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Abstract

The current—voltage (I-V') characteristics of Au/Polypyrrole/p-Si/Al contacts
have been measured at temperatures ranging from 70 to 280 K. The I-V
characteristics of the device have rectifying behaviour with a potential formed
at the interface. The high values of the ideality factor n depending on the sample
temperature may be ascribed to a decrease of the exponentially increasing rate
in current due to space-charge injection into the PPy thin film at higher forward
bias voltage. The experimental reverse bias /-V characteristics of the device
followed the Schottky-like conduction model or Poole—Frenkel effect formulae.
A linear temperature dependence of the barrier height &y, from the reverse bias
I-V characteristics was observed, and the ®y,, value decreased with lowering
temperature, ranging from 0.69 eV at 280 K to 0.22 eV at 70 K.

1. Introduction

In recent years, conducting polymers [1-5] and organic semiconducting films [6—8] have been
the subject of great interest to chemists and physicists. Polypyrrole (PPy) has been one of the
most studied polymers because of its physical and electrical properties, excellent environment
stability, and ease of preparation either by chemical or electrochemical polymerization that
have led to several applications such as solid state devices and electronics [9-13]. Generally,
the junctions between p-Si and metals with high work functions such as gold or aluminium are
expected to form an ohmic contact. Therefore, so far many attempts have been made to realize
the formation of a rectifying contact or modification of the barrier height or the continuous
control of the barrier height using an organic semiconductor layer [5—12] or an insulating
layer and a chemical passivation procedure [21-29] at certain metal/inorganic semiconductor
interfaces, or to determine the characteristic parameters of organic films [5-12]. In the
passivation process case, inorganic/organic semiconductor diodes may be sensitive probes that
are useful for increasing the quality of devices fabricated using an organic semiconductor in
establishing processes for minimizing surface states, surface damage and contamination. Such
studies not only make inorganic semiconductor/organic film interfaces potentially relevant in
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the fabrication of Schottky type diodes with well-defined or actively tunable barrier heights,
but also in the fundamental study of electronic processes at semiconductor interfaces.

Nguyen and Kamloth [10-12] have prepared a conducting organic polymer (electrochem-
ically polymerized PPy) using tetraethylammonium toluenesulfonate (TOS), nickel or copper
phthalocyanine toluenesulfonate (NiPcTS), (CuPcTS) as dopant, and calculated the junction
parameters of Au/doped PPy layer contacts from its current—voltage (/—V') and capacitance—
voltage (C—V') characteristics; and they have shown that these junctions exhibit a significant,
fast and reversible response to nitrogen oxide gas (NO, ) which was explained by changes in the
Schottky barrier height and in the carrier concentration of the PPy layer due to NO, exposure.
Furthermore, they [12] have studied the influence of thickness and preparation temperature of
doped PPy films on the electrical and chemical sensing properties of these junctions. Nitrogen
oxide, NO; or (NO,) sensing has been also investigated by some groups using different organic
films [30-32]. It was found that NO, exhibits strong acceptor behaviour. Therefore, interaction
of NO, with a p-type polymer layer enhances the doping level. In this case, a low Schottky
barrier may be formed at the junction between a highly doped p-type polymer and a metal with
high work function, e.g. gold [10-12]. Some researchers [14—18] have studied the electronic
properties of the polymer/PPy [14, 15] and PPy/inorganic semiconductor [16—18] heterostruc-
tures from their /-V, C—V and conductivity—temperature characteristics. Some activities have
been also focused on understanding and controlling key parameters such as the interface po-
tential barriers [16-27]. Thicker organic interlayers of the conjugated molecules have also
been successfully used to modify effective barriers [16-20]. Dakhel [27] have prepared thin
Nd oxide films on p-Si substrates to form MOS structures (Al/Nd,O3/Si/Al structures) being
annealed at different conditions. He [27] has showed that the carrier transport through the de-
vice follows the space charge limited current (SCLC) mechanism described by exponential or
uniform distribution of localized levels in the band gap, depending on the annealing conditions
of the oxide.

