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The electrical properties of AuU/MEH-PPV:PCBM/n-type
GaAs Schottky barrier diode
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We fabricated the Au/Meh-PPV:PCBM/n-type GaAs Schottky barrier diodes (SBDs). Then we investigated Current-voltage
(I-V) and capacitance-voltage (C-V) characteristics of the diode at room temperature. MEH-PPV:PCBM (in a mass ratio 1:4)
used as interfacial layer between metal and semiconductor layers. Here, MEH-PPV is poly [2-methoxy-5-(ethylhexyloxy)-
1,4-phenylenevinylene] and PCBM is [6,6]-phenyl-61C-butric acid methyl ester). SBD parameters such as ideality factor,
barrier height and series resistance were obtained from |-V and C-V measurements. Also, Cheung functions and Norde
Method were used to evaluate the I-V characteristics and to determine the characteristic parameters of the Schottky diode.
The diode parameters such as ideality factor, barrier heights and series resistance were found as 4.39-4.54 and 0.57-0.63
eV and 51-53 Q respectively. Also the interface states energy distribution of the diode was determined and found as 1.09 x

10" eV'icm™at (Ec-0.352) eV to 2.94 x 10*! eV''cm™ at (Ec-0.436) eV.
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1. Introduction

The metal-semiconductor junction is more commonly
known as the Schottky barrier diode. Metal-semiconductor
structures are used as a basic component for the
performance of semiconductor devices due to their
potential application in many electronic and optoelectronic
devices. Schottky barrier diode are widely used in very
important applications in electronic industry, such as
microwave mixer, high-current power supplies, solarcell,
phodedector, field-effect transistors (FETS) etc. [1-3].

Conjugated polymers are recognized as organic
semiconductors with electronic properties and they have
found a wide application area in electronic technology [8].

It is well known that the electrical characteristics of a
Schottky diode are controlled mainly by its interface
properties [4]. In order to obtain desired characteristics for
diode applications, the electrical properties of
metal/semiconductor (MS) structures can be modified by
introducing organic layer on semiconductor materials
[9,10].

Over the recent decades, there have been significant
advances in the scientific domain with regard to electronic
devices that are based upon organic components, mainly
due to they have a number of advantages such as easy and
low cost device fabrication, versatility of usage, and large
area coverage [5-16].

Recently, heterojunction devices, which include an
organic material as an active layer, have become very
famous and popular to provide low operating voltage for
low power nanoscale devices due to easy fabrication
process as a very thin layer. MEH-PPV and PCBM are
quite attractive and good candidates as a p-type and n-type
layer respectively [8,17].

PPV in itself is a very intractable material due to its
insolubility. Adding alkyl or alkoxy chains on the
phenylene rings, as in MEH- and MDMO-PPV, makes
these materials processable and soluble in some organic
solvents such as chloroform, chlorobenzene, or 1,2-
dichlorobenzene (ODCB). The dialkoxy side groups also
modify the polymer’s bandgap, so that the emission color
bathochromically shifts to orange from the yellow-green
of the unsubstituted PPV. MEH-PPV is good soluble in
various organic solvents, easy to manufacture and has the
properties as being oxidation resistant a conductive
polymer. Because of these properties has a wide range of
applications [18,19].

PCBM has shown to be broadly applicable as solution
processable organic n-type semiconductors. The variations
available represent opportunities for optimization in
various devices. The blended PCBM with appropriate
conjugated polimers can be used in the photovoltaic cells
production, thin film organic field effect transistor (OFET)
fabricated and photodedector production. PCBM is
dissolved in the same solvent with p-type semicondutors
MEH-PPV, MDMO-PPV and P3HT [20].

MEH-PPV and PCBM have LUMO/HOMO values
respectively 3 eV /5.3 eV and 3.75eV /6.1 eV [21,22].

In this study, MEH-PPV:PCBM (1:4 by mass ratio)
thin interfacial polymer layer was deposited on n-GaAs
using spin coating system to obtain as a new structure
Au/n-GaAs/MEH-PPV:PCBM/AI Schottky barrier diode.
The electronic parameters of the diode were determined by
using current — voltage and capacitance — voltage
measurements at room temperature.
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2. Experimental procedures

