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The fabricated Al/ Naphthalimide /p-Si Schottky diode’s dielectrical parameters and series
resistance effect have been investigated by using the DC and AC measurements. W e have
developed a facile interface structure that consisted of double-layer films in order to investigate
the capacitance volume and series resistance effect through the device. The organic interlayer
with little nanometer thickness between electrode and inorganic semiconductor drastically
reduce the series resistance at the interface. The dielectric parameters have increased with
decreasing frequency. Interestingly, the value of ¢ (=3) even at 1 kHz shows that the prepared

naphthalimide (with Thiophene property) nano-interlayer can provide more charges or
energy storage ability and so it can be used instead of traditional interfacial layers.
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INTRODUCTION

Organic materials have been gaining a considerable
attention of the scientific community due to their favor-
able features and unique applications. These materials can
be chemically tailored to adjust separately the band gap,
valance and conduction band energies [1].

During the last decade, organic semiconductors have
also drew attention due to their characteristic features as an
active layer for next-generation electronics due to ease in
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their patterning and their tunable molecular structure, flex-
ibility, light-weight, and large-area applicability. In particu-
lar, their promising potential low cost is expected to begin
an era of disposable electronics [2-7].

Inrecentstudies, wehave found some examples on metal—
semiconductor (MS) structures with interfacial layers such
as; Fullerene derivatives, poly[9,9-dioctylfluorenyl-2,7-
diyl]-co-1,4-benzo-(2,1,3)-thiadiazole, polyvinyl alcohol,
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Bismuth Titanate, perylenetetracarboxylic dianhydride,
CdS-PVA, zinc-oxide, and graphene-doped PVA struc-
tures, metal-ferroelectric-semiconductors, metal-insula-
tor-semiconductors that attract more attention than the
conventional Metal/Semiconductor structures in electronic
industry [8-16]. MIS is the most suitable contact and shows
the compatibleness between the insulator and semiconduc-
tor materials [17]. As reported in many studies, the con-
duction mechanism and formation of barrier height at M/S
interface could be changed with an appropriate interlayer
between semiconductor and metal [18]. The applied voltage
on the diode is shared by interfacial layer, series resistance
and depletion layer [17, 19].

In addition to dielectric parameters, the subject of relax-
ation covers all types of stress relief in solids—dielectric,
mechanical, photoconductive, chemical and so on, and sev-
eral of these may have points in common and so, this work
will also concentrate on this issue by connecting dielectric
phenomena. A wide range of scope of relaxation is also an
associated with interfacial processes in metal-insulator,
semiconductor-insulator, electrode—electrolyte and simi-
lar systems. Naphthalimides, due to their unique proper-
ties, have found applications in many areas of chemistry,
such as fluorescent sensors, dyes, chemical probes, sensing
of biologically relevant cations and anions, and also in the
pharmaceutical field as anti-cancer treatments and in many
other applications [20].

This paper introduces a new developmental family of
thin film dielectric material covers 1,8-naphtalimide deriv-
ative that has interesting fluorescent properties and can be
used as an effective tool for the monitoring and quantifica-
tion of compounds.

EXPERIMENTAL DETAILS

Materials and Methods

Preperation of Organic: All starting materials and
reagents were obtained as commercial sources. An analyti-
cal Thin Layer Chromatography (TLC) plates.

N-[1-(thiophene-2-yl)methyl]-1,8-napthalimide (3) syn-
thesizing process steps are as follows: A flask was charged
with 2-aminomethylthiophene (4.59 mmol), 1,8-naph-
thanoic anhydride (5.05 mmol) was refluxed in 80 mL
Tetrahydrofuran. The mixture was refluxed for ~40 h. Then
the volatile was evaporated to be dried. The crude was treated
with water to adjust pH 6.8, and kept in an oven for drynes.
The precipitation was completed by addition of a mixture of
DCM/MeOH (1/25). Then, the precipitate was filtered and
dried. The obtained compound with white color was synthe-
sized with a 99.9% yield. [21].

