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Abstract

The spin-coating technique was effectively used to prepare a good adherent and uniform thin films of rhodamine B (Rh.B).
The investigation of the optical absorption revealed indirect energy gap of 2.1 eV and Urbach energy of 29 meV. The investi-
gation of the electrical characteristics of the heterojunction-based Rh.B was achieved to extract the important parameters and
identify the predominant conduction mechanism. Dark forward and reverse biasing current density—voltage characteristics
showed notable rectification characteristics. The heterojunction conduction mechanism of Rh.B/p-Si confirms that observed
mechanisms depend on the applied voltage range. The capacitance—voltage characteristics, measured at different signal fre-
quencies, indicated the occurrence of an abrupt type of heterojunction. The frequency dependence of some heterojunction
parameters like barrier height, maximum electric field, the width of the depletion region, and carrier concentration gives
an indication for the type of interfacial layer of the heterojunction. A high dependence of the capacitance and conductance
on both the biasing voltage and the applied frequency was observed. Moreover, the measured series resistance emphasizes
the strong effect on the extracted parameters of the studied Schottky diode. Rh.B-based Schottky diode is a promising for

multi-applications in an electronic device.

1 Introduction

Organic semiconductors are promising materials in wide-
scale electronic and optoelectronic devices [1, 2]. Scientists
and engineering make a lot of new progress in the device
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technology with their studying their electronic properties
[1-3]. Organic substances own specific optical and electri-
cal characteristics suitable for enormous applications [2, 3].
The most important features of organic materials are the
easy fabrications process using low-cost technology even by
thermal evaporation in comparison with inorganic materials
[4]. Organic, flexible technology is the main goals for the
new industrial for flexible devices [4, 5]. Nowadays, organic
material has a spread market for new applications such as
an organic light-emitting diode (OLED), batteries, computer
boards, laser printers, copy machine, solar cell devices, dye-
sensitized solar cells,...etc. [6-11].

Rhodamine B is an organic laser dye and can be used in
different applications in physics, chemistry and biotechnol-
ogy [12]. Farag et al. [13] studied the optical constants of
Rh.B on glass substrates, and they calculated the optical con-
stant with their optical parameters such as refractive index,
absorption index, band gap and dielectric properties. The
band gap of Rh.B is determined as 1.97 eV with phonon
energy of 75 meV. In addition, Farag et al. [14] investigated
the Schottky diode of Rh.B using ohmic and Schottky con-
tacts and they found that Rh.B possess a Schottky behav-
ior with a rectification values 636 at 0.15 V. In addition,
other parameters of the Schottky diode were obtained such
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as ideality factor, barrier height, saturated density current,
carrier concentration and Fermi level potential. The labora-
tory analysis of Schottky diode parameters attains the barrier
height inhomogeneities of the Rh.B Schottky diode [13, 14].

In this communication, the preparation and characteriza-
tion of Rh.B thin film- based heterojunction were studied.
The main important parameters that control the heterojunc-
tion performance like rectification factor, barrier height,
series and shunt resistances were extracted from the forward
current—voltage characteristics. In addition, the prevalent
mechanisms of conduction were considered. Furthermore,
frequency and bias dependences of the capacitance and con-
ductance and their related parameters were also investigated.

2 Experimental details

Rhodamine B was obtained from Sigma-Aldrich Company
without refinement. P-Type Si wafer was cleaned by diluted
nitric acid, diluted hydrochloric acid and ethanol to remove
any native oxide on both side of the silicon wafer. A stream
of nitrogen gas was utilized to dry the silicon wafer. Alu-
minum back contact was deposited on the one side of the
silicon wafer using thermal evaporation machine (Edwards
306-A) under base pressure of 1.5 X 10~ Pa. After that, the
Al/p-Si was annealed for 5 min at 450 °C to allow the alu-
minum to be diffused inside the silicon to make the ohmic
contact. The other surface of the Si wafer was cleaned again
by the same method, discussed above, to remove any metal
oxide formed during the annealing process. 1072 M of Rho-
damine B soluble in ethanol was formed using a magnetic
stirrer at room temperature. Homemade design spin-coating
system was used to deposit Rh.B on highly cleaned p-Si/Al
at 1500 rpm for 60 s. After that point contact from gold (Au)
using specially designed mask was deposited on Rh.B/p-Si/
Al to form the top metal contact using sputtering system
model (Denton Vacuum DV502A DC sputtering system).
The Rh.B thin film of 120 nm was deposited by spin-coating
system at 1500 rpm. The aluminum thickness layer is con-
trolled to be about 100 nm, while the gold thickness layer is
about 30 nm. The I~V and C-V characteristics were recorded
using a semiconductor characterization system 4200-SCS at
room temperature. Two pre-amplifiers were used to connect
the Teflon/copper metal holder to measure both /-V and C-V
at room temperature.

