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Negative giant surface potential was realized in a vacuum-evaporated film of tris(7-propyl-
8-hydroxyquinolinolato) aluminum(III) [Al(7-Prq)3]. Electroabsorption response of the film
presented an inverted polarity to that of tris(8-hydroxyquinolinolato) aluminum (Alq3),
suggesting opposite noncentrosymmetry of molecular orientation. Asymmetric dice model
with molecular geometric effect has been proposed, and propyl substitution at 7 position of
the ligands was indicated to affects the molecular posture on the surface to invert the
polarity of noncentrosymmetry. Our results opened a new possibility of controlling molec-
ular orientation in a film for device applications.

� 2013 Elsevier B.V. All rights reserved.
Tris(8-hydroxyquinolinolato) aluminum(III) (Alq3,
Fig. 1a) and its derivatives are one of the promising mate-
rial families for organic light-emitting diodes (OLEDs), and
many investigations on the film structures, electric proper-
ties, and optical properties have been reported [1–6]. A
peculiar phenomenon is giant surface potential (gSP)
build-up reaching +50 V/lm in an Alq3 film evaporated un-
der dark condition [7–15]. Such huge polarization in an or-
ganic film is applicable to electronic devices and non-linear
optical devices, if we can control the polarity and magni-
tude. The gSP build-up originates from the spontaneous
noncentrosymmetric orientation of the molecular dipoles
[7,8], although an evaporated Alq3 film has an amorphous
form. The degree of anisotropy was estimated to be small
(order parameter h cosh i � 1 � 10�2) [7,9,13] and the
mechanism of such small anisotropy is not fully under-
stood yet. We have recently reported that the sense of
spontaneous dipole orientation of Alq3 molecules does
not depend on the substrate even when the substrate is
the backside of the Alq3 film, which has an opposite orien-
tation of Alq3 molecules [14,15]. Therefore, the interfacial
interaction between the 1st Alq3 layer and the substrate
is not the trigger for the macroscopic molecular orienta-
tional anisotropy and thus emergence of gSP. We have pro-
posed that the molecular geometric effect originating from
the molecular shape of Alq3 is the origin of the noncentro-
symmetric molecular orientation [15]. The molecule can be
regarded as an asymmetric dice rolled on the table, pre-
senting an uneven distribution of the postures. Fig. 1c
schematically illustrates this ‘‘asymmetric dice model’’.
Intuitively, most favorable postures of an Alq3 molecule
on a flat surface are those in which each one position in
three ligands (shown as thick black circles) attaches to
the surface. There are two such postures, but those two
attachment planes (shown as a dark yellow line at the bot-
tom and light yellow triangle at the top) are not parallel to
each other. Following this consideration, we can predict
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Fig. 1. Top: molecular structure of (a) Alq3 and (b) Al(7-Prq)3. Bottom: schematic steric view of (c) mer-Alq3 and (d) mer-Al(7-Prq)3 sitting on flat surfaces
(dark yellow lines at the bottom of the figures). Circles represents atoms in the molecules, colored by elements (light blue for H, grey for C, dark blue for N,
red for O, and grey with label ‘‘Al’’ for the central Al atoms). Circles drawn with thick lines represent adsorption points, each belonged to the three ligands.
Yellow triangles at the top of the figures show another adsorption planes when the molecules are flipped upside down. Dark red arrows show the molecular
dipole moments (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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that a peripheral substitution in the ligands of Alq3, espe-
cially at three and/or 7 position where the ligands attach
to the surface, may significantly affect the molecular
orientation.

In this work, we investigated tris(7-propyl-8-hydrox-
yquinolinolato) aluminum(III) [Al(7-Prq)3, Fig. 1b] [16] to
examine our asymmetric dice model. As shown in Fig. 1d,
the posture of Al(7-Prq)3 on the surface is significantly
tilted from that of Alq3. Indeed, an average of the molecular
dipole moment projected to the surface normal over the
two postures was +0.72 Debye and �0.15 Debye for Alq3

and Al(7-Prq)3, respectively, suggesting that the polarity
of gSP can be inverted (i.e. negative) in Al(7-Prq)3 thin
films. We measured surface potential (SP) and first-order
electroabsorption (EA) response of Alq3 and Al(7-Prq)3 thin
films to examine the noncentrosymmetry in Al(7-Prq)3 and
Alq3 films.