Au/n-GaAs/MEH-PPV:PCBM/AI Schottky barrier
diode was fabricated on n-type GaAs semiconductor wafer
with (100) orientation, 400 pum thickness and 50.8 mm
diameter. Firstly, the wafer was chemically cleaned using
the RCA cleaning procedure (i.e.10 min boil in H,SO, +
H,0, followed by a 10 min HCI + H,0, + 6H,0 at 60 °C).
It was immersed in diluted 20% HF for 60 s. The wafer
was rinsed in de-ionized water of resistivity 18 MQ cm
with ultrasonic cleaning in each step. After that, the
sample was dried in the high-purity nitrogen stream and
inserted into the deposition chamber. Au (%88) and Ge
(%12) were used for chmic contact [1]. The ohmic contact
with a thickness of ~1875 A was made by evaporating
99.995 % purity Au metal and germanium on the back of
the surface wafer in a thermal evaporator unit at 10°° Torr.
Then it was annealed at 450 °C for 5 min in flowing N, in
a quartz tube furnace. Front surface of samples were
coated with a conducting polymer MEH-PPV:PCBM (with
a mass ratio of 1:4) (Fig. 1) [16] film by spin coating
(VTC-100) with 1200 rpm for 60 s. After that rectifier
Schottky contacts were formed on the other faces by
evaporating ~1000 A thickness and 99.99 % purity Al. All
evaporation processes were carried out in a vacuum
coating unit at about 5.1x10° Torr. Thus, Au/n-
GaAs/MEH-PPV:PCBM/AI sandwich Schottky barrier
type diode was fabricated.

The I-V measurements were performed using a
Keithley 6517A electrometer and C—V measurements
were carried out at room temperature with a Keithley HP-
4194 C-V Analyzer. All measurements were controlled
by a computer via an IEEE-488 standard interface so that
the data collecting, processing and plotting could be
accomplished automatically.

OCH, n

MEH-PPV

Fig. 1. Molecular structure of MEH-PPV and PCBM

3. Results and discussion

The semi-logarithmic current-voltage (I-V) curve of
the device is shown in Fig. 2 at room temperature.
According to the thermionic emission theory the current—
voltage characteristics of a Schottky diode can be
expressed by the following relation: [24,25]

\Y, \Y,
I =1, exp(%j{l— exp(— E—Tﬂ 1)

where | is the measured current, V is the applied bias
voltage, n is the ideality factor, k is the Boltzmann’s
constant, T is the temperature in Kelvin, q is the electronic
charge and | is saturation current derived from the straight
line intercept of Inl-V plot at zero bias, and is given by

I, = AAT? exp(— %} @

where A is the rectifier contact area, A* is the Richardson
constant and equals to 8.16 A cm?K™ for n-type GaAs
[2,26] and Dy, (I-V) is the zero bias barrier height. From
Eq.(1), ideality factor n can be written as

n:%[d(oll:lﬂ ©

n equals to one for an ideal diode. However, n has usually
a value greater than unity. High values of n can be
attributed to the presence of the interfacial layer, barrier
height inhomogeneity or image-force lowering which is
voltage dependent [1,25]. @y, is the zero-bias barrier
height (BH), which can be extracted from Eq.(2) and it can
be written as

*2
o -Kp[ T2,
0 q |
0

The semilog-forward and reverse bias |-V
characteristics of the Au/MEH-PPV:PCBM/n-GaAs/Al
structure at room temperature are given in Fig. 2. The
values of the barrier height and ideality factor were found
as @y = 0.57 eV from the experimental saturation current
lo, and n = 4.39 from the slope of the linear region of the
semilog-forward bias I-V characteristics indicating that the
effect of series resistance in this region was not important,
by using Egs. (3) and (4) respectively. For an ideal
Schottky barrier diode n = 1. Our n ideality factor value is
considerably larger and in agreement with literature for
these structures. The high values in the ideality factor are
caused possibly by various effects such as
inhomogeneities of MEH-PPV:PCBM film thickness, non-
uniformity of the interfacial charges and series resistance
[1,4,25].
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Fig. 2. Current versus voltage characteristic of the Au/n-
GaAs/MEH-PPV:PCBM/AI at room temperatures

The forward bias I-V characteristics of the rectifying
contacts might be deviated considerably from ideal
behaviour due to the certain factors related with increasing
voltage. These factors are the interface state density and
the series resistance (Rs). The effect of series resistance is
attributed to the presence of the interface layer between
the metal and the semiconductor and leads to non-linearity
[3,23,27]. The series resistance Rs is an important
parameter, affecting the electrical characteristics of
Schottky barrier contacts. The Schottky diode parameters
such as the barrier height, the ideality factor and the series
resistance can also be obtained using a method developed
by Cheung at al. [28]. The values of the series resistance
can be determined by following functions:

d_V =IR_+n k—T (5)
dint) s q
KT !
HU):V—nﬂ—Jm S 6)
q AA*T 2
and H(l) is given as follows:
H()=IR,+nd,, (7

where R; is the series resistance.
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Fig. 3. Plot of dV / d Inl versus | for the Au/n-
GaAs/MEH-PPV:PCBM/AI diode at room temperature

