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The aromatic thermosetting copolyester (ATSP) was deposited on p-Si sub-
strates by the spin coating method, and the thickness of thin film layer was
about 50 nm. It was employed to fabricate metal-polymer-semiconductor
(MPS) heterojunctions as interfacial layers between metal contact and p type
Si. The morphological properties of the Al/ATSP/p-Si heterojunctions were
investigated by Scanning Electron Microscope (SEM) and an Atomic Force
Microscope. The electrical characteristics of the heterojunctions were analyzed
within a wide temperature range between 100 K and 500 K and frequency
range. The current–voltage–temperature (I–V–T) characteristics of the MPS
heterojunctions were explained by the Thermionic Emission (TE) theory and
Norde function. Critical electrical parameters including leakage current (I0),
barrier height (Ub) and ideality factor (n) and series resistance (Rs) were cal-
culated by I–V–T characteristics in dark conditions. The value of n and Ub was
obtained as 2.56 and 0.78 eV at 300 K. The n and Ub values were obtained as
strong function of the temperature depending on barrier inhomogeneity. The
temperature dependent rectification ratios of the Al/ATSP/p-Si heterojunc-
tions were calculated and discussed in the details considering effective oper-
ating temperatures. The capacitance–voltage (C–V) and conductance–voltage
(G–V) characteristics were measured at 300 K. To obtain Fermi energy (EF),
donor concentration (Na), maximum electric field (Em), Ub and interface states
(Nss), were performed on the bases of voltage and frequency at 300 K. From
the electrical analysis results, it is proposed that the MPS device can be em-
ployed in electronic devices at low and high temperatures.
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INTRODUCTION

Over the years, metal-oxide-semiconductors
(MOS), metal-insulator-semiconductors (MIS) and
metal-polymer-semiconductors (MPS) have been
commonly used for such as diode, capacitors, solar
cells, thin film transistors and electronic technolo-
gies.1–3 During the past decade, polymer Schottky(Received July 22, 2019; accepted October 15, 2019;
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diodes (SDs) and their electronic devices applica-
tions have been extensively investigated.4–8 Espe-
cially, organic and polymer semiconductors are used
in all photonic, plasmonic and electronic devices.9,10

They have sample advantages such as low cost,
useful, easy fabrication and being flexible.11–13

Especially, aromatic thermosetting copolyester
(ATSP) has been used in many research areas
including electrical conductivity, membranes, and
electromagnetic shielding.14 Moreover, due to its
high-performance polymer morphology, it has been
investigated for three-dimensional networks and
the physical properties.15 On the other hand, ATSP
can be used in silicon-based microelectronics appli-
cations and micro-electromechanical systems.16

Because of the thermal and mechanical perfor-
mance, the ATSP can also be employed in low and
high temperature applications. In addition to these
features, it has been used as an interfacial layer in
some electronic devices such as diodes and
photodiodes.3

The goal of this study is to exhibit that ATSP can
be utilized in Schottky diodes for a wide range
temperature. The electrical characteristics of ATSP/
p-Si Schottky diodes were investigated under dif-
ferent temperatures. The effects of ATSP between
the metal and semiconductor were characterized in
the wide range temperatures from 100 K to 500 K
with 50 K steps. The electrical characteristics of the
ATSP/p-Si Schottky diode such as n, Ub and Rs were
examined from the I–V measurements. Further-
more, the C-G-V characteristics were also analyzed
at various frequencies of 10 kHz to 1.6 MHz at
300 K.

EXPERIMENTAL DETAILS

In the present study, a one side polished p-type Si
(100) wafer was used for fabrication of ATSP/p-Si.
The wafer thickness and resistivity were 325 ± 25
and lm 10 X-cm, respectively. Before the other
steps, the silicon wafer is sliced into symmetrical
pieces as 2.0 9 2.0 cm2 with a diamond pen. Firstly,
the pieces were cleaned with deionized (DI) water
(resistivity 18 MX cm) using an ultrasonic bath for
10 min. Then, the pieces were cleaned with the RCA
cleaning procedure (i.e., a 10 min boil in NH3 +
H2O2 + 6H2O followed by a 10 min boil in HCl +
H2O2 + 6H2O) with the final cleaning step diluted

HF for 30 s, and then rinsed by ultrasonic vibration
in DI water for 10 min and dried by high-purity
nitrogen gas. An Al metal material at 100 nm
thickness was evaporated using a sputtering system
on the back side of the p-Si for the ohmic contact.
Stock solutions of ATSP (0.005 g/ml) were prepared
in THF (tetrahydrofuran). The ATSP solution was
directly coated on the front surface of the p-Si
substrate with spin coating which was rotated
2000 rpm for 30 s then cured at 300�C in argon
atmosphere. Additionally, more information about
the preparation process can be found in our previous

studies.3,17 The aluminum metal contacts have been
sputtered by a sputter system via a hole array mask
on the front sample surface of the ATSP/p-Si. The
thickness measurements were obtained by a Dektak
surface profilometer as 50 nm. This measurement
was repeated five times. The details of thickness
measurements were given in our previous articles.3