Diode Fabrication

For the Schottky diode manufacturing, p-type Silicon
(Si) wafer with orientation (100) was used as semiconductor
material and Aluminium (Al) as the metallic contacts. RCA

cleaning process steps applied for the p-Si surface to remove
any metalic, oxide or any other chemical impurities. Al
metal contact was fabricated by magnetron sputtering sys-
tem under ~10~° mbar pressure to evaporate the ohmic back
contact over the Si substrate. For the diffusion of Al inside
the Si, the wafer was heated in a tube furnace at 570 °C for
5 min under nitrogen gas flow. The top surface was cleaned
again to deposit the napthalimide layer. 5 mg N-Thiophene
Naphthalimide was dissolved in 2ml chloroform for 5 min-
utes. It was coated over the whole clean surface of p-Si sub-
strate with a spin coater with 5000 rpm spinning speed for
~100 s. After the organic layer deposition, the substrate was
held on the hotplate for 1 min at 180 °C to have a highly
stacked organic layer on Si and also a for a more homo-
geneous and smooth interface between Si wafer and the
organic dye. Al as a front point contact was deposited on
the organic layer with magnetron sputtering system under
10~ torr pressure. The thickness of organic layer was ~140
nm and the contacts were ~125 nm. The schematic dia-
gram of the studied device and the molecular structure are
shown in Fig. 1 (as inset in synthetic route of organic layer).
Then, the Al/naphthalimide/p-Si diode was obtained. The
Capacitance-Voltage (C-V) and conductance-voltage
(G/w-V) measurements were carried out using a Hewlett
Packard 4192A (50 Hz-13 MHz) LF impedance analyzer in
the frequency range of 1kHz-5MHz at room temperature.

RESULTS AND DISCUSSION

The dependence of the frequency is very crucial issue
for electronic tools. In real, in fact, these devices do not

Figure 1. Synthetic route for N-[1-(tiyofen-2-il)metil]-1,8-
naphthalimide 3 [61].
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depend on capacitance or are too weak, especially at high-
frequency limit (f =1 MHz). With this, frequency depen-
dence of the ac signal may generate a capacitance due to
the interface states in excess to depletion layer. The reasons
for their occurrence are the discontinuance of the periodic
lattice structure at the surface, surface morphology, barrier
height formation at metal-organic interface, and the distri-
bution of the impurities of the organic layer. Under these
circumstances, an excess capacitance may occur because
of interface states, and it brings an increase in the real
capacitance of the materials. Such changes in the existing
capacitance and conductance particularly depend on the
frequency and applied voltage [22-25]. In addition, inter-
face states can easily follow the external ac signal when a
low frequency applied and yield an excess capacitance also
conductance, which depends on the interface states relax-
ation time and the ac signal frequency [26]. It must be noted
that dielectric properties study concerns with the relation-
ship between the external measured macroscopic quantities
such as dielectric permittivity, electrical conductivity and
the microstructure of the dielectric material [27, 28];

The frequency dependencies of dielectric constant
(&), dielectric loss (¢”), loss tangent (tand) and ac electri-
cal conductivity (oac) are investigated for Metal/Organic/
Semiconductor Schottky type diode. The values of the
dielectric properties were obtained from the C-V and
G/w-V measurements in 1 kHz-5 MHz frequency range
at room temperature. The complex permittivity can be
derived from the following equation [29-31];

£=¢-je" (1)

The complex permittivity formalism has been employed
to describe the electrical and dielectric properties. In the
e formalism, in the case of admittance measurements, the
following relation holds:

.. Y ¢, .G
]WCO

£ = =
jWCD CD

()

where Y', C and G are the measured admittance, capaci-
tance and conductance of the dielectric, and w the angular
frequency (w= 27f) of the applied electric field [31, 32].

The real part of the dielectric constant (¢") at various
frequencies is calculated using the measured capacitance
values (C ) at the strong accumulation region according to
the relation [33, 34],

g=" (3)

where C_ is capacitance of an empty capacitor. C = ¢ (A/d);
where A is the rectifier contact area in cm™, d is the inter-
facial layer thickness and ¢ _is the permittivity of free space
charge (¢, = 8.85x 10" F/cm). In the strong accumulation

region, the maximal capacitance of the device corresponds
to the insulator capacitance (C ) (C,_=C_=¢"e A/d).

