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The temperature dependence of current-voltage (I-V) characteristics of the Au/Pyronine-B/moderately
doped (MD) n-InP Schottky barrier diode has been systematically investigated in the temperature range
of 160-400 K. Modification of the interfacial potential barrier for metal/InP diodes has been achieved
using a thin interlayer of the pyronine B organic semiconductor. It has been observed that ideality factor
n (=1.10) remained close to ideal limit while barrier height of Au/Pyronine-B/n-InP structure increased
about 0.180 eV with respect to Au/n-InP in the previous study, at room temperature. The forward -V char-

ﬁlegwords" acteristics have been interpreted on the basis of standard thermionic emission (TE) theory and assumption
Schottky diode of a Gaussian distribution of the barrier height. The apparent barrier height and the ideality factor derived
Pyronine-B by using thermionic emission theory have been found to be strongly temperature dependent. That is, it

Gauss distribution has been understood that the ideality factor decreases while the apparent barrier height (cb’bo) increases
with increasing temperature. It has been shown that the conventional In(Jo/T?) vs. 1000/T plot exhibits a

non-linearity below 240K. It has been demonstrated that this behaviour results due to the barrier height

inhomogeneities prevailing at the metal-semiconductor interface. The mean barrier height (5{,) and the
Richardson constant (A*) values were obtained as 0.961 eV and 17.73 AK~2 cm~2, respectively, by means
of the modified Richardson plot, [In(Jo/T?) — (q*03 /2k?T?)] vs. 1/T. The value of Richardson constant A*
obtained from this plot is close to the theoretical value of 9.4AK-2cm~2 for n-InP. As a result, it can
be concluded that the temperature dependent characteristic parameters for Au/Pyronine-B/MD n-InP
structure can be succesfully explained on the basis of TE mechanism with Gaussian distribution of the
barrier height.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction tronic devices for more than the last two decades [2-5]. It has been

observed recently that both conductive polymers (CP) and charge

The metal-semiconductor (MS) structures are of important for
applications in the electronic industry. The popularity of such
studies, which is rooted in their importance to the semicon-
ductor industry, does not assure uniformity of the results or of
the interpretation. For that reason, there is a vast number of
reports of experimental studies of metal/semiconductor systems.
These applications consist of microwave field effect transistors,
radio-frequency detectors, phototransistors, heterojunction bipo-
lar transistors, quantum confinement devices and space solar cell
[1]. The performance and reliability of a Schottky contact are highly
influenced by the interface quality between the deposited metal
and the semiconductor surface. Due to the stability of nonpolymeric
organic compounds, they have been employed particularly in elec-
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transfer organic complexes can be used to obtain rectifiying junc-
tions with metal and inorganic semiconductors [6,7]. Lately, the use
of thin organic interlayers in metal/inorganic semiconductor junc-
tions is a promising direction for applications in high-frequency
microwave technology [8,9]. Furthermore, many studies have been
recently made for the barrier height (BH) enhancement or modifica-
tion using the thin organic interfacial layers [10-18]. The resulting
junction, which involves a hybrid structure between the p and n
junction and the Schottky diode has been called pseudo-Schottky
diode [19]. Hence, at the present time, the main technological issue
in the study of semiconductor interface is the continious control of
the BH of high quality SBDs with low departure of ideality factor
(n) from unity.

In order to understand the conduction mechanism of the Schot-
tky barrier diode (SBD), many attempts have been made. The
analysis of the current-voltage (I-V) characteristics of Schottky
barriers on the basis of thermionic emission diffusion (TED) the-
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ory reveals an abnormal decrease of the barrier height (BH) and
increase of the ideality factor with decreasing temperature [20-24].
Explanation of the possible origin of such anomalies has been
proposed by taking into account the interface state density distri-
bution [25], quantum-mechanical tunnelling [1,26,27], image force
lowering [1] and most recently the lateral distribution of BH inho-
mogeneities [28,29]. In addition, a Gaussian distribution of the BH
over the contact area has been assumed to describe the inhomo-
geneities as an other way too [30].

