This article was downloaded by: [University of Haifa Library]
On: 11 August 2012, At: 10:48

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,

UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

CHARGE CARRIER MOBILITY IN
VACUUM-SUBLIMED DYE FILMS
FOR LIGHT-EMITTING DIODES
STUDIED BY THE TIME-OF-
FLIGHT TECHNIQUE

Sang-Bong Lee # , Takeshi Yasuda ® , Moon-Jae Yang ®
, Katsuhiko Fujita * & Tetsuo Tsutsui *

# Department of Applied Science for Electronics
and Materials Interdisciplinary Graduate School of
Engineering Sciences, Kyushu University Kasuga,
Fukuoka 816-8580, Japan

Version of record first published: 15 Jul 2010

To cite this article: Sang-Bong Lee, Takeshi Yasuda, Moon-Jae Yang, Katsuhiko Fujita
& Tetsuo Tsutsui (2003): CHARGE CARRIER MOBILITY IN VACUUM-SUBLIMED DYE FILMS

FOR LIGHT-EMITTING DIODES STUDIED BY THE TIME-OF-FLIGHT TECHNIQUE, Molecular
Crystals and Liquid Crystals, 405:1, 67-73

To link to this article: http://dx.doi.org/10.1080/15421400390264162

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-

and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400390264162
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 10:48 11 August 2012

sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 10:48 11 August 2012

Taylor & Francis

Copyright © Taylor & Francis Inc. -
Taylor & Francis Group

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421400390264162

Mol. Cryst. Lig. Cryst., Vol. 405, pp. 67-73, 2003 e

CHARGE CARRIER MOBILITY IN
VACUUM-SUBLIMED DYE FILMS FOR
LIGHT-EMITTING DIODES STUDIED BY THE
TIME-OF-FLIGHT TECHNIQUE

Sang-Bong Lee, Takeshi Yasuda, Moon-Jae Yang,
Katsuhiko Fujita, and Tetsuo Tsutsui*
Department of Applied Science for Electronics and Materials
Interdisciplinary Graduate School of Engineering Sciences,
Kyushu University Kasuga, Fukuoka 816-8580, Japan

The Charge carrier mobility has been examined for a representative organic
hole transport material TPD and a host material CBP, doped with a fluorescent
dye, rubrene and Ir(ppy)s, by time-of-flight (TOF) technique. Decreasing of hole
mobilities of the dye-doped films can be explained by a carrier-trapping model
and the itonization potential difference of TPD and CBP. We successfully mea-
sured an electron mobility of the rubrene-doped TPD films, and Ir(ppy)s-doped
CBP films, while the mobility could not measured non-doped TPD and CBP
films. The EL process of the dye-doped systems is discussed in terms of the
electron transfer properties of emission layer.

Keywords: Ir(ppy)s-doped CBP film; rubrene-doped TPD film; time-of-flight (TOF)

INTRODUCTION

Organic light-emitting devices (OLED) have attracted much interest due to
potential application for high-performance flat-panel displays. The recent
development of organic light-emitting diodes (OLED) has revealed that
organic semiconductors have high potential for use as light emitting devi-
ces because of their high emission efficiency and various emission colors.
One of the most significant improvements in OLED performances resulted
from the doping of highly fluorescent molecules into emitter layers at a
concentration of typically 1 ~5mol%. The addition of a small amount of
dopant molecules such as quinacridone derivatives, rubrene, and perylene
was shown to improve device performance markedly. In particular, rubrene
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has been proved to be extremely stable in reduction and oxidation process
in a cyclic voltammetry measurement [1]. This property directly assures
that the radical species are stable in carrier transport process, both hole
and electron transport, and contributes to the enhancement of the device
stability. Recently, a very high quantum efficiency of electroluminescence
(EL) in organic light-emitting devices using a triplet-emitter material
tris(2-phenylpyridine) iridium [Ir(ppy)s] has been reported [2,3]. It was
revealed that the doping of the emitter layers with fluorescent molecules
not only enhanced the electroluminescence (EL) quantum -efficiency
(¢g), but also considerably enhanced device durability, even though
detailed underlying mechanism is still not clear.