We have studied the forward and reverse bias current—voltage (/-V') characteristics of
Au/PPy/p-Si/Al heterojunction structures in the temperature range 70-280 K. The PPy layer on
p-Si substrate was fabricated from the electrolyte solution being held at a constant temperature
of 55°C. Al was evaporated on the back surface of the p-type Si substrate for ohmic contact,
and Au was evaporated on the surface of the PPy for the circular pseudo-Schottky contact.
As indicated above, electronic devices invariably rely on the properties of interfaces between
electrical conductors. Examples abound from devices such as batteries, solar cells, light
emitting diodes, transistors, and sensors; and it is expected that conducting polymers exhibiting
semiconducting properties are an excellent candidate material for electron devices. Therefore,
the successful application of conjugated polymers to such devices requires an understanding of
charge transport at their interfaces and bulk parameters [3, 10-19, 33]. Likewise, the primary
purpose of this paper is to explain the behaviour of the experimental forward and reverse /-
VT characteristics of the heterojunction at the intermediate and high bias voltage regions
using the exiting electrical conduction models to determine the predominant charge transport
mechanism for this device.

PPy/p-Si is not a novel and unique device. We have previously published a series of
papers concerning conducting polymer/Si (p or n) structures [16], for example: the -V
characteristics of Sn/PPy/n-Si and Polyaniline/p-Si/Al structures in the temperature range 90—
300 K have shown a Gaussian distribution behaviour of the barrier heights due to barrier height
inhomogeneity [16], and moreover it has been seen that the forward and reverse bias -V
characteristics of PPy/p-InP at room temperature have shown Schottky diode behaviour [16].
As will be discussed later, the double-logarithmic forward bias /-V characteristics of the
considered Au/PPy/p-Si structure here have shown a power-law behaviour of the current
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I o V™! with different exponents (m -+ 1) in contrast to the I—V characteristics of our
devices in [16]. Moreover, Si wafers were used as electrode or substrate for fabrication of the
organic (PPy) diodes also in [2, 17, 33]. The I-V characteristics of these devices [2, 17, 33]
were only interpreted by the thermionic current model and at room temperature in contrast to
our study.

2. Experimental procedure

A polished p-type Si wafer with (100) orientation and 5-10 2 cm resistivity was used as
substrate and chemically cleaned by the RCA cleaning procedure (i.e., a 10 min boil in
NH; + H,0; + 6H,0 followed by a 10 min boil in HC1 4+ H,0O, + 6H,0). The native oxide
on the front surface of the Si was removed in HF:H,O (1:10) solution, and finally the wafer
was rinsed in de-ionized water for 30 s before forming the organic layer on the p-type Si
substrate The native oxide on the front surface of the Si substrate was removed in HF:H,O
(1:10) solution and finally the wafer was rinsed in de-ionized water for 30 s. Aluminium was
evaporated on the back surface of the p-type Si substrate to make ohmic contact, followed by a
temperature treatment at 570 °C for 3 min in N, atmosphere before the anodization process.
The ohmic contact side of the Si substrate used as an anode and its edges were carefully
covered by black wax, and then the polished and cleaned front side of the sample was exposed
to the electrolyte by mounting it on an experimental setup employed for anodization. A Pt
plate was used as cathode in the experimental setup. The polymer film was electrochemically
deposited on the surface of the semiconductor (p-Si) under a constant current density of
4 mA cm~2. The PPy film on the front surface of the p-type Si substrate was obtained from
the electrolyte solution being held at a constant temperature of 55°C. The electrolyte was
composed of 0.40 M pyrrole and 0.10 M tetrabutylammonium tetrafluoroborate. The purified
pyrrole was obtained from Fluka Chimika and it was used to prepare polypyrrole (PPy) at
room temperature. The electrolyte solution was prepared in a propylene carbonate solvent
(Merck trademark). Finally, the Au top metal was evaporated through a shadow mask on the
PPy surface to obtain an Au/PPy/p-Si/Al structure. The area of circular Schottky contacts
was 2.27 x 1072 cm?. All metallic surfaces were cleaned with acetone and methanol before
the processes. All evaporation processes were carried out in a turbo molecular fitted vacuum
coating unit at about 107> Torr. The I-V characteristics of the devices were measured in
the temperature range 70-280 K using a Leybold Heraeus closed-cycle helium cryostat that
enables us to make measurements in the temperature range 10-340 K, and a Keithley 487
picoammeter/voltage source in dark conditions. The sample temperature was always monitored
by a copper—constantan thermocouple and a Windaus MD850 electronic thermometer with
sensitivity better than +0.1 K.

