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Abstract

MEH-PPV (poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylene vinylene]) based Schottky diodes have been fabri-

cated and investigated through the analyses of current density–voltage and capacitance–voltage characteristics. Tem-

perature-dependent hole mobility of MEH-PPV is extracted by the space-charge limited conduction (SCLC) model

from 300 to 400 K, and the use of the SCLC model is examined in high electric field. The highest measured hole mobility

is 0.013 cm2/Vs at 353 K. The thickness of MEH-PPV in the structures consisting of ITO/MEH-PPV/Al, largely affects

the performance of the diodes, and the thinner film displays better device performance. According to capacitance–

voltage relations, the effective carrier density and Schottky barrier height of MEH-PPV have been determined to be

2.24� 1017 cm�3 and 0.64 eV, respectively.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recently organic materials have been widely

investigated due to their attractive applications in

microelectronic and optoelectronic devices, such

as organic thin film transistors (OTFTs) and
organic light emitting diodes (OLEDs) [1–4].
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MEH-PPV (poly[2-methoxy-5-(20-ethyl-hexyloxy)-

1,4-phenylene vinylene]) is poly(para-phenylene

vinylene) (PPV) derivated p-type polymer which is

among the most popular materials used to build

OTFTs and OLEDs [5–7]. Several studies have

been carried out for Schottky diodes by MEH-
PPV and various metals [8–10]. The characteristics

of Schottky contact between polymer and metal

are important to investigate both material prop-

erties and interface characteristics. Temperature

and electric field dependent mobility of MEH-PPV

was studied in [11,12]. However, the mobility
ed.
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behavior of MEH-PPV above room temperature

does not seem to have been reported. In this work,

experimental and theoretical efforts have been

carried out to investigate the mobility behavior

above room temperature, based on the current

density–voltage (J–V) characteristics and capaci-
tance–voltage (C–V) characteristics of ITO/MEH-

PPV/Al Schottky diodes. The space-charge limited

conduction (SCLC) model [13] and the field-

dependent relationship have been employed to

extract mobility values.
2. Models

The SCLC model [11,13] has been widely used

to describe the behavior of organic diodes. But the

SCLC model is limited for low electric field con-

ditions. With the increase in electric field, the

SCLC model ignores the field-dependent mobility.

Thus the field-dependent relationship is used to

more accurately describe the behavior of devices at
high electric fields.

2.1. SCLC model

SCLC model was proposed for the bulk trans-

port dominated conduction processes in OLEDs

[14], which describes the current limited by the

space charge. In other words, the density of free
carriers injected into the active region is larger

than the number of acceptor levels (assumed p-

type material). For organic materials, the SCLC

model is expected to be applicable due to relatively

small acceptor density and small mobility of the

carriers. The model is described by the following

equation

J ¼ 9

8
e0erlp

V 2

L3
; ð1Þ

where J is current density, V is voltage, e0er is

permittivity of the polymer, lp is the hole mobility
(assumed p-type conducting polymer), and L is the

device thickness.

The SCLC regime occurs when the equilibrium

charge concentration (before charge injection) is

negligible compared to the injected charge con-

centration. This will form a space charge region
near the injecting electrode; with the concentration

of the space charge rapidly ending away from the

electrode. In this regime, the current is propor-

tional to the square of the electric field.

2.2. Field-dependent relationship

Field-dependent models are used to describe the

hole mobility in MEH-PPV when the electric field

is high, and the constant mobility in the SCLC

model is no longer applicable. The characteristics

of current density versus voltage can be described

by the equation

J ¼ pðxÞelp½EðxÞ�EðxÞ; ð2Þ

with the field-dependent mobility given by

lpðEÞ ¼ lpð0Þ expðc
ffiffiffiffi
E

p
Þ; ð3Þ

where the zero field mobility is given by

lpð0Þ ¼ l0 exp

�
� E�

kBT

�
ð4Þ

and

c ¼ B
1

kBT

�
� 1

kBT0

�
; ð5Þ

where pðxÞ is the density of hole concentration at
position x, EðxÞ is the electric field at position x, l0

is a constant prefactor, E� is the activation energy,

and T0 and B are material constants.
3. Experimental

MEH-PPV (American Dye Source, Inc.) 0.2
wt% solution was prepared on tetrahydrofuran

glass substrate covered by a deposited layer of

ITO thin film. After substrate cleaning by acetone

and deionized water, MEH-PPV was deposited

on the ITO/glass substrate by spin-coating tech-

nique. After baking at 200 �C for 20 min, a 200

nm layer of Al was deposited on MEH-PPV

through thermal evaporation at a pressure of
1� 10�6 Torr. Subsequently, the Al and MEH-

PPV were patterned by traditional lithography

and reactive ion etching (RIE) technique using

the same mask. Thus, Schottky diodes were

formed with ITO as bottom electrode, Al as top



Fig. 1. Fabrication steps of the MEH-PPV based Schottky

diodes.
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Fig. 2. Energy-band alignment of the ITO/MEH-PPV/Al

structure.
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Fig. 3. Current density–voltage characteristics of ITO/MEH-

PPV/Al Schottky diode at different temperatures.
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electrode, and MEH-PPV as active material. The

thickness of MEH-PPV is 200 nm (tested by

Tencor Alphastep 500 Surface Profiler). Fig. 1

schematically shows the fabrication procedure

used and the structure of the MEH-PPV based

diodes (Fig. 1(e)).

