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a  b  s  t  r  a  c  t

In this  paper,  of primary  interest  is  to synthesis  8-(1H-indol-3-ylazo)-naphthalene-2-sulfonic  acid  (INSA)
and  to  evaluate  the main  parameters  of  Au/INSA/n-Si/Al  diode  in  dark  and  under  illumination.  Different
techniques  are  used  for interpreting  the  proposed  INSA chemical  structure.  The  dark  current-voltage
measurements  were  achieved  in  the  temperature  range  of  293−413  K. It is noticed  that  INSA  films  modify
the  interfacial  barrier  height  of  classical  Au/n-Si  junction.  At low  applied  voltages,  the I–V  relation  shows
exponential  behavior.  The  values  ideality  factor,  n, and  the  barrier height,  ϕ, are  improved  by heating.
The  abnormal  trend  of n  and  ϕ is  discussed,  and  a homogenous  barrier  height  of  1.45  eV is  evaluated.
iode parameters
hotodiodes

The  series  resistance  is  also  calculated  using  Norde’s  function  and  it  changes  inversely  with  temperature.
The  space  charge  limited  current  ruled  with  exponential  trap  distribution  dominates  at  relatively  high
potentials,  trap concentration  and carriers mobility  are  extracted.  The  reverse  current  of  the  diode  has
illumination  intensity  dependence  with  a good  photosensitivity  indicating  that  the  device  is  promising
for  photodiode  applications.

©  2019  Association  of  Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
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. Introduction sive inorganic semiconductors, and they have worthy motivating
properties. Special interest has been dedicated to the building
A considerable attention has intensively been focused to the
eld of organic semiconductors and their devices for advanced
echnological applications. Organic semiconductors are cheap

aterials, lightweight and biocompatible compared with expen-

∗ Corresponding author.
E-mail address: islam.taha@psas.bsu.edu.eg (I.T. Zedan).

ttps://doi.org/10.1016/j.opelre.2019.11.006
230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier
of organic-based photodiodes [1]. The photodiodes are classical
diodes which are sensitive to light detection in which the mag-
nitude of the created photocurrent changes with the incident
light beams intensities. They are one of the most important photo
electronic devices which used in many important fields; photocon-

ductors, compact disc players, detectors for computed tomography,
organic photovoltaic devices, lighting regulation, and photo multi-
plier tubes [1–3].

 B.V. All rights reserved.
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I.T. Zedan et al. / Opto-Elect

The organic material under investigation named as 8-(1H-indol-
-ylazo)-naphthalene-2-sulfonic acid (INSA) is a typical aromatic
zo compound with molecular formula of C18H13N3O3S. The main
eatures of azo dyes as conjugated molecules have been shown in
he light-induced photo process and many applications in thin film
lectronic devices. Azo dyes are extensively studied due to their
uperior characteristics such as low cost and tunable properties
4]. Motiei et al. [5] have been used azo dyes in optical switch-
ng devices. Besides, Westphal et al.  [6] synthesized discotic azo
or electro-optical devices. Azo dyes with push-pull character have
uccessfully been applied in dye-sensitized solar cell [7] with rea-
onable photo-electrical conversion efficiency. Güllü et al. [3] have
een utilized orange G (OG), as an aromatic azo compound, in the
iode structure of Al/OG/n-Si/AuSb and pointed out that it can help
o provide a modified barrier height, ϕ, value of 0.86 eV,  but the
alue of ideality factor, n, was too high as it was estimated as 4.35.
hey explained this departure of n value from ideal value to highly
esistive OG film and the presence of thin native SiO2 on the surface
f the n-Si. INSA compound is nearly similar in molecular struc-
ure to OG with the modification in the aromatic moiety resulting
n more � electrons which contributes to more delocalization of
lectrons and subsequently more stability.

It is well known that the introduction of organic films, as
nter-layer between metals and inorganic semiconductors, mod-
fies performance of the classical diodes due to the interfacial
roperties [8–11]. These devices are more preferred than conven-
ional metal/inorganic diodes due to their fascinating properties
9,12–14]. In this work, it is inspired to synthesize of INSA com-
ound and use it in the heterojunction structure of Au/INSA/n-Si/Al.
he full dark electrical characterization of the fabricated device is
xplored. The effect of illumination with different light intensities
n the I-V curves is also studied.