A significant increase in the ideality factor and decrease in
the SBH at low temperature are possibly originated by structural
defects in the semiconductor, inhomogeneous doping, interface
roughness, interfacial reactions, diffusion/interdiffusion of the
contaminations of applied materials on semiconductor surface,
inhomogeneities of thickness and composition of the layer, and
non-uniformity of interfacial charges or the presence of a thin insu-
lating layer between the metal and the semiconductor [31].

Semiconducting organic materials can be used in different
condensed matter physics applications, such as organic light
emitting diodes, organic field effect transistors, Schottky diodes,
photovoltaic (PV) and solar cells, organic spintronics and so on.
Furthermore, more recently, electronic systems are moving to the
ultimate scale of molecular entities, as demonstrated by the grow-
ing interest in understanding transport through organic molecules
bridging two metal contacts. Organic light-emitting diodes (OLED)
have been investigated intensively [32-35] due to their promis-
ing applications in large-area, flat and ultra thin displays. Up
to now, fluorescence based organic electroluminescent devices
have reached the commercial level. In the future, OLED dis-
plays have the potential to be brighter than a conventional TV
screen with much higher efficiency, brilliant colors, large view-
ing angle, switching times fast enough for video frequency and
lifetimes well above 10,000 h. Organic-on-inorganic heterostruc-
ture diodes based on crystalline thin films of the organic materials
PTCDA (3,4,9,10-perylenetetracarboxylic dianhydride) and CuPc
(copper phtalocyanine) deposited on n-type InP were investigated
by Urbach et al. [20]. Recently, Sharma et al. [21] have stud-
ied the I-V characteristics in dark as well as under illumination
and C-V characteristics in dark of the sandwich devices having
ITO/pyronine-G(Y)/Al and ITO/pyronine-G(Y)/In prepared by the
spin coating technique. But, the effect of Pyromine-B film on the
barrier height enhancement of Au/InP structure has not been stud-
ied yet.

Indium phosphide (InP) being one of the IlI-V compound semi-
conductors is a promising material for high-speed electrical and
optoelectronic devices due toits large direct band gap, high electron
mobility, high saturation velocity and breakdown voltage which
are very important in electronic devices [36,37]. But, due to the
large reverse leakage current for metal/n-InP structures it is diffi-
cult to obtain a Schottky barrier height (SBH) greater than 0.5 eV
[1,37-43]. Thus, the use of n-InP has been hindered in this area.
One method for enhancing the Schottky barrier height is to form
a tunnel metal-insulator-semiconductor (MIS) structure [44-46].
Another method is to release the surface Fermi level pinning and
use a high work function metal [47]. Assuming that the surface
Fermi level pinning is caused by high surface state density, passi-
vation 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 film deposition are carried out successively.

Efforts have been made to increase the barrier height by grow-
ing a high band gap material, such as InAlAs or highly strained
InGaP [48,49], as a quasi-insulating layer, or by depositing vari-
ous dielectric materials on InP [46]. A simpler approach, however,
was proposed by Shannon [50] and Wu [51] for Si Schottky con-
tacts. They suggested that the effective Schottky barrier height

could be controlled over a certain range (either higher or lower)
with a heavily doped surface layer. This concept was proved suc-
cessfully by Egalsh et al. [52] and Pearton et al. [53] on GaAs by
doping the surface p-type with respect to the n-type substrate. A
similar structure has been reported on InP by Abid et al. [54], but
the reverse leakage current density is extremely large due to poor
metallisation contact. However, low BH Schottky diodes of n-InP
substrate seem to be a good candidate for the application of zero-
bias Schottky detector diodes [40]. In conclusion, we study how
pyronine-B organic layer at n-InP/Au interface can affect electrical
transport across this interface. Our aim is to study the suitability,
thermal stability and possibility of organic-on-inorganic semicon-
ductor contact barrier diode for use in the barrier modification of
InP MS diodes. In addition, our purpose is to compare the electri-
cal parameters of the Pyronine-B/semiconductor (n-InP) Schottky
diode with those of conventional Au/n-InP Schottky diodes. InP is
so thermally unstable that a mild process at low temperatures is
necessary to avoid process damage. We also describe the thermal
behaviour of Schottky characteristics.