Among many factors affecting EL device performance, charge carrier
mobility is the most dominant factors relating to charge carrier balance of
electron and holes within carrier recombination zone [4]. Thus carrier
mobilities of organic materials are of keen interest for understanding the
operating mechanism of organic electroluminescent (EL) devices [5]. In
particular, we are interested in charge carrier mobility at the recombination
zone consisted of host and guest molecules. In this study, we tried direct
determination of hole and electron mobility for model systems for emission
layers, rubrene-doped TPD, CBP films and Ir(ppy)s-doped CBP films, using
a conventional time-of-flight (TOF) technique.

EXPERIMENTAL

Figure 1 shows chemical structure of the compounds, a representative
organic hole transport material, N ,N’-diphenyl-N,N’-(3-methylphenyl)-
(1,1'-biphenyl-4,4’-diamine) [TPD] and a host material for emissive layer,
4,4'-N ,N'-dicarbazole-diphenyl [CBP], a fluorescent dopant, rubrene and
phosphorescent dopant, fac-tris(2-phenylpyridine)iridium [Ir(ppy)s]. CBP
was synthesized by Copper-Catalyzed Ullmann reaction [6]. Rubrene was
purchased from TCI Corp. The phosphorescent dopant, Ir(ppy)s was syn-
thesized according to the literature [7].

ToolBood &5 5

TPD CBP Rubrene Ir(ppy)3

FIGURE 1 Chemical structure of the compounds discussed in this paper.
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The mobility measurement were carried out by conventional time-of-
flight technique using a nitrogen laser pulse (1 =337 nm, 3 ns pulse width)
[8]. Dye doped films were prepared by vapor co-deposition onto a glass
substrate precoated with semitransparent aluminum (20nm). The upper
aluminum electrode (40 nm) was deposited on dye-doped films. Thickness
of the dye-doped films were at the range of 3 ~5um, measured by a sur-
face profiler Sloan Dektak3, and a sample area was 2x2mmZ All
measurements were performed at room temperature.

RESULTS AND DISCUSSION

A transient photocurrent for both 4 wt.% rubrene-doped TPD film of hole
transport and 8 wt.% rubrene-doped TPD film for electron transport (inset)
are shown in Figure 2. The photocurrent shapes of hole carrier transport
showed a non-dispersive behavior with a clear plateau and subsequent
drop. However, a cusp is observed in the electron transient (Fig. 2 inset).
The cusp developed only in the case of electron transient independent of
the amounts of transported charges. A very few examples of electron drift
mobilities in bulk molecular films have been reported, mainly due to
technical difficulties in measurement electron drift currents [9]. We suc-
cessfully measured an electron mobility of the rubrene-doped TPD films,
though a non-doped TPD film showed no feature of electron transport
signal. Rubrene has been proved to be extremely stable in both reduction
and oxidation processes in cyclic voltammetry measurements. High stabi-
lity of radical anions of rubrene may be related with easy detection of the
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FIGURE 2 Typical transient photocurrent observed for 4 wt.% rubrene-doped
(hole) and 8 wt.% rubrene-doped TPD film (electron, inset).
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electron transit signals. Anyway our carrier mobility results gave a proof
that rubrene have electron transport property.

In some cases typically depicted in (Figure 2), transit times were able to
determined from linear plots of transient profiles, but in other cases, transit
profiles were featureless. Thus, the transit times were determined from the
logi vs. logt plots based on the Scher-Montroll theory [10]. The carrier
mobility was calculated from the transit times, according to the expression
I = L%tyV, where L is the sample thickness and V is applied voltage.

Figure 3 shows the electron field dependences of hole and electron drift
mobilities in vacuum-sublimed rubrene-doped TPD films for different
rubrene concentrations. Hole mobility decreased with the increase of the
rubrene concentration, indicating that rubrene molecules are behaving as
trapping sites for hole transport. Appearance of electron transport feature
in rubrene-doped TPD films indicates that electron can move via hopping
on rubrene dopant, even though the average distance between rubrene
molecules is rather large. Two rather peculiar observations related with
electron transport behaviors in (Figure 3), the decrease of electron
mobility with the increase of the dopant concentration and negative field
dependency of electron mobility, may suggest invalidity of the assumption
for random distribution of dopant molecules.