Experimentally, Al(7-Prq)3 was synthesized by reaction
between triethylaluminum and 7-n-propyl-8-hydroxy-
quinoline in the presence of triethylamine in high yields,
and purified by recrystallization from chloroform and
petroleum ether [16]. Alq3 was purchased from Tokyo
Chemical Industry, Co., Ltd., and used without further puri-
fication. They were evaporated using a conventional vac-
uum evaporator (SVC-700TM, Sanyu Electron, Co.) onto
indium tin oxide (ITO)-coated glass (100 Xsq, Kinoene Ko-
gaku, Co., Ltd.), fused silica, and silicon substrates. The
evaporation rate was controlled to be ca. 1 nm/s, moni-
tored by a quartz thickness monitor (XTC/2, Inficon, Inc.).
SP values of the samples were measured in air with a Kel-
vin probe (KP) measurement system (KP-6500, McAllister
Technical Service, Inc.). These experiments were per-
formed under dark condition. The film thickness was
determined by a spectroscopic ellipsometer (M-2000UI, J.
A. Woollam Co., Inc.). UV–Visible absorption spectrum of
the films was measured using a CCD optical multichannel
analyzer (USB-2000, Ocean Optics, Inc.). Semitransparent
Al electrodes of 27 nm thick were evaporated using the
same vacuum evaporator to fabricate sandwich-structured
devices for EA measurement. EA measurement was per-
formed using a home-made setup, applying an AC external
electric field of 1.2 � 105 V/cm at 138 Hz [13]. Wavelength
was scanned from 360 nm to 800 nm. First-order EA re-
sponse was obtained by detecting the component in the
transmitted light intensity changing at the same frequency
as the external AC electric field using a lock-in amplifier
(SR830, Stanford Research, Inc.). First-order EA response
originates from the second-order non-linear optical pro-
cess, reflecting the noncentrosymmetry of the material.
Molecular dipole moments of meridional Al(7-Prq)3 and
Alq3 were theoretically obtained by DFT calculation on
Gaussian09 using RB3LYP/6–31G(d,p) basis set.

Fig. 2a shows absorption coefficient spectra a of Al(7-
Prq)3 and Alq3 films, and Fig. 2b shows refractive indices n
and extinction coefficients k of them determined by the
spectroscopic ellipsometry. Al(7-Prq)3 presented an absorp-
tion peak at 407 nm with a profile similar to but slightly
red-shifted (14 nm) from that of Alq3, suggesting that the
electronic states of Al(7-Prq)3 and Alq3 are similar to each
other. However, the magnitude of a, n and k of Al(7-Prq)3

are significantly smaller than those of Alq3, due to lower
density of the film originating from the bulky propyl groups.
Indeed, the ratio of the actual film thickness determined by
the ellipsometry over the apparent thickness obtained by
the uncalibrated quartz thickness monitor was 0.75 for
Al(7-Prq)3 and 0.60 for Alq3, indicating that the density of



Fig. 2. (a) Absorption coefficient spectra of Al(7-Prq)3 (red thick line) and Alq3 (black thin line) thin films vacuum-evaporated on quartz substrates. Small
peaks around 600 nm originated from optical interference in the films. (b) Refractive indices n and extinction coefficients k of Al(7-Prq)3 (red thick lines)
and Alq3 (black thin lines) determined by spectroscopic ellipsometry (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. (a) Thickness dependence of surface potential of Al(7-Prq)3 on Si (red open circles) and on ITO-coated glass (red filled square), and Alq3 on Si (black
open circle) and on ITO (black filled square). Lines present results of linear fitting, red thick line for Al(7-Prq)3 and black thin line for Alq3. The slope of the
lines stand for the normalized surface potential values, �118 V/lm for Al(7-Prq)3 and + 45 V/lm for Alq3. Thin dotted line corresponds to 0 V for guiding
eyes. (b) Electroabsorption spectra of Al(7-Prq)3 (red thick line) and Alq3 (black thin line) thin films vacuum-evaporated on ITO-coated glass substrates. Thin
dotted line corresponds to 0 for guiding eyes (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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the former is much smaller than the latter. This is also con-
sistent with the report that Al(7-Prq)3 presented signifi-
cantly smaller electroluminance than Alq3 [16].