In this study, the current-voltage (I-V) and capacitance-voltage
(C-V) measurements of the gold Schottky contacts on moderately
doped n-InP (Au/Pyronine-B/MD n-InP) SBDs were made over the
temperature range of 160-400 K. The resultant temperature depen-
dent barrier characteristics of the diodes were interpreted on the
basis of the existence of Gaussian distribution of the barrier height.

2. Experimental details

SBDs were fabricated on moderately S-doped n-type InP (1 00) substrate with
doping concentration of 1.2 x 10’ cm~3. The substrate was sequentially cleaned
with trichloroethylene, acetone, methanol and then rinsed in deionised water.
The native oxide on the surface was etched in sequence with acid solutions
(H2S04:H,0,:H,0=3:1:1) for 60, and (HF (49%):H,0=1:1) for another 60s. After
arinse in deionised water a blow-dry with nitrogen, low resistance Ohmic contact
on the back side of the sample was formed by evaporation of Au:Ge eutectic alloy
(88% Au:12% Ge) at a pressure of 2.0 x 10-% mbar, followed by annealing at 300 °C
for 5min in nitrogen atmosphere. Thin film (TF) of Pyronine-B was coated on the
clean front surface of the substrate by spinning a solution (7.0 .l of a Pyronine-B
solution of 1.0 x 10~ M in methanol) at 2000 rpm for 5 min. The thickness of the
film so obtained was in the range of 10-20 nm across the full substrate surface, and
was uniform. Ex situ annealing was carried out at 200 °C for 5 min in nitrogen flow
for the reaction of the deposited film with the substrate surface. To form the Schot-
tky barriers, finally, circular dots with a diameter of approximately 1 mm of Au were
deposited on the substrate by vacuum evaporation technique through a molybde-
num mask at ~1.0 x 10-% mbar pressure. Thus, Au/Pyronine-B/MD n-InP Schottky
diode was obtained.The current-voltage (I-V) measurements of the devices were
made using a computer controlled Keithley 487 picoammeter/voltage source and
an HP 4192 A LF impedance analyser, respectively over the temperature range of
160-400 K and in dark. The measurements below and above room temperature were
performed by mounting the device onto the specially designed cold finger of ARS
HC-2 closed-cycle helium cryostat. The device temperature was controlled within
an accuracy of £0.1 K by a Lake Shore 331 model temperature controller.

3. Results and discussion

3.1. The current-voltage characteristics as function of
temperature

The molecular structure of the pyronine-B is given in Fig. 1. The
pyronine-B is a xanthene-type molecule and has a photophysical
fluorescence quantum yield of about 0.56 in alcohols [55]. Since
pyronine-B has a conjugation in its structure, it is a good conductive
compound. As can be seen from Fig. 1, two electrical structures are
possible in which the conjugation is totally different, one where
the oxygen assumes a positive charge and in the other possible
structure the nitrogen assumes a positive charge. However, because
the nitrogen is less electronegative than oxygen, the former can
support a positive charge more easily than the latter, and therefore
the structure with positive nitrogen is the more likely one [21]. As in
the case pyronine-B, the most conducting organic compounds are
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Fig. 1. The molecular structure of the pyronine-B.

of p-type because of the great number of acceptor states that inject
holes into the valence band [21] and they have a concentration
in the range of 10'°-10!7 cm~3. An important property of organic
semiconductors like pyronine-B is that the minimum energy for the
formation of a pair of separated free electron and hole is found to
be considerably larger than the optical bandgap involving exciton
formation.

