on glass substrates

is usually utilized as pH references. It provides a yellow-
colored in alkaline conditions and gets a red-hue at acidic
conditions [12]. BCP provides superior conductivity due
to its 1—x conjugated bonds, considerable surface area and
an elevated amount of active side [13]. The BCP coloring
transformation is resulted from molecule rehybridization
from unsymmetrical resonance scheme to symmetric one
and vice versa and also from surrounding environment
polarity changing [12, 14], as in Fig. 1a. Consequently, the
BCP dye exhibits its characteristic absorption in a nonpolar
solvent [15]. The 2nd order hyperpolarizabilities of BCP
dye molecule loses when the solvent polarity or dielectric
constant decreases [12]. BCP was utilized in detecting albu-
min, hypoxanthine, uric acid and xanthine [16]. Over a wide
variety of heat and humidness, BCP doped polymer film was
used as an ammonia gas detector [17]. L-Tyrosine detect-
ing sensor was developed using a BCP improved carbon
electrode [18]. An organic photodiode based on BCP was
prepared by conventional thermal evaporation [19]. A 1.9
eV optical band gap was observed [19].

In the current study, 5',5"-dibromo-o-cresolsulfophthalein
(BCP) thin films were spin-coated from different molarities
solutions. The effect of molarity change on structural, mor-
phological, and optical features of the resulted thin films was

@ Springer

inspected. BCP stableness against thermal decomposition
and phase transformation were checked out with DSC and
TGA techniques. Additionally, a device junction of Al/p-Si/
BCP/Au was manufactured and its dark electrical properties
were inspected.

2 Materials, samples preparation,
and experimental methods

The powder of BCP used in this study was produced by
Sigma Aldrich and it was employed as supplied without
extra processing. Spin coating technique was used to deposit
BCP thin films on glass and Si substrates at 2400 rpm and at
room temperature for all the deposited films. In the prepara-
tion of BCP films, a solution with different molarities (M1 =
IM, M2 = 2M, and M3 = 3M) of BCP was dissolved in
ethanol using magnetic stirrer for 30 minutes. The result-
ant solution was deposited on glass substrates as presented
in Fig. 1b. The solution of molarity 3M was chosen to be
deposited on Si substrates for a device preparation and exam-
ining trial purpose. Every BCP molarity is spin coated with
a single layer for 2 min and then the thickness of the layer
has been increased by successive spin coating of 3-layers.



Physical characterization of 5',5"-dibromo-o-cresolsulfophthalein (BCP) spin-coated...

Page3of 11 625

KEITHLEY 2635A

BCP film

T

Al Iayer/

L Si substrate

Fig.2 Schematic diagram of the device layers and circuit arrangement of /-V measurements

The thickness of the films was measured by the conven-
tional gravimetric method and it was found in the range of
400 nm + 10%. Finally, the films are kept to dry at room
temperature. A glass and p-Si substrates employed in fab-
ricating thin films and the heterojunctions were chemically
washed by the method outlined elsewhere [20, 21]. Alu-
minum ohmic contact and a gold electrode (about 100 nm
layer) were deposited on the back surface of Si and BCP film
in front of the prepared junction, respectively. The metal
electrodes were deposited by means of a thermal coating
machine Edwards E 306 A at room temperature, the vacuum
of about 1.33 x 107% kPa before the evaporation process
starting, and 2 nm/s deposition rate. A schematic diagram of
the prepared device layers can be seen in Fig. 2.

Philips X’pert goniometer employing copper target
(CuK,) powered at 40 kV and 25 mA was employed in
studying the structure of the prepared films while the mor-
phology of the films was observed and visualize with two
means, the SEM (Quanta FEG 250) and Joel JEM 2100
high-resolution transmission electron microscope.

In a nitrogen environment and heating rate of 10 °C/min,
differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) of starting BCP powder were done
by SDTQ 600 thermogravimetric analyzer unit.

BCP films optical and bandgap benefits in the wavelength
range of 200-2500 nm were examined by employing UV-
VIS-NIR spectrophotometer JASCO, V-570.

