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An Al/methyl-red/p-InP solar cell was fabricated via solution-processing method and was characterized by using current-voltage
(I-V) and capacitance-voltage-frequency (C-V-f ) measurements at room temperature. From dark I-V characteristics, the values
of ideality factor and barrier height of the device were calculated as 1.11 eV and 2.02, respectively. It has been seen that the device
exhibited a good photovoltaic behavior with a maximum open circuit voltage Voc of 0.38 V and short-circuit current Isc of 2.8 nA
under only 200 lx light intensity. The barrier height and acceptor carrier concentration values for the Al/methyl-red/p-InP devices
were extracted as 1.27 eV and 3.46× 1017 cm−3 from linear region of its C−2-V characteristics, respectively. The difference between
Φb (I-V) and Φb (C-V) for Al/methyl-red/p-InP device was attributed the different nature of the I-V and C-V measurements. Also,
the energy distribution curves of the interface states and their time constants were obtained from the experimental conductance
properties of the Al/methyl-red/p-InP structure at room temperature. The interface state densities and their relaxation times of
the device have ranged from 2.96 × 1012 cm−2eV−1 and 4.96 × 10−6 s at (1.11-Ev) eV to 5.19 × 1012 cm−2 eV−1 and 9.39 × 10−6 s
at (0.79-Ev) eV, respectively. It was seen that both the interface state density and the relaxation time of the interface states have
decreased with bias voltage from experimental results.

Copyright © 2009 Ömer Güllü. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

Over the last two decades, organic thin-film devices, such as
organic light-emitting diodes, organic thin-film transistors,
photodetectors, and solar cells, have made steady progress
in device performance with ever increasing range of appli-
cations [1]. By many workers [2–20], it has been carried
out their fabrications and electrical/optical characterizations
of solar cells by using organic semiconductors. Organic
semiconductors show many unusual electrical, optical, and
magnetic properties, which could be used for the fabrication
of molecular electronic devices [21]. These materials also
offer low cost and processing ease and can attain new roles
not realized by conventional solar cells [1, 4, 13, 14]. This has
opened a new possibility of replacing conventional inorganic
devices by the organic ones [21]. Among those, methyl-red
is considered a good candidate for organic semiconductor
device fabrication such as photoelectric converters and solar
cells. Methyl-red with molecular formula NC6H4COOH (2-
[4-(dimethylamino)phenylazo] benzoic acid) used in this

study is a typical aromatic azo compound. Its colour origi-
nates from absorbance in the visible region of the spectrum
due to the delocalization of electrons in the benzene and azo
groups forming a conjugated system. Due to its conjugated
structure and richness in 16 π electrons, the methyl-red has
been chosen to form an organic semiconductor layer between
Al and p-InP inorganic semiconductor substrate [22]. The
molecular structure of the methyl-red is given in Figure 1(a).
The structure of azo dyes has attracted considerable atten-
tions recently due to their wide applicability in the light-
induced photo isomerization process and their potential
usage for the reversible optical data storage [8, 22, 23].

Our aim is to investigate the electrical properties of
Al/methyl-red/p-InP solar cell by the insertion of methyl-
red organic layer between InP semiconductor and Al metal
by using and current-voltage (I-V) and capacitance-voltage-
frequency (C-V-f ) measurements in dark and is to compare
the electrical parameters of the Al/methyl-red/p-InP solar
cell with those of conventional Metal/Semiconductor diodes.
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Figure 1: (a) Molecular structure of the methyl-red organic
compound. (b) (Color online) The experimental setup of the
Al/methyl-red/p-InP Schottky solar cell for the electrical and
photovoltaic characterization.

Also, this work presents the physics of the photovoltaic device
and describes the process of manufacturing and electrical
characterization of organic-based solar cell exhibiting the
photovoltaic properties.

2. Experimental Details

The organic/inorganic semiconductor (OI) photovoltaic
device was prepared using one side polished (as received
from the manufacturer) p-type InP wafer with 3.46 ×
1017 cm−3 doping density [8] from C-V measurements in
this study. The wafer was chemically cleaned with 3H2SO4