The plot of dv/d(Inl) versus | is shown in Fig. 3. The
n and Rs values were calculated from the slope and
intercept of dV/d(Inl) versus | plot and were found to be
4.54 and 51 Q, respectively. The ideality factor obtained
from dVv/d(Inl)-I plot is seen to be greater than that
obtained from Inl-V characteristic. The difference
between the values of the ideality factors can be attributed
to the fact that the first one is only under the effect of the
interfacial properties and the second one is under the effect
of both the interfacial properties and the series resistance
[5,10].
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Fig. 4. Plot of H(I) versus I for the Au/n-GaAs/MEH-
PPV:PCBM/AI diode at room temperature

The plot of H(I) versus | is shown in Fig. 4. The Rs
and @, values were calculated from the slope and
intercept of H(I) versus I plot and were found to be 53 Q
and 0.57 eV, respectively. It can be seen clearly that the
value of Rs obtained from dV/d(Inl)-I plot is in agreement
with value obtained from H(l)-1 plot. This shows a good
consistency with each other the values of series resistance
obtained by applying Cheung’s functions.

Alternatively, the values of barrier height and series
resistance of the device have been obtained from Norde’s
functions [6,29]. The Norde function is given as

Vo (kT |
F(V)=—- (—j LH(L)ZJ (8)
y 4 AA*T

where vy is a dimensionless integer with a value greater
than ideality factor. That is, according to our results, the
value of y is 5. The I(V) is the value of current taken from
the 1-V curve. If the minimum of the F(V) versus V plot is
determined, then the value of barrier height can be
calculated by using following equation;

V, KT

®, =F(\V,)+-2 - ©)
7y Q

where F(V,) is the minimum point of F(V), and V, is the
corresponding voltage. The Norde plot for device is shown
in Fig. 5.
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Fig. 5. F(V) versus V plot of the Au/n-GaAs/MEH-
PPV:PCBM/AI Schottky diode

The value of the series resistance has been calculated
from Nord’s function for device by using following
relation:

_kT(y—n)
al,

R

S

(10)

According to Eq.(9) the value of barrier height were
calculated as 0.63 eV by using Vo = 06 V and
F(Vo) = 0.537 eV. The values of series resistance were
calculated as 50,92 Q by using Eq.(10). The value of the
series resistance obtained from Norde functions is lower
than the values obtained from Cheung’s function. Because
the Cheung’s functions are only applied to the nonlinear
region (high voltage region) of the forward bias I-V
characteristics while Norde’s function is applied to the full
forward bias 1-V characteristics of the diode. In the high
voltage region the slopes of the I-V characteristics are
lower than those of the low voltage region. It is seen that
there is an agreement between the values of the series
resistance obtained from Cheung and Norde plots. There is
a difference in the values of @y, obtained from the
forward-bias Inl-V, Cheung functions and Norde
functions. The discrepancy between different methods
may result from such causes as contamination in the
interface, an intervening insulating layer, edge leakage
current, or deep impurity levels [25].

The analysis of the C-V measurements technique can
be used to give information about the barrier parameters
[4]. Thus, C—V measurements of the device were carried
out at room temperature and 100 kHz with a Keithley HP-
4194 C-V Analyzer. Fig. 6(a) shows the C - V
characteristics and (b) reverse bias C*? — V characteristics
of the device.

As can be seen in Fig. 6(a) that the values of the
capacitance in reverse bias is slightly increasing towards
low positive voltages and it is sharply increasing in
forward bias towards high voltages. Fig. 6(b) shows the
C? -V characteristics of the diodes. It can be seen that the
plot is linear.
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Fig. 6. (a) Plots of the experimental capacitance —
voltage, and (b) reverse bias C* — V characteristics of

the Au/n-GaAs/MEH-PPV:PCBM/Al Schottky barrier
diode in the frequency 100 kHz at room temperatures

The C -V characteristics of the diode can be analyzed
by the following relation [1,13].