. Experimental procedures

.1. Synthesis of INSA compound

8-(1H-indol-3-ylazo)-naphthalene-2-sulfonic acid (INSA) was
repared by dissolving 0.8 g of anhydrous sodium carbonate in
5 ml  H2O. Then, 1 g of 8-aminonaphthalene-2-sulfonic acid was
dded to the solution, and then the mixture was  heated aiming for
omplete dissolving. Then, the solution was cooled to room tem-
erature and 0.4 g of sodium nitrite under magnetic stirring. After
omplete dissolving, the solution exhibits pale yellow color. Then
he solution was poured into a 200 ml  Erlenmeyer flask contain-
ng 3 ml  of H2O, 1.5 ml  of concentrated HCl (12 M) and 5 g of ice
r enough to just cover the bottom of the flask. The diazonium
alt of 8- aminonaphthalene-2-sulfonic acid was  then added to the
thanolic solution of indole at 0◦C. The mixture was kept in an ice
ath for another 15 min  to permit the coupling reaction comple-
ion. The crude product was collected by suction filtration, washed,
ried and re-crystalized to obtain INSA dark gray crystals in yield of
0 %, m.p. > 400 ◦C. The chemical reaction for obtaining INSA com-
ound is donated in Scheme 1. IR (�max/cm−1): 3380, 3303 ( OH,
NH), 3116, 3064, 2924, 2862 (C H stretching), 1608 (Ar. ring).
H NMR  (DMSO–d6) (�, ppm): 2.49 (s, 1H, S OH), 8.40–8.79 (m,
H, naphthalene protons), 7.00–8.20 (m,  3H, naphthalene protons),
.10–7.64 (m,  4H, indole protons), 9.16 (s, 1H, N H). MS  (FAB):
/z = 351.07; Elemental analysis: Calcd. C13H13N3OO3S: C, 61.53;
, 3.73; N, 11.96. Found C, 61.01; H, 3.75; N, 11.95.
.2. Diode fabrication

Si wafers with phosphor dopant (n-Si) were used for diodes
abrication. The wafer thickness and resistivity are of 0.4 mm and
Fig. 1. FESEM image of INSA film.

10 �.cm, respectively; these wafers are oriented at (100) direc-
tion. Firstly, the wafers were cleaned according to the procedures
reported by us in Ref. 11 before the deposition of the organic layer
on n-Si. An ohmic contact of Al was  deposited on the back of n-
Si wafers. The wafers coated with Al were heated at 550 ◦C under
Ar flow for 1 h. Then, organic film with a thickness of 50 nm was
deposited on the front surface of n-Si. After that, Au electrode was
made on the top of organic layer to obtain Au/INSA/n-Si/Al structure
with area of 0.6 cm2.

2.3. Instrumentation

All evaporation processes were done under vacuum pressure of
10−3 Pa with aid of coating unit (model E306 A, Edwards Co.). The
film thickness was controlled by quartz crystal thickness monitor
with a rate of 1 Å/s. Nuclear magnetic resonance (1H NMR) spectra
were measured using varian Mercury-vx-300 NMR  spectrometer
using deuterated dimethyl sulfoxide (DMSO-d6) as solvent. Fourier
transforms infrared (FTIR) spectra were verified on ATI Mattson
infrared spectrophotometer in spectral range 4000–400 cm1. The
composition of C, H and N elements of INSA powder was deter-
mined using PERKIN–ELMER 2400 CHN elemental analyzer.

The surface morphology of INSA films was  investigated by scan-
ning electron microscope (SEM) (Quanta TEG 250). The source
meter electrometer (Keithly type 2635A) was used for measuring
the current-voltage (I-V) data of the device at different temper-
atures in the range of 293−410 K. The temperature was measured
using NiCr-NiAl thermocouple. The illumination was achieved with
100 W filament lamps. Luxmeter (model Lx-102 light meter) was
used for estimating light intensity.

