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Electrical Study of Pentacene-Based
Metal–Semiconductor–Metal Structure: Schottky

Barrier and Active Layer Thickness Effects
Wassim Khaldi , Aïmen Boubaker, Abdelghaffar Nasri, Kamal Lmimouni, and Adel Kalboussi

Abstract— The impact of electrodes and active layer
thickness on the current–voltage characteristics of
Au/Pentacene/Al structure was studied using a physically-
based 2-D simulation by solving Poisson’s, continuity,
and drift diffusion equations. The main parameters
required for simulation are extracted from the logarithmic
representation of experimental current–voltage curves. The
simulation results produce an excellent overlapping with
the experimental data after including parameters previously
found in our model. Finally, the simulation was used to
better understand the physical processes together with
mechanisms governing the efficiency of the device under
investigation and to have a predictive behavior.

Index Terms— Electronics,modeling, organic,pentacene,
Schottky diode.

I. INTRODUCTION

O
RGANIC thin films, which can be obtained through

various techniques, such as molecular beam epitaxy,

thermal evaporation, and vacuum sublimation, have numerous

advantages over inorganic thin films such as low-temperature

process, mechanical flexibility, large-area coverage, low cost,

and easy preparation techniques [1], [2].

Pentacene is an organic semiconductor belonging to the

polyacenes family that is mostly used as an active layer in

the organic device.

As several organic materials, pentacene has attracted con-

siderable attention among researchers in the recent past due

to its attractive properties, which make it frequently used

in electronics components fabrication, such as organic field

effect transistors, photodiodes, organic light-emitting diodes,

Schottky barrier diodes, solar cells photovoltaics, and logic
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gate applications [3]–[9]. Research in organic Schottky struc-

tures has received an important attention for many years, and

especially in these recent years to develop a new generation

of organic Schottky diodes.

Smerdon et al. [10]

fabricated a molecular Schottky diode, based on pentacene

and C60 semiconductors with a rectification ratio > 1000 at

biases of 1 V.

In another work, Kang et al. [11] have fabricated

Au/pentacene/Al with and without pentafluorobenzenethiol

(PFBT) self-assembled monolayer (SAM). The PFBT-based

SAMs coating on the Au anode.

SAM is thin ordered films of molecules integrated between

the active layer and electrode, which provide a good charge

injection and reduce the charge traps density [12], [13].

The current density at 3 V and the cutoff frequency were

found to be 100 A cm−3 and 1.24 GHz, respectively.

In this paper, the 2-D numerical simulation of Au/

pentacene/Al Schottky diode using a physically based device

simulator Silvaco–Atlas has been presented.

First, various important physical parameters for

pentacene semiconductor have been extracted from the

double-logarithmic representation found by Fukuda and

Asakawa [14]. Then, based on these previously found

parameters, simulated current–voltage characteristics are

presented and compared with experimental data [14]. Finally,

we report on the effect of electrode and thickness variations

on the performance of the considered structure.

II. DEVICE CHARACTERISTICS

The device structure under investigation is presented in

Fig. 1. It consists of pentacene semiconductor as an active

layer inserted between the two metallic electrodes (aluminum

and gold).

A dc voltage (VA), varying from −4 to 4 V, was applied to

the anode contact.

The main physical parameters of the pentacene and elec-

trodes contact (gold and aluminum) used for Schottky diode

device simulations are listed in Table I.

In Fig. 2, we report the energy band diagram of our

structure. The work functions of Au and Al contacts are
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Fig. 1. Schematic of the device structure.

TABLE I

MATERIAL PROPERTIES OF PENTACENE, ALUMINUM, AND GOLD

Fig. 2. Energy band diagram.

around 5.1 and 4.2 eV, respectively, which are the reported

values in [2] and [15]. The pentacene/Al contact establish

Schottky barrier, the charge carriers can overcome across just

when the forward bias is applied. In the other side, an ohmic

contact takes place between gold and pentacene.

Contrary to Schottky contact, the interface of ohmic contact

does not present any potential barrier that can prevent the flow

of charge carriers, which favors the passage of holes from

metal to the semiconductor.

III. NUMERICAL SIMULATION

Characterization and experimental manufactures are very

expensive and time-consuming. However, software simulation

can be a solution to save time, reduce cost, and find the

right solution [16]–[21]. In this paper, there are two variable

parameters (Schottky barrier height and thickness) and the

studied phenomenon is the effect of these parameters on the

current–voltage characteristics.

The 2-D numerical simulations of our devices were per-

formed with physically based device simulator Atlas/Silvaco

based on solving systems of coupled differential equations

including the drift-diffusion transport model, continuity, and

Poisson’s equations using finite-element method.

These equations are given as follows:

div(ε∇9) = −ρ (1)

∂n

∂t

=
1

q
div

−→
Jn + Gn − Rn (2)

∂p

∂t

= −
1

q
div

−→
Jp + G p − Rp (3)

where 9 is the electrostatic potential, ε is the dielectric

constant, ρ is the charge distribution, p is the hole density, n is

the electron density, p is the holes, n is the electrons, q is the

fundamental electronic charge, G is the charge generation rate,

R is the charge recombination rate, and J is the current density

that is given considering its drift and diffusion components as

−→
Jn = −qnµn

−→
E + q Dn∇n (4)

−→
JP = −qpµp

−→
E − q Dp∇p (5)

where ∇ is the mathematic operator nabla, q is the funda-

mental electronic charge, µn and µp are the electron and hole

mobility, respectively, E is the local electric field, p and n are

the electron and hole densities, respectively. Dn and Dp are

the Einstein diffusion constants expressed as follows:

Dn = µn
kT

q
(6)

Dp = µp
kT

q
(7)

where q is the fundamental electronic charge, µn and µp

are the electron and hole mobilities, respectively, T is the

temperature and k is Boltzmann’s constant.