3 Results and discussion
3.1 Molecular parameters characterizations

The molecular structure of RH.B using Chem 3D Pro 10.0 is
shown in Fig. 1. The crystalline structure of the Rh.B films,
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Fig.1 Rhodamine B using Chem 3D Pro 10.0

deposited on a glass substrate at 300 K is examined by the
X-ray diffraction and is illustrated in Fig. 2a. The pattern
shows indistinct structures with a wide broad hump which
characterizing the short-chain ordering crystalline structure
(amorphous). This result is supported by those obtained
from the selected area electron diffraction image (SAED),
as shown in Fig. 2b. Another result can be obtained from
the TEM image which indicates a very fine and/or dust-like
structure with nanostructure sizes (not shown here). The par-
ticle size distribution is obtained and is illustrated in Fig. 2c.
Accordingly, the mean value of the particles is around 3 nm
which with those published in the literature [13].

The acquired theoretical calculation of HOMO and
LUMO structures of Rh.B at DFT/B3LYP/6-311G™ utiliz-
ing DFT is shown in Fig. 3. The fundamental atomic param-
eters such as energy gap (Eyomo-1.umo)» 10nization potential
(1), electron affinity (EA) and softness (S) were resolved uti-
lizing the hypothetical examinations and relations discussed
in details elsewhere [15]. These parameters are utilized for
affirming the stabilization and reactivity of the Rh.B and are
recorded in Table 1.

3.2 Optical absorption characteristics of Rh.B thin
films

The Rh.B thin film shows a high absorption coefficient
(a>10* cm™!) in the visible region, as well as a sharp
edge at 600 nm, which support the probability for the opto-
electronic application. Furthermore, the energy band gap
(E,) of Rh.B films is resolved according to the relation of
(ahv)'? vs. (hv) plot. A straight line fitting part of the plot
is obtained, as shown in Fig. 4a, confirming the presence of
indirect allowed transition with an energy gap of 2.1 eV. The
experimental energy band gap of RHB film is found to be
lower than those obtained using the theoretical calculation
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Fig.2 a XRD pattern, b SAED image, and c plot of particle size dis-
tribution of Rh.B

HOMO

Fig.3 HOMO-LUMO gap of Rh.B

Egap= 2.602

at DFT/B3LYP/6-311G** utilizing DFT (i.e., 2.6 eV). The
change between the two calculations can be due to that the
theoretical calculations considered the single molecule in
its application (i.e., gaseous state), in contrast to the experi-
mental one.

The observed absorption region is related to the interband
transitions through the band tails in the energy gap of Rh.B.
Accordingly, the absorption coefficient follows the relation

[16], @ = oy exp g ), where a, and E are, respectively, the

pre-exponential factor and Urbach energy which related to
the width of the band tails of the localized states. The
Urbach energy is determined from the inverse slope of the
straight line fitting of the In(a) — hv plot (Fig. 4b) and found
to be 29 meV. The width of the band tail is probably caused
by the structural randomness due to the presence of defects,
impurities and dislocated crystallites [17].

3.3 Current density-voltage characteristics
of Rh.B-based organic Schottky diode

The schematic diagram of Au/Rh.B/p-Si/Al heterojunction
(HJ) diode is illustrated in Fig. 5. The measurements of I-V
were utilized to obtain the information about the current
mechanism and obtaining the prime essential parameters
[18]. Figure 6a shows the dark /-V measurements of Rh.B/p-
Si HJ at 300 K. As observed, the heterojunction yielded
good rectifying property, and the room temperature rectifica-
tion ratio is calculated and plotted as a function of voltage,
as evident in Fig. 6b. This property confirms the diode-like
behavior due to the formation of the barrier at the hetero-
junction interface that limits the flow of the forward and
reverses carriers [19]. In addition, increasing the RR values
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Table1 HOMO-LUMO

parameters calculated for Rh.B Structure Eyomo (€V) E; umo (€V) Eg eV) Ip V) EA (eV) S (eV)
at DFT/B3LYP/6-311G** RhB —5.666 —3.064 2.602 5.666 3.064 0.768
Fig.4 a Plot of (ahv)"? vs. hv 8
and b plot of Ina vs. hv of Rh.B (a) (b)
thin films 500 -
400 - 6-
g
S 300 - s
g £41
=
E 200 -
2 |
100
0 0 B T T T T T T
0 4 1.7 1.8 1.9 2.0
hv (eV) hv (eV)
Fig.5 Schematic diagram of
Au/Rh.B/p-Si/Al heterojunction Q Upper Gold contact
diode s
1
Ay e\ g
J 7 U p-Si substrate
Rhodamine B
bottom Alumium contact