3. Results and discussions

3.1. Morphology of INSA films

The surface morphology image of INSA is illustrated in Fig. 1. The
image clarifies the rough nature of INSA surface with amorphous
structure. The film surface contains granular-shaped distributed
particles together with the presence of cracks.
3.2. Electrical characterization

I–V curves of Au/INSA/n-Si/Al heterojunction measured in dark
oven at different temperatures (293−413 K) are depicted in Fig. 2.
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Scheme 1. Chemical reaction for obtaining INSA compound.
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slope and their intercepts with I axis. Values of n and ϕ are found
Fig. 2. I-V-T curves of Au/INSA/n-Si/Al heterojunction.

he curves provide the conventional behavior of diodes with a
oderately room temperature rectification ratio of 88 calculated at
1.5 V. The current increases with increasing temperature in both

orward and reverse directions.
Figure 3 shows the relation between lnIf and V in the volt-

ge range 0 ≤ V ≤ 2. The relation can generally be divided into two
egions: (i) at voltage range 0 ≤ V ≤ 0.22 and (ii) at voltage range
.22 < V ≤ 2. At first region, the relation yields straight line behavior

ith linearity dependence on the temperature and at the sec-

nd region, there is a deviation from this behavior, which can be
scribed to the effect of diode series resistance, Rs.
Fig. 3. The relation between lnIf and V for Au/INSA/n-Si/Al heterojunction.

The exponential increasing of current can be explained accord-
ing to thermionic emission mechanism:

I = AA∗T2e
−B�

[
e(BV ⁄n) − 1

]
. (1)

where, A is the diode area, A* is the Richardson constant (112 A
cm−2 K-2 for n-Si [15]), T is the temperature in Kelvin, B = q/kBT, q is
the elementary charge and kB is the Boltzmann constant. Values of
n and ϕ at different temperatures are calculated from straight-lines
to be 1.87 and 0.86, respectively, at room temperature (293 K). So,
it can be observed that ϕ value of Au/n-Si junction (0.79 eV [16])
is modified due to the presence of INSA interlayer. Besides, the
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Fig. 4. Dependence of barrier height and ideality factor on temperature.

o
n
O
i
o
a
h
c
o
C
a
v
i
p
o
d
t

w

l

w
R
f
r
l

Fig. 6. Variation of n with inverse of temperature.
Fig. 5. Richardson plots for Au/INSA/n-Si/Al diode.

btained value of n is an indicator of non-ideal device. Although
 value is still greater than unity, it is better than that obtained for
G interlayer between Au and n-Si [3]. Several authors have been

nvestigated the effect of the organic interlayer on the performance
f n-Si [10,11,17,18]. Takanashi et al.  [17] estimated the values of ϕ
nd n of 0.75 eV and 3.3, respectively, for Au/�-sexithiophene/n–Si
eterojunction using Cheung method. The ϕ value is lower than the
lassical value of Au/n-Si, in which they attributed the high value
f n to the generation of an interfacial layer at the heterojunction.

 ̧ ulcu et al. [18] studied the I-V characteristics of Au/poly (linoleic
cid)-g-poly(methyl methacrylate)/n-Si diode and expressed the
alues of ϕ and n as 0.87 eV and 3.3, respectively. These results
ndicate that the value of ϕ can be decreased or increased by the
resence of organic interlayers. From the temperature dependence
f n and ϕ (shown in Fig. 4), it can observed that the n value
ecreases, while ϕ value increases with increasing temperature due
o an inhomogeneity at interface between INSA layer and n-Si.

Using thermionic emission theory, Richardson relation can be
ritten as:

n(
Io
T2

) = (ln A∗) − (
q∅
kB

)(
1
T

), (2)

here, Io refers to the reverse saturation current. Figure 5 depicts

ichardson plots (ln(Io/T2) vs.  1/T and 1/nT) in the temperature range

rom 293 to 413 K. According to thermionic emission theory, the
elation between ln(Io/T2) and 1/T should be fitted well as a straight
ine relationship. However, it can be a fitted for only three points.
Fig. 7. The barrier height versus ideality factor.