The current density (J) through a SBD at a forward bias (V),
according to thermionic emission (TE) theory, is given by [7]

J=1Jo exp (%) [1 —exp (—%)] (1)

where Vy =(V —IRs) is the diode voltage, ], is the saturation current
density derived from the straight-line intercept of In(J) at zero-bias
and is given by

@
_ AxT2 _q b0
Jo =A*T* exp ( T ) (2)

where q is the electronic charge, V is the definite forward-bias
voltage, A* is the effective Richardson constant, k is the Boltzman
constant, Tis the absolute temperature, @’bo is the zero-bias barrier
height (apparent barrier height) and n is the ideality factor. From
Eq. (1), the ideality factor n can be written as
q dv

=it (Tmoy) ®

Fig. 2 shows forward bias semi-logarithmic I-V characteristics
of the Au/Pyronine-B/MD n-InP Schottky diode in the temperature
range of 160-400K. The values of (D]bo and n determined from the
intercept and the slopes of the forward bias In(J) vs. voltage (V)
plot according to TE theory are shown in Figs. 3 and 4 as a func-
tion of temperature, respectively. Richardson constant of electrons
in n-type InP was calculated as A* = 120 m}/mg = 9.4AK2cm2,
where m} (= 0.078my) is the effective mass for electrons [56]. The
experimental values of the apparent barrier height (<D’b0) and n
range from 0.407 eV and 1.761 at 160K to 0.756eV and 1.013 at
400K, respectively. The low barrier height of metal/n-InP contact
has been increased by means of organic layer. The barrier height
values of 0.441eV, 0.46eV, 0.48 eV and 0.51 eV obtained by Bena-
mara et al. [57], Szydlo and Oliver [58], Ucar et al. [59] and Shi et al.
[60], respectively, for Au/n-InP contacts are lower than that of the
barrier height (0.664 eV) of the studied diode. This suggests that
the organic pyronine-B layer modifies the electrical properties of
the n-InP Schottky diode. The studies in literature have shown that
effective Schottky barrier could be either increased or decreased
by using organic thin layer on inorganic Si semiconductor [61-66].
It is evaluated that the interface properties of the diode is pas-
sivated by using organic layer surface to reduce the interaction
between metal and inorganic. Indeed, modification of semiconduc-
tor surfaces by molecules can lead to the changes in the electronic
properties of the metal-semiconductor devices. At study entitled
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Fig. 2. Semi-log reverse and forward current-voltage characteristics of the
Au/Pyronine-B/MD n-InP Schottky barrier diode at various temperatures.

1E-012

“ultrahigh (100%) barrier modification of n-InP Schottky diode by
DNA biopolymer nanofilms”, Gullu [67] has demonstrated that DNA
biopolymer molecules can control the electrical characteristics of
conventional Al/n-InP metal-semiconductor contacts. But, it has
been observed that ideality factor n (=1.95) remained remote to
ideal limit while barrier height of AI/DNA/n-InP structure increased
about 0.44 eV with respect to Al/n-InP in his study, at room tem-
perature. The series resistance Rs varies between 7 and 8 €2, and
is almost independent of temperature. As seen in Figs. 3 and 4,
both of the n and @’bo are strongly dependent on temperature and
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Fig. 3. Temperature dependence of the ideality factor for the Au/Pyronine-B/MD n-
InP Schottky barrier diode in the temperature range of 160-400 K. The continuous
curve shows the estimated value of the ideality factor using Eq. (10) with p, = —-0.302
and p3 =-0.021V.



5108 M. Soylu et al. / Journal of Alloys and Compounds 509 (2011) 5105-5111

1.2
C Au/Pyronine-B/n-InP
TE » _ BV
C DA S e e e T S 2
E 0.8 5
I o9
D s @
an = P .
5 i o
= 06 0 ]
3 C °
a -
= P
04 u * Mean, @,
B O Experiment, &, (1-V)
B [ Theory (Eq. 9)
0.2 _—+ PR RN N RO N SN SO AT S S SN A
200 300 400
Temperature (K)

Fig. 4. Temperature dependence of the zero-bias apparent barrier height for
the Au/Pyronine-B/MD n-InP Schottky barrier diode in the temperature range of
160-400K. The closed circles represent the estimated value of @, using Eq. (9)

with Ebo and oo are 0.961 eV and 0.1264 eV, respectively.

the changes are more pronounced below 260 K. Such a behaviour
of the ideality factor has been attributed to the particular distri-
bution of the interface states. Since current transport across the
metal-semiconductor interface is controlled by temperature, elec-
trons at low temperature pass over the lower barriers and therefore
current will flow through patches of the lower SBH and results in a
larger ideality factor. In other words, more electrons have sufficient
energy to overcome the higher barrier.

