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The electrical characterization of the Al/p-Si/P3HT/Ag organic-on-inorganic diode was done by current—
voltage, capacitance—voltage and conductance—voltage methods. The values of ideality factor and barrier height
of the diode were determined from the current—voltage characteristics and found as 2.32 and 0.77 eV, respectively.
These values were also determined from Cheung’s functions and Norde’s method due to the non-ideal behavior
of the diode. The electronic parameters obtained from the various methods indicate a good consistency with
each other. The density of interface states for Al/p-Si/P3HT/Ag organic-on-inorganic diode was found to be
7.64 x 10'° cm™2 eV~'. The obtained electrical parameters of the Al/p-Si/P3HT/Ag organic-on-inorganic diode
are higher than that of the conventional Ag/p-Si Schottky diodes. This indicates that the electrical properties of
the silicon Schottky diodes can be controlled using organic interfacial layer.

PACS: 81.07.Pr, 78.40.Me

1. Introduction

The properties of metal/semiconductor (MS) contacts
or organic/inorganic semiconductor structures are of
great importance for the potential use in electronic and
optoelectronic devices [1-4]. Heterojunctions and the
Schottky diodes have been studied by many researchers
using different organic semiconducting materials [5-8].
Organic semiconductor devices have attracted great at-
tention due to its advantages over inorganic semiconduc-
tor which include large variety of molecular and crystal
structure, low material cost, flexibility, low-temperature
processing and large area device processing. Therefore,
considerable interest of the researchers has been increased
in the fabrication of organic devices by employing various
organic materials as active layer [9-14]. Among organic
materials, polymers have mechanical flexibility, and their
thin films can be deposited by spin-casting, drop-casting,
dip-coating and printing. In recent years, conducting
polymers become very attractive for various electronic
devices [15-24]. In particular, the easy processability
and higher field effect mobility of poly(3-hexylthiophene)
(P3HT) make it very promising candidate for the devel-
opment of future organic electronic devices [25, 26] and
organic-silicon heterostructure diode can be fabricated
using P3HT organic semiconductor. Thus, our aim is to
investigate the electrical properties of p-Si/Ag diode by
the insertion of P3HT organic layer between p-Si semi-
conductor using forward bias I-V characteristics and
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impedance spectroscopy measurements and is to com-
pare the parameters of the Al/p-Si/P3HT/Ag organic-
-on-inorganic diode with those of conventional metal/
semiconductor diodes.

In present paper, we present the preparation and
characterization of the Al/p-Si/P3HT/Ag organic-on-
-inorganic diode.

2. Experimental details

A p-Si wafer with (100) orientation was used as an
inorganic semiconductor. The Si-wafer was chemically
cleaned using the RCA cleaning procedure [i.e. a 10 min
boil in NH;OH+H505+6H50 followed by a 10 min boil
in HCl4+H5045+6H50]. The native oxide on the front sur-
face of the silicon was removed in HF:H50 (1:10) solu-
tion and finally the wafer was rinsed in deionised water
for 30 s. The ohmic contact was done by evaporating
Al on the back of the p-Si substrate at 10~° Torr and it
was treated at 570°C for 5 min in Ny atmosphere. The
solution of P3HT was prepared in chlorobenzene and the
film was coated onto p-type silicon substrate using a spin
coater at 1000 rpm and then, the film was dried at room
temperature. The thickness of P3HT layer was deter-
mined to be about 100 nm by atomic force microscopy
(AFM). Ag metal was formed on P3HT film through a
shadow mask in the vacuum system of 10> Torr. In this
way, an Al/p-Si/P3HT/Ag organic-on-inorganic diode
was fabricated. The area of circular diode contact was
3.14 x 1072 cm?. The I-V and C-V-f measurements
of the device were performed using a Keithley 4200AFM
Semiconductor characterization system. The structural
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properties of the organic material deposited on p-type
silicon were analyzed by a Park System XE 100E AFM.

3. Results and discussion

The morphology properties of the P3HT film deposited
on p-Si substrate were investigated by AFM. The AFM
image of the film is shown in Fig. 1. As seen in Fig. 1,
the P3HT film is formed from microparticles. The surface
roughness of the film was found to be 53.25 nm.

Fig. 1. AFM image of the P3HT thin film on p-Si.
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Fig. 2. Current—voltage characteristics of the Al/p-Si/

P3HT/Ag diode.