with increasing the applied voltage means an enhancement
in the heterojunction characteristic which can be considered
promising for different electronic applications. Accordingly,
the current density—voltage characteristics of the heterojunc-
tion, using the thermionic emission theory can be expressed
as follows [20]:

oy q(V = JRy) AW V —JR,
=Jo| exp 7 A (1

where J;, is the reverse saturation current density, 7 is
the ideality factor, k is the Boltzmann’s constant, T is the
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absolute temperature, g is the electronic charge, R, is the
series resistance and Ry, is the shunt resistance. Semi-loga-
rithmic plot of the room temperature current—voltage (I-V)
characteristics of Rh.B/p-Si heterojunction is clarified in
Fig. 7a. The values of Ry, and R, can be approximated from
the graphical representation of /-V under low and high for-
ward bias, respectively. Values of R, and Ry, were estimated
from the graphical representation of the junction resistance
Ry vs. applied voltage, as Fig. 7b and listed in Table 2. A
higher value of the series resistance, as compared with
those published for organic-based diodes [14, 21-24], can
be attributed to the higher value of Rh.B bulk resistance and
some resistances originated from the heterojunction contact.
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Table 2 Main extracted

Extracted from /-V character-  Extracted from References

parameters from f:u.rrent— istics dv/dinl

voltage characteristics of

Rh.B/p-Si heterojunction n R, () Ry, (Q) n R, ()
Au/Rh.h/p-Si/Al 25  15x10°  53x10° 1.6 5.53x10° Present work
Al/Rh.B Schottky diode 1.57 210 - - - [14]
Al/SCC/ITO 173 232x10° - - - [21]
AI/NPC/ITO 242 13x10° - - - [22]
Zn[((NO,),-8HQ),] complex film/n-Si 7.2 50x 103 - - - [23]
Au/PPy/n-Si Schottky barrier diodes 541 10° 130x10° - - [24]

In addition, the higher value of the shunt resistance can be
explained by the lower leakage current through the hetero-
junction [25-28]. It is well known that for the perfect diode,
R, and R, tend to zero and infinity, respectively [20].

Another methodology can be used for determining some
important heterojunction parameters such as the ideality
factor and the series resistance stated by Khusayfan et al.
[29]. This method based on Cheung and Cheung formula as
follows [30, 31]:

(d‘:—nVJ)=JRS+n<%T>. 2

Accordingly, the plot of (d—v

vs. J can be used for
dlnJ

extracting R from the slope and # the intercept at /=0, as
shown in Fig. 8a. The obtained values of R, and # are found

to be 5.533x10° Q and 1.6, respectively. The extracted R
and 7 are relatively lower than those obtained above due to

the applied voltage range dependence [29]. Another explica-
tion can be acquired by Phark et al. [32]. They have
explained that the uniform the non-uniform dispersion of the
surface microstructures may prompt an inhomogeneous bar-
rier height. Moreover, Werner and Guttler [33] have sug-
gested that the barrier height inhomogeneity can be clarified
by postulating a Gaussian distribution of the Schottky with
considering a mean barrier height and a standard
deviation.

The logarithmic plot of the forward current—voltage
characteristics of the heterojunction is shown in Fig. 8b.
This plot has two different linear distinct regions depend-
ing on the applied voltage, which is represented as a region
() and region (II) due to the probability of two distinctive
prevailing mechanisms. Accordingly, the current density
with the applied voltage follows the well-known relation,
I a V", where m is the exponent that used for realizing
the type of the predominating mechanism. Values of m
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Fig.7 a Plot of current, / vs. T
V and b plot of Ry vs. V for h‘/ Fen (b)
Rh.B/p-Si heterojunction 5x10° -
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Fig.8 a Plot of dV/dInI vs. -1
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for regions (I and II) are found to be ~2 and ~ 3, corre-
sponding to the trap-free square-law region and the expo-
nential trap distribution [34, 35]. The acquired results are
recorded in Table 3 in comparison with other published
organic-based devices [36, 37]. The results confirmed the
presence of space charge conduction with exponential dis-
tribution at higher potential, while at the lower potential,

@ Springer

the mechanism is a free trap with the square law or ohmic
law behavior.