To determine the barrier height in another way, the Richardson
plot is drawn. Eq. (2) can be rewritten as

-]0 % q¢1b0
In (ﬁ) = na - T (4)
Fig. 5 shows the conventional Richardson plot. The experimental
data show a bowing at low temperature and it appears a straight
line above 260 K. BH obtained from the slope of this straight line
yields to be 0.31eV. Similarly, the value of A* obtained from the
intercept at the ordinate is equal to 3.04 x 10> AK~2 cm~2, which
is lower than the known value of 9.4AK-2cm~2 for n-InP. The
bowing in the Richardson plots may be due to the spatial inhomo-
geneous barrier heights and potential fluctuations at the interface
that consist of low and high barrier areas [6,22,23,30]. As will be
discussed below, it can be explained by assuming the effects of the
image-force, the effect of tunnelling current through the poten-
tial barrier, the effect of recombination in the space charge region
appearing at low voltage and the variation of the charge distribution
near the interface [68].

3.2. The analysis of barrier height inhomogeneities

The ideality factor is simply a manifestation of the barrier
uniformity [69]. A significant increase in the ideality factor and
decrease in the SBH at low temperature are possibly originated by
structural defects in the semiconductor, inhomogeneous doping,
interface roughness, interfacial reactions, diffusion/interdiffusion
of the contaminations of applied materials on semiconductor sur-
face, inhomogeneities of thickness and composition of the layer,
and non-uniformity of interfacial charges or the presence of a thin
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2 4 6
_10 _" ""|""""'|"'"""l""_ _10
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Fig. 5. Richardson plot of the In(Jo/T?) vs. 1000/T and modified Richardson plot,
In(Jo/T?) - (q*02,/2k*T?) vs. 1000/T, and its linear fit for the Au/Pyronine-B/MD
n-InP Schottky diode according to Gaussian distribution of the barrier heights.

intentionally grown organic TF layer between the metal and the
semiconductor [23,31,70-72]. Since current transport across the
MS interface is a temperature-activated process, the current will be
controlled by the current through the patches having low BH at the
low temperatures. Werner and Giittler [23,31] have proposed an
analytical potential fluctuation model for the interpretation of I-V
measurements on spatially inhomogeneous PtSi/Si Schottky con-
tacts, while Henisch [73] speculated that the fluctuations in BHs
are unavoidable as they exist even in the most carefully processed
devices. Furthermore, a linear correlation between the experimen-
tal zero-bias BH q§’b0 and the ideality factor n has been obtained
utilizing Tung’s pinch-off model [25] by Schmitsdorf et al. [29].
Fig. 6 shows an example of this plot for Au/Pyronine-B/MD n-InP

0.8
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Fig. 6. Plot of the zero-bias BH d>’b0 vs. ideality factor (n) at the investigated tem-
perature range.
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SBD. A linear relationship between the q§’b0 and n values in Fig. 6
is an indication of the barrier irregularity and can be explained
by lateral inhomogeneities of the BHs [29]. A homogeneous BH of
approximately 0.676 eV was obtained from the extrapolation of the
least-square linear fitting to data to n=1 (Fig. 6).

