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Abstract

The polypyrrole/n-Si structure has been directly formed onto the n-Si substrate by the electrochemical polimerization of the organic

polypyrrole at 45 8C electrolyte temperature. The current–voltage (I–V) and capacitance–voltage (C–V) characteristics of the structure have

been determined at various temperatures in the range of 77–300 K and different frequencies. Some diode parameters have been calculated

from these curves. It has been seen that the measured capacitance decreases with increasing frequency due to a continuous distribution of the

interface states in the frequency range of 10 kHz–1 MHz. The barrier heights values obtained from the I–V and C–V characteristics have been

compared. It has been seen that the barrier height value obtained from the C–V measurements are higher than that obtained from the I–V

measurements at various temperatures. This behaviour has been attributed to the interfacial layer, the interface states and barrier

inhomogeneity of the structure. Also this discrepancy can be due to the different nature of the C–V and I–V measurement techniques. A

correlation seems to exist between the variation of the band gap and Fermi level energy of Si with temperature.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer electronics has attracted considerably interest in

recent years with the discovery of conducting polymers.

Thus, conducting polymers have recently received con-

siderable attention owing to their numerous potential

applications in electronic components such as Schottky

diodes [1], field effect transistors (FETs) [2], batteries [3]

etc. The efficiency of such devices depends on various

factors such as preparation parameters and the stability of

the polymer used. Polypyrrole (PPy) and its derivatives have

been extensively investigated owing, among other proper-

ties, to the relatively high stability in ambient air [4].

The C–V measurements are one of the most popular

electrical measurement techniques used to determine some
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important parameters of the Schottky diode, such as

impurity concentrations, barrier heights (BHs) and Fermi

energy levels [5,6]. There are different factors which effect

the C–V measurements such as frequency and temperature.

It is expected that the value of the capacitance increases

with decreasing frequency and increasing temperature. It is

very often observed experimentally that the Schottky barrier

height calculated from the I–V characteristics does not equal

the barrier height extracted from C–V measurements [7].

The C–V technique gives a convenient measure of the

average Schottky barrier height (SBH) when the SBH is

inhomogeneous. In the real Schottky diodes, the I–V

characteristics usually deviate from the ideal thermionic

emission difussion (TED) model, which assumes the

junction to be abrupt with a fixed SBH. Recently, these

deviations have been explained by assuming the presence of

the barrier height inhomogeneities. The SBH is likely to be a

function of the interface atomic structure, and the atomic

inhomogeneities at the metal-semiconductor interface

which are caused by grain boundaries, multiple phases,
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facets, defects, a mixture of different phases etc. The

existence of small local regions (‘patches’) with different

SBH was evidenced experimentally by using ballistic

electron emission spectroscopy (BEES) [25–27]. In the

model of Tung et al. [12], small regions or patches with a

lower BH than the junction’s main BH were assumed to

exist at the junction. As mentioned in the model of Tung et

al. [12] and Sullivan et al. [16], since the variation in SBH

may occur even at a scale much smaller than the depletion

region width, the interaction between patches should

invariably lead to pinch-off of the conduction path of

small low SBH regions that are surrounded by regions with

high SBH. In such cases, the current across the MS contact

may be greatly influenced by the presence of the SBH

inhomogeneity [29]. Some studies [12,16,17,30] have

shown that a variety of inhomogeneity models can be

applied to describe the non-ideal SBD [28].

The capacitance signal comes from the modulation of the

total space-charge as a function of bias. Generally, the

capacitance measured for a Schottky diode is dependent on

the reverse bias voltage and frequency. The voltage and

frequency dependence is due to the particular features of a

Schottky barrier, impurity level, high series resistance,

interface states and interface layer between polymer and n-

Si substrate, etc. At low frequency the capacitance measured

is dominated by the depletion capacitance of the Schottky

diode, which is bias-dependent and frequency-independent.

As the frequency is increased, the total diode capacitance is

affected not only by the depletion capacitance, but also the

bulk resistance and dispersion capacitance, which is

frequency-dependent and associated with hole emission

from slowly responding deep impurity levels. Because of

these effects, the capacitance dependence on bias becomes

less pronounced or disappears. For an inhomogeneous SBH,

the total space–charge is equal to that for a uniform SBH,

with a height equal to the mathematical average of the

inhomogeneous SBH [12]. This work presents the tempera-

ture and frequency effects on C–V measurements of Sn/PPy/

n-Si contact and the discrepancy between barrier heights

obtained from I–V and C–V measurements.
Fig. 1. Cross-section of the sample holder and PPy/n-Si structure.
2. Experimental procedure

In this study, n-Si wafer with (100) orientation, 400 mm

thickness and 1–10 U-cm resistivity was used and then, the

n-Si wafer was chemically cleaned using the RCA cleaning

procedure (i.e. 10 min boil in NH3CH2O2C6H2O followed

by a 10 min HClCH2O2C6H2O at 60 8C) before making

contacts. The ohmic contact was made by evaporating Au-

Sb alloy on the back of the substrate, then was annealed at

420 8C for 3 min in N2 atmosphere. The native oxide on the

front surface of the n-Si substrate was removed in HFC
10H2O solution. Finally, it was rinsed in de-ionised water

for 30 s and was dried. After ohmic contact made, the ohmic

contact side and the edges of the n-Si semiconductor
substrate used as an anode were covered by wax so that the

polished and cleaned front side of the sample (with a circle

area, it has 1.7 mm diameter) was exposed to the electrolyte

by mounting it in an experimental set-up employed for

polymerization. A platinum plate was used as a cathode.