3. Results and discussion

Figure 1 shows the experimental semi-logarithmic forward and reverse bias current—voltage (/-
V') characteristics of the Au/PPy/p-Si/Al heterojunction in the temperature range 70-280 K. In
the forward bias case of the device, the Al electrode (ohmic contact) was positively biased
with respect to the Au electrode (Schottky contact) on the PPy layer. First, let us treat the
experimental /—V data using an empirical relation of the form /(V, T') o exp(eV /nkT) that
is known as the thermionic emission current mechanism for transport across the rectifying
junction. The values of the ideality diode factor n from the slopes of the linear portions of
the semi-log forward bias /-V characteristics were calculated in the range 2.229 (at 280 K)
to 5.768 (at 70 K), depending on the actual conduction processes in the junction. The ideality
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Figure 1. Experimental forward and reverse bias current—voltage characteristics of a typical
Au/PPy/p-Si/Al hetero-contact in the temperature range 70-280 K.

factor n is a measure of conformity of the diode to pure thermionic emission. The very strong
temperature dependence of the ideality factor shows that the forward bias transport properties
of the present device at intermediate and high bias voltage are not well modelled only by the
thermionic emission even when it was modified by the incorporation of a series resistance
effect. This suggests that the current processes occurring in the highly resistive PPy layer of
the Au/PPy/p-Si/Al heterojunction would be a possible alternative candidate in determining the
forward current at the intermediate and high bias regimes beyond that of the low bias diode-like
behaviour.

The doping level of the PPy layer decreases with the increase of the PPy layer thickness as
reported in [9]. The PPy layer thickness is about 210 nm. Furthermore, the concentration of the
active charge carriers is dependent on the preparation temperature and decreases with increasing
preparation temperature [10, 28]. We prepared the PPy layer on the p-Si substrate from the
electrolyte solution at a constant temperature of 55 °C. On the other hand, as can be seen from
figure 1, a slight saturating behaviour is observed in the reverse bias because the junction-like
conduction processes occurring in depletion region should limit the measured heterojunction
reverse current. The experimental reverse bias /—V characteristics of the device mentions that
the appropriate rectifying junction-like formulae (such as the Schottky-like conduction model)
can be applied to examine its reverse bias /—V plots in the reverse bias case, that is, a rectifying
junction-like behaviour should be dominant [29].

Figures 2(a) and (b) show the forward and reverse bias In / as a function of the sample
temperature of the heterojunction device, respectively, in the voltage range 0.20-1.00 V with
steps of 0.02 V. In figure 2(a), the open triangles represent the experimental forward bias case
and the solid lines represent the fit to experimental data; in figure 2(b), the continuous curves
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Figure 2. The In(7) versus 1/ T plot of the Au/PPy/p-Si/Al hetero-contact at five different voltages
from figure 1 in the temperature range 70-280 K. (a) The experimental forward bias case (the open
triangles); the solid lines represent the fit to experimental data, (b) the continuous curves represent
the experimental reverse bias case.

