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This work shows that cytosine biomolecules can control the electrical characteristics of conventional Cu/n-InP
metalsemiconductor contacts. A new Cu/n-InP Schottky junction with cytosine interlayer has been formed
by using a drop cast process. The currentvoltage (I V ) and capacitancevoltage (C V ) characteristics of
Cu/cytosine/n-InP structure were investigated at room temperature. A potential barrier height as high as 0.68 eV
has been achieved for Cu/cytosine/n-InP Schottky diodes, which have good I V characteristics. This good performance is attributed to the eect of interfacial biolm between Cu and n-InP. By using C V measurement of
the Cu/cytosine/n-InP Schottky diode the diusion potential and the barrier height have been calculated as a
function of frequency. Also, the interface-state density of the Cu/cytosine/n-InP diode was found to vary from
2.24 × 1013 eV−1 cm−2 to 5.56 × 1012 eV−1 cm−2 .
DOI: 10.12693/APhysPolA.128.383
PACS: 73.40.c, 73.30.+y
1. Introduction

Recently, devices based on biomaterials have been investigated by several authors with great interest [17].
Among them, nucleic acids and their derivatives attract
a lot of attention of researchers due to their important biological role [8]. At the same time deoxyribonucleic acid
(DNA), which exhibits a charge migration, is a subject of
interest for its physical properties, and particularly for a
great potential of application in photonics and in molecular electronics. Such applications include: devices based
on second and third order nonlinear optical eects [9],
low loss optical waveguides [10], holography [11, 12], organic photovoltaics and organic eld eect transistors
(FET) [13].
The nucleic base of DNA is 0.34 nm long with a diameter of the helix about 2 nm. Therefore, the double
helix with a π π * stacking structure of nucleobase pairs
of DNA forms a tunnel suitable for electron transfer.
The relatively weak π π * electron conjugation renders
materials with a large optical transparency window [8].
Although its rst historic measurement was reported in
1962 [14, 15], the electrical conductivity of DNA has become a hot topic only from the last decade. The great
interest in electrical conduction of DNA is its possible
application as a material to fabricate dierent nanometer scale electronic devices due to its sequence-specic
molecular recognition and its special structure with selfassembling capabilities [1618].
To explain the electrical conductivity of DNA, several
mechanisms have been developed. These mechanisms include single-step superexchange, multistep hole hopping,
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phonon-assisted polaron hopping, and molecular band
conduction model [15]. In spite of these dierent mechanisms, electron transport through DNA molecules has
been recognized to proceed along a one-dimensional pathway made up of the overlap between π orbitals in neighboring base pairs [14]. This is because eective electron
transport requires conjugated molecular chains such as
π -orbital overlap to form a pathway. Although charge
transfer can be conducted along a path constituted with
σ -orbital overlap, this charge transfer can proceed only
at a very short distance [19].
The basic unit of a DNA molecule (please see Fig. 1),
nucleotide, is a molecule composed of a pentose sugar
bonded to both a phosphate group and a nitrogencontaining heterocyclic base that may be adenine (A),
guanine (G), cytosine (C), or thymine (T). The DNA
double helix structure is formed when two single strands
combine together through hydrogen bonds of the complementary AT and GC base pairs. It is the π stacking of the conjugated base pairs that not only stabilizes
the helix but also constitutes the pathway for electron
transport [15, 20, 21].
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Fig. 1. Double helix structure of DNA.

(383)

384

Ö. Güllü, A. Türüt
2. Experimental details

Fig. 2. Chemical structure of cytosine.

