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We report our study on the current-voltage characteristics of single layer devices
employing pure and heavily tetrathianaphthacene (TTN)-doped tris(8-hydroxy-
quinoline) aluminum (Alqs) films as active layers. Sandwich structures with
magnesium (Mg) top and bottom electrodes were employed in the devices. In the
undoped device, the current increases exponentially with the applied voltage,
and is concluded to be limited by the carrier injection at the Mg/Alqs interface
with a small injection barrier. With the same device structure, both the bulk-doped
and interface-doped devices show a bulk-limited current flow, which is much lar-
ger than that in the undoped device and behaves as trap-free space-charge-limited
current (SCLC) with a field-independent mobility. The improvement of the current
is ascribed to the large enhancement of carrier injection by the doping. An increase
of the magnitude of the interfacial dipole has been proposed as the possible cause
for the enhancement of carrier injection.
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INTRODUCTION

Organic light emitting diodes (OLEDs) have progressed at a rapid rate
in the past years. Carrier injection and carrier transport are key
issues in the devices, and studies on them are important both in the
fundamental understanding and in improving the device performance.
Current-voltage (J-V) characteristics of organic-based devices with
diode structures [1-3], and with metal/organic/metal structures have
been investigated [4—11]. It is recognized that injection-limited current
and bulk-limited current dominate in the devices when the energy bar-
riers to carrier injection are large enough and negligible, respectively.

To improve the device efficiency, good contacts which facilitate carrier
injection are highly desirable. Intentional molecular doping is one of the
techniques to lower the operating voltage of OLEDs [12]. Large increase
of current density in hole transport organic materials was achieved by
p-type doping [13,14]. Increase of bulk conductivity of organic material
by n-type doping was also reported [15], but successful electrical molecu-
lar doping in tris(8-hydroxy-quinoline) aluminum (Alqs), the most
widely used electron transport material in OLEDs, is still absent. We
demonstrate our recent study on the J-V characteristics of the single-
layer devices with pristine and heavily tetrathianaphthacene (TTN)-
doped Alqgs films sandwiched between two magnesium (Mg) electrodes.

EXPERIMENTAL

Alqs with high purity was provided by Nippon Steel Chemical Co., Litd.;
TTN was synthesized after literature [16], and was carefully purified
with gradient sublimation. Their chemical structures are inserted in
the figures. The devices were fabricated on glass substrates in a high
vacuum system, where the base pressure is about 5 x 10~ Torr and
the thickness of the deposited films was monitored with a quartz crys-
tal microbalance. The doped films were grown by co-sublimation, and
the dopant concentration (~10%) was controlled by the ratio of the
deposition rates. All the devices have the same structure of 100-nm-
Mg/300-nm-Organic/50-nm-Mg/Glass; the organic layer in the inter-
face-doped device is composed of 10-nm-doped-Alqs/280-nm-Alqs/
10-nm-doped-Alqgs. In situ measurements were performed at room
temperature in the same chamber just after the fabrication. Since holes
can not be efficiently injected into Alqs from Mg due to a high injection



Downloaded by [University of Haifa Library] at 10:02 22 August 2012

Current Characteristics of Pristine and TTN-doped Alqs Films 341

10' F A Pristine Alg,
F o Bulk TTN-doped (10%, 300 nm) Alg,
o Interfacial TTN-doped (10%, 10 nm) Alq,

10°
10"
107
10°

10* |

Current Density/mAcm

10°

10° k

107

15 . 20 . 25 . 30
Applied Voltage/V

o
[4,]
-
o

FIGURE 1 J-V characteristics of Mg/(TTN-doped) Alqs/Mg devices. In the
devices electrons are injected from the bottom contacts.

barrier [8], and there was no light emission observed even at high elec-
tric fields, the devices can be regarded as electron-only devices.

RESULTS AND DISCUSSION

The J-V characteristics of the devices are depicted in Figure 1.
Note that only the forward characteristics corresponding to electron
injection from the bottom contacts are shown in Figure 1, which are
almost identical with the reverse characteristics (not shown). The
identity is consistent with the previous studies on the metal/
Algs/metal structures [7,8], indicating the deposition sequence has
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little influence on the carrier injection properties of the interfaces. The
current density of the undoped device (triangle) is very small at low
electric fields and increases exponentially with the applied voltage.
A similarity of the current behavior was observed in the bulk-doped
(square) and the interface-doped (circle) devices. The current density
at relatively low electric fields is several orders of magnitude larger
than that of the undoped device, while the logarithm of the current
density is sublinear with the applied voltage.