The manufactured device, i.e. Al/p-Si/BCP/Au hetero-
junction, dark current-voltage properties were explored
at different temperature by means of KEITHLEY 2635A
source-meter as shown in Fig. 2.
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Fig.3 DSC and TGA thermogram of BCP starting powder

3 Results and discussions
3.1 Phase transition and thermal stability

In nitrogen (N,) atmosphere, thermal analysis by both DSC
and TGA of BCP were achieved at 10 °C/min heating rate
and the results are presented in Fig. 3. The output thermo-
gram of DSC displays three events of the endothermic type
in the heating range developed at 96 °C, 146 °C, 247 °C,
and 925 °C respectively. The endothermic peak occurred
at a 96 °C is referred to the glass transition or the transition
from glassy to rubber-like state process that induced as a
result of motion unfreezing of simple kinetics including Br,
CHj;, and OH [22]. The endothermic event at 146 °C may
relate to rehybridization from unsymmetrical to symmet-
ric resonance [14]. At 247 °C, the decomposition event is
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Fig.4 XRD of BCP thin films prepared from solutions of different
molarities

related to the melting process that resulted from a complete
molecule unfreezing [19]. The last event located at 925 °C
may be related to the breakdown of the molecular structure
and then the decomposition of the BCP molecule.

Figure 3 also represents the TGA result curve which
shows five thermal decomposition steps. The first step took
place in 225-280 °C interval with about 25.7% weight loss
followed by the 2nd step happened in 280-371 °C with an
additional 16.8% weight loss. After that, the weight loss
takes a slow rate behavior from 371 to 598 °C with addi-
tional weight loss of 9.7% followed by small decomposition
step from 598 to 734 °C with 6.2% weight loss and then
reached the final step of decomposition at 734 °C to the end
of measurement temperature where the curve exhibits a very
slow loss rate with 3.8% additional weight loss. The total
weight loss is 62.2% in the temperature range 40-990 °C
which indicates the good thermal stability of the BCP
compound.

3.2 Structural and morphological analysis

Different molarities BCP thin films structural form appeared
from X-ray diffraction approach (XRD) are sketched in
Fig. 4. The resulted spectra of BCP thin films demonstrate
a broad hump accompanied by a weak peaks suggesting
the nanocrystalline nature of the prepared BCP thin films.
An array of weak peak intensities of different heights that
observed in the resulted diffractograms defining a poly-
crystalline shape of the prepared BCP organic material thin
film. It’s also noted that the molarity change did not strongly
affect the crystalline structure of the resulted thin films pre-
pared by spin coating.
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The prepared BCP thin films morphology of BCP were
inspected by scanning-electron-microscope (SEM) and high
transmission electron microscope (HRTEM) as shown in
Fig. 5. SEM resulted images of all molarities shows very
fine particles with a good homogeneous distribution cover
the whole substrate surface. The originated morphology is
equivalent for all thin films of different molarities as repre-
sented in Fig. Sa—c respectively. This matching in morphol-
ogy supports the evidence resulted from XRD analysis. By
applying high transmission electron microscope to the thin
film of molarity 3M, the image in Fig. 5d appears. It displays
a tiny round (or spherical-like) grains (white background)
allocated in a homogeneous manner all over the substrate
surface. Many of these grains are agglomerated with each
other forming the larger spherical black grains. A nearly
66 nm mean grain size was detected.

3.3 Optical absorption analysis

In spectral wavelength extent of (200-2500 nm), the films
optical absorption spectra were captured through employ-
ing UV-visible spectrophotometer. The change of absorption
coefficient upon incident photon energy investigation is car-
ried out in the elevated absorption zones to understanding
the band gaps details of the prepared films [23, 24]. The
transmittance and reflectance change with the wavelength
of BCP thin films of different molarities are shown in Fig. 6.
It can be noticed that the reflectance is nearly constant with
very low values while the transmittance changes strongly
as the wavelength raises and reaches the saturation state at
about 630 nm wavelength.

The spectrum reveals significant transmittance in the vis-
ible and infrared zones. Additionally, it is found that sharp
fundamental absorption edge in the visible area at 630 nm
wavelength. The transmittance and reflectance show nearly
no distinct change with the molarity change.

Figure 7 displays the absorbance versus the wavelength
for the prepared thin films of different molarities. The
absorbance shows two peaks and one shoulder (or peak for
the 2M film) at 285, 432, and 545 nm wavelength, respec-
tively. These peaks are corresponding to different m—m*
transitions of the BCP molecule [13]. The shoulder on the
high-wavelength side of samples M1 and M3 may be due to
Jahn—Teller distortion of the excited states [25]. Jahn—Teller
(JT) distortions occur when a non-linear molecule is in a
degenerate electronic state. The molecule then distorts, its
symmetry is lowered and the energy minimized [26]. It is
observed that the absorbance increases with the increase of
the molarity.