+ H2O2 + H2O (a 20 seconds boiling). The native oxide on
the front surface of p-InP was removed in an HF : H2O
(1 : 10) solution for 30 seconds, and finally the wafer
was rinsed in deionized water. Before forming the organic
layer on the p-InP substrate, the ohmic contact was made
by evaporating Au-Zn (90%–10%) alloy on the back of the
substrate, followed by a temperature treatment at 450◦C for
3 minutes in a N2 atmosphere. After the cleaning procedures
and ohmic metallization, the methyl-red film on the front
surface of the p-InP wafer was directly formed by methyl-
red solution (wt 0.2% in methanol) by using the solution
processing method. The contacting metal dots were formed
by evaporation of Al dots with diameter of 1.0 mm. All
evaporation processes were carried out in a vacuum coating
unit at about 10−5 mbar. I-V and C-V-f measurements have
been measured using a Keithley 487 Picoammeter/Voltage
source and a HP 4192A LF Impedance Analyzer, respectively
(see Figure 1(b)). A light source consisting of a halogen lamp
was used for the I-V measurement under illumination.
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Figure 2: (a) (Color online) Semilog I-V characteristics of the
Al/methyl-red/p-InP Schottky solar cell under dark (in black) and
illumination (in red) conditions. (b) The C-V characteristic of the
Al/methyl-red/p-InP solar cell in dark (inset depicts conductance-
voltage characteristic obtained from the experimental C-V mea-
surement).

3. Results and Discussion

3.1. The Photovoltaic Properties of the Al/Methyl-Red/p-
InP Structure. Figure 2(a) shows experimental semilog I-
V characteristics of the Al/methyl-red/p-InP OI Schottky
device under dark (in black) and illumination (in red)
conditions at room temperature. As clearly seen from
Figure 2(a), the Al/methyl-red/p-InP OI diode represents
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a good rectifying property. The weak voltage dependence
of the reverse-bias current and the exponential increase
of the forward-bias current are characteristic properties
of rectifying interfaces. The current curve in forward bias
quickly becomes dominated by series resistance from contact
wires or bulk resistance of the organic material and inorganic
semiconductor, giving rise to the curvature at high current in
the semilog I–V plot. According to the thermionic emission
theory [24, 25], the ideality factor n and barrier height (BH)
Φb can be obtained from the slope and the current axis
intercept of the linear regions of the forward bias I-V plots,
respectively. The values of theΦb and the n for the Al/methyl-
red/p-InP OI diode in dark have been calculated as 1.11 eV
and 2.02, respectively. The ideality factor determined by
the image-force effect alone should be close to 1.01 or
1.02 [26–28]. Our data clearly indicate that the diode
has the ideality factor that is significantly larger than this
value. Higher values of ideality factors are attributed to
secondary mechanisms which include interface dipoles due
to interface doping or specific interface structure (native
oxide layer and methyl-red layer) as well as fabrication-
induced defects at the interface [26–29]. According to Tung
et al. [28], the high values of n can be attributed to the
presence of a wide distribution of low-BH patches caused by
laterally barrier inhomogeneous. Also, the image-force effect,
recombination-generation, and tunneling may be possible
mechanisms that could lead to an ideality factor value
greater than unity [24, 28]. The obtained BH value for
the Al/methyl-red/p-InP contact is different from a value
of 0.83 eV [8] (from the I-V characteristic of reference
diode) obtained for Al/p-InP metal/semiconductor struc-
ture. These findings indicate the methyl-red organic thin
film formed on inorganic substrate that the barrier height of
metal/semiconductor Schottky diodes changed in significant
rate. The case may be attributed to an organic interlayer
modifying the effective barrier height by influencing the
space charge region of the inorganic substrate [17, 30].
Thereby, it is known that the organic film forms a physical
barrier between metal and InP substrate, preventing the
metal from directly contacting the InP surface [8–11, 15–
19, 30]. The methyl-red organic layer appears to cause a
significant modification of interface states even though the
organic/inorganic interface becomes abrupt and unreactive
[8–11, 15–19, 30]. Thus, the change in barrier height can
qualitatively be explained by an interface dipole induced by
the organic layer passivation [15, 17–19]. This was widely
discussed in our previous study [8].

Figure 2(a) also shows the semilog I-V characteristic
(in red) of the Al/methyl-red/p-InP device under light
illumination. The reverse bias current of the solar cell
is strongly increased by the illumination. This suggests
that the carrier charges are effectively generated in the
junction by illumination. This effect is due to electron–
hole pair generation [4]. The increase in charge production
is dependent on the difference in the electron affinities
between methyl-red and p-InP semiconductor. The device
shows a good photovoltaic behavior with a maximum open-
circuit voltage Voc of 0.38 V and a short-circuit current
Isc of 2.8 nA under 200 lux light intensity. Our result is

acceptable when compared with some published previously
data [31, 32]. Namely, Antohe et al. [31] reported that typical
cell parameters for the ITO/CuPc/TPyP/Al photovoltaic cell
illuminated in monochromatic light of 20 μW/cm2 had the
following values: Voc = 400 mV, Jsc = 135 nA/cm2. Also,
Camaioni et al. [32] obtained a value of Jsc = 30 nAcm−2

for ITO/poly(C2CPDT)/Al structure under 1 mWcm−2 illu-
mination.