represent the experimental reverse bias case. These Arrhenius or Richardson curves should
give a straight line. The forward In /-1/T curves (figure 2(a)) exhibit linear behaviour in the
temperature range 70-280 K and the slope of the straight lines decreases with increasing bias
voltage. The reverse bias In /-1/T curves (figure 2(b)) only exhibit a bias-independent linearity
in the temperature range 110-280 K. The reverse bias curves deviate from the Arrhenius or
Richardson linearity with decreasing temperature in the temperature range 110-70 K, and
the deviation increases with increasing voltage in this temperature range. This implies that
the high bias conduction processes in the reverse bias differ from those giving rise to the
high bias forward current behaviour. Assuming that the junction depletion region still limits
the device electrical behaviour, the experimentally observed deviation of its forward-current
behaviour at high bias voltages from the /-V characteristics of a diode-like junction in the
low bias voltage can be explained in terms of a series-resistance effect, which may remarkably
modify the actual rectifying junction-like behaviour at high bias voltages. An ohmic voltage
term IRy is usually included in the diode-like formula to account for such a series-resistance
effect [19, 29, 40, 41]. Therefore, the effect of bulk conduction in a device having a highly
resistive semiconducting layer becomes important in a junction at high bias voltages in the
forward bias direction and not in the reverse bias case where a rectifying junction-like behaviour
should be dominant [29, 40, 41]. Likewise, figures 1 and 2 show that the forward and reverse
bias /-V-T characteristics of the present heterojunction are dissimilar, at least in two major
respects as determined in [29]. First, the reverse current levels are much lower than the forward
current values at the same ambient temperature and bias voltage as can be seen in figure 1.
Second, the behaviour of the reverse current with temperature and bias voltage in the high bias
region is seemingly of different conduction origin compared with the conduction mechanisms
giving rise to the bias and temperature dependence of the forward current determined by the
bulk properties of the solid rather than contact effects. Thus, an analysis of the bias and
temperature dependence of the measured heterojunction reverse current on the basis of the
bulk conduction model (such as SCLC) used in analysing the forward bias current behaviour
is understood to give a less satisfactory interpretation of the overall high reverse bias current
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Figure 3. Experimental forward bias log(J) versus log(V) plot of the Au/PPy/p-Si/Al hetero-
contact at four different temperatures from the plots given in figure 1.

behaviour. Therefore, the measured high bias reverse current is more likely to be governed
by the actual junction-like behaviour via the charge transport mechanisms operable in the
heterojunction depletion region.

Figure 3 shows the double-logarithmic forward bias /-V plots of the Au/PPy/p-Si/Al
heterojunction at four different temperatures. As is seen from figure 3, the double-logarithmic
forward bias /-V plots exhibit a good linearity in the voltage range 0.2—1.0 V. At high applied
voltage, the forward /—V characteristics in the temperature range 70-280 K are influenced by
the transport properties of the highly resistive PPy layer [28, 29, 34]. In general, the double-
logarithmic forward bias /-V plots with a slope equal to or larger than 2 suggest the possibility
of the space-charge-limited current (SCLC) mechanism [29, 34-38]. The double-logarithmic
forward bias I-V plots in figure 3 show a power-law behaviour of the current / oc V™!
with different exponents (m + 1). That is, such power laws with exponents larger than two
have been interpreted as indication for trap-charge-limited conduction with an exponent trap
distribution [34-36]. However, the space charge formation and the distribution nature of traps
in a specimen, which often immobilize the injected charge carriers, are important factors
that govern the SCLC mechanism. The SCLC conduction should become important when
the density of injected free-charge carriers is much larger than the thermally generated free-
charge-carrier density. In our case, the injected charge carriers can be proceed through the
junction from the moderately doped p-Si (p ~ 1.984 x 10" cm™?) into the highly resistive
PPy material with much lower concentration of free holes to sustain flow of trap charge-limited
currents (TCLCs).

The trap-charge-limited current density dominated by an exponential distribution of traps
in the band gap of the organic thin film is given by [29, 34-38]

£€o )m Vm+]

J=quNy| — ) ——F>
qur (th d2m+1

where ¢ is the permittivity of the PPy and is taken as about 13.1 [10], &y = 8.85 x 107> Fm™!
is the permittivity of free space, Ny is the effective density of states in the valence band of the
PPy, 1 is mobility of holes in the PPy, Ny = PykT. [38] is the total concentration of traps, Py
is the trap concentration per unit energy range at the valence band edge and is expressed by
P(E) = Pyexp(—E/kT.), P(E) is the trap concentration per unit energy range at an energy
E above the valence band edge, m = T./T = E./kT, T, is the characteristic temperature

D
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Figure 4. Experimental high-frequency capacitance—voltage plot of the Au/PPy/p-Si/Al hetero-
contact at 280 K and 500 kHz.

