
(Fig. 4). These results explicitly indicate that Sc3+ ions
migrated to the cathodic side, due to electrolysis, and
deposited on the cathodic surface, and the mobile cationic
species in Sc1/3Zr2(PO4)3 can be directly identified as
Sc3+ ions.

In summary, a new solid electrolyte, Sc1/3Zr2(PO4)3,
was synthesized by a sol-gel method. The conducting ion
species was clearly demonstrated to be the Sc3+ ion, and
its trivalent ion conductivity was comparable to that of
the Sc2(WO4)3-type tungstate solid electrolyte series. Be-
cause the present solid electrolyte is based on phosphate
containing Zr4+ and P5+, which are extremely difficult to
reduce in a variety of atmospheres, in addition to the mo-
bile Sc3+ ion, the phosphate electrolyte can be applicable
even in a reducing atmosphere where hexavalent tung-
sten ions are easily reduced. The above-mentioned prop-
erties of the Sc3+ ion conducting Sc1/3Zr2(PO4)3 solid
electrolyte have greatly contributed to opening a new
door for realizing practical applications of advanced ma-
terials such as rechargeable batteries and various types of
chemical sensors.

Experimental

Sc1/3Zr2(PO4)3 was prepared by a sol-gel method using high-purity Sc2O3

(99.9 %), ZrOCl2×8H2O (99.95 %), and NH4H2PO4 (99 %) as the starting
materials. Sc2O3 and ZrOCl2×8H2O were separately dissolved in a 3 N
HNO3 solution and mixed with each other afterwards. Then a NH4H2PO4

solution (3 %) was dropped into the mixed nitric acid solution. After white
precipitation was obtained, the solution was heated at 75 �C for 24 h, then
water in the solution was vaporized by heating at 130 �C for 8 h. The dried
precipitate was heated at 300 �C for 24 h, and the white powder obtained
was pelletized and sintered at 850 �C for 24 h. Pt electrodes were sputtered
on both center surfaces of the sample pellet. The AC conductivity of the
sample was measured by a complex impedance method using the Precision
LCR meter (Hewlett Packard) in the frequency range between 20 Hz and
1 MHz at a temperature range of 350±600 �C in air. The polarization behav-
ior was investigated by measuring the time dependence of the sDC/sAC ra-
tio, and the oxygen partial pressure dependencies of the electrical conduc-
tivity were measured at oxygen pressures between 10±12 and 105 Pa.
Electrolysis of the sample pellet was performed by applying a DC voltage
of 3 V at 750 �C for 400 h for the purpose of identifying the conducting spe-
cies, and the investigation of the cathodic surface of the sample after elec-
trolysis was done by SEM (SEM, S-800, Hitachi) and EPMA (EPMA-1500,
Shimadzu).
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Role of Electrode Contamination in Electron
Injection at Mg:Ag/Alq3 Interfaces**

By Chongfei Shen, Ian G. Hill, and Antoine Kahn*

Small-molecule organic light-emitting diodes (OLEDs)
comprise interfaces formed by vacuum deposition of metals
on organic materials and organic materials on metals. A
typical OLED configuration includes an organic hole-
transport layer deposited on a high work function anode,
and a low work function cathode metal evaporated on top
of an organic electron-transport layer.[1] Stacked OLEDs[2]

and surface-emitting OLEDs[3] include several of these in-
terfaces, which leads to a situation where metal-on-top and
organic-on-top interfaces of a same pair of materials could
operate in the same device. These interfaces, however, can
have markedly different properties. Among the constitu-
ents of small-molecule OLEDs, tris (8-hydroxyquinoline)
aluminum (Alq3) is extensively used as the electron-trans-
port and luminescent material, and Mg:Ag (weight ratio
10:1) is commonly used as the low work function (~3.7 eV)
electron-injecting cathode on Alq3. Yet, the morphology
and chemistry of interfaces between these highly dissimilar
materials depend sensitively on their deposition sequence.
Alq3 deposited on Mg forms a more abrupt interface than
Mg deposited on Alq3,[4,5] which reacts with the core of the
molecule and diffuses into the organic layer.[5,6] New elec-
tronic states appear in the gap of the organic material at
these interfaces. Similar states have been observed at inter-
faces between Alq3 and Ca,[7] K and Li,[8] and Al,[6] and be-
tween PTCDA (3,4,9,10-perylenetetracarboxylic dianhy-
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Fig. 4. The results of the EPMA spot analysis of the cathodic surface after
(a) and before (b) electrolysis.
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dride) and In, Sn, or Al.[9] The formation and occupation of
these states results from a charge transfer from the metal,
or metal atom, to the molecule.