A Keithley Test Station (236 Source Measure

Unit and 590 C–V Analyzer) was used to test the
fabricated devices from 300 to 400 K. At different

temperatures, J–V and C–V characteristics were

measured for the fabricated devices, and key pa-

rameters, as hole mobility and carrier density were

calculated.
4. Results and discussion

4.1. Mobility

MEH-PPV and Al form Schottky contact at

their interface and generate a depletion region in
MEH-PPV, as shown in Fig. 2 [15]. When the
forward voltage is applied, the barrier height at the

interface decreases, turning on the device. At re-

verse voltage, the barrier height increases to block

the current. The J–V characteristics at different

temperatures are shown in Fig. 3. The J–V2

characteristics at forward voltage are provided in

Fig. 4 for 325, 353 and 385 K, showing both the

experimental (dot) and theoretical (solid line) re-
sults. The theoretical results have been calculated

from the SCLC model (Eq. (1), using L ¼ 200 nm
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Fig. 4. J–V2 characteristics of ITO/MEH-PPV/Al diode at

VITO=Al > 0 V, at different temperatures. The theoretical results

based on the SCLC model are also shown (solid lines).
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and assuming e0¼3 [11]. These results match well

the experimental data at low electric field condi-

tions. With the increase in electric field, the SCLC
model underestimates the hole mobility in MEH-

PPV, by ignoring the high field effects, which may

be described by Eq. (3).

The mobility–temperature plot extracted from

the SCLC model at near zero electric-field is

shown in Fig. 5. The hole mobility of MEH-PPV

increases from 300 to 350 K, which fits the expo-
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

280 320 360 400

Temperature (K)

M
o

b
ili

ty
 a

t 
ze

ro
 F

ie
ld

 (
cm

^2
/V

s)

Fig. 5. Extracted hole mobility in MEH-PPV, at near zero

electric field, as a function of temperature.
nential relation in Eq. (4). Above 350 K, the mo-

bility drops to a lower value, which is attributed to

the degradation of MEH-PPV as a conducting

polymer, and the increase in carrier scattering with

the rise in temperature. When the temperature is

lowered back, almost the same J–V characteristics
are measured, demonstrating that no annealing

effect exists. The behavior of hole mobility in the

regime it increases with temperature can be expo-

nentially described by Eq. (4), with the values of l0

and E� determined to be 4.13� 10�9 cm2/Vs and

0.451 eV, respectively.

4.2. Device performance

As shown in Fig. 3, the device performance

starts degrading at about 350 K, though a higher

mobility is reached. At higher temperatures, the

leakage current becomes very large and the device

acts more as a resistor instead of a diode. Fig. 6

shows the detailed plot of J–V characteristics at

325 K, as an example, where significant mobility is
obtained as well as relatively lower leakage cur-

rent. The best ideality factor of 10.7 is obtained at

325 K, according to the classic model which de-

scribes the behavior of Schottky diodes under

forward bias [16]

I ¼ I0ðeV =n/T � 1Þ; ð6Þ
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Fig. 6. Current density–voltage characteristics of ITO/MEH-

PPV/Al diode at 325 K.
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Fig. 8. Capacitance–voltage characteristics of ITO/MEH-PPV/

Al diode at high frequency (100 kHz).
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where n is ideality factor, I0 is reverse leakage

current, and /T is the thermal voltage at certain

temperature. At other temperatures, the ideality

factor is much higher (e.g. 35.5 at 353 K). This

suggests that the optimal operating temperature of
fabricated Schottky diodes is around 325 K with

respected to leakage current and diode behavior,

though the highest mobility is not obtained at this

point. Compared to the ideality factor for inor-

ganic semiconductors, for example 1.02 for silicon

diodes [16], the ideality factor of MEH-PPV di-

odes is much larger due to the high resistivity of

the organic material.
Another factor affecting the device performance

is the thickness of the active layer. As shown by the

J–V curves in Fig. 7, there is noticeable difference

between the two devices considered, one with 70

nm and the other with 200 nm thick layer of

MEH-PPV, measured at room temperature. The

performance of the 70 nm MEH-PPV device ap-

pears much better than that of one with 200 nm
MEH-PPV.

4.3. Charge distribution

Capacitance–voltage measurements allow ex-

traction of the effective carrier density and barrier

height in the given devices. The following relation

[17,18] is normally used to extract the carrier
density in solid materials:
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Fig. 7. Current density–voltage characteristics of ITO/MEH-

PPV/Al diodes with film thickness of 200 and 70 nm,

respectively.
N ¼ �2DV
qe0erA2Dð1=C2Þ ; ð7Þ

where N is the carrier density and A the device

area.
Capacitance–voltage characteristics of the ITO/

MEH-PPV/Al diode, at high frequency (100 kHz),

are shown in Fig. 8, with C�2–V plot inserted. At

linear region near zero bias voltage, the calculated

effective carrier density is 2.24� 1017 cm�3 at room

temperature and in good agreement with the

findings in [19]. The non-linear region of the C�2–

V characteristics demonstrates non-uniform dis-
tribution of concentration in the MEH-PPV due to

interface state and irregular surface profile [20].

Assuming that the mobility-independent trap level

is 1� 1021 cm�3 [15] and the difference of work

function and the highest occupied molecular or-

bital (HOMO) level is 0.36 eV, the barrier height

can be calculated to be 0.64 eV at room tempera-

ture, which is consistent with the results obtained
in [12,21].

5. Conclusions

In summary, the electrical properties of MEH-

PPV, including temperature-dependent mobility,

have been experimentally and theoretically inves-
tigated based on current density–voltage and

capacitance–voltage characteristics of ITO/MEH-

PPV/Al Schottky diodes. As part of this work, the



274 M. Zhu et al. / Microelectronic Engineering 75 (2004) 269–274
SCLC model and the field-dependent mobility

model have been examined. At 353 K, an effective

carrier density of 2.24� 1017 cm�3 and the highest

mobility value of 0.013 cm2/Vs have been ob-

tained. Moreover, the barrier height has been de-

termined to be 0.64 eV at room temperature.
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