The standard deviation is about ± 3 nm in the our
systems. The SEM and AFM images were taken by
Hitachi S-4800 and Asylum Research MFP-3D. The
I–V measurements of the Schottky diode have been
performed using a Keithley 2400 Picoammeter/
Voltage Sourcemeter for a wide range of tempera-
tures. The C-V and G-V characterizations were
taken from a HP model 4192A LF impedance
analyzer at room temperature at various frequen-
cies. Figure 1 shows schematic illustration and
measurements setup of the Al/ATSP/p-Si Schottky
diode. This configuration depicts the classical MPS
structure. The thickness of the Al Schottky contact
is about 100 nm.

RESULTS AND DISCUSSION

The 2D and 3D AFM images of the ATSP thin
interlayer at 3 lm2 surface areas are shown in
Fig. 2a and b, respectively. The surface of the ATSP
is homogenous for the surface areas of 3 lm2. The
RMS value of the ATSP surface was measured to be
1.25 nm. The result highlighted that the ATSP has
a very proper and homogenous surface for Schottky
diodes as an interfacial layer.

Figure 3a and b exhibit the SEM images of the Al
contacts on the ATSP and ATSP thin film layer,
respectively. While the Fig. 3a confirmed the depo-
sition of Al contact on the ATSP, Fig. 3b revealed
the homogenous thin film surface of the ATSP. The
homogenous thin film surface imparts that ATSP is
a promising candidate for MPS structures.18

The I–V characteristics of the Al/ATSP/p-Si
Schottky diode were analyzed in the wide temper-
ature range of 100–500 K steps by 50 K by helium
cryostat and power supply. The important Schottky
diode characteristics parameters, n and Ub, can be

Fig. 1. The schematic representation and of Al/ATSP/p-Si Schottky
diode used in measurements.
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determined by the ln I versus V plots using stan-
dard thermionic emission theory (TE) for ‡ 3kT/q.
The diode current expression is explained according
to the TE theory as follows 19–21

I ¼ I0 exp
qV

nkT

� �
1 � exp � qV

kT

� �� �
; ð1Þ

where q is the effective electronic charge, k is the
Boltzmann constant, V is the bias voltage, n Ub is
the ideality factor and the barrier height, respec-
tively. I0 is the saturation current derived from the
straight line intercept of lnI at V = 0 and is given
by,

I0 ¼ AA�T2 exp � qUb

kT

� �
; ð2Þ

where A is the diode contact area (7.85 9 10�3 cm2),
A* is the effective Richardson constant of
32 A cm�2 K�2 for p-type Si,19,22 T is the instant
temperature, Ub is the zero-bias barrier height
(BH), which can be calculated from the following
this equation,

Ub ¼ kT

q
ln AA�T2=I0

� �
: ð3Þ

Moreover, the intercept of the linear regime at
semi-log I–V plot is used to calculate the n values by
the ideal TE model using the following equation,

n ¼ q

kT

dV

d ln I

� �
: ð4Þ

The semilog-bias current voltage characteristics
of the Al/ATSP/p-Si Schottky diode are shown in
Fig. 4 for the temperature range of 100–500 K. The
Al/ATSP/p-Si Schottky diode exhibited excellent
rectification behavior, and the current decreased
periodically with decreasing temperature in the
reverse bias region. The diode parameters of the Al/
ATSP/p-Si Schottky diode were calculated from I–V
measurements by the TE model. The calculated
experimental values of Ub and n are 0.78 eV and
2.56 at 300 K, and other values of Ub and n with

Fig. 2. The 2D and 3D images of the ATSP thin film layer.

Fig. 3. The SEM images of (a) the metallic Al contacts on the ATSP, (b) ATSP thin film layer.
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leakage current at various temperatures are listed
in Table I.

According to Table I, the I0 and Ub values usually
increased with increasing temperature, but n values
decreased towards room temperature and then
increased. The changes at the diode parameters
with changing temperature can be attributed to
barrier inhomogeneity.23The value of n is greater
than the expected value at room temperature. This
is attributed to some crucial interface states, native
oxide or polymer ATSP layers and series resistance
occurred between metal and semiconductor
surface.24–31

The Ub values were increased from 0.26 eV to
1.15 eV with increasing temperature from 100 K to
500 K, respectively. It is clearly known that the

temperature dependence of the Ub is not understood
regarding the reported low temperature of the Ub or
band gap (Eg).25 As the temperature increases, a lot
of electrons have adequate energy to overlap the
higher barrier. So, Ub increases with increasing
temperature and applied bias voltage.26

Rectification ratio (RR) is a parameter related to
the characteristic and quality of the diodes. As can
be seen in Fig. 5, the RR was affected with temper-
ature on the Al/ATSP/p-Si Schottky diode. As shown
in the figure, the RR values decreased with increas-
ing temperature. This result shows that the ATSP
interface layer can provide higher RR values at
lower temperatures.