Figure 2 shows the current—voltage (I-V') characteris-
tics of the Al/p-Si/P3HT/Ag organic-on-inorganic diode.
As seen in Fig. 2, the diode exhibits a rectification be-
havior with a non-linear behavior. This behavior can
result from series resistance and interface states, because
the lower the interface density and the series resistance,
the greater is the range over which In -V does in fact
yield a straight line [27]. The rectification ratio (RR)
which is the ratio of forward to reverse bias current at
the same voltage was found to be 2.47 x 103 at +4 V.
The I-V characteristics of the organic and organic-on-
-inorganic structures can be analyzed by the following
relation [9-14]:
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where A is the contact area, A* is the Richardson con-
stant, T is the temperature in [K], ¢}, is the barrier
height, k is the Boltzmann constant, Rg is the series re-
sistance and n is the ideality factor. The ideality factor n
can be determined from the slope of the linear region of
the forward bias In I-V curve by using the relation [28]:
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The value of ideality factor was found 2.32 by using
Eq. (3) and the obtained n value is higher than that
of Ag/p-Si diode. The obtained n value is higher than
unity. This is attributed to the high value of series re-
sistance (Rs) and interface states [29]. The presence of
an oxide film plus the organic P3HT layer at Ag/p-Si
interface causes a non-ideal behavior by changing the
positions of energy level in metal/semiconductor inter-
face. The value of barrier height was calculated using
Eq. (2) and was found to be 0.77 €V. The obtained ¢
value of the organic-on-inorganic diode is higher than
that of Ag/p-Si Schottky diodes [30]. The increase in
barrier height of the diode can result from the interface
properties of metal/semiconductor interfaces passivated
by P3HT organic layer surface. When Si and organic
semiconductor interacted, the lowest unoccupied molec-
ular orbital (LUMO) and highest occupied molecular or-
bital (HOMO) levels of the organic semiconductor and
work function of the metal is realigned and in turn, the
electron affinity of the semiconductor at the organic/in-
organic semiconductor interface is changed and this can
cause a increase in the barrier height.
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Fig. 3.
diode.

Plot of R; vs. V for the Al/p-Si/P3HT/Ag

Figure 3 shows the plot of the R; vs. V of the Al/p-Si/
P3HT/Ag organic-on-inorganic diode. The R; values
were obtained taking derivative of Fig. 2. It is well known
that at sufficient higher voltages, the junction resistance
approaches to a minimum value of resistance known as
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Fig. 4. Plot of dV/dInI vs. I for the Al/p-Si/
P3HT/Ag diode.
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Plot of H(I) vs. I for the Al/p-Si/P3HT/Ag

series resistance (Rs), while in reverse bias, the maxi-
mum value of the resistance is called shunt resistance
(Rsn). The values of series and shunt resistance for the
diode were found to be 1.2 k2 and 6.6 M2, respectively.
The R value of the Al/p-Si/P3HT/Ag the organic-on-
-inorganic diode is higher than that of Ag/p-Si Schottky
diode [30] and it causes to be non-ideal behavior of the
diode. Thus, the electrical parameters of the non-ideal
diode can be obtained by the method proposed by Che-
ung and Cheung [31, 32]. In this method, the barrier
height (¢), ideality factor (n) and series resistance (Rs)
values of organic-on-inorganic diodes [5, 10-14] can be
determined by the following relations:

dv kT

dn(n) ~ g T )
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and
H(I) = IR +né. (6)

The plot of (dV/dInI) vs. I is shown in Fig. 4. The
slope of the linear portion of the dV/d(In I)-I plot gives
the series resistance, while its intercept with the y-axis
gives the ideality factor. The ideality factor and series
resistance values of the diode were calculated from Fig. 4
and found to be 2.45 and 1.62 k€, respectively. The rela-
tion between H(I) and I is also plotted for the Al/p-Si/
P3HT/Ag organic-on-inorganic diode (Fig. 5). The ¢

and Ry values for the diode were calculated from the
H(I)-I plot and found to be 0.83 €V and 1.57 k2, re-
spectively. The value of series resistance obtained by
applying Cheung’s functions shows a good consistency
with each other. The junction parameters of organic-on-
-inorganic diodes were also extracted by using another
method proposed by Norde [33-36]. The Norde function
is given as

F(V) = % _ % 1n(M£T2). (1)