The electrolyte was composed of 0.40 M pyrrole and

0.10 M tetrabutylammonium tetrafluoroborate. The pyrrole

obtained from Fluka Chimika was used to prepare

polypyrrole at room temperature. The electrolyte solution

was prepared in a propylene carbonate solvent (Merck

trademark). The polymer film was electrochemically

deposited on surface of the sample under an electrolyte

constant temperature of 45 8C and a constant current

conditions of 4 mA. After polymerization process was

carried out, the surface coated polypyrrole was cleaned by

acetonitrile for 10 min at room temperature and was dried.

Then to perform the electrical measurements Sn was

evaporated on the polypyrrole at 10K5 torr. In this way

the Sn/PPy/n-Si structure was obtained. A schematic csoss-

section of the sample holder together with the Sn/PPy/n-Si

structure is shown in Fig. 1. The C–V measurements of this

structure were measured with an HP4192A LF capacitan-

cemeter at 10, 50, 500, 1000 kHz frequencies and the I–V

measurements were performed with KEITLEY 487 Picoam-

meter/Voltage Source, a temperature range of 77–300 K by

using a homemade liquid nitrogen cryostat equipped with a

temperature controller in darkness.
3. Results and discussion

Differential capacitance measurements on a Schottky

barrier measure the response of the barrier to an a.c. voltage

superposed on a d.c. voltage. When the d.c. voltage

corresponds to a reverse bias, the differential capacitance

represents the response of the depletion layer to the a.c.

signal. It is convenient to examine C–V data for Schottky

diodes by plotting CK2–V for reverse bias. In metal/semi-

conductor contacts the depletion layer capacitance is given

as follows [8],

CK2 Z
2ðVd CVÞ

3s30qA2Nd

(1)

where Vd is the diffusion potential at zero bias which is

determined from the extrapolation of the linear 1/C2–V plot

to the V axis, A is the effective area of the diode and 3s is the



Fig. 2. The reverse bias C–V characteristics of the PPy/n-Si structure at fZ
10 kHz and in the range of 77–300 K.

Fig. 3. The reverse-bias CK2–V characteristics of the PPy/n-Si structure at

fZ10 kHz and in the range of 77–300 K.
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dielectric constant of the semiconductor (Z11.7 for Si) [9],

30 is the dielectric constant of vacuum (Z8.85!10K14 F/m)

and Nd is the concentration of ionized donors.

The value of the barrier height by I–V characteristics is

obtained by;

qFb Z kT lnðAA�T2=I0Þ (2)

where Fb is the zero-bias barrier height (BH), q the electron

charge, k the Boltzmann’s constant, T the temperature in

Kelvin, A* the effective Richardson constant and is equal to

112 A/cm2K2 for n-type Si and I0 is the saturation current.

The value of the barrier height Fb can be calculated by

the following well-known equation, using C–V measure-

ments,

fb ZVd CVn (3)

where Vn is the potential difference between the Fermi

energy level (Ef) and the bottom of the conduction band in

the neutral region of n-Si, which is directly equal to Ef, and

can be calculated by knowing Nd and Nc, density of states in

the conduction band, which is NcZ2.8!1019 cmK3 for Si at

room temperature [25];

Nd ZNc expðVn=kTÞ (4)

Eq. (3) is valid for only the diodes which show ideal

behavior. For the ideal contacts, the ideality factor (n) is

equal to unit, otherwise it is higher than unit. In an ideal

Schottky barrier, the barrier height is independent of the bias

and current flows only due to thermionic emission nZ1.

Factors which make n larger than unity are the bias

dependence of barrier height, electron tunneling through the

barrier, and the carrier recombination within the depletion

region. Since these devices operate under high-level

injection, deviations from the ideal behavior are also

observed because of enhanced minority carrier transport

by the drift field in the quasineutral region. For nonideal

structures, this equation should be corrected by taking into

account of ideality factor [18]:

fb Z c2Vd CVn (5)

where c2 corresponds to 1/n. Where, the values of the

ideality factor (n) have been obtained from the forward bias

I–V characteristics.