In order to describe the abnormal behaviours mentioned above,
an analytical potential fluctuation model using different types
of barrier distribution function at the interface on the spatially
inhomogeneous SBDs has been proposed by different workers
[6,23,31,69,74-76]. Aspatial distribution of the barrier height at the
metal-semiconductor interface of Schottky contacts by a Gaussian

distribution P(<D’b) with a standard deviation (o) around a mean

SBH (5{)) value has been suggested by Werner and Giittler [23,31]

as:
S 2
P(CDL) - exp [_Ml (5)

1
o5V 21

202

where 1/05+/27 is the normalizing constant. Hence, the net current
density for any forward bias V is then given by

—aT?exp |9 (B _ 99 %)
Jvy=AT eXp[ KT <¢ 2kT>] exP(kT

x [1 — exp (7%)] (6)

Since the BH is known to depend on the electric field and hence on
the applied voltage, the entire profile is also affected by the bias.
By assuming a linear bias dependence of both the mean barrier

height (Efb) and square of the standard deviation (¢2) with coeffi-

cients p, and ps, (i.e., EIb(V) = 5{)0 + p2V and 02(V) = 02) + p3V),
respectively, Eq. (6) gets modified as:

_ qVyq qVyq
J=Jo exp (naka) [1 - exp (—ﬁ)] (7)
with
D,
Jo =A*T2 exp (—qkT") 8)

where @,p and n,p are apparent barrier height and apparent ideal-
ity factor, respectively, and are given by [31]

2
_. qog,
Pan = Poo — 57 ®
1
1= —pi(T) =~y + a2 (10)

nap(T) 2kT

where pq, p2 and p3 are the voltage coefficients that may define
the voltage deformation of the barrier height distribution, while
‘b]bo and oy are the mean barrier height and its standard devia-
tion at the zero-bias (V=0), respectively. Since the @,, depends

on the distribution parameters @Ibo and oy, and temperature, the
decrease of the apparent zero-bias BH is affected by the existence of
the interface inhomogeneities and this effect becomes more signifi-
cant at low temperatures. On the other hand, the abnormal increase
in nap comes up mainly due to the bias coefficients (o3 and p3) of
the mean barrier height and the standard deviation. While p, gives
a constant shift, p3 causes its temperature dependent variation and
gets into significance at low temperature.

As Egs. (2) and (8) are of the same form, the fitting of the exper-
imental J-V data to Eq. (6) gives @ap and nap, which should obey
Egs. (9) and (10). Thus, the plot of @,y vs. q/2kT (Fig. 7) should be

a straight line yielding @LO and o from the intercept and slope,

respectively. The values of 0.961 eV and 0.126 eV for (b]bo and o,
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Fig. 7. Zero-bias BH <P{JO and [(1/nap) — 1] vs. 1/(2kT) plots and their linear fits for
the Au/Pyronine-B/MD n-InP Schottky diode according to Gaussian distribution of
the barrier heights.

respectively were obtained from the least-square linear fitting of
the data. Furthermore, as can be seen from Fig. 4, the experimen-
tal results of @, (denoted by open squares) fit very well with Eq.
(9) (denoted by closed circles), with the same parameters. Also, the
correction to the experimental data has been made using Eq. (9).
The values of q-)’bo are marked as zero-bias mean barrier height in

Fig. 4. When comparing @’bo and oy parameters, it is seen that the
standard deviation is ~13% of the mean zero bias barrier height.
The standard deviation is a measure of the barrier homogene-
ity. The lower value of oy corresponds to a more homogeneous
barrier height. It is seen that the value of 05 =0.126eV is small
compared to the mean value of (b]bo =0.961 eV and it indicates
larger inhomogeneities at the interface of our Au/Pyronine-B/MD
n-InP Schottky structure. But, it is found that is not small compared
to the value of 49=0.060eV for Au/MD n-InP Schottky structure
[17]. According to this result, it can be said that interfacial TF
(pyronine-B) thickness, inhomogeneities in the composition of the
TF layer and non-uniformity of interfacial TF layer charges can cause
barrier inhomogeneities. Hence, this inhomogeneity and potential
fluctuation dramatically affect low temperature I-V characteris-
tics and it is responsible, in particular, for the curved behaviour
in the conventional Richardson plot denoted by open circles in
Fig. 5.