Additionally, cytosine (please see Fig. 2) is a pyrimidine derivative, with a heterocyclic aromatic ring and
two substituents attached. It has a chemical formula of
C4 H5 N3 O and a molecular weight of 111.10 atomic mass
units. Cytosine was rst discovered in 1894 when it was
isolated from calf thymus tissues. A structure was proposed in 1903, and was synthesized (and thus conrmed)
in the laboratory in the same year [22, 23].
InP is one of the most promising semiconducting materials for microwave and optoelectronic devices [24],
but it has a major disadvantage of low Schottky barrier height (SBH) [10].
This inherently low SBH
(0.400.45 eV) makes it dicult to fabricate FETs directly on InP because of the serious leakage current problem through the gate electrode [25]. Eort has been devoted to forming InP Schottky junctions with a high barrier [26]. One method for enhancing the eective Schottky barrier height is to form a tunnel metalinterlayer
semiconductor (MIS) structure [2729]. An enhancement
of the barrier height up to 0.70.8 eV has been achieved
by fabricating MIS Schottky junctions [26]. Another
method is to release the surface Fermi level pinning and
use a high work function metal [30]. Assuming that the
surface Fermi level pinning is caused by high surface state
density, passivation technology is needed to reduce the
surface states of InP. To fabricate MIS Schottky diodes
with an enhanced barrier height, it is useful to develop
an in situ process in which surface passivation and insulating lm deposition are carried out successively [24].
New electrical properties of the MS contacts can be
promoted by means of the choice of suitable organic
molecules [31, 32]. In this study, we will fabricate the
Cu/cytosine/n-InP MIS device by a drop cast method.
Cytosine biomolecules have been considered as one of the
most stable organic materials for various electronic and
optoelectronic applications and has not been used for
the modication of n-InP diodes. Our aim is to investigate the electrical properties of Cu/cytosine/n-InP MIS
diode by the insertion of cytosine organic layer between
n-InP semiconductor and Cu metal by using current
voltage (I V ) and capacitancevoltage (C V ) measurements and is to compare the electrical parameters of the
Cu/cytosine/n-InP MIS diode with those of conventional
(reference) MS diodes.

MIS structure was prepared using one side polished
(as received from the manufacturer) n-type InP wafer
in this study. The wafer was chemically cleaned with
3H2 SO4 +H2 O2 +H2 O (a 20 s boil). The native oxide
on the front surface of n-InP was removed in a HF:H2 O
(1:10) solution and nally the wafer was rinsed in deionized (DI) water for 30 s. Before forming cytosine biopolymer layer on n-InP substrate, the ohmic contact was
made by evaporating indium metal on the back of the
substrate, followed by a temperature treatment at 350 ◦C
for 60 s in N2 atmosphere.
High purity (≈99%) cytosine powder was purchased
from MWG Biotech AG (Ebersberg, Germany). After the
cleaning procedures and ohmic metallization were carried
out, cytosine thin lm was directly formed by adding
10 µL cytosine solution with concentration of 200 µg/ml
in deionised water on the front surface of the n-InP wafer,
and evaporated by itself for drying of solvent in N2 atmosphere for two days. Here, we selected an amount
of 10 µL of the cytosine solution by considering and
testing various factors that could eect a given cytosine
lm thickness and homogeneity depending on the solution concentration and substrate area. The quality of
organic thin lms should be also related to other factors,
such as the lm-forming ability, the molecular symmetry and structure [33]. The contacting top metal dots
with diameter of 1.0 mm were formed by evaporation of
Cu metal. We also fabricated Cu/n-InP reference diode
without the organic layer to compare with the electrical
parameters of the Cu/cytosine/n-InP device. All evaporation processes were carried out in a vacuum coating
unit at about 10−5 mbar.

Fig. 3. A
schematic
cross-section
Cu/cytosine/n-InP structure.

of

the

The I V and C V measurements of Cu/cytosine/nInP structure (please see Fig. 3) were performed
by KEITLEY 487 Picoammeter/Voltage Source and
HP 4192A (50 Hz13 MHz) LF impedance analyzer,
respectively.
3. Results and discussion

Current transport in the Schottky contacts may be described by thermionic emission (TE) over the interface
barrier [34]. The thermionic current can be written as




qV
I = I0 exp
−1 ,
(1)
nkT
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where V is the applied voltage, n is the ideality factor
and I0 is the saturation current determined by