The imaginary part of the complex permittivity, the
dielectric loss (¢”), at the various frequencies is calculated
using the measured conductance values from the relation,

£ =—= (4)

The loss tangent (tan §) is the ratio of the imaginary ¢”
and the real ¢ parts of the dielectric constant and is giving
by [31-35],

’

tand= £ (5)
E

’7

The ac electrical conductivity (oac) of the dielectric
material can be given by the following equation [29, 36, 37],

o, =wCtand(d/A)=we,e” (6)

Fig. 2 (a, b, ¢) show the dielectric constant (¢"), dielec-
tric loss (¢”) and loss tangent (tand) of AI/N-T Nft/p-Si
(Metal/Organic/Semiconductor) Schottky diode with the
frequency dependence, respectively. From the derived
capacitance and conductance values, the values of the ¢,
¢” and tand were found a strong dependence of frequency
especially at low frequency values. According to these fig-
ures, ¢ and ¢” show a decrease with increasing frequency.
With this increase, the contributions of the interfacial,
dipolar or the ionic polarization assume an inefficient
role left behind only the electronic part. This observed
decrease in ¢” and ¢” with increasing frequency reflects
dielectric relaxation caused by the inability of the dipolar
molecules in the sample to change orientation direction
with increasing rates of alteration of the applied field [38].
It means that the decreasing of ¢ and &” with increase
in frequency is explained with increase in frequency, the
interfacial dipoles have less time to orient themselves in
the alternating field direction [39 - 43]. Also, this may
be because the switching of the small-molecule dipoles is
unable to match the switching of the electric field at high
frequencies [44].

The dielectric material enhances the storage capacity of
the capacitor by neutralizing the charges at the electrodes in
a known manner to the external space. Dielectric or electri-
cal insulating materials are materials that can resist electro-
static fields for a long time. When the correct voltage (dc)
is applied to these substances, they show great resistance
against passing of electric current, The values of ¢ and ¢”
were found as 2.78, 0.57 at 1 kHz and 0.1, 0.03 at 5 MHz,
respectively. Also the forming defects during the deposition
process by disrupting the crystalline structure can cause the
carriers in the interface to recombine without following the
signal so this prevents the occur of additional capacitance.
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Figure 2. Frequency dependence of the a) dielectric constants (¢) b) dielectric loss (¢”) c) tangent loss (tand) d) the ac
electrical conductivity (oac) values at room temperature for Al/Nft/p-Si Schottky diode.

Dielectric loss factor tand, refers to the losses in electri-
cal energy due to non-linear physical mechanisms such
as electrical conductivity, dielectric relaxation, dielectric
resonance. These losses act as a significant thermal source
at high voltage or high frequency. This causes more ther-
mal stress of the dielectric material under these conditions
and lead to change its properties [45, 46]. Therefore, when
selecting dielectric materials, the loss factor is it should be
as small as it is.

As shown in Fig. 2(c). loss tangent, tand decreases with
increasing frequency in the range from 1 kHz to 2 MHz,
but after 2 MHz it shows a sudden rise to 0.37 at 5 MHz.

This manner in tand and thus increase in conductivity is
achieved by an increase in the delivery of the residual cur-
rent and the delivery of the absorption current [47- 49].
This shows that they are closely related to each other. The
increase of the conductivity cac is accompanied by an
increase of the eddy current, which in turn increases the
energy loss tand. With this, the electrical conductivity
generally increase with increasing frequency and espe-
cially shows a sharp increase in the cac after about 2 MHz
(Fig 2d). This behavior can be attributed to the result of
a decreasing series resistance with increasing frequency
[50]. Also, the peak in the loss tangent can be attributed
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Figure 3. Variation of the capacitance (C) with frequency
and voltage (V) (inset) of the Al/Nft/p-Si Schottky diode.

to the Maxwell-Wagner interfacial polarization (matching
of hopping frequency with frequency of external electric
field) [47, 51, 52]. So, there become a gradual drop in €’
with frequency increase. Conversely, there is a sudden drop
in ¢” values with non-relaxation sign.

Fig. 3 and Fig. 4 show the capacitance (C) and con-
ductance (G/w) plots. There is a peak with a just after
the depletion region for C-V plots at low frequencies and
then the capacitance shows a sudden decrease particularly
after 1 kHz (Fig.3). Also the magnitude of the peak in the
depletion region is gradually decreased with increasing
frequency due to the time dependent response of interface
states and shifts towards the positive bias region due to deep
level states and series resistance. This is also due to the effect
of interface state density [53-57]. The device yields much
higher conductivity in the forward bias region compared
to reverse bias region because the device is in the form of a
Schottky type device.

Series resistance R is one of the important sources of
small signal energy loss in Schottky devices. This results in
a critical error in extraction of interfacial properties and
doping profiles from the admittance measurements [58,
59].