parameter of the trap distribution, 7 is the ambient temperature, and d is the thickness of the
PPy film. Figure 4 shows the C—V curves of the Au/PPy/p-Si/Al heterojunction at 500 kHz and
280 K. In high-frequency measurements, the measured value of the capacitance depends on the
thickness of the organic PPy and inorganic p-Si layers, and it is given by C~! = Cp;} + C Sjl
as expected for two layers in series, for Cyqps = 0 in equation (1) as in [18]. That is, when
a negative voltage is applied to the Au metal plate, the capacitance increases towards high
negative voltage and reaches the capacitance of the PPy layer alone. That is, the shape of the
curve suggests charge accumulation at the organic/inorganic interface and thus the capacitance
of the PPy layer C,, becomes important [38—41]. As can be seen from the C-V curve in
figure 4, the value of Cp is 1307 pF. Now, we can calculate the PPy layer thickness, d,
from the high-frequency (HF) C—V characteristics of the heterojunction using the equation
Cpol = £89A/d. Thus, the PPy layer thickness was calculated as approximately 210 nm.

The power-law parameter, m, values were calculated from the slopes of the linear portions
of the double-logarithmic /-V plots under ‘forward bias’ of the Au/PPy/p-Si/Al contact for
each measurement temperature, in the temperature range 70-280 K (figure 3). Beyond the
ohmic region, the forward bias characteristics show two distinct regions at each temperature.
The value of (m + 1) in region I varied from 3.25 at 280 K to 5.20 at 70 K. Figure 5 is a plot of
the temperature-dependent exponent m from the power laws in the /—V characteristics versus
reciprocal temperature, which is fitted by a straight line corresponding to 7. = 194 K. The
slopes (m + 1) for region II of the I-V curves in the temperature range 70-280 K changed
from 2.30 at 280 K to 4.39 at 70 K. However, according to the values of m, the temperature
parameter can be calculated as T, = mT = 632.8 K for T = 280 K, and 7. = 294 K for
T = 70 K. As can be seen from figure 5, the exponent m seems to increase with decreasing
temperature. This plot should yield a straight line through the origin. This behaviour can be
used to derive the characteristic trap energy E; from the temperature dependence of kT, = E;.
According to this relation, the plot shows indeed a linear dependence with a slope yielding a
trap energy value of 0.02 eV. However, the straight line does not go through the origin because
the mobility of the organic layer depends on the electric field.

As can be seen from figure 6, the slope of forward current log J—1/T curves decreases
with increasing bias voltage, that is, the curves exhibit an electric field-dependent linearity.
The value of 0.02 eV cannot be reliably interpreted as the minimum energy for a change carrier
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to be thermally emitted from a trap state near the Fermi level to the semiconductor energy
band involved [29]. In figure 6, the open triangles show the experimental log(J) versus 1/T
plot in the voltage range 0.20-1.00 V with steps of 0.02 V. The plots give straight lines in the
temperature range 70-280 K at each voltage. As mentioned above, the slopes of forward current
log J-1/T curves exhibit a bias voltage-dependent linearity. The slope of the line presented in
the log(J) versus 1/ T plots is given by [36, 37]

d(log J)

a(1/T) = gl NGEY
from which the value of N,(E) is determined, and the intercept on the log(J) axis is written as

log J; = log(quN,V/d), 3

2

C
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Table 1.  The experimental parameters obtained for the Au/PPy/p-Si/Al heterojunction in the
temperature range 80-2800 K.

Bias voltage (V) N (cm’3) Py (cm’3 eV’l) " (cm2 v-! s’l)
0.20 2.281 x 10 1.363 x 10'° 8.164 x 10~
0.40 4.487 x 101 2.682 x 10'© 6.786 x 1072
0.60 7.299 x 101 4362 x 10'° 5.959 x 1072
0.80 9.146 x 10" 5.466 x 10'° 5.303 x 1072
1.00 1.018 x 10" 6.082 x 10'° 4.738 x 107

where J; represents the current density at infinite temperature (1/7 = 0) and immediately
yields the mobility . The log(J) versus 1/T plot at 0.2 V curve in figure 6 has a slope
of 166 A K cm™2 and an intercept of 0.633 A cm™2 in the temperature range 70-280 K.
Thus, the values of N, = 2.281 x 10" cm™, Py = 1.363 x 10" cm™> eV~! and p =
8.164 x 107> cm? V~! s~! for PPy were obtained using equations (1)—(3). The mobility value
in conjugated polymers is found to be around 10~* cm? V~! s~! and it is known to depend on
field and temperature [42]. The obtained value for the mobility appears to be in agreement with
the value of about 10~* cm? V~! s~! given for polymeric thin films [42]. The parameter values
corresponding to the other applied voltages in figure 6 are given in table 1.