3.2. The Capacitance and Interface Properties of the Al/Methyl-
Red/p-InP Structure. Figure 2(b) shows the C-V characteris-
tic of the Al/methyl-red/p-InP device for 500 kHz at room
temperature. The inset of this figure indicates conductance-
voltage (G-V) characteristic of the Al/methyl-red/p-InP
device obtained from the C-V. By using the relationship
between capacitance-voltage [23, 24], the barrier height and
acceptor carrier concentration values for the Al/methyl-
red/p-InP devices were extracted as 1.27 eV and 3.46 ×
1017 cm−3 from linear region of its C−2-V characteristics [8],
respectively. The difference between Φb(I-V)and Φb(C-V)
for Al/methyl-red/p-InP devices originates from the different
nature of the I-V and C-V measurements. Due to different
nature of the C-V and I-V measurement techniques, barrier
heights deduced from them are not always the same. The
capacitance C is insensitive to potential fluctuations on a
length scale of less than the space charge region and C-
V method averages over the whole area and measures to
describe BH. The DC current I across the interface depends
exponentially on barrier height and thus sensitively on the
detailed distribution at the interface [24, 33]. Additionally,
the discrepancy between the barrier height values of the
devices may also be explained by the existence of the
interfacial layer and trap states in semiconductor [34].

A peak of the C-V characteristic of the OI device in
Figure 2(b) gives a value of Cox = 1365 pF that is the
capacitance of the native oxide layer plus methyl-red film.
The capacitance Css and conductance Gss of the interface
states for the device are in parallel to the capacitance of
the depletion region Csc and in series to interfacial layer
capacitance Cox [35–38]. Figures 3(a) and 3(b) show the
experimental capacitance and conductance as a function of
the frequency with steps of 0.04 V, respectively. The exper-
imental C-f and G-f characteristics were simultaneously
measured in the frequency range of 1 kHz-5 MHz. As can
be seen from Figure 3(a), the measured capacitance decreases
with an increase in the frequency. This indicates the presence
of a continuous distribution of the interface states, leading to
a progressive decrease of the response of the interface states
to the applied ac voltage [37].

We can calculate the density distribution of the interface
states from the experimental C-f and G-f measurements (the
conductance method) of the Al/methyl-red/p-InP structure.
According to Nicollian and Goetzberg [35, 36], the interface
state conductance for this structure can be described as

Gss = AqNss

2τ
ln
(
1 + w2τ2), (1)
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Figure 3: (a) (Color online) experimental capacitance-frequency
characteristics of the Al/methyl-red/p-InP device under dark con-
dition. (b) Experimental conductance-frequency characteristics of
the Al/methyl-red/p-InP device under dark condition.

where w = 2π f is the angular frequency, and τ is time
constant of the interface states which can be written as

τ = 1
vthσNa

exp
(
qVd

kT

)
. (2)

Nss is the interface state density, σ is the cross section of
interface states, vth is the thermal velocity of carrier, and Na

is the doping concentration and A is the contact area.
The conductance of the interface statesGss is given by [36,

37]

Gss = C2
oxG

(Cox − C)2 + (G/w)2 , (3)

where G and C are the experimental conductance and
capacitance of the diode, respectively. Furthermore, the
energy of the interface states Ess with respect to the top of

the valance band (Ev) at the surface of the semiconductor for
a p-type semiconductor is given by [30]

Ess − Ev = qΦb − qV. (4)