The values of n were calculated from the ln(I)–V
plot for each temperature in the voltage range of
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Fig. 4. The temperature-dependent forward and reverse bias semi-
log I–V characteristics of Al/ATSP/p-Si Schottky diode in the range of
100–500 K

Table I. Some electrical characteristics of Al/ATSP/p-Si Schottky diodes

Temperature
(K)

Thermoionic emission theory Norde function

I0 (leakage
current) A

Ub (Barrier
height) eV

n (ideality
factor)

Ub (Barrier
height) eV

Rs (Series
resistance)(Ohm)

100 1.07 9 10�10 0.26 5.79 0.26 1.7 9 107

150 1.60 9 10�10 0.40 3.58 0.39 3.3 9 107

200 1.64 9 10�10 0.54 2.79 0.56 2.2 9 107

250 6.19 9 10�10 0.66 3.43 0.67 1.9 9 107

300 1.63 9 10�9 0.78 2.56 0.78 6.9 9 107

350 8.72 9 10�9 0.87 1.88 0.93 4.1 9 105

400 1.00 9 10�8 1.00 2.49 1.05 1.8 9 107

450 2.13 9 10�8 1.10 3.33 1.11 1.2 9 106

500 1.63 9 10�7 1.15 2.35 1.69 1.7 9 105
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Fig. 5. The RR characteristics of the Al/ATSP/p-Si Schottky diode
from 100 K to 500 K
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0.05–0.2 V. The temperature dependent profiles of
the n and Ub values of the Al/ATSP/p-Si Schottky
diode are shown in Fig. 6. The n values were found
to be from 5.79 to 1.88 at different temperatures.

According to previous research, the n values
increased with decreasing temperature 32–35 but in
this case, the n values decreased. Normally, n is
equal to 1 in an ideal diode. However, n values
usually are larger than unity for non-ideal diodes
depending on interface states, barrier inhomogeni-
ties and interfacial native oxide or polymer lay-
ers.19,36–39 In this study, the n values were
determined different values under various temper-
ature measurements. While the n value is 5.79 at
100 K, 2.35 at 500 K and 2.56 at room temperature.
The smallest ideality factor value is 1.88 at 350 K.
According to these results, the ATSP layers can be
used in diode applications at low and high
temperatures.

The current transport mechanism (CTM) can be
examined from the nkT versus kT plot. Figure 7
shows the nkT versus kT plot of the Al/ATSP/p Si
Schottky diode at 100-500 K temperature range.
There are two lines such as the red line and blue
line in Fig. 7. The ideality factor should be ‘‘1’’ (red
line) for ideal Schottky diodes but the experimental
result is the blue line. The two lines are not parallel.
The experimental and theoretical analysis support
that the CTM is not only inspected by TE theory but
also checked by thermionic field emission (TFE)
mechanism for a Schottky diode.40

The other method for calculation of the Rs and Ub

is Norde’s method and given by following
equation41,42:

F Vð Þ ¼ V � kT

q
ln

I Vð Þ
AA�T2

� �
; ð5Þ

where c is a integer greater than the determined n
value. I is current. Rs and Ub values can be
extracted as from the below equations:

Ub ¼ F Vð Þ þ V0 � kT

q
; ð6Þ

Rs ¼
kT �nð Þ

qI
: ð7Þ

When the minimum of F versus V plot is exam-
ined. The value of Ub can be calculated from Eq. (6),
where F(V0) is the minimum point of F(V) and V0 is
the corresponding voltage. Figure 8 displays the
F(V)-V plots of the Al/ATSP/p Si Schottky diode for
various temperatures, and the calculated Ub and Rs

values are listed for wide range temperatures from
100 K to 500 K. As can be seen in Table I, the values
of the Ub are not the same, when they are compared
to the value obtained from the forward bias lnI–V
and Norde’s method. According to Norde’s method
results, the values of the Ub decreased from 1.69 eV
to 0.26 eV with decreasing temperature. The values
of Rs increased with decreasing temperature. The
higher Rs values can be attributed that the electron
carriers decreased with decreasing temperature.43

Due to space charge injection on interface layer at
higher forward-bias voltage, this behavior can be
attributed to the decrease of the exponentially
increasing rate in current.44–46

The other electrical characterization of the Al/
ATSP/p Si Schottky diode is Capacitance–Conduc-
tance–Voltage measurements. The capacitance–
voltage (C–V) plots of the Al/ATSP/p Si Schottky
diode are indicated in Fig. 9 for changing frequency
from 10 kHz to 1600 kHz. The capacitance values
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decreased with increasing frequency and are shown
as peaks at the accumulation region. The capaci-
tance values did not change until 0.2 V. After this
voltage value, the capacitance values increased with
increasing voltage. For each frequency, the capac-
itance measurements have maximum peaks. These
peak positions shifted towards the depletion region.
Due to the Nss and Rs effect, doping concentration
and the magnitude of polarization decrease cannot
follow the ac signal at higher frequency.47–49 So, the
capacitance peaks decreased at higher frequencies.