Φb
∗ 2
I0 = AA T exp −
,
(2)
kT
where A is the diode area, A∗ is the eective Richardson
constant, k is the Boltzmann constant, T is the absolute
temperature, q is the electron charge and Φb is the barrier height. From Eqs. (1) and (2), ideality factor n and
barrier height Φb can be written as


dV
q
(3)
n=
kT d ln I
and


AA∗ T 2
Φb = kT ln
,
(4)
I0
respectively.
Figure 4 shows the experimental semi-log I V characteristics of the Cu/n-InP reference diode and the
Cu/cytosine/n-InP Schottky device at room temperature. As clearly seen from Fig. 4, the Cu/cytosine/n-InP
Schottky structure shows 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 (Rs ) from contact wires or bulk
resistance of the organic interlayer and inorganic semiconductor, giving rise to the curvature at high current
in the semi-log I V plot. This gure indicates that the
leakage current of the Cu/cytosine/n-InP Schottky device decreases in a signicant rate like more than about
three orders of magnitude with respect to that of MS
reference Schottky diode without cytosine interlayer.

Fig. 4. Current-voltage
characteristics
of
the
Cu/cytosine/n-InP MIS device and a reference
Cu/n-InP MS diode at room temperature and in dark.

By using TE theory [34], the ideality factor and
BH (Φb ) can be obtained from the slope and the current axis intercept of the linear region of the forward bias
I V plot, respectively. The values of the BH and the ideality factor for the Cu/cytosine/n-InP diode have been
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calculated as 0.68 eV and 1.68, respectively. The ideality
factor determined by the image-force eect alone should
be close to 1.01 or 1.02 [3437].
The barrier height value of 0.68 eV calculated for
the Cu/cytosine/n-InP contact is much higher than
value of 0.45 eV for Cu/n-InP conventional diode shown
in Fig. 4. This value appears to be one of the highest
barrier values ever reported for the metal/n-InP diodes
modied by an organic interlayer. For example, Jones
et al. [36] reported a Φb value of about 0.87 eV for
poly(pyrrole)/n-InP structure. Also, Sugino et al. [25]
reported a Φb value of 0.78 eV for Au/n-InP MIS devices,
and Sakamoto et al. [24] obtained a value of 0.83 eV for
Au/n-InP MIS structure with PNx interlayer. The ndings indicate that the cytosine biolm formed on n-InP
inorganic substrate has modied the Φb value of MS
n-InP Schottky diode in signicant rate by inuencing
the space charge region of the inorganic substrate [19, 38].
Thereby, it is known that the cytosine organic thin
lm forms a physical barrier between the metal and
the n-InP substrate, preventing the metal from directly
contacting the InP surface [37, 3942]. According to
Roberts and Evans [38], the change in the Φb in the
Cu/cytosine/n-InP device could be attributed to the substrate band bending originating from the cytosine organic
thin interlayer.
It is well known that the downward concave curvature
of the forward bias currentvoltage plots at suciently
large voltages is caused by the presence of series resistance, apart from the interface states, which are in equilibrium with the semiconductor [37, 4043]. The Rs values have been calculated by using a method developed
by Norde [44]. The following function has been dened
in the modied Norde method [44]:


V
kT
I(V )
F (V ) =
−
ln
,
(5)
γ
q
AA∗ T 2
where γ is the rst integer (dimensionless) greater than n.
I(V ) is current obtained from the I V curve. Once the
minimum of the F vs. V plot is determined, the value of
barrier height can be obtained from Eq. (6), where F (V0 )
is the minimum point of F (V ) and V0 is the corresponding voltage
qV0
Φb = qF (V0 ) +
− kT.
(6)
γ
Figure 5 shows the F (V )V plot of the junction. From
the Norde functions, Rs value can be determined as
kT (γ − n)
.
(7)
Rs =
qI0
From the F V plot by using F (V0 ) = 0.66 V and
V0 = 0.23 V values, the values of Φb and Rs of
the Cu/cytosine/n-InP structure have been determined
as 0.75 eV and 1.81 kΩ, respectively. There is a dierence between the Φb values obtained from the forward
bias lnI V and Norde functions.
For the Schottky structures having interface states in
equilibrium with the semiconductor the ideality factor n
becomes greater than unity as proposed by Card and
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Fig. 5. F (V ) vs. V plot of the Cu/cytosine/n-InP MIS
device.