The absorption coefficient is predicted out of the absorb-
ance employing the relation [27-29]:

2.303A
a= ;

ey
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Fig.5 Images of BCP thin films prepared from solutions of different molarities: SEM a 1M, b 2M, ¢ 3M, and HTEM (d)
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Fig.6 The transmittance and reflectance change with the wavelength
of BCP thin films of different molarities

where the absorbance, thickness, and absorption coefficient
are represented by A, ¢, and a, respectively.

It was noted that all samples have a remarkable absorp-
tion coefficient in the range of 200-640 nm spectrum as
viewed in Fig. 7 that monitors the absorption coefficient (a)
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Fig.7 the absorbance versus the wavelength for the prepared thin
films of different molarities

as a function of wavelength (1) of BCP thin films of differ-
ent molarities. The absorption coefficient goes up with the
rise of the energy of the incident photon. The absorption
coefficient has a value over 10* cm™ which suggests that the
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existence of direct transitions is higher. It was also detected
that the absorption coefficient rises by molarity raising.

The optical energy gap (E,) could possibly be estimated
by employing two procedures. the first procedure is using
Tauc function where the bandgap (E,) is calculated by
[30-32]:

ahv = B(hv - Eg)b )

In(ahv) = InB + bln (hv — E,) 3)

where a represents the absorption coefficient, hv represents
the falling photon energy, E, represents the optical band gap,
B represents a constant that is independent on falling photon
energy and finally an exponent b that has 4 numerical values,
1/2, 2, 3, and 3/2 for allowed direct, allowed indirect, forbid-
den direct and forbidden indirect transitions, respectively.

To check the type of electronic transition if it is direct or
indirect, the acquired relation between ohv and the photon
energy hv, Fig. 8a, is fitted with Eq. (2) in the nearly linear
end of the curve. The acquired variables were then inserted
in Eq. (3) and sketched in Fig. 8b. As noticed, the optical
transition type of all the prepared samples is direct with a
power factor (the slope of linear relation) b = 2. As seen in
Fig. 8c, direct bandgap was estimated by the extrapolation
of a straight line of the curve linear portion to (ahv)® = 0.
It is noticed that the bandgap value is nearly the same
(~ 2.35 eV) for the three molarities thin films.

The second approach for estimating the optical energy
gap is by analyzing the relation between the first derivative
of absorbance with the energy of incident photon [33]. By
capturing the absorbance 1st derivative as a function of inci-
dent photon energy, the optical energy gap will be the energy
relates to the highest peak of the resulted curve as shown in
Fig. 9. The shoulders on the low-energy side of M1 and M3
my be due to Jahn—Teller distortion of the excited states [25,
26]. It was found that the bandgap energy is the same for all
molarities and equal to 2.81 eV. These results are in agree-
ment with that estimated via Tauc function.

Urbach energy (E,), the width of the localized states
existing in the optical bandgap of the films, influences the
optical gap arrangement and optical transitions. It is associ-
ated with the exponential tail of the density of states of both
the two edges of the bandgap. The Urbach energy (E,) is
driven by [34]:

a= aoth/E" @)
where hv, a,, and E, are the photon energy, constant, and
Urbach energy respectively. Figure 10 illustrates the (Ina)
change with incident photon energy change for the prepared
films of different molarities. Eu values were estimated as the
reciprocal of slopes of the straight section of the relation
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between (Ina) and incident photon energy and was listed
in Table 1. The Urbach energy is reduced by molarity rise.

The refractive index (n,) is estimated employing the func-
tion [35]:
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Fig.9 The absorbance 1st 1.2
derivative as a function of
incident photon energy for thin .
films of different molarities
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Fig. 10 The (Ina) change with incident photon energy change for the
prepared films of different molarities

Table 1 The resulted numerical
values of E, E,, and the zero-
photon energy refractive index,
n,, for the prepared films with MI
different molarities

Molarity Ej E, n
eV) (eV)

12.16 839 1.57
M2 1243 8.84 1.55
M3 10.14 7.71 1.52

—— M1
—— M2
~— M3

1

2 2
nr=<%_(kg_1)> L 1+R 5)

(I1-R)

where n, R, and K, are the refractive index, the reflectance,
and the extinction coefficient respectively. The refractive
index against wavelength for BCP thin films of different
molarities is presented in Fig. 11. The evaluation outcomes
reveal that the manufactured films refractive index n values
are in the range of (1.4-2.45). The data shows a normal dis-
persion to which a single oscillator model can be applied.