Figure 10 shows the conductance–voltage (G–V)
plot of the Al/ATSP/p Si Schottky diode for various
frequency and applied voltage at 300 K. The G

values increased from � 1.0 V to 1.0 V at each
frequency, as can be seen in Fig. 10. Furthermore,
the value of G decreased with decreasing frequency
at applied bias voltage. The conductance values of
the device did not alter in any region such as
inversion and depletion region at low frequency. It
can be said to be the opposite of this situation at
high frequency. This change in conductance is
attributed to interface states.50,51

Fermi energy (EF), donor concentration (Na),
maximum electric field (Em), Ub and interface states
(Nss) were calculated by using C–G–V data. For
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Fig. 8. Norde plot of the Al/ATSP/p Si Schottky diode as a function
of temperature.
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these calculations, the C�2–V graphs are plotted
and given in Fig. 11.

The calculated electrical parameters wereare
tabulated in Table II. The values of the Nss chang-
ing are calculated with following formula5,51,52:

Nss ¼
2

qA

ðGm=xÞmax

ððGm=xÞmax=C0xÞ2 þ 1 � Cm=C0xð Þ2
; ð8Þ

where A is contact area and x is angular frequency.
Cm and Gm represent measured capacitance and
conductance, C0x is oxide capacitance for the accu-
mulation region.

According to Table II, Na decreased with increas-
ing frequency and the other electrical parameters of
the device such as Vd, EF, Ub and Em increased with
increasing frequency. Although there were no seri-
ous changes, the value of Nss increased with
increasing frequency. This can be attributed to the
conductivity of the device.53 The value of Rs can be
obtained from the C�2–V plot and calculated follow-
ing formula54;

Rs ¼
Gma

G2
ma þ xCmað Þ2

: ð9Þ

The values of Rs increased with increasing fre-
quency up to 100 kHz. The value of Rs exhibited a
maximum peak at 100 kHz. Beyond this frequency,
the value of Rs decreased with increasing frequency
because of the interface state.55

CONCLUSION

The Al/ATSP/p-Si MPS type Schottky diode was
fabricated using ATSP organic interfacial materials.
The AFM and SEM images were confirmed effective
and with a homogenous ATSP interfacial layer. The
I–V measurements were used to calculate some
basic electrical parameters at various temperatures.
The n and Ub values were calculated based on the
TE theory and Norde method. The I–V characteris-
tics of the device revealed that the Al/ATSP/p-Si

device behaved close to ideal device performance at
high temperature. In addition to I–V characteris-
tics, the capacitance and conductance measure-
ments were taken to better understand the
electrical properties of ATSP interfacial layer at
various frequencies. The capacitance values of the
Al/ATSP/p-Si Schottky diode increased with
decreasing temperature. On the other hand, the
interface states increased with increasing fre-
quency. The electrical analysis results highlighted
that the ATSP interfacial layer can be used in space
technologies and electronic devices due to its
endurance in the wide range temperature changes.

REFERENCES

1. R.T. Tung, Appl. Phys. Lett. 58, 2821 (1991).
2. J. Osvald and E. Burian, Solid-State Electron. 42, 191

(1998).
3. O.S. Cifci, M. Bakir, J.L. Meyer, and A. Kocyigit, Mater. Sci.

Semicond. Process. 74, 175 (2018).
4. L.W. Lim, F. Aziz, F.F. Muhammad, A. Supangat, and K.

Sulaiman, Synth. Met. 221, 169 (2016).
5. C. Tozlu and A. Mutlu, Synth. Met. 211, 99 (2016).
6. F. Yakuphanoglu and B.F. Şenkal, J. Phys. Chem. C 111,

1840 (2007).
7. H. Wang, J.-H. Hsu, G. Yang, and C. Yu, Adv. Mater. 28,

9545 (2016).
8. P. Ghorai, A. Dey, P. Brandão, J. Ortega-Castro, A. Bauza,

A. Frontera, P.P. Ray, and A. Saha, Dalton Trans. 46, 13531
(2017).

9. K. S. Kang, Y. Chen, H. K. Lim, K. Y. Cho, K. J. Han, and J.
Kim, Thin Solid Films (2009).
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