For carrier injection from metals into dielectrics over a Schottky
barrier, the J-V characteristics is usually described by the Richard-
son-Schottky (RS) thermionic emission model, i.e. J ~ exp(F/?),
where F is the electric field [17]. Figure 2 shows lgJ-F/2 plots of the

10' 3 4 Pristine Alq,
F o Bulk TTN-doped (10%, 300 nm) Alq,
o Interfacial TTN-doped (10%, 10 nm) Alq, ‘

Current Density/mAcm?

0.0 0.2 0.4 0.6 0.8 1.0
. . 12 2 -1/2
Electric Field"/MV"?cm™

FIGURE 2 lgJ versus F'/? plots of the data shown in Figure 1.
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devices data. For the undoped device, g yields a closely linear depen-
dence on F'/2, which accords with the prediction of the RS model. The
small variance from the linear relationship at low electric fields may
be induced by the leakage current. Moreover, the slope of the fitted
straight line is 0.0083 (cm/V)'/2, close to the RS model-derived value
of 0.0076 (cm/V)Y/2. Still, however, we should note that the RS model
was developed for high mobility materials in which the electronic
states are highly delocalized. Thus theoretically it is not fully
applicable to the present amorphous Alqs films. Barth and coworkers
have shown the resemblance of field dependence but the quantitative
differences to the RS model in their Algs-based devices [6]. Taking
account of the charge recombination rate at metal/organic interface,
Scott and Malliaras have proposed an analytical expression for the
net injection current [18]

J = 4qNouFy* exp(—p/kT) exp(q+/qF [4neo /kT) (1)

where N, is the density of chargeable sites in the organic film, u is
the charge carrier mobility, ¢ is the zero-field barrier height, and
is a function of the reduced electric field [18]. We tested the undoped
device data by lg(J /Flﬁz)-Fl/ 2 plots (not shown), and observed a closely
linear relationship similar with that of lgJ-F' 1/2 plots in Figure 2.
Furthermore, assuming No~102cm 3 and g~ 1x 10 %cm2?V s 1,
based on the present experimental data (the ordinate intercepts of
lg(J /Fyy?)-F'/? and 1gJ-F'/2 plots), the barrier heights ®g derived from
Eq. (1) and from the RS model are 0.26eV and 0.63 eV, respectively.
The comparison indicates that the injection current over a small bar-
rier of 0.26 eV into a disorder organic film may be equivalent to that
over a large barrier of 0.63eV into a band-type material. Therefore,
we conclude that the current in the undoped device is injection-limited
even though the injection barrier is only 0.26 eV, as a consequence of
the amorphous nature of Alqs. Under the assumption of a common
vacuum level, the barrier height for electron injection in present
case is determined by the energy difference between the lowest unoc-
cupied molecular orbital (LUMO) of Alqs and the Fermi level of Mg,
which is about 0.7 eV. However, considerable vacuum level offsets nor-
mally with a negative value relative to the metal side were observed at
most metal/organic interfaces, and the offsets will modify carrier
injection barriers [19]. Kahn’s group observed a dipole barrier of
approximate 0.5 eV pointing down from Mg into Algs by photoemission
spectroscopy [8], the offset implies the electron injection barrier at the
Mg/Alqs interface is only about 0.2 eV, in agreement with the present
deduced value.
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For contacts where carriers can be readily injected into an organic
film, the field gradient caused by the high concentration of the injected
carriers would limit the current density. If the effects of trapping and
field dependence of mobility are neglected, the space-charge-limited
current (SCLC) follows the Mott-Gurney square law [20]

seo V2
-t ®

where d is the thickness of the organic film. J-V?2 plots of the devices
data are shown in Figure 3. An explicit linear dependence of J on V2 in
both the bulk- and interface-doped devices is observed, implying a
trap-free and field-independent SCL conduction. The similarity
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FIGURE 3 J versus V? plots of the data shown in Figure 1.
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between the bulk- and interface-doped systems excludes the
possibility of electric conduction through TTN, even if there is dif-
fusion of TTN. The slightly larger current density in the interface-
doped device might be due to that, the electron mobility is a little
higher in pure Alqs compared with that in the doped films. The results
indicate the current become bulk-limited by either the bulk-doping or
the interface-doping, resulting from the strong enhancement of
electron injection.

