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We report fabrication and electrical characterization of the organic—inorganic semiconductor diode structures
formed by evaporating thin films of three novel low molecular mass organic compounds on n-type Si substrates. The
organic compounds containing carbazole and triphenylamine structural units, namely: 9,9'-bis(4-butylphenyl)-3,3'-
-bicarbazolyl (BPBC), 4-(1H-perimidin-2-yl)-N,N-diphenylbenzenamine (PER) and 9,9'-diethyl-3,3’-bicarbazolyl
(EBC) have been synthesized. The current—voltage characteristics of the Au/(BPBC, EBC, PER)/n-Si diode
structures measured at T" = 295 K revealed rectifying behavior with a potential barrier height values of 0.71 €V,

0.73 eV, 0.76 €V, respectively.

PACS: 73.61.Ph, 73.40.Lq, 73.40.Ei, 73.40.Ns

1. Introduction

Electronic devices based on organic semiconductors
(OS) [1] such as organic light emitting diodes (OLED),
organic thin film field-effect transistors (OTFT) [2] offer
an attractive alternative to conventional inorganic de-
vices due to their potential use for large-area electronics.
Mechanical flexibility of OS makes them more compat-
ible for use with plastic substrates for lightweight and
foldable applications.

In this study, we report fabrication and electrical
characterization of the organic—inorganic semiconduc-
tor diodes based on thin films of three novel OS com-
pounds. The Au/OS/n-Si device structures were formed
on n-type Si substrates with carrier density of about
10'" cm 3. Electrical characteristics of the device struc-
tures have been investigated to estimate major electrical
parameters and to define their possible use for electronic
applications.

2. Experimental

Three new low molecular mass organic com-
pounds containing carbazole and triphenylamine
structural units, namely: 9,9’-bis(4-butylphenyl)-

-3,3'-bicarbazolyl ~ (BPBC),  4-(1H-perimidin-2-yl)-
-N,N-diphenylbenzenamine (PER) and 9,9’-diethyl-
-3,3'-bicarbazolyl (EBC) have been synthesized and
characterized recently by technology group from Kaunas
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University of Technology [3]. The BPBC, EBC and
PER films with thickness ranging from about 250 nm
to 300 nm were thermally evaporated in vacuum
(p ~ 4 x 1076 Torr) onto phosphorus-doped non-heated
Si wafers with polished (111) surface using resistively
heated tantalum boats. Distance between the substrates
and the evaporator was about 10 cm. Thickness d of the
as prepared OS films has been measured by DECTAC
profilometer while surface morphology of the films was
characterized by an atomic force microscope.

To prepare the diode structures, isolating SiOs layer
with thickness of about 0.2 pm has been grown onto the
surface of Si substrates by oxidation. In following, an
array of windows with the area of 2 x 2 mm? was formed
on a top of the oxidized Si substrates by a standard pho-
tolithography technique and subsequent HF etching to
obtain the OS/Si diode structures as shown in the inset to
Fig. 1. Finally, metallic (Au) electrodes were thermally
evaporated onto the OS films through a shadow mask to
define an active area of the top electrodes (S ~ 3-4 mm?)
while In—-Ga alloy attached to the backside of Si sub-
strates was used as low electrical resistance bottom elec-
trode. Current—voltage (I-U) characteristics of the pre-
pared (BPBC, EBC, PER)/n-Si diode structures have
been measured at temperatures ranging from 295 K up
to 250 K using Keithley 2002 multimeter and Agilent
6633B programmable DC power supply.

3. Results and discussion

All the diode structures formed on n-type Si with re-
moved native oxide exhibited nonlinear current—voltage
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Fig. 1. Typical forward (f1) and reverse (rl) current—
voltage characteristics of the Au/BPBC/n-Si device
structure measured at T' = 295 K. The dotted fitting
line demonstrates exponential growth behavior follow-
ing the Schottky law. Schematic view of the device
structure is displayed in the inset.

characteristics and clearly defined rectifying properties.
In Fig. 1 and Fig. 2 we show typical forward (curves f1)
and reverse (curves rl) bias semi-log plots of current—
voltage (I-U) characteristics measured at room temper-
ature (T = 295 K) for the Au/BPBC/n-Si and Au/EBC/
n-Si device structures, respectively. Let us note that
forward current direction for the heterostructures cor-
responded to a positive voltage applied to the top (Au)
electrodes evaporated onto the organic layers. It can be
seen from the figures that linear I-U relations have only
been certified for the diode structures at relatively low
bias voltages (|U| < 0.1 V). Meanwhile nonlinear I-U
behavior typical for the Schottky barrier diodes has been
indicated at higher voltage values (JU| > 0.1 V).
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Fig. 2. Forward (fl1) and reverse (rl) current—voltage
characteristics of the Au/EBC/n-Si device structure
measured at T' = 295 K.