On the other hand, in electron carrier transport, the transient photo-
current showed highly dispersive behavior and transient time could not be
determined even when double logarithmic plots of photocurrent versus
time were used (not shown). The electric field dependence of the hole
mobility for rubrene-doped CBP films is depicted in (Figure 4). Only 5 wt.%
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FIGURE 3 Field dependencies of the mobility in a rubrene-doped TPD films at
room temperature.
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FIGURE 4 Field dependencies of the mobility in a rubrene-doped CBP films at
room temperature.

addition of rubrene brought about nearly four orders of magnitude
decrease in hole mobility. Decrease of hole mobility with rubrene doping in
CBP films is much larger than the case of rubrene doping in TPD. This
observation can be explained from the difference in trapping effect due to
the difference of ionization potential between TPD and CBP. The ionization
potential of the TPD (—5.37eV) is close to that of rubrene (—5.36eV), and
traps due to rubrene are very shallow. In contrast, CBP has large ionization
potential around —6.3 eV, located far below the level of rubrene.

Figure 5 shows typical photocurrent transients for the sample of 8 wt.%
Ir(ppy)s-doped CBP film for hole transport. A sample thickness is 3.6 um.
The transient signals for holes are similar with the rubrene-doped CBP
films. The current follow a plateau region and tails off slowly after the
inflection point, which indicates the transit time of the carrier. The broad
dispersion from inflection point results from a broad distribution of hopping
sites and deep carrier traps. However, in electron transport, the transient
photocurrent showed dispersive behavior and transient times were able to
be determined from the double logarithmic plot of photocurrent versus
time. Figure 6 shows the electron field dependences of the hole and
electron drift mobilities for the 8 wt.% Ir(ppy)s-doped CBP films. The hole
mobility of the 8wt.% Ir(ppy)s-doped CBP films was nearly four orders of
magnitude lower than that for a non-doped CBP film. Deep trapping due to
Ir(ppy)s-dopants, which is quite similar to the case of rubrene doping was
observed. We are successful in observing electron transport in the 8 wt.%
Ir(ppy)s-doped CBP film, although electron mobility is the order of
108 cm?/Vs. Therefore, it is assumed that ambipolar transport of holes and
electrons is possible in Ir(ppy)s-doped CBP films, even though absolute
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FIGURE 5 Typical transient photocurrent observed for 8wt.% Ir(ppy)s-doped
CBP film (hole).

mobility values for holes and electrons are very low. Ambipolar
characteristics of the Ir(ppy)s-doped layer have been discussed from the
analysis of triplet-triplet annihilation, exciton formation and luminance-
current-voltage characteristics [11].

Mechanism for carrier recombination and emission in OLED with doped
emission layers have been discussed in terms of the energy transfer from
excitons formed in the host by the carrier recombination or direct carrier
recombination at the fluorescent emissive centers. The direct observation
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FIGURE 6 Field dependencies of the mobility in a Ir(ppy)s-doped CBP films at
room temperature.
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of hole and electron transport in the rubrene-doped TPD films suggests
that major emission mechanism of the rubrene-doped OLEDs is direct
carrier recombination at the dopant centers [12,13]. The ambipolar mobility
of the Ir(ppy)s-doped CBP films may indicate that emission of the Ir(ppy)s-
doped OLEDs occurs via direct carrier recombination at the dopant centers
2,3].

In conclusion, we successfully measured an electron mobility of rubrene-
doped TPD films, and Ir(ppy)s-doped CBP films, while no feature of elec-
tron transport could be observed in non-doped TPD and CBP films. The
electron mobility of rubrene-doped TPD and Ir(ppy)s-doped CBP films
suggest that emission occurs via direct recombination of holes and elec-
trons at the dopant molecules.
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