The existence of space charge limited conduction gives
an indication for presence one contact has high injecting
properties to supply an unfailing source of carriers [38, 39].
In region (I), it is expected that the number of thermally
excited carriers are unsuitable, and then trap levels are nearly
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Table 3 Value of the slope and their corresponding mechanisms from the current—voltage characteristics of Rh.B/p-Si heterojunction

Structure my Type of mechanism in (Region I) my Type of mechanism in (Region II) References
Au/Rh.h/p-Si/Al 2 Trap-free square-law region 3 Exponential trap distribution Present work
Au/PPy/n-Si Schottky 1.97 Ohmic behavior 3.88 SCLC [36]

barrier diode

Al/CuPc/n-Si device 2
ing trap level

SCLC controlled by single dominat- 3

Exponential trap distribution [37]

empty. With increasing the applied voltage, the density of
injected carriers increase and then dominating the charge-
carrier transport to the limit of trap filling [40]. It is well
known that the space charge limited conduction mechanism
at which the current is limited, while applied electric field is
controlled by the field due to space charge [41-43].

3.4 Frequency and biasing voltage dependence
of C-V and G-V characteristics

The characteristics of both capacitance—voltage and con-
ductance—voltage of Rh.B-based heterojunction are meas-
ured in a wide frequency range from 2 kHz to 10 MHz at
300 K and are given in Figs. 9a—d and 10a—c, respectively.

3.0x10°1 (a) " 5 kH:
® 10kHz
2.5x10° - \- A 50 kHz
X v 100 kHz
2.0x10° -
L 4.5x10°
(3]
1.0x10°
5.0x10"°
0.0
T T T T T
-4 -2 0 2 4
V (Volt)
-11
6.0x10° T ——
—e— 3 MHz (C)
4
- 1z
5.6x10™" 1T E s

—<4—7MHz
N
—o—, z
521 0"
o N

4.8x10™" 4
4.4x10™ M
4 2 0 2 4
V (Volt)

Obviously, both capacitance and conductance are found to
be dependent on the biasing voltage and the applied fre-
quency. In addition, the value of capacitance and conduct-
ance are found to decrease with increasing the frequency
signal due to the probability for the presence of hetero-
junction interface. At the lower frequency’s region, the
interface can undergo the AC signal and produce an addi-
tional capacitance, which displays frequency dependence
due to the time of relaxation of the carriers at the interface.
While at enough higher frequencies the interface charges
can barely undergo the AC signal and then a neglecting of
the interface states capacitance contribution to the over-
all capacitance is taken place. In addition, the measured
capacitance and conductance are dependent on the biasing

( b) 300 kHz

500 kHz
700 kHz
900 kHz

1 MHz

8x10™"

]
[]
A
v
<

7x10™"

6x10™" -

C(F)

5x10™""

4x10™ -

V (Volt)

4.0x10°
—|—-4V

3.5x10° - o3y
3.0x10° \ 2
2.5x10°
2.0x10° -

C(F)

1.5x10° 4
1.0x10° 4
5.0x10™°

10° 10* 10° 10° 10 10°
f (H2)

Fig.9 a-—c Plots of capacitance, C vs. V at different frequency ranges, d plot of capacitance, C vs. f for Rh.B/p-Si heterojunction
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Fig. 10 a, b Plots of conductance, G vs. V at different frequency ranges. ¢ Plot of conductance, G vs. f for Rh.B/p-Si heterojunction

voltage. Moreover, a decreasing of capacitance, whereas
increases in the conductance as the frequency increases
at certain applied voltage are shown in Figs. 9d and 10c,
respectively. Furthermore, a near saturation for the capaci-
tance is taken place at forwarding bias, which is recog-
nized as an accumulation region, as shown in Fig. 9d. R, of
the Rh.B/p-Si heterojunction can be determined from both
capacitance and conductance values using the following
expression as stated by Nicollian’s and Goetzberger’s [42]:

- _ G
G? + (wC)*

s

3

Figure 11a—d shows a high dependence of the series
resistance on both biasing voltage and the applied fre-
quency signal. It is also observed, a characteristic peak is
observed for the behavior of series resistance at a certain
applied voltage, especially at the lower frequency range,
where the interface states has a high influence, and the
value of the series resistance was decreased with increas-
ing the AC field and the situation of the maxima shifts
toward the negative biasing voltage region [43, 44], as
shown in Fig. 11d. Biilbiil and Zeyrek [45] have attributed

@ Springer

this behavior to the re-structure for the semiconductor
under the effect of applied voltage at different frequenices.