Finally, the electrical behavior associated with the physical

structure under specified biased conditions will be predicted.

IV. RESULTS AND DISCUSSION

In order to relate the observed effects to each other and

understand the device response, various experimental char-

acterizations have been carried out. The TCAD process can

be very useful in minimizing the experimental and analytical
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Fig. 3. Interface boundary condition.

modeling efforts because the divers parameters can be modi-

fied to clarify the observed phenomenon.

In this section, we used Silvaco TCAD as a semiconductor

simulator, which can be adapted to organic devices.

The charge transport mechanisms through pentacene film

can be deduced from the analysis of I –V curve. The vari-

ation of log I with log V for Au/pentacene/Al structure is

shown in Fig. 4. The characteristic presents voltage depen-

dence, followed by power law dependence at higher voltage

region [14], [22]. This behavior can be accorded to space-

charge-limited current (SCLC). As presented in Fig. 4, four

main regions can appear in double-logarithmic characteris-

tic: ohmic, SCLC, trap filling limit, and trap-free SCLC

regimes [23], [24].

Traps density, carriers density, and mobility of the active

layer (pentacene) were estimated from Fig. 3 by applying the

following equations [25], [26].

To calculate the density of trap Nt, we have exploited the

Poisson equation

d EFL

dx
=

qNt

εε0
(8)

where EFL is the field corresponding to VFL (the beginning of

the regime 4 where all the traps are filled). The integration of

this equation provides us VFL immediately

VFL =
qNtd2

2εε0
(9)

where d , q , and ε are the thickness, the charge, and the

permittivity, respectively.

Thus, we can easily deduce the trap concentration Nt

Nt =
2εε0VFL

qd2
. (10)

A trap density of about 3.1016 cm−3 was obtained for

VFL = 2.2 V and d = 160 nm. This value is in excellent

agreement with many other studies reported in [24] and [27].

The carriers number n0 can be obtained from the following

expression:

n0 =
9εε0

8qd2
Vohm. (11)

For Vohm = 0.42 V and d = 160 nm, a density of carriers

was found in the order of 4 × 1016 cm−3, which is in good

agreement with data reported in [28] and [29].

Fig. 4. Double-logarithmic representation of I–V curves.

Fig. 5. Comparison between the experimental data [14] (symbol) and
simulated (line) I–V curves.

Finally, the mobility was determined from the experimental

characteristic in zone IV and presented in the following

equation:

Jscl =
9εε0µV 2

8d3
. (12)

Hence, we can directly conclude the mobility, from the loga-

rithmic representation of the current density as a function of

the voltage for the device under study.

As shown in Fig. 4, for V = 2.6 V, I = 1.6 ×

10−6 A/cm2 which gives a mobility of about 0.39 ×

10−4 cm2v−1s−1. This value is close to several other

experimental results [11], [26], [30].

The current–voltage characteristics obtained on the basis of

Atlas simulation are compared with the experimental values

reported by others on the same structure and is shown in Fig. 5.

As can be seen from this comparison, our simulation results

are in good agreement with the experimental data reported

in [14], verifying the validity and accuracy of the model and

the parameters extracted previously.

In order to understand the influence of the Schottky

barrier on the current–voltage characteristic, results of

I –V simulations as the function of the electrode (tin, titanum,

and aluminum metals [31]) are discussed in the following.
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Fig. 6. Effect of electrodes in current–voltage characteristic.

Fig. 7. Influence of active layer thickness.

As shown in Fig. 6, the I–V curves are changed from the

typical rectification characteristics to the ohmic behaviors as

the electrode change.

Indeed, changing the electrode affects directly the electrical

characteristic by modifying the height of the Schottky barrier,

which leads to more charge transport from and to the electrode

and eventually, the leakage current with the reverse bias

increases with the metal work function.

Finally, by comparing the rectification ratio values for each

electrode, we can conclude from Fig. 6 that the best one

was found for aluminum contact, which has the lowest work

function.

The current–voltage characteristics of Au/pentacene/Al

device under forward and reverse voltages at different thick-

ness of the pentacene semiconductor are presented in Fig. 7.

The current density increases with the decreasing active layer

thickness. Reducing in the resistivity of the pentacene layer

with the decrement in the pentacene thickness is the probable

reason for this raised value at the current density.

Finally, to verify our results, we compare the previously

simulated current values with the values calculated theoreti-

cally in (12) for a voltage equal to 4 V.

A comparison between the simulated and analytical cur-

rent densities for the three active layers thicknesses is

TABLE II

SUMMARY OF MEASUREMENTS: SIMULATED AND

THEORETICAL CURRENT DENSITY

provided in Table II. As expected, all of the theoretical values

close to those obtained by the simulation.

V. CONCLUSION

In summary, by using a numerical simulation, we have

studied the influence of both the active layer thickness and

the electrode on the I –V tendency in the Au/pentacene/Al

Schottky diode structure.

After extracting the main pentacene parameters necessary

for the simulation, from the logarithmic characteristic, a vali-

dation with experimental curves was done and a good agree-

ment was observed.

As a result, we have found that the electrical characteristic

is influenced by the nature of the electrode that defines the

Schottky barrier, which can directly affect the rectification

ratio and the leakage current.

This paper presents a new possibility in making the efficient

organic diode by testing the structure under investigated and

pick out the correct parameters necessary to have a good oper-

ation before the fabrication process, which will enormously

reduce the component manufacturing cost.
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