In that model [36], n is linked to the dispersion parameters
(E, and Ej) by [36]:

n> —1=EE,/(E: - E?) (6)

where E, E_, and E are the photon energy, the single oscilla-
tor energy, and the dispersion energy. E, and E, are directly
calculated by the slope (E,E,)~" and the intersection (E/E,)
with the y axis. A plot of 1/(n*—1) against (hv)? of BCP films
of different molarities is displayed in Fig. 12. The resulted
numerical values of E_, E,;, and the zero-photon energy
refractive index, n, are recorded in Table 1.

The dielectric constant is symbolized as in the next form
[30]:

E=¢g, —ig,

(N

@ Springer
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Fig. 11 The refractive index against wavelength for BCP thin films of
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Fig.12 A plot of 1/(n* — 1) against (hv)* of BCP films of different
molarities

where €, and ¢, are the real part and the imaginary part of
the complex dielectric constant. For the calculation of the
two parts of a dielectric constant, the complex constant is
resolved into in its two parts as in next forms [34]:

g =n -k (8)

£, = 2nk, )

The change of real and imaginary components of die-
lectric constant with the change of incident photon energy
for BCP thin films with different molarities is represented
in Fig. 13. The two components, real and imaginary, of
the dielectric constant, are nearly unchanged as incident
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films with different molarities

photon wavelength change from 600 to 2500 nm. In addi-
tion, the values of the real and imaginary components nearly
unchanged with molarity change.

3.4 |-V characteristics in dark conditions

The prepared Au/BCP/p-Si/Al diode current and voltage
(I-V) features that assessed at steady temperatures are drawn
in Fig. 14. The remarkably excessive values of current in the
forward direction than that of the reverse direction authorize
the junction rectifying. The relationship running between the
diode natural logarithm of forward-current and the working
potential at fixed temperatures is sketched in Fig. 15. At
definitely low working potentials (V < 1.06 volts) the rela-
tionship behavior is linear and changed to curvy behavior at
higher potentials (1.06 < V < 2). This response definitely
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Fig. 15 The variation of the In(J) with V for Au/BCP/p-Si/Al diode at
settled temperatures

Within a low-forward potential region, the current trans-
port through the prepared BCP/p-SI contact is discussed
with the approach of standard diode [21]:

I/l = /"0 — 1 (10)
where I, g, V, n, k, T signifies the reverse saturation cur-
rent, the electron charge, the applied potential, the contact
ideality factor, the Boltzmann’s constant, and the absolute
temperature, respectively.
The reverse saturation current (/) is provided by [20]:

1, = AA*T? exp (g0 /KT) (11)

Here, A, A*, J signifies the contact effective area, the
Richardson constant (32 A cm™2 K~2) for p-Si [22], and the
effective barrier height at O bias.

Through the use of the straight portion of the resulted
relationship among the current natural logarithm (In/) and
the loaded potential (V) in the forward direction, the pre-
pared junction barrier height () and ideality factor (n)
are calculated and included in Table 2. The ideality factor
(n) drop and the barrier height (Jg) improvement by heat-
ing are noted from the tabulated data and it is originated
from the inhomogeneity of the contact barrier height [20,
37]. Throughout the lower temperature conditions, carriers
charges (i.e. electrons) are qualified to beat the weak barriers
and the current moves across it [30, 38], but with the tem-
perature boost, extra charge carriers will collect additional
energy to overcome the larger barriers [19, 35]. Hence, with
the applied potential and heating boost, the barrier height
turns into more significant values. The contact delivers an
ideal factor above unity and this is often growing by the
interfacial states, series resistance, tunneling, and inhomo-
geneous barrier height [37].