LZZ(VO_‘_Vr) (11)
C? g AN,

The slope of the reverse bias C? — V plot can be also
given by;

dc? 2
dv  ge AN,

(12)

Where V, is the reverse bias voltage, V, is the built in
potential at zero bias and is determined from the
extrapolation of the 1/C*> — V plot to the V —axis, & is the
dielectric constant of GaAs (g5 = 13.1g,), [26] q is the
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electronic charge and Np is the doping concentration.
According to Eg. (12), the doping concentration is
determined to be 2.13 x 10" cm™ from the slope of the
reverse bias C? — V characteristics. The depletion with
(Wy) and the value of the Fermi energy level(Er) were
calculated using following relations [1,2,13]:

W, — [2ey )
aNp

V, =V, + %- (14)

The Fermi energy level (Eg) is given by;

kT Nc
E. =—Lnl — 15
F q (ND] (15)

and the effective density of states (N¢) in the GaAs
conductance band is

2, *k,T '
Nc :|:?]—2B:| (16)

Where m; = 0.067my is the effective mass the electron

[2], and mg is the rest mass of the electron.V, is

determined as 0.7 V from the extrapolation of the 1/C? — V
plot to the V —axis. Thus, according to Eq. (14) Vyq is
calculated as 0.725 V and according to EQ.(13) Wy is
calculated as 6.77 x 10" cm. Barrier hight ®,(C-V) can be
calculated using following relation:

@,(C-V) = Vg + Ef (17)
Thus, ®,(C-V) were calculated 0.63 eV.

As we can be seen from the C — V measurements
obtained barrier height value is higer than from the 1-V
measurements. This discrepancy is possibly resulted from
the existence of interfacial MEH-PPV:PCBM layer and
the barrier inhomogeneities [25].

The determination of the interface state density is
important for the information about the quality of the
structure. Because the interface state density affects the
electronic parameters of the diode. Therefore we
investigated interface state density. The density of the
interface state of the diode can be obtained from the
forward bias 1-V characteristics at room temperature by
the following relation: [30]

&

o] s
n\V)=1+—| —+qN 18
V) +gi wa T MNss (18)

Thus, according to Eq.(18), the interface state density can
be obtained as below:

N V)==1-L[nv)-1]- = (19)

Where Wd is the depletion width, d is the thickness of the
interfacial layer, Nss is the density of the interface states,
&(13.1¢p) [26] and &i(3gp) [17] are the permittivity of the
semiconductor and interfacial layer, respectively. In n-type
semiconductors, the energy of the interface states with
respect to the bottom of the conduction band at the surface
of the semiconductor is given by [31],

Ec _Ess = q((De - V) (20)

Where V is the applied drop across the depletion layer and
®e is the effective barrier height and Ess is the energy
corresponding to the bottom of the conduction band at the
surface of the semiconductor. The relationship between
effective barrier height, applied voltage V and the ideality

factor n is given by
1
O, =D, +1-— (21)
n

Thus, the energy distribution profile of Nss as a
function (Ec-Ess) for Au/n-GaAs/MEH-PPV:PCBM/AI
was obtained from the forward bias I-V measurements by
taking the bias dependence of the effective barrier height
(®e) into account by using Eq. (19), (20) and (21). The
interface state density versus (Ec —Ess) curve of the diode
is given in Fig. 7. As can be seen from Fig. 7, the interface
states  density was  calculated varied from
1.09 x 10" cm?%V™? in (Ec-0.352) eV to 2.94 x 10"
cm?V?' in (Ec — 0.436) eV. That is, there is an
exponential decrease from bottom of conduction band
towards to midgap of GaAs. This confirms that the density
of interface states changes with applied bias and each of
applied biases corresponds to a different position in the
GaAs band gap.
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Fig. 7. Energy distribution of interface state density of
the Au/n-GaAs/MEH-PPV:PCBM/AI Schottky diode
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4. Conclusion

In this study, we fabricated Au/n-GaAs/MEH-
PPV:PCBM/AI Schottky diode as a new structure. The
electrical properties of the diode have been investigated at
room temperature by using current — voltage and
capacitance - voltage methods. The diode parameters such
as ideality factor, barrier heights and series resistance were
found as 4.39-4.54 and 0.57-0.63 eV and 51-53 Q
respectively, by using forward bias -V, Cheung’s
functions and Norde method. There is a good agreement
with the wvalues of series resistance obtained from
Cheung’s functions and Norde’s functions. The barrier
height was also calculated from C-V measurements as
0.63 eV and this value is higher than from I[-V
measurement. This dicrepancy is possibly resulted from
the the existence of interfacial MEH-PPV:PCBM layer
and the barrier inhomogeneities.

This diode showed a rectifying behavior and yielded
different barrier height and ideality factor in comparison to
conventional GaAs diode. The control of the electronic
properties of the diode was accomplished by using thin
interlayer of the MEH-PPV:PCBM. Also, the energy of
interface states were determined from the forward bias 1-V
measurements by taking the bias dependence of the
effective barrier height (®e) into account. The interface
state density decreases exponentially with bias from
1.09 x 10% cm? ev! in (Ec — 0.352) eV to
2.94 x 10" cm? eV in (Ec — 0.436) eV.
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