Then, the admittance Y__ is given by [22, 31, 60, 61]:

Yma = [Gma + jwcma] (7)

where the series resistance is the real part of the impedance
Z . =1/Y_. Thus, the real series resistance of MS devices
can be subtracted from the obtained capacitance (C ) and
conductance (G, ) in strong accumulation region at high
frequency values [57].

log ((Hz)

Figure 4. Variation of the conductance (G) with frequency
and voltage (V) (inset) of the Al/Nft/p-Si Schottky diode.
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There are several reference works in the literature to
obtain of R  values [22, 62-64]. It has been applied the
method that provides the determination of R in both
reverse and forward bias regions, presented in refs. [53,
65]. According to this method, the real R_of Schottky type
diodes can be subtracted from the measured C_ and G_
values at sufficiently high frequency (f>500 kHz) [22, 31],
using the following equation:

(Ga)

Gza + (owa )2

m

R =

2

(10)

where w is the angular frequency. The G and w symbols are
conductance and angular frequency parameters (w=2mrf),
respectively. The G and G/w units are Q' or S and Farad,
respectively. Here, in order to show the G and C quantities
at same unit (Farad), the values of G were divided by w.

As seen in Fig. 5 (a, b), the series resistance gives a peak
depending on frequency in the voltage range about -4.9 V
for 1 kHz and -0.1 V for 5 MHz.

In Fig. 5 (a, b), the plots fluctuates in the form of 2-3
peaks, especially at low frequencies due to the particular
density distribution profile of surface states. The real value
of Rs was obtained as 274 Q) at 50 kHz, 20.8 Q) at 500 kHz
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Figure 5. Al/Nft/p-Si Schottky diode’s Rs-V frequency-dependent (1 kHz-5 MHz) graphics at room temperature a)
Frequency-dependent graphics at 1 kHz-5 MHz interval b) Frequency-dependent graphics to see the plots better at 50

kHz-5 MHz interval.

Figure 6. a) Cross-section (50 000 x), b) surface (100 000 x) of Al/Nft/p-Si Schottky barrier diodes of SEM micrographs.

and 12.8 Q at 5MHz for 2 V and also 1370 Q at 50 kHz,
27.3 Q at 500 kHz and 7.37 Q) at 5 MHz for 8 V, respectively.
It is clear that the resistance value is not only dependent
on the frequency but also the voltage, and it decreases with
increasing frequency for each bias voltage. The increase of
Rs at low frequencies is originated from the existence of

surface states and surface or dipole polarization, but their
effect is as low as it could be ignored at sufficiently high
frequencies (relatively f 21 MHz).

Finally, when we look at the surface map of the diode,
we can see a homogeneous morphological order and grain
formation (Fig. 6 (a,b)). These images show the typical
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morphological pattern of the prepared Al/N-T Nft/p-Si/Al
Schottky barrier diode.

Evidently, from the SEM image of the Naphthalimide
content structure, it was seen that the morphology of
the particles were almost spherical in shape in Fig 6(b),
but agglomerated to some extent due to the interaction
between nanoparticles. It can be observed that grains of
uniform size are distributed throughout the surface and the
formation of nanosized crystallites was confirmed through
SEM images. The average grain size calculated from linear
intercept method was found to be in the nanometer range
of 55-76 nm.

CONCLUSIONS

The existence of naphthalimide organic layer converts
metal-semiconductor (MS) devices into metal-Insulator—
semiconductor (MIS) diodes and made a strong influ-
ence on the diode characteristics as well as the dielectrical
properties and series resistance. The increase of cac with
increasing frequency was attributed to the increase eddies
current that leads to the increase in the energy tand. The
series resistance was one of the reasons of C-V and G/w-V
curve tendency. It exhibited a meaningful decrease with
increasing frequency, and the analogous trend was also
seen in dielectric constant and dielectric loss such that
their decrease with frequency increasing means that inter-
face states can no longer follow a.c. signal because of the
lifetime of traps is bigger than angular frequency inverse.
Dielectric constant at 1 kHz is around 2.78 in the high
accumulation region and decreases with increasing fre-
quency. In addition, investigation of a.c. conductivity in the
low frequency region revealed a d.c. conductivity value of
4.16x10'° 1/Qcm. We can also put a remarkable note that:
while naphthalimide layer formed on a semiconductor by
the traditional methods probably can passivate the active
dangling bonds on the surface of semiconductor and so can
decrease the amount of active dangling bonds and so leads
to a decrease in the leakage current and series resistance
(Rs) and maybe less effective surface states.
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