The series resistance, R, is actually an important variable
for the junction particularly when the voltage impacts the
I-V features of a junction. The values of deposited BCP/p-
Si contact series resistance (R,) is detected simply by the
revised Norde’s formula assistance [19]:

= - (1)
is generated from the series resistance (R,) that frequently
performed by the resistance of electrical cabling, deposited
BCP layer, n-Si chip.
Table2 The Valuf:s of n T (K) v F V)
and @y as a function of
temperature calculated from n ¢g (V) R, (KQ) ¢ (V) Ry, (KQ) ¢y (€V)
(I-V) measurements and Nord
function 303 11.1 1.04 138.6 0.79 51.8 0.92
323 8.8 1.11 134.2 0.85 27.39 0.99
343 7.1 1.19 123.4 0.91 21.94 1.05
363 59 1.28 234 0.97 8.5 1.16
383 52 1.33 21.3 1.02 3.7 1.19

@ Springer



625 Page100f 11

A. M. Mansour et al.

1.4
| —®—303K
—e—323 K
—A—343 K
1-—v—363K
124 —<€4—383K

1.3 4

”4774774,,«
PR — v/vxw
1.1 4 « P e e e i bl vV
A - vV
14 v,,v’" Vv-v-y-v VY
4 v A-AA
1.0,V _A-AA-
M A,A/A/A\A\A\A—A’AfA/A/A/A 4
L A
A _0®-9-90-90-0-0-0-
094 o 0® eeeeee
\.,‘./

F(V)

I ./././l/'/.\""l‘l\l-l—ufl—l~l'l'l/-
08"

07 ; ;
0.0 05 1.0 15 2.0

V (Volt)

Fig. 16 Nord’s function of Au/BCP/p-Si/Al diode

where X represents the 1st integer over the ideality factor
value. I (V) represent the current. The R value at different
heating temperatures is predicted via the next formula [25]:

()

where I(V,) signifies the current corresponding to the volt-
age lowest point of F(V) versus V curve.
The barrier height is computed with [39]:

Vo_k_T

g=F(V.)+ <

(14)

where F(V,) and V,, signifies the F(V) corresponding to the
voltage lowest point of F(V) versus V curve and the corre-
sponding voltage value.

Two distinctive minima were realized in the Norde func-
tion curves as noticed in Fig. 16. Therefore, two different
values of the barrier height and also the series resistance
were delivered (named @,, Ry and ¢, Ry,). This behavior
was reported by Parish et al. [40] for n-GaN Schottky diodes
and it was interpreted as two diodes in parallel and attributed
to the presence of screw dislocations [41].

Considering Fig. 16 of Norde’s equation along with
Egs. 12 and 13, the values of both the barrier height and the
series resistance of the prepared junction at different temper-
atures are got and are placed in Table 2. The decrease of both
R,; and R, and the boost of the ¢,; and ¢,, with heating is
observed from the tabulated data in Table 2. The ¢, was in
approximately matching to the barrier height extracted from
I-V results, whilst the other, ¢,,, was much higher and with
much lower series resistance. The differences between the
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Fig. 17 In/-InV characteristic of higher forward applied voltages
region

values of barrier height got from Norde’s calculations and
that received via I-V data are influenced by the dissimilarity
of calculation procedures [42].

The impact of larger employed voltages in the forward
direction to the contact /-V aspects are evaluated by graph-
ing In/ with InV as provided in Fig. 17. The outcome layout
exhibits a straight-line response of a slope = 4. That conclu-
sion ensures that the conduction mechanism in the present
case is the space charge limited current dominated by the
exponential trap of distribution [41]. So, that result shows
that the BCP layer conduction procedure supplies an effect
to the synthesized junction I-V properties [29, 43].

4 Conclusions

Thin films of organic compound BCP were successfully pre-
pared by a simple spin-coating approach from solutions of
different molarities. DSC and TGA of the starting powder
prove the thermal stability of the compound to about 225 °C.
The produced different molarities thin films structural and
morphological evaluation displayed their nanostructure
arranging form. HRTEM images identify the films parti-
cle sizes of about 66 nm. The optical evaluation revealed
nearly no change of energy gap, refractive index, real and
imaginary dielectric constant with change in molarity. The
Dark I-V specifications of Al/p-Si/BCP/Au fabricated device
at different temperature was investigated. It was found that
the increase of temperature leads to the decrease of ideality
factor, an increase of barrier height, and a decrease of series
resistance, respectively.
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