Measurement of the depletion region capacitance under

forward bias is difficult because the diode is conducting and

the capacitance is shunted by a large conductance. However,

the capacitance can be easily measured as a function of the

reverse bias [10]. Figs. 2, 4, 6 and 8 show the reverse bias C–

V characteristics, Figs.3, 5, 7 and 9, show the reverse bias

CK2–V characteristics of the Sn/PPy/n-Si structure at 10, 50,

500, 1000 kHz frequencies respectively, in the range of 77–

300 K. In these figures, it can be seen that at low frequencies

and at high temperatures the values of capacitance are

shown to increase. This observation may be attributed to the

capacitive response of interface states to the measurement
frequency. In general, at sufficiently high frequencies

(fS500 kHz) the interface states do not contribute to the

capacitance [13–15]. When the frequencies increase, the

values of the diffusion potential do increase too. This case

may be due to interface trapped charge, which were not

taken into account for the extraction of the depletion region

width from C–V characteristics.

Also, it can be seen from the reverse bias CK2–V figures

that these curves are linear, both at low and high frequencies.

This indicates that the formation of these structure is

resemble a Schottky diode and allows the use of the simple

depletion layer theory (Eq. (1)) [11]. But at the forward bias,

irregularities occur [19,20]. The non-linearities express

themselves as excess capacitance or, on the other hand as



Fig. 6. The reverse bias C–V characteristics of the PPy/n-Si structure at fZ
500 kHz and in the range of 77–300 K.

Fig. 4. The reverse bias C–V characteristics of the PPy/n-Si structure at fZ
50 kHz and in the range of 77–300 K.
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inductive reactance. These phenomena were currently not

fully understood and were attributed to interface states [21–

23].

Fig. 10 presents the barrier height against temperature,

obtained from the I–V (apparent BH) characteristics using

Eq. (2) and from the C–V measurements. The barrier height

extracted from the C–V measurements increase slowly with

decreasing temperature, in contrast to the I–V measure-

ments. Therefore, there is more current at low temperature

than predicted by thermionic emission theory and the results

of the C–V measurements. Also, the values of the barrier

height extracted from the C–V curves are higher than

derived from the I–V measurements as expected. Although,
Fig. 5. The reverse-bias CK2–V characteristics of the PPy/n-Si structure at

fZ50 kHz and in the range of 77–300 K.
this discrepancy could be explained by the existence of

excess capacitance at the structure due to the an interfacial

layer or trap states in the semiconductor, the existence of the

barrier inhomogeneity offers another explanation [16,17]. If

the barriers are uniform and ideal, the two measurements

yield the same value; otherwise, they will yield different

values.

Fig. 11 shows the variation of band gap and Fermi energy

level of the structure as a function of temperature at 1 MHz

frequency. The similar characteristics were obtained from

the other frequencies as well. The C–V BHs are also

associated with the temperature dependence of the valance

band edge position at the surface. The reason of the
Fig. 7. The reverse-bias CK2–V characteristics of the PPy/n-Si structure at

fZ500 kHz and in the range of 77–300 K.



Fig. 10. Temperature dependence of the barrier heights obtained from I–V

and C–V measurements for PPy/n-Si structure in the range of 77–300 K.

Solid lines correspond to the fits to the related barrier heights curves.

Fig. 8. The reverse bias C–V characteristics of the PPy/n-Si structure at fZ
1000 kHz and in the range of 77–300 K.
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difference in temperature coefficients is possibly the

extremely high values of n at low temperatures, which

this provides an additional evidence to believe that the

patchiness of the contact area increases towards low

temperatures and thus, the diode exhibits a nonideal

behavior [24]. The band gap, and thus the conduction and

valance band edges of Si do shift slightly with temperature.

The linear fitting of Ef and Eg yields the values of Ef(TZ
0)Z0.02 eV and, Eg(TZ0)Z1.18 eV in the temperature

range 77–300 K and the temperature coefficient, of the band

gap of PPy/n-Si has been found a value of 1.8!10K4.

Obviously, the relationship is linear and controversial.

Hence, a correlation seems to exist between the variation of
Fig. 9. The reverse-bias CK2–V characteristics of the PPy/n-Si structure at

fZ1000 kHz and in the range of 77–300 K.
the band gap and Fermi level energy of Si with temperature.

This behavior requires that the ionized donor concentration,

Nd should increase at high temperatures as Ef increases and

Eg decreases linearly.

In conclusion, temperature dependence of the I–V

characteristics and temperature and frequency dependence

of reverse bias C–V characteristics of PPy/n-Si structure

were investigated. It was seen that there is a discrepancy

between apparent barrier heights (BHs) obtained from I–V

and C–V measurements. This discrepancy was especially
Fig. 11. Temperature dependence of band gap and Fermi energy level of

PPy/n-Si structure at fZ1000 kHz, in the range of 77–300 K.
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explained by introducing a spatial distribution of SBHs due

to barrier height inhomogeneities that occur at the PPy/n-Si

interface. Also, as expected, at low frequencies and at high

temperatures the values of capacitance are shown to

increase. This situation was attributed to the capacitive

response of interface states to the measurement frequency.
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