As explained in [25, 30, 36], the conductance method
yields more accurate and reliable results about interface
states. The conductance technique involves point by point
determination of the density of interface states throughout
the depletion region. The only contribution to conductance
comes from the interface states [39–43]. The parameters such
as series resistance and bulk states can generally affect the
conductance at high frequency. The quantity Gss/w given in
Figure 4(a) was calculated from the C and G versus frequency
measurements (Figures 3(a) and 3(b)) with the help of (3).
TheGss/w versus w behavior can be explained by the presence
of an almost continuous distribution of interface state energy
levels. At a given bias, the Fermi level fixes the occupancy of
these interface traps levels, and a particular interface charge
density will be at the InP surface which determines the time
constant of the related interface states. When the a.c. signal
corresponds to this time constant, the peak loss associated
to the interface trap levels will occur. If the frequency is
slightly different from the time constant, loses are reduced
because trap levels do not respond or the response occurs at
a different frequency. Therefore, the loss peak is a function of
frequency. Moreover, the peak value depends on the capture
rate, that is, on the interface state level occupancy that is
determined by the applied bias [25, 44, 45]. The curves go
through maxima at wτ = 1.98 with values of (Gss/w)max =
0.40qANss [35, 36]. The ordinates and frequencies of the
maxima yield therefore density of the interface states and
their time constant, τ. Then, the dependence of Nss and
τ on the bias was converted to a function of Ess using
(4). Figure 4(b) shows the energy distribution curves of the
interface states and their time constants obtained from the
experimental Gss/w versus w characteristics of the Al/methyl-
red/p-InP structure at room temperature. The interface state
densities and their relaxation times have ranged from 2.96
× 1012 cm−2 eV−1 and 4.96 × 10−6 seconds at (1.11-Ev) eV
to 5.19 × 1012 cm−2 eV−1 and 9.39 × 10−6 seconds at (0.79-
Ev) eV, respectively. As can be seen from Figure 4(b), both
the interface state density and the relaxation time of the
interface states decrease with bias voltage. Aydogan et al. [46]
found that the deposition of polymers on to the inorganic
semiconductor can generate large number of interface states
at the semiconductor surface, which strongly influence the
properties of the PANI/p-Si/Al structure. Çakar et al. [47]
have determined interface properties of Au/PYR-B/p-Si/Al
contact. They [47] have found that the interface-state density
values vary from 4.21 × 1013 to 3.82 × 1013 cm−2 eV−1.
In another study, Aydin et al. [23] have investigated the
interface-state density properties of the Sn/methyl-red/p-
Si/Al diode, and interface state density was found to vary
from 1.68 × 1012 cm−2 eV−1 to 1.80 × 1012 cm−2 eV−1. The
interface-state density of the Al/methyl-red/p-InP diode is
consistent with those of above mentioned diodes.
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Figure 4: (a) (Color online) Gss/w versus w characteristics obtained
from the experimental forward bias capacitance and conduc-
tance versus frequency measurements of the Al/methyl-red/p-InP
structure in dark. (b) Energy distribution curves of the interface
states and their time constants obtained from the experimental
Gss/w versus w characteristics for the Al/methyl-red/p-InP structure
in dark. (c) The Rs-V characteristic of the Al/methyl-red/p-InP
device for 500 kHz frequency in dark (inset represents the Rs-f
characteristic of that for 0 volt in dark).

The frequency and voltage dependent series resistances
of the device can be calculated from the experimental C-V-f
measurements as [36]

Rs = G

G2 + (wC)2 , (5)

where C is measured capacitance, and G is conductance
values. The series resistance of Al/methyl-red/p-InP structure
as a function of the voltage was calculated by using (5).
Figure 4(c) depicts the voltage dependency of the series
resistance for 500 kHz frequency. As seen from Figure 4(c),
the Rs decreases with the increasing bias voltage by giving
a peak at about 1.4 V. This behavior shows that the carriers
have enough energy to escape from the traps located between
metal and semiconductor interface in the band gap of
InP [48]. Also, the series resistance of the device as a
function of the frequency was calculated by using (5). The
inset of Figure 4(c) shows the frequency dependency of the
series resistance for zero Volt. As can clearly seen from the
figure, the series resistance rapidly decreases with increase
in frequency at low frequencies and then remains nearly
constant. The voltage and frequency dependency of the Rs is
attributed to the particular distribution of interface density
states and interface layer [48].

4. Conclusion

Electronic and photovoltaic properties of the Al/methyl-
red/p-InP heterojunction diode have been investigated. The
ideality factor n and barrier height Φb values of the diode
in dark were found to be 2.02 and 1.11 eV, respectively.
The device is a photodiode with electronic parameters,
a maximum open-circuit voltage of 0.38 V and a short-
circuit current of 2.8 nA under 200 lx light intensity. The
barrier height and acceptor carrier concentration values
for the Al/methyl-red/p-InP solar cell device were extracted
as 1.27 eV and 3.46 × 1017 cm−3from linear region of C
−2-V characteristics, respectively. The difference in the
barrier heights obtained from I-V and C-V measurements
for Al/methyl-red/p-InP device was attributed the different
nature of the I-V and C-V measurements. In addition,
the energy distribution plots of the interface states and
their time constants were calculated from the experimental
conductance properties of the Al/methyl-red/p-InP device
at room temperature. It was seen that both the interface
state density and the relaxation time of the interface states
obtained from capacitive measurements decreased with bias
voltage.
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