SP of the Al(7-Prq)3 thin films were negative and their
magnitude was significantly larger than that of the Alq3

thin films, as shown in Fig. 3a. SP normalized by the film
thickness was �118 V/lm for Al(7-Prq)3 and +45 V/lm
for Alq3. The EA response of the Al(7-Prq)3 thin film also
presented an opposite polarity and significantly (about
3.7 times) larger magnitude, as shown in Fig. 3b. These re-
sults are qualitatively consistent with the prediction of the
asymmetric dice model. However, the magnitudes of gSP
and EA response of Al(7-Prq)3 were a few times larger than
those of Alq3. Considering the magnitude of molecular di-
pole moment (3.7 Debye for Al(7-Prq)3 and 5.2 Debye for
Alq3) and the density of Al(7-Prq)3 which is lower than that
of Alq3, the order parameter of molecular orientation in the
Al(7-Prq)3 films is significantly larger than that of Alq3

films. This is not elucidated by the asymmetric dice model,
suggesting that the model requires improvement for quan-
titative prediction. However, the asymmetric dice model
provides a qualitative guideline for molecular design of
Alq3 derivatives to control the noncentrosymmetry in their
vacuum-evaporated films.

In summary, we investigated SP and EA response of
vacuum-evaporated Al(7-Prq)3 films, expecting that
substitution at 7 position of the ligands may significantly
affect to the molecular posture on the surface based on
our asymmetric dice model. It was revealed that the
Al(7-Prq)3 films presented negative gSP, opposite to the
Alq3 films, and the EA response of the films also presented
consistent results. Our finding demonstrated that the
molecular geometric consideration – asymmetric dice
model – is a plausible elucidation for the origin of gSP
and spontaneous noncentrosymmetric molecular orienta-
tion, and it is suggested that gSP and molecular orienta-
tional noncentrosymmetry in the film can be controlled
by substitution in the ligands. This finding leads to a useful
molecular design guideline for various electronic and opti-
cal devices.

Acknowledgements

This work was partly supported by the International Re-
search & Development Program of the National Research
Foundation of Korea (NRF) (Grant No. K21003001810-
11E0100-01510) and the Seoul R&D Program (Grant No
10919). J.W. Han thanks for a financial support by Basic
Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology of Korea (2012R1
A6A1029029).



T. Isoshima et al. / Organic Electronics 14 (2013) 1988–1991 1991
References

[1] C.W. Tang, S.A. van Slyke, Organic electroluminescent diodes, Appl.
Phys. Lett. 51 (1987) 913–915.

[2] C.H. Chen, J.M. Shi, Metal chelates as emitting materials for organic
electroluminescence, Coord. Chem. Rev. 171 (1998) 161–174.

[3] S.-H. Liao, J.-R. Shiu, S.-W. Liu, S.-J. Yeh, Y.-H. Chen, C.-T. Chen, T.J.
Chow, C.-I. Wu, Hydroxynaphthyridine-derived group III metal
chelates: wide band gap and deep blue analogues of green Alq3

(tris(8-hydroxyquinolate)aluminum) and their versatile applications
for organic light-emitting diodes, J. Am. Chem. Soc. 131 (2009) 763–
777.

[4] J. Wang, K.D. Oyler, S. Bernhard, Synthesis and characterization of
hemicage 8-hydroxyquinoline chelates with enhanced
electrochemical and photophysical properties, Inorg. Chem. 46
(2007) 5700–5706.

[5] Y.-W. Shi, M.-M. Shi, J.-C. Huang, H.-Z. Chen, M. Wang, X.-D. Liu, Y.-G.
Ma, B. Yang, Fluorinated Alq3 derivatives with tunable optical
properties, Chem. Commun. (2006) 1941–1943.