Fig. 6. Nss vs. Ec − Ess plot of the Cu/cytosine/n-InP
MIS device.

Rhoderick [45] and then the interface state density Nss
is given by
1 hεi
εs i
Nss =
,
(8)
(n(V ) − 1) −
q δ
d
where d is the space charge width, εs is the permittivity of the semiconductor, ε i is the permittivity of the
interfacial layer, δ is the thickness of the organic layer,
and n(V ) = (kT /q)Vln(I/I0 ) is the voltage-dependent ideality factor. In n-type semiconductors, the energy of the
interface states Ess with respect to the bottom of the
conduction band at the surface of the semiconductor is
given by
Ec − Ess = Φb − qV,
(9)
where V is the applied voltage drop across the depletion
layer and Φb is the eective barrier height. The energy
distribution or density distribution curves of the interface
states can be determined from experimental data of this
region of the forward bias I V plot.
Substituting the voltage dependent values of n and the
other parameters in Eq. (8), the Nss vs. Ec −Ess plot was
obtained as shown in Fig. 6. Here, the values of ε i and
δ are 12.5 and about 800 nm, respectively. The value
of δ has been determined by using C V measurement
at 10 kHz (C = εA/δ). It is seen that the interface
state density Nss has an exponential rise with bias from
some above the midgap towards the top of the conduction
band for the structure. In this structure, deposition of
cytosine on the inorganic semiconductor can generate a
large number of interface states at the semiconductor surface that strongly inuence the properties of the device.
When this structure is considered as a Schottky diode,
the diode comprises a high-resistivity layer (the depletion
layer) in series with a low-resistivity layer, which has its
own capacitance and resistance [46].
The C V measurement is one of the most popular
electrical measurement techniques used to characterize
a Schottky diode. It is convenient to examine C V data
for rectifying contacts by plotting C −2 vs. V for reverse
bias. The capacitance is measured at dierent reverse

bias values by superimposing an ac voltage on the dc
voltage. When the dc voltage corresponds to a reverse
bias, the dierential capacitance represents the response
of the depletion layer to the ac signal [47]. In simple
Schottky barrier theory the capacitance of the barrier
varies with applied reverse voltage V in such a way that
a straight line is obtained if C −2 is plotted against V .
This relation is given by the expression [34]:
1
2(V d + V )
=
,
(10)
C2
qεs A2 N d
where εs is the dielectric constant of n-InP, V d is the
diusion potential at zero bias and is determined from
the extrapolation of the linear C −2 V plot to the V axis.
The value of barrier height can be calculated by the relation
Φb (C − V ) = qV d + qVn ,
(11)
where Vn is the potential dierence between the Fermi
level and the bottom of the conduction band of n-InP
and can be calculated by knowing the carrier concentration N d and it is obtained from the following relation:


kT
Nc
Vn =
ln
,
(12)
q
Nd
where Nc = 4.9 × 1017 cm−3 is the eective density of
states in the conduction band [28].
Figure 7 shows the C V characteristics of the
Cu/cytosine/n-InP structure at various frequencies.
As shown in Fig. 7, all C V curves have a peak due
to series resistance and interface layer eects. Also, it
can be seen from this gure that at low frequencies the
values of capacitance are shown to increase. The dependence of the capacitance of a rectifying contact upon
frequency can also arise due to the presence of deep lying impurities in the depletion region of semiconductor.
Deep impurities are energy levels of intrinsic lattice defects or impurity atoms that have energy near the center
of the band gap. Presence of deep traps in the depletion region of the Schottky barrier makes the junction
capacitance a complicated function of the bias voltage
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and the measuring frequency. Also, it is observed that
the low-frequency capacitance increases with the applied
bias while the high-frequency capacitance remains almost
constant. This observation may be attributed to the capacitive response of interface states to the measurement
frequency. In general, at suciently high frequencies
(f > 500 kHz) the interface states do not contribute to
the capacitance [47, 48].
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structures resembles a Schottky diode and allows the use
of the simple depletion layer theory (Eq. (10)) and the
linearity in plot of C −2 vs. V indicates that the charge
density within the depletion region of the structure is
uniform. Some parameters of the structure are listed in
Table by using the reverse bias C −2 V characteristics.
As can be seen in Table, the values of the diusion potentials and Fermi energy levels tend to increase towards
the high frequencies.
TABLE
Some parameters obtained for Cu/cytosine/n-InP diode
by using reverse bias C −2 V characteristics as a function
of frequency.
f [kHz]
10
50
100
500

Fig. 7. C V characteristic of the Cu/cytosine/n-InP
MIS capacitor as a function of frequency.

Fig. 8. C −2 V characteristic of the Cu/cytosine/nInP MIS capacitor as a function of frequency.

Figure 8 shows the reverse bias C −2 V characteristics
of the Cu/cytosine/n-InP structure at various frequencies. The C −2 plots as a function of reverse bias voltage
are linear which indicates the formation of the Schottky junction. As can be seen from Fig. 8, the slopes of
C −2 vs. V curves decrease with increase of frequency.
This case may be explained by the charges at the interface states that follow an alternating-current signal.
Especially at lower frequencies, an important frequency dependence of C −2 vs. V is quite clear. This can
be explained by taking into account the series resistance
of the device [49]. It can be seen that all of these plots are
nearly linear. This indicates that the formation of these

V d [V]
0.77
0.94
1.05
2.58

N d × 1014 [cm−3 ]
12.5
9.56
8.15
6.48

Vn [V]
0.16
0.16
0.17
0.17

Φb [eV]
0.92
1.10
1.21
2.75

The Schottky diode is electrically similar to a pn junction, though the current ow in the diode is primarily due
to majority carriers having an inherently fast response.
It is used extensively for high-frequencies (f > 500 kHz).
It is very often observed experimentally that the Schottky barrier height calculated from I V characteristics is
not equal to the barrier height extracted from C V measurements. This is observed especially at low frequencies
(for C V measurements) and nonideal contacts. It is seen
that the values of barrier heights higher than the value of
the I V measurements. In conclusion, the Schottky contacts are usually characterized by electrical techniques,
most often by I V or C V measurements. Both techniques are dierently sensitive to possible occurrence of
inhomogeneities at the Schottky contact. As the current of the Schottky diode depends exponentially on
the barrier height, inhomogeneities and especially small
patches with a lower Schottky barrier height (SBH) at the
contact, strongly inuences the resulting apparent SBH.
On the other hand, SBHs calculated from the C V measurement have a tendency to be an average value of the
SBHs of patches present in the contact (barrier height inhomogeneities that are present at the cytosine/n-InP interface), that is, average barrier height is the mean value
of the barrier minima plus barrier maxima. In most cases
they are higher than the SBH extracted from I V measurements [5052]. If the barriers are uniform and ideal,
the two measurements yield the same value; otherwise,
they will yield dierent values [47].
4. Conclusion

The barrier heights of the Schottky structures may
be tuned by using the thin interlayers of biomolecules.
By means of the choice of the organic molecule, the device can be designed to exhibit the desired properties.
This study reported here proposes that the cytosine interlayer should be considered, among other candidates, as
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a potential thin lm for the novel MIS devices. In summary, we have studied as follows: (a) introducing to a
new degree of freedom in the control of fundamental device parameters by the inclusion of well-dened cytosine
thin interlayer in the Cu/n-type InP inorganic MS Schottky diodes, (b) capacitance properties of the device.
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