The effective barrier height is given by the following re-
lation:

o= F(V) + 22— = (8)
and
R, = KT(y —n) 7 9)

qlo

where ~ is a dimensionless integer greater than ideality
factor and F'(Vp) is the minimum value of F(V'). The plot
of F(V) versus V for the Al/p-Si/P3HT/Ag organic-on-
-inorganic diode is shown in Fig. 6. With help of this
plot, the ¢ and Ry values were calculated to be 0.94 eV
and 1.76 k€2, respectively. The obtained Ry value is quite
high due to the organic P3HT layer. This suggests that
the P3HT organic layer increases both ideality factor and
series resistance as well as barrier height.
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Fig. 6. Plot of F(V) vs. V of the Al/p-Si/P3HT/Ag

hiodeder to analyze the effects of higher bias voltages,

the current—voltage characteristics were plotted on dou-
ble logarithmic scale, as shown in Fig. 7. As seen in
Fig. 7, the higher voltages make a contribution to cur-
rent voltage characteristics of the diode. The curve of
the diode exhibits two distinct regions attributed to dif-
ferent conduction mechanisms. This plot was analyzed
using a power law of the form I « V"™; here m is con-
stant describing the charge transport mechanism. The
m values were found 3.6 and 3.03, respectively. These
values indicate a trap charge limiting current and trap
filled limiting charge current regions. The trap charge
limited current (TCLC) conduction becomes important
when the density of injected free-charge carriers into the
highly resistive organic material is much larger than the
thermally-generated free-charge-carriers in the layer to
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Fig. 7. I-V characteristics of the Al/p-Si/P3HT/Ag
diode in double logarithmic scale.

sustain flow of the TCLC. The slope of region I is about
3.6, indicating that the forward biased current is TCLC
controlled by exponential distribution of trap levels [9].
The region II with slope ~ 3 indicates that at higher
voltages the traps in the device approach the “trap-filled”
limit [2, 37]. In this region, the increase rate of current
with voltage decreases. This suggests that most of traps
are filled and contribution of free carrier to electric field
becomes appreciable [38].
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Fig. 8. Capacitance—frequency characteristics of the
Al/p-Si/P3HT/Ag diode at different bias voltages.

Another parameter affecting the non-ideal behavior is
interface charge. Thus, we have to determine interface
state density of the diode. For the determination of in-
terface state density, there are more techniques and one
of them is conductance technique. This technique de-
termines the interface state density throughout the de-
pletion region by point to point [39]. It has been re-
ported that the results obtained by conductance tech-
nique are more accurate and reliable than capacitance
technique [40], because the conductance only comes from
the interface states [39]. The conductance losses are
the base of conductance technique resulting from the ex-
change of majority carriers between the interface states
and majority carrier band of the semiconductor when
a small alternating current (AC) signal is applied to the
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Fig. 9.
diode.

Plot of G/w vs. f plot of the Al/p-Si/P3HT /Ag

semiconductor devices [28, 41]. The Fermi level will start
to oscillate about the mean position when a small AC
signal is superimposed on a direct current (DC) bias.
Therefore, it is concluded that there may be a capaci-
tance due to interface states in excess to depletion layer
capacitance, which depends upon the relaxation time of
the interface states and the frequency of the AC signal.
The capacitance—frequency characteristics of the diode
are shown in Fig. 8 at various bias voltages (0.0 Vto 1V
with a step of 0.1 V). The capacitance increases with de-
crease in frequency. This behavior is attributed to the
interface states. It is well known that the interface states
at lower frequencies follow the AC signal, while at higher
frequencies thus the interface states cannot follow the
AC signal. Therefore the contribution of the interface
state capacitance do not appreciably change the total
capacitance [42]. The higher values of capacitance at
low frequency are due to the excess capacitance result-
ing from the interface states in equilibrium with the p-Si
that can follow the AC signal. The density of interface
states can be determined from G—f measurements pro-
posed by conductance method described by Nicollian and
Brews [41]. In this method, parallel capacitance Cp, and
conductance G, equations are represented by the follow-
ing relation [41]:

C.

Gp = -~ In(1+w?r?) (10)
2T
and
= o+ S anct (wT) (11)
= — arctan(wT
p d woT )
where Cyy = gADj; is the interface state capacitance

and A is the diode constant area, w is the angular fre-
quency, 7 is the time constant of the interface state. The
interface state density of the diode can be determined
from the (G/w)-f plot (Fig. 9). The interface state den—
sity of the diode was found to be 7.64 x 1010 eV~ -2
The obtained D;; value of the diode is hlgher than
that of the diodes like p-Si/C60:MEH-PPV diode [13],
Su/pyronine-B/p-Si structures [43, 25]. This suggests
that the interface states properties of the conventional Si
Schottky diodes can be controlled using various organic
layers.
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4. Conclusions

The electronics and interface parameters of the
Al/p-Si/P3HT/Ag organic-on-inorganic diode have been
extracted. The electrical parameters like ideality factor,
barrier height, interface state density and series resis-
tance of the diode were determined. The obtained pa-
rameters are higher than that of conventional Ag/p-Si
Schottky diodes. This indicates that the electrical prop-
erties of the conventional Si Schottky diodes can be con-
trolled by organic semiconductors rather than fabrication
of novel conventional Schottky diodes.
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