As mentioned above, the experimental high bias reverse current given in figure 1 is more
likely to be governed by the actual junction-like behaviour via the charge transport mechanisms
in the heterojunction. This junction-like behaviour is clearly exemplified in the temperature-
dependent semi-log reverse bias current versus V!/? plots, as depicted in figure 7; the linearity
in the temperature-dependent semi-log reverse bias current versus V !/2 plots can be noticed at
reverse voltages above 0.3 V. In the PPy/p-Si heterojunction, this current may be understood in
terms of the Schottky emission (field-lowering of the interfacial barrier at the injected electrode
interface) or Poole-Frenkel effect (field-assisted thermal detrapping of carriers). The reverse
bias /-V expressions for these processes are given by [29, 36, 43, 44]

BsV1/2
1 = IRoexp W (4)
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for the Schottky effect and
BerV!/2
I'=Iro EXP( kTd'> )

for the Poole—Frenkel effect, where V is the bias voltage, fs and Bpp are the Schottky and
Poole—Frenkel field lowering coefficients, respectively. Theoretical values of these coefficients
are given by

2Bs = Ber = (q° /meeg)' 2. (6)

This gives fs = 1.05 x 1075 eV m"2 V=2 Bor = 2.10 x 1075 eV m"/2 V%, I, is the
low-field current derived from the straight line intercept of the semi-log reverse current versus
V172 plots, as depicted in figure 7, and it is given by

Dy,
Tro = AA* T exp =120 ), 7
RO exP( T ) (7N

where ¢ is the electron charge, A is the effective device area, k is the Boltzmann constant,
T is the absolute temperature, A* is the effective Richardson constant of 120 A cm™—2 K_2
assuming m™ (the effective mass of electron) to be nearly equal to m (the mass of electron),
and @y, is the Schottky barrier height. Figure 8 shows the reverse bias Igo/T? versus 1/T
plot, that is, the temperature dependence of Iy for the reverse current. The barrier height
@, was also evaluated for the sample using equation (7) at each temperature and the @y
versus T plot is given in figure 9. A linear temperature dependence of &, was observed.
The barrier height value ranged from 0.69 eV at 280 K to 0.22 eV at 70 K. Furthermore, an
experimental value of 3.82 x 107> eV m'/? v~ for B was obtained from the slope of the
graph plotted between the reverse bias In J and V!/? at 280 K. The experimental value of
is compared with the theoretical values of the PPy, fs = 1.05 x 1075 eV m!/2 V"> o =
2.10x 10~% eV m'/2 V™7 given above. The experimental value of 3.82 x 105 eV m'/2 v~ /2
is in close agreement with the experimental value of 2 x 10~5 eV m!/2 v~ '/
Kumar et al [44].

In conclusion, a rectifying contact was formed between p-Si and gold by means of the
interfacial PPy layer because generally the junctions between p-Si and metals such as gold or

for PPy given by
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Figure 9. Temperature-dependent barrier height plot of the Au/PPy/p-Si/Al hetero-contact.

aluminium are expected to form an ohmic contact; and the bulk parameters of the PPy film, that
is a good candidate for the active part of electronic devices, were calculated. The forward bias
[-V characteristics of the polymeric organic compound polypyrrole (PPy) interfaced to the
inorganic p-Si have been explained by using the space-charge-limited current (SCLC) density
model dominated by exponential distribution of traps. The values of N, = 2.281 x 10'* cm™3,
Py = 1.363 x 10" cm™3 eV ! and u = 8.164 x 107> cm? V~! s™! for the PPy layer were
obtained from the forward bias log(J) versus 1/7T plots at temperatures ranging from 70 to
280 K. The temperature dependences of the barrier height values from the experimental reverse
bias /-V characteristics interpreted by the Schottky or Poole—Frenkel effect models have been
seen to be linear.
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