Determination of some important parameters from the
capacitance—voltage characteristics of Rh.B/p-Si heterojunc-
tion at different frequencies. Frequency dependence for plots
of 1/C*-V characteristics under the effect of various frequen-
cies is shown in Fig. 12a. These plots have a significantly
fitting linear portion which supports the abrupt type for the
studied heterojunction at each frequency. Whereby, though
the linearity of 1/C*-V plots, a little contribution of the inter-
face states and excess capacitance may be realized through
the C—V measurements [46]. Goodman [47] have reported
that the real value of the barrier height can be estimated from
the linear intercept of the graphical representation of V4
vs. @’ to zero frequency, as represented in Fig. 13b. A linear
fit representation is observed, and the obtained value is lower
the reported energy gap of Rh.B thin films but incomparable
with those for Si-single crystal [48]. Accordingly, the capac-
itance—voltage characteristics by ignoring the influence of
the voltage drop causing by the presence of interfacial states
can be specified by the following relation [49]:

1 ( 2
c <q£60A2N> (Vb + V)’ @)
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Fig. 13 a Plot of the barrier 10
height, @, vs. fand b plot of the (a) 3.2x10 (b)
carrier concentration, N vs. f for
Rh.B/p-Si heterojunction o i
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where ¢ is the dielectric constant, &, is the permittivity of
free space, A is the area, N is the carrier concentration, V,
is the built-in potential, V is the reverse biasing. The value
of the extraction of the barrier height can be achieved using
the following relationship:

kT
%=%+w+<;) 5)

where Vy is the difference of energy between Fermi level
and valence band edge for the semiconductors of p-type. In
addition, the maximum electric field as a function of built-in
potential can be given by the following expression, where
E, .« is the maximum electric field and given by

2gNV, ) 172
~ (6)

Emax = ( c

Figure 13a, b shows the frequency dependence for both
@, and N in the frequency range 5-100 kHz. As expected,
an increase of @, with increasing frequency is inconsistent
with those published in the literature by Osiris et al. [18].
However, another observation for the results is the higher
value of the barrier height deduced from capacitance—volt-
age measurements as compared with those obtained from
the measurements of current density—voltage. This behavior
can be can be ascribed to the inhomogeneity of the bar-
rier height at the heterojunction interface [50]. In addition,
N increases with increasing the applied frequency which
can be due to the partial contribution of the interface state
charges in the device capacitance [51, 52]. Figure 14a, b
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shows the frequency dependence of E_,, and the width of
the depletion region (W) in the frequency range from 5 to
100 kHz. As observed, E,,, increases, while W decreases
with increasing frequency. This frequency dependence is
correlated with the effect of a series resistance on these char-
acteristics and the non-uniformity of the interfacial insulator

layer thickness [50].
3.5 Energy band diagram

The energy band diagram of Rh.B/p-Si heterojunction is
demonstrated in Fig. 15. This figure demonstrates the energy
levels graph of the valence and conduction bands (p-Si),
comparing with HOMO and LUMO levels of Rh.B which
ought to be adjusted through the association. The Rh.B film
builds a barrier with p-Si for the charge-carrier transpor-
tation throughout the interface. Every one of the informa-
tion in the schematic graph is acquired from the current and
capacitance—voltage characteristics as considered in the lit-
erature [53, 54].

4 Conclusions

The spin-coated Rh.B thin film shows amorphous nature
and nanostructure characteristics. The optical absorption
characteristics confirm an indirect allowed transition with
an energy band gap of 2.1 eV and Urbach energy of 29 meV.
The electrical characteristics of Rh.B/p-Si heterojunctions
were investigated by I-V and C-V characteristics. The I-V
measurements illustrated the nonlinear characteristics due to
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Fig. 15 Energy band diagram of Rh.B/p-Si heterojunction

the influence of series and shunted resistances at the higher
and lower applied voltage region, respectively. Values of
ideality factor, barrier height, and series resistance were
extracted using Cheung—Cheung functions. The analysis of
the I-V characteristics confirms the presence of two pre-
dominant conduction mechanisms depending on the range
of applied voltage. Capacitance and conductance meas-
urements showed a remarkable sensitivity for the applied
voltage and frequency, particularly at the lower frequency
range. The behavior of both C—V and G-V can be due to

the distribution of interface states at the interface and the
effect of series resistance. Frequency and voltage-dependent
of series resistance can be due to enough energy for the
trap charges to deliverance at the interface. Accordingly,
the studied Rh.B/p-Si heterojunction can be employed as
a kindly electronic material in various electronic device
applications.
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