This fitting yields the values of A* and ϕ as 2.31 × 10−11 A cm-2 K-2

and 0.13 eV,  respectively. The deviation from the linearity and the
low values of A* and ϕ is caused by the temperature dependence of n
and ϕ together with the inhomogeneity in barrier height [19]. Sim-
ilar results were found by several authors [20–22]. By considering
the tunneling conduction, the Richardson relation can be modified
by the introduction of the ideality factor. Then, the relation between
ln(Io/T2) and 1/nT should be straight line which is verified as shown
in Fig. 5. The straight line fitting yields the values of A* and ϕ as
1.26 × 10-7 A cm-2 K-2 and 0.63 eV,  respectively. Again, the A* value
is much smaller than the supposed theoretical value and the value
of ϕ is lower than the expected value as compared with the cal-
culated values from the I-V using the theoretical value of A* which
can be understand in terms of the inhomogeneity in barrier heights
[26,23]. Generally, at the diode interface, the T0 effect is ascribed
by inversely proportional of n with temperature. The variation of
the n with temperature is expressed as [24]:

n = 1 + (
To

T
), (3)

where, To is constant. Figure 6 depicts the variations of n vs.  the
reciprocal temperature. The relation is linear which is in accordance
with Eq. (3). Accordingly, the observed behavior can be explained
in terms of inhomogeneity of barriers. The To value is estimated as

445 K.

The relation between ϕ and n values for Au/INSA/n-Si/Al hetero-
junction is depicted in Fig. 7. According to Schmitsdorf et al.  [25] and
based on used Tung’s theoretical approach, the homogenous bar-
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Fig. 8. Norde’s function-voltage relation for the Au/INSA/n-Si/Al heterojunction.

Table 1
Diode parameters at different temperatures.

T
(K)

I-V method Norde’s function

n ϕ (eV) Rs(k�)  ϕ (eV)

293 1.87 0.86 27.841 0.87
323 1.75 0.94 10.473 0.987
353 1.61 1.02 8.861 1.065
383 1.51 1.09 8.519 1.11
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Fig. 9. Relation between lnIf and lnV  at relatively high voltages.

Substituting Nv=1027 m−3 for organic materials [28], anal-
ysis gives the values of Nt and � as 1.32 × 1023 m−3 and
2.55 × 10−12 cm2.V−1.s−1, respectively. The low value of carrier
413 1.44 1.17 7.227 1.21

ier height of diodes can be estimated from the relation between
he ϕ and n by the extrapolation of the straight line fitting of the
ata towards the ϕ axis at unity value of n. The experimental data
re fitted as a straight line relation with a homogeneous ϕ value of
.45 eV.

In order to estimate the value of Rs, Norde’s function is calculated
sing classical expression [26]. Figure 8 depicts Norde’s function
gainst the potential for the Au/INSA/n-Si/Al heterojunction. From
he minimum values of Norde’s function F(Vmin) appeared at low
oltages and its related current I(Vmin), the Rs and ϕ are calculated
sing Norde’s method and are given in Table 1. The charge carriers
re activated with increasing temperature, consequently the value
f Rs is improved. The values of ϕ are in good agreement with the
btained from I-V characteristics. The room temperature value of

 is comparable with that for OG [3].
At relatively high voltage more than 0.22 up to 2 V, the relation

etween lnIf vs.  lnV, at different temperatures, is found to be lin-
ar as illustrated in Fig. 9. The slope of the straight line fitting is
stimated as 2.84 at 293 K and decreases slightly with temperature
own to 2.66 at 413 K. These results validate the relation of I˛Vm,
ith exponent m greater than 2. This power law indicates that the

pace charge limited current (SCLC) controlled by exponential trap
istribution inside the forbidden gap is the operating conduction
echanism for charge carriers in the considered voltage range This

xponential trap distribution explained by a temperature param-
ter Tt which is an indicator of defects loss. According to Lampert
quation, the current density is given by [27]:

SCLC = e �Nv(
ε

qPokBT
)(

Vl+1

d2l+1
), (4)
here, � refers to the hole mobility, ε is the INSA permittivity, Nv

s the density of states at the valence band edge (VBE), Po is the
Fig. 10. The relation between logJ and 1/T at 0.7 V.

trap density per unit energy range at the VBE, and l=Tt /T. The total
concentration of traps is given by:

Nt = PokBTt. (5)

The temperature parameter Tt is determined as 539 K. Figure
10 depicts the relation between logJ vs.  1/T at voltage 0.7 V. The
relation gives straight line with a slope of S and an intercept of C.
These values are expressed by [10]:

S = Tt log(
εV

ed2Nt
). (6)

C = log(
e�NvV

d
). (7)
mobility can be correlated with relatively high value of Nt which
is also responsible for high Rs value. The value of Nt is in the same
order of many of organic materials [29–31].
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organic interlayers, Appl. Phys. Lett. 86 (2005) 072105.
ig. 11. Effect of illumination on the I–V curve of Au/INSA/n-Si/Al heterojunction.

.3. Photoresponse characteristics

The photoresponse curves of Au/INSA/n-Si/Al diode measured
s a function of light intensity (20, 25, 35, 50 and 100 W/m2)
s depicted in Fig. 11. As a result of exposure to the light, the
everse current increases significantly with increasing light inten-
ities. This means that, as a result of illumination, some of created
lectron-hole pairs are swept by the applied potential resulting
n an increment of the current. This behavior indicates that the
evice holds enough justification in photodiode applications. The
urrent of the Au/INSA/n-Si/Al photodiode determined at −1.5 V,
ncreases from the dark value of 2.7 × 16−6 to 2.67 × 10−4 A as a
esult of illumination with light intensity of 100 W/m2. Usually,
ot all of created electron-hole pairs contribute in the photocur-
ent enhancement due to possible recombination. In order to shed
he light on the mechanism of this recombination, the variation of
he photocurrent with the intensity of the impinging light should
e investigated. In general, the photocurrent, IPh, is proportional to
he illumination intensity, P, as:

Ph = ˛P� , (8)

here,  ̨ is a scaling current constant. The power law exponent fac-
or � depends on the nature of the medium and its value highlights
he photo-conducting mechanism type for the fabricated photodi-
des. The recombination process is adjustable by the � value, since
t has a value of unity and half in case of monomolecular recom-
ination and bimolecular recombination, respectively. The value
f � for the fabricated photodiode is calculated as 0.99 from the
lope of the relation between logIPh and logP at -1.5 V depicted in
ig. 12. This value is closed to unity; which refers to monomolecu-
ar recombination mechanism. For further analysis concerning the
ffect of illumination on the diode photocurrent, the value of the
hotosensitivity, S, which is a measure of the current gain due to

llumination, is calculated according to the expression [32]:

 = (
IPh − IDark

IDark
) × 100%, (9)

here, IDark is the dark current. The value of S is estimated as 18.84,
4.74, 32.78, 47.89 and 97.89 % at illumination intensity of 20, 25,

2
5, 50 and 100 W/m , respectively. This indicates that the pho-
osensitivity increases with increasing light intensity, which is in
ccordance with the photodiode behavior.
Fig. 12. Double logarithmic IPh-P relation for Au/INSA/n-Si/Al photodiode.

4. Conclusions

In conclusion, we have synthesized 8-(1H-Indol-3-ylazo)-
naphthalene-2-sulfonic acid (INSA) compound and it is used to
fabricate Au/INSA/n-Si/Al heterojunction. The diode I-V curves
give a good rectifying behavior. The electrical analysis is achieved
based on thermionic emission, tunneling mechanisms and space
charge mechanisms. Values of n and ϕ are determined as 1.87
and 0.86 eV,  respectively, at room temperature revealing that
INSA films modify the interfacial barrier height of traditional
Au/Si Schottky diode. The behavior of the ideality factor and bar-
riers height is correlated to the inhomogeneity of the barrier
heights in which the To effect is applicable. The series resis-
tance extracted using Norde’s function decreases with increasing
temperatures. SCLC dominated by exponential trap distribution
is dominant at relatively high voltage, the carriers mobility and
trap concentration are determined as 2.55 × 10−12 cm2.V−1.s−1 and
1.32 × 1023 m−3, respectively. Although the diode has low value of
carriers mobility, the current in reverse direction is enhanced under
applying different magnitude of illumination representing that the
device under investigation can be used as photodiode.
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