From the results above, we believe that the interesting phenomenon
arises from the modification of the interfacial electronic structure.
Since the reported energy of the highest occupied molecular orbital
(HOMO) of TTN (4.2eV) is 1.2eV below that of the LUMO of Alqs
(3.0eV) [19], it is not easy to expect a high efficiency of charge transfer
between the molecules. Thus the mechanism for TTN-doped Alqs may
be different from the formation of a narrow depletion layer in the
doping systems with energy matching [13,14], although we still point
out that the coulombic stabilization of the TTN?*-Alqs?~ pair, which
occurs instantaneously during the charge transfer process, can reduce
the charge transfer barrier to some extent. As another possible mech-
anism to explain the doping effect, we mention that the heavy doping
of TTN may modify the interface and results in an increase of the
interfacial dipole, for example, from 0.5eV at Mg/Algs to 0.7eV at
Mg/TTN-doped Alqs. If this occurs, the electron injection barrier will
decrease accordingly from about 0.2 eV to nearly 0 eV, and the removal
of the barrier will enhance the electron injection from Mg into
the LUMO of Algs. A change of the interfacial dipole by 0.3eV
was actually reported in the system of zinc phthalocyanine (ZnPc)
on gold by the heavy doping of tetrafluorotetracyanoquinodimethane
(F4-TCNQ) [13].

CONCLUSION

The large improvement of the current characteristic of the Alqs-based
single layer device was achieved by the TTN heavy doping. The device
based on pure Alqs exhibits the J-V characteristics approximately
with a field dependence of 1g  ~ F'/2, the current in which is injec-
tion-limited. In contrast, trap-free constant-mobility SCLC behavior
(J ~V2?) was observed in the TTN-doped devices (both bulk-doped
and interface-doped), indicating that the current is bulk-limited due
to the facile carrier injection. The modification of the interfacial dipole
has been proposed as a possible cause for the enhancement of electron
injection. The observed effect is expected to have potential applications
in the organic-based devices.



Downloaded by [University of Haifa Library] at 10:02 22 August 2012

346 S. Wang et al.

REFERENCES

[1] Burrows, P. E., Shen, Z., Bulovic, V., McCarty, D. M., Forrest, S. R., Cronin, J. A., &
Thompson, M. E. (1996). J. Appl. Phys., 79, 7991.
[2] Parthasarathy, G., Burrows, P. E., Khalfin, V., Kozlov, V. G., & Forrest, S. R.
(1998). Appl. Phys. Lett., 72, 2138.
[3] Ogawa, T., Cho, D. C., Kaneko, K., Mori, T., & Mizutani, T. (2003). Thin Solid
Films, 438-439, 171.
[4] Matsumura, M., Akai, T., Saito, M., & Kimura, T. (1996). J. Appl. Phys., 79, 264.
[5] Ioannidis, A., Forsythe, E., Gao, Y. L., Wu, M. W., & Conwell, E. M. (1998). Appl.
Phys. Lett., 72, 3038.
[6] Barth, S., Wolf, U., Bassler, H., Muller, P., Riel, H., Vestweber, H., Seidler, P. F., &
Rief, W. (1999). Phys. Rev., B60, 8791.
[7] Campbell, I. H. & Smith, D. L. (1999). Appl. Phys. Lett., 74, 561.
[8] Shen, C., Kahn, A., & Schwartz, J. (2001). J. Appl. Phys., 89, 449.
[9] Kiy, M., Losio, P., Biaggio, I., Koehler, M., Tapponnier, A., & Giinter, P. (2002).
Appl. Phys. Lett., 80, 1198.
[10] Mahapatro, A. K. & Ghosh, S. (2002). Appl. Phys. Lett., 80, 4840.
[11] Palilis, L. C., Uchida, M., & Kafafi, Z. H. (2004). IEEE J. Select. Topics Quantum
Electron., 10, 79.
[12] Zhou, X., Pfeiffer, M., Blochwitz, J., Werner, A., Nollau, A., Fritz, T., & Leo, K.
(2001). Appl. Phys. Lett., 78, 410.
[13] Gao, W. & Kahn, A. (2002). Org. Electron., 3, 53.
[14] Gao, W. & Kahn, A. (2003). J. Appl. Phys., 94, 359.
[15] Nollau, A., Pfeiffer, M., Fritz, T., & Leo, K. (2000). J. Appl. Phys., 87, 4340.
[16] Marschalk, C. & Stumm, C. (1948). Bull. Soc. chim. France, 15, 418.
[17] Sze, S. M. (1981). Physics of Semiconductor Devices, Wiley: New York.
[18] Scott, J. C. & Malliaras, G. G. (1999). Chem. Phys. Lett., 299, 115.
[19] Ishii, H., Sugiyama, K., Ito, E., & Seki, K. (1999). Adv. Mater., 11, 605.
[20] Lampert, M. A. & Mark, P. (1970). Current Injection in Solids, Academic: New York.