Fig. 7 also shows the [(1/n) — 1] vs. 1/2kT plot. According to Eq.
(10), this plot should be a straight line that gives the voltage coeffi-
cients p, and p3 from the intercept and slope, respectively. The
values of p;=-0.302eV and p3=-0.021eV were obtained from
this plot. Furthermore, the experimental results of n in Fig. 3 can
be seen to fit very well with Eq. (10), denoted by solid line, with
the same parameters. The linear behaviour of [(1/n)— 1] vs. 1/2kT
plot confirms that the ideality factor does indeed denote the volt-
age deformation of the Gaussian distribution of the BH. It is clear
from Eq. (10) that when p3 becomes negative, it will be respon-
sible for the increase in n,p with a decrease in temperature. As p;
becomes also negative, we can conclude that the barrier height and
its standard deviation are decreased as bias increases. These results
reveal that a bias voltage obviously homogenizes the BH fluctu-
ation, i.e., the higher the bias, the narrower the BH distribution,
which can be explained that image forces shift the effective barrier
maximum deeper into the semiconductor when the bias voltage
increases.

Since the conventional Richardson plot deviates from linearity
at low temperatures due to the barrier inhomogeneity, it can be
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modified by combining Egs. (8) and (9) as follows:

Jo PoH\ qa{)O
In (ﬁ) - <2k2T2 =InA"=7 ()

Hence, modified Richardson plot [In(Jo/T?) - (q%02)/2k?T?) vs.
1000/T] according to Eq. (11) should also be a straight line with
the slope and the intercept at the ordinate directly yielding the
zero-bias mean barrier height @’b and A*, respectively. As can
be seen from Fig. 5 (denoted by closed triangles), the modified
Richardson plot has a quite good linearity over the whole tem-
perature range corresponding to a single activation energy around

@{)0. By the least-square linear fitting of the data, E’bo =0.977 eV
and A*=17.73AK2 cm~2 are obtained. Meanwhile, this value of

5’130 =0.977 eV is approximately the same as the value of 5],30 =
0.961 eV from the plot of @4, vs. 1/2kT given in Fig. 7, while
modified Richardson constant A*=17.73AK2cm~2 is in close
agreement with the theoretical value of A*=9.4AK~2cm™2. Fur-
thermore, the recreated conventional Richardson plot by using
Egs. (8) and (9) (denoted by solid curve) with the parameters

P, = 0.961 eV,04=0.040eVandA*=17.73 AK-2 cm~2 correlate
well with the experimental points denoted by open circles as shown
in Fig. 5. These results show that the temperature dependent [-V
characteristics of Au/Pyronine-B/MD n-InP Schottky structure obey
the Gaussian distribution of BHs as in the case of Al/p-InP [72], Ti/p-
InP [77] and Pd/n-InP SBD [78], despite the presence of pyronine-B
at the Au/n-InP interface. So, we can speculate that the lateral SB
inhomogeneities are not only peculiar to the gold contacts on InP,
but also other contact metals.

The decrease in the BH and the increase in the ideality factor
with a decrease in the measurement temperature are indicatives
of a derivation from the pure TE theory and possibly the TFE mech-
anism warrants consideration. If current transport is controlled by
TFE theory, the connection between the current density and voltage
can be expressed by [79]

1%
J=Jo exp () (12)
E() =E()() coth (q’f‘%) (13)
3 qh Nd 1/2
EOO_?(m;sS) (14)

where E is the characteristic energy, which is related to the trans-
mission probability, and e =12.4¢q [56] for InP. The values of Egg
were evaluated as 2.02 and 1.73 meV for T=400 K and 160 K, respec-
tively. To see the effect of free carriers and to define the dominant
current transport mechanism of the Schottky contact, Egg values
were normalized to kT in the investigated temperature region. As
seenin Fig. 8, normalized Ego/kT values decreases with temperature
and Egg <« kT condition is satisfied for the investigated temperature
range. According to the theory, field emission (FE) becomes impor-
tant when Egg > kT whereas TFE dominates when Egg ~ kT and TE is
crucial if Egg <« kT. But, the value of kT is equal to 0.0138 eV at 160K
and is slightly greater than Egg. Therefore, we can postulate that all
over the temperature range TE is the dominant current mechanism.
In addition, the ideality factor n is related to the Eyg as [80]:

Neun = q’f% coth (%) (15)
According to Eq. (15) the contribution of TFE results only in an
increase of 1.033 for n at 160 K. This value is too low to explain our
measured value (n=1.761) at 160K. For other temperatures, the
contribution of TFE results only in an increase of 1.051 and 1.150
for n at 300K and 400K, respectively. Notice near constacy of nn
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Fig. 8. Normalized Ego/kT values as a function of temperature.

over the entire temperature range. This predicts ng, very close to
unity for the entire temperature range (160-400 K). Obviously, the
tunnelling current is not responsible for the observed barrier low-
ering and high ideality factor. As a result, the possibility of the FE
and TFE can be ruled out. Thus, the higher n values may be related
to TE over a Gaussian barrier height distribution.

Furthermore, using Eq. (15) in our previous study [77], exper-
imental temperature dependent values of the ideality factor
obtained from the experimental I-V characteristics in Fig. 2 is in
agreement with Egp=16.0meV in the investigated temperature
region without considering the bias coefficient of the barrier height,
B=0.This value of the characteristic energy Eqg is about eight times
larger than the value 0f 2.02 meV calculated for the n-InP. Such a dif-
ference between the theoretical and experimental data is usually
obtained and expected for Schottky diodes and this case is con-
nected with local enhancement of electrical field which can also
yield a local reduction of the BH [80]. To understand the possible
origin of the high characteristic energy, it should be underlined
that Eg is connected with the transmission probability. Osvald has
reported that the ideality factor of inhomogeneous Schottky diodes
does not increase for decreasing temperature. He has shown that
drift-diffusion current transport approximation is responsible for
linear temperature dependency of ideality factor [81].

4. Conclusion

Modification of the interfacial potential barrier for metal/InP
diodes has been achieved using a thin interlayer of the pyronine-
B organic semiconductor. The higher barrier height value of the
device is attributed to the physical barrier properties of pyronine-
B layer plus probable native oxide layer between the metal and
the inorganic semiconductor. It was observed that ideality fac-
tor n (=1.103) remained close to ideal limit while barrier height
of Au/Pyronine-B/n-InP structure increased about 0.180eV with
respect to Au/n-InP in the previous study, at room temperature.
This is very important for Schottky diodes with interfacial layer.
Results reported here propose that the pyronine-B molecule should
be considered, among other candidates, as a potential semiconduct-
ing non-polymer thin film for the novel MIS devices. The current
transport mechanism in Au/Pyronine-B/MD n-InP Schottky bar-
rier diodes has been investigated by means of I-V measurements
at various temperatures between 160 and 400K. It is found that
the ideality factor n of the diode decreases while the correspond-
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ing zero-bias SBH increasing with an increase in temperature.
The significant decrease of zero-bias BH and the increase of the
ideality factor at low temperatures cannot be caused by the
processes such as tunnelling, generation-recombination currents,
image-force lowering, etc. Abnormal behaviour in the temperature
dependent ideality factor and the barrier height in the Au/Pyronine-
B/MD n-InP SBDs have been successfully cleared up accounting the
TE theory with a Gaussian distribution of the BH having spatial vari-
ations. The laterally homogeneous SBH and its standard deviation
are of 0.961 eV and 0.040eV, respectively. Also, the mean barrier
height and the Richardson constant values have been obtained
as 0.977eV and 17.73 Acm~2K~2, respectively, by means of the
modified Richardson plot, In(Jo/T?) - (q%02,/2k?T?) vs. 1000/T.
This value of Richardson constant is in close agreement with the
theoretical value 0f 9.4 AK~2 cm~2 of electrons in n-type InP.In con-
clusion, it can be speculated from the diode parameters obtained
by I-V techniques that the spatial inhomogeneities of the SBHs is
an important factor and could not be ignored in the analysis of
temperature dependent electrical characterization of the Schottky
structures.
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