In Fig. 1 and Fig. 2, one can see clearly defined lin-
ear regions in the displayed lg I+—Us plots (see the cor-
responding dotted lines). Values of the characteristic
rectification ratio K, = I¢/I. of about 50 and 120 (at
U = £1.0 V) can be estimated from the figures for the
Au/BPBC/n-Si and Au/EBC/n-Si diode structures, re-
spectively. Slight shift of the measured lg It — Uy plots to
higher voltage values and certain decrease of the reverse
current have been indicated for the heterostructures with
temperature decreasing. However, in both cases, the re-
lationship It > I, (at fixed |U| values) was found to be
valid in the hole temperature range.
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Fig. 3. Forward (f1,f2,f3) and reverse (rl,r2,r3)

current—voltage characteristics of the Au/PER/n-Si de-
vice structure measured at T' = 295 K (f1,rl), 273 K
(£2,12) and 250 K (£3,13).

The [-U characteristics of the Au/PER/n-Si het-
erostructure measured at T' = 295 K, 273 K and 250 K
in a case of a forward and reverse bias (curves fl, {2,
f3 and rl, r2, r3, respectively) are displayed in Fig. 3.
Linear regions in the lg Iy — Us plots can be seen from
the figure although it is important to note significantly
higher It values compared to those measured at the same
conditions for the Au/BPBC/n-Si and Au/EBC/n-Si
diode structures. At room temperature (curves f1 and
rl in Fig. 3), the Au/PER/n-Si heterostructure demon-
strated relatively low values of the rectification ratio
(Ky = 3 at U = £1.0 V) while at lower bias values
(01 < U < 0.7V), K, <1 (It < I) have been indi-
cated. Significant decrease of the reverse bias current
has been observed with temperature decreasing while at
T =250 K (curves 3f and 3r in Fig. 3) the I, values were
found to be lower than those of It in the whole range of
voltages.

The exponential growth of current with a forward bias
observed in this work for the Au/(BPBC, EBC, PER)/
n-Si) heterostructures (see linear regions in Figs. 1-3)
show that they behave like a Schottky diode (metal—
semiconductor junction) with a certain potential barrier
occurring at the interface between the organic (BPBC,
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EBC, PER) and inorganic (Si) semiconductors.

Carrier transport in the prepared (BPBC, EBC, PER/
n-Si) heterostructures has been modeled taking into ac-
count dominating role of the Schottky thermoionic emis-
sion. Current flowing through a uniform interfacial bar-
rier due to the thermoionic emission, with applied for-
ward bias, can be expressed as [4]:

oty o (A1) ] o

Io = AA*T? exp <—q]§b> . 2)

Here Ij is the saturation current, g is the electron charge,

J

U is the forward bias voltage, R is series resistance, n
is ideality factor (n = 1 for an ideal contact), k is the
Boltzmann constant, 7' — the absolute temperature. A
is the effective area of the device structure, A* is the ef-
fective Richardson constant (112 A cm~2 K~2 for n-type
Si [5]).

The effective activation energy @, (zero-bias barrier
height) has been obtained in this work from Eq. (2) while
Iy has been derived from the current axis intercept of the
linear region in the forward bias (InIt-Us) plots. The
averaged experimental values of the barrier height, &,
the ideality factor, n, and the saturation current density,
Iy, estimated from the measured lg I+—U; characteristics
are summarized in Table.

TABLE

Major electrical parameters of the Au/(BPBC, EBC, PER)/n-Si heterostructures
derived from their forward bias If—Us plots.

Thickness Ideality Barrier Saturatiqn
Heterostructures of OS layer d factor n height &y, current density Io
[nm] [eV] [A/cm?|
Au/BPBC/n-Si 300 4.0 0.71 2.9 x 1077
Au/EBC/n-Si 250 4.1 0.73 1x1077
Au/PER/n-Si 280 5.9 0.76 3x 1078

Certain curvature downward in the forward It—Us plots
at sufficiently large applied voltages seen in Figs. 1-3
may be explained taking into account a series resis-
tance, i.e. resistance of substrate, organic layers and in-
terfaces. Relatively high values of the ideality factor
n can be related to significant influence of bulk resis-
tance of the organic layers in comparison to that of
the organic-inorganic semiconductor interfaces [6]. Fi-
nally, we point out significant difference in reverse bias
I-U characteristics of the Au/PER /n-Si heterostructures
compared to those measured for the Au/(BPBC, EBC,
PER)/n-Si diodes. Unusually high reverse bias current
values (I, > Ir) measured for the Au/PER/n-Si device
structure at low voltages could be indication of bipolar
conductivity of the PER organic compound at high tem-
peratures (T > 250 K).

4. Conclusions

In conclusion, Au/(BPBC, EBC, PER)/n-Si het-
erostructures have been prepared by thermal evapora-
tion of the organic compounds in vacuum. Forward bias
I-U characteristics of the diode structures were found to
follow the Schottky thermoionic emission model. Major
electrical parameters, i.e. the barrier height @}, of 0.71 eV,

0.73 eV, 0.76 €V and the ideality factor n of 4.0, 4.1, 5.9
have been estimated, respectively, for the Au/(BPBC,
EBC, PER)/n-Si heterostructures.
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