[6] V.A. Montes, R. Pohl, J. Shinar, P. Anzenbacher Jr., Effective
manipulation of the electronic effects and its influence on the
emission of 5-substituted tris(8-quinolinolate) aluminum(III)
complexes, Chem. Eur. J. 12 (2006) 4523–4535.

[7] E. Ito, Y. Washizu, N. Hayashi, H. Ishii, N. Matsuie, K. Tsuboi, Y. Ouchi,
Y. Harima, K. Yamashita, K. Seki, Spontaneous buildup of giant
surface potential by vacuum deposition of Alq3 and its removal by
visible light irradiation, J. Appl. Phys. 92 (2002) 7306–7310.

[8] K. Sugi, H. Ishii, Y. Kimura, M. Niwano, E. Ito, Y. Washizu, N. Hayashi,
Y. Ouchi, K. Seki, Characterization of light-erasable giant surface
potential built up in evaporated Alq3 thin films, Thin Solid Films 464
(465) (2004) 412–415.

[9] K. Yoshizaki, T. Manaka, M. Iwamoto, Large surface potential of Alq3

film and its decay, J. Appl. Phys. 97 (2005) 023703.
[10] N. Hayashi, K. Imai, T. Suzuki, K. Kanai, Y. Ouchi, and K. Seki,

Substrate Dependence of Giant Surface Potential of Alq3 and The
Examination of Surface Potential of Related Materials, Proc. Int.
Symp. Super-Functionality Organic Devices, IPAP Conference Series
6 (2005) 69–72.

[11] H. Ishii, N. Hayashi, E. Ito, Y. Washizu, K. Sugi, K. Kimura, M. Niwano,
Y. Ouchi, K. Seki, Kelvin probe study of band bending at organic
semiconductor/metal interfaces: examination of Fermi level
alignment, Phys. Status Solidi A 201 (2004) 1075–1094.

[12] E. Ito, T. Isoshima, K. Ozasa, M. Hara, Influence of organic overlayer
on giant surface potential of Alq3 film, Mol. Cryst. Liq. Cryst. 462
(2007) 111–116.

[13] T. Isoshima, H. Ito, E. Ito, Y. Okabayashi, M. Hara, Long-term
relaxation of molecular orientation in vacuum-deposited Alq3 thin
films, Mol. Cryst. Liq. Cryst. 505 (2009) 297–301.

[14] Y. Okabayashi, E. Ito, T. Isoshima, H. Ito, M. Hara, Negative giant
surface potential of peeled Alq3 thin film, Thin Solid Films 518
(2009) 839–841.

[15] Y. Okabayashi, E. Ito, T. Isoshima, M. Hara, Positive giant surface
potential of tris(8-hydroxyquinolinolato) Aluminum (Alq3) film
evaporated onto backside of Alq3 film showing negative giant
surface potential, Appl. Phys. Express 5 (2012) 055601.

[16] Y. Hamada, T. Sano, M. Fujita, T. Fujii, Y. Nishio, K. Shibata, Organic
electroluminescent devices with 8-hydroxyquinoline derivative-
metal complexes as an emitter, Jpn. J. Appl. Phys. 32 (1993) L514–
L515.

http://refhub.elsevier.com/S1566-1199(13)00191-2/h0005
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0005
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0010
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0010
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0015
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0015
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0015
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0015
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0015
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0015
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0020
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0020
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0020
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0020
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0025
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0025
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0025
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0025
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0030
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0030
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0030
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0030
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0035
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0035
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0035
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0035
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0035
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0040
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0040
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0040
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0040
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0040
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0045
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0045
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0050
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0050
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0050
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0050
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0055
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0055
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0055
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0055
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0060
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0060
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0060
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0060
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0065
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0065
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0065
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0065
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0070
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0070
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0070
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0070
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0070
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0070
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0075
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0075
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0075
http://refhub.elsevier.com/S1566-1199(13)00191-2/h0075

	Negative giant surface potential of vacuum-evaporated  tris(7-propyl-8-hydroxyquinolinolato) aluminum(III)  [Al(7-Prq)3] film
	Acknowledgements
	References