The manifestation of the physical and chemical differ-
ences between metals and organic molecular solids can
have direct and widespread consequences in terms of lumi-
nescence and carrier transport in OLEDs. Photolumines-
cence quenching near metal-on-top interfaces has been
linked to the formation of non-radiative recombination
centers via metal diffusion into and reaction with small-
molecule and polymeric organic layers.[10,11] The situation
remains a bit more confused, however, with regards to the
role of reaction and interdiffusion in the carrier injection
process. One previous study reported symmetric forward
and backward current±voltage (I±V) characteristics for sev-
eral metal/Alq3/metal structures, including structures con-
taining interfaces where reaction and interdiffusion are
dominant.[12] Another reported highly asymmetric I±V
characteristics for Mg:Ag/Alq3/Mg:Ag structures.[13] The
latter, fabricated under 10±5 torr vacuum, were shown to
exhibit electron current injected from the metal-on-top
electrode two to three orders of magnitude larger at equal
voltage than the current injected from the bottom elec-
trode. It was suggested that the asymmetry was the result
of the disruption of the organic layer by the deposition of
the metal, and that the injection enhancement was in part
due to defects induced by the deposition of Mg at the met-
al-on-top interface. Although this view may hold true for
some metal±organic interfaces, we show here that the envi-
ronment in which the Mg:Ag/Alq3/Mg:Ag structure is fab-
ricated is the factor that most affects the electrical behavior
of the device, and that Mg diffusion and reaction with Alq3

have little if any effect on the charge injection. We investi-
gate Mg:Ag/Alq3/Mg:Ag structures fabricated and tested
under high vacuum, with and without exposure of the bot-
tom electrode to an atmosphere of nitrogen (with a sub-
stantial amount of oxygen and water vapor). We report that
the chemical state of the bottom electrode surface is crucial
in terms of device performance, and that the previously re-
ported asymmetric injection behavior most likely origi-
nated from poor vacuum, leading to contamination of the
bottom metal electrode during device fabrication.

All experiments were performed under an ultra-high
vacuum system composed of three interconnected cham-
bers allowing in-vacuo sample transfer between the prepa-
ration chamber, the growth chamber, and the surface anal-
ysis chamber. The samples were first loaded in the
preparation chamber. The metal/organic/metal structures
(Fig. 1), including the top contact, were fabricated in the
growth chamber (base pressure <2 ´ 10±9 torr). The chemi-
cal analysis of the metal surfaces was performed via X-ray
photoemission spectroscopy (XPS) in the analysis chamber
(pressure <1 ´ 10±10 torr). The overall resolution of the
XPS measurement was about 0.7 eV. I±V characterization
of the diodes was performed in the preparation chamber at
a base pressure of 2 ´ 10±8 torr in order to eliminate poten-

tial effects on the transport characteristics of cathode oxi-
dation and deterioration of the organic layer in air.

The test structures used in this work were built on in-
dium tin oxide (ITO)/glass substrates purchased from Ap-
plied Films Corp. The ITO cleaning procedure consisted of
two consecutive five minute rinse cycles in each of boiling
trichloroethylene, acetone, and boiling methanol. The sur-
face was blown dry with high-purity nitrogen and loaded in
the preparation chamber. After pumping to 2 ´ 10±8 torr,
one of a pair of samples was transferred to the growth
chamber where 700 � Mg:Ag (10:1) followed by 1200 �
Alq3 were deposited. A shadow mask with arrays of 0.78,
0.13, and 0.078 mm2 round apertures was used during the
deposition of the 700 � top Mg:Ag (10:1) contact to define
separate diodes. The sample was then transferred back to
the preparation chamber for in-situ I±V measurements.
The other sample was also transferred to the growth cham-
ber where 700 � Mg:Ag (10:1) was deposited and immedi-
ately transferred to the analysis chamber for XPS analysis.
The O(1s), C(1s), Mg(2s), and Mg(2p) core levels were re-
corded using the Zr Mz (151.4 eV) or Al Ka (1486.6 eV)
photon lines of the X-ray source. The sample was then
transferred back to the preparation chamber where it was
subsequently exposed for ten minutes to an ambient, nitro-
gen-rich atmosphere (containing an unspecified amount of
oxygen and water vapor). Following pumping, the sample
was transferred back to the analysis chamber for XPS
study, then to the growth chamber for deposition of a
1200 � Alq3 layer followed by 700 � of Mg:Ag through
the shadow mask for the top contact. I±V measurements
were subsequently obtained in the preparation chamber.

Figure 2 shows the O(1s), Mg(2s), and Mg(2p) core level
peaks measured on the Mg:Ag film before (top) and after
(bottom) ambient exposure. No O(1s) is detected before
exposure. The Mg(2s) and (2p) spectra excited with the
Al Ka and Zr Mz photon lines exhibit metallic peaks at
1392.7 eV and 96.9 eV, respectively. The Mg(2p) spectrum
(electron escape depth = 5 �) is considerably more surface
sensitive than the Mg(2s) spectrum (electron escape depth
= 20 �). The 95.1 eV component in the Mg(2p) spectrum
indicates a small amount of reacted species, presumably
oxide related. The high reactivity of Mg leads to the uptake
of a small fraction of a monolayer of oxygen from the resid-

Fig. 1. Schematic diagram of the metal/Alq3/metal structure. The shaded
area represents the thin oxide layer introduced by exposure of the Mg:Ag
bottom contact layer to ambient pressure.



ual background gas during deposition or sample transfer.
The photo-excitation cross-section for Mg(2p) using the
Zr Mz line is about two orders of magnitude larger than
those of O(1s) and Mg(2s) using the Al Ka line, consistent
with the detection of an oxide-related signal in one case
and not in the others. The asymmetry on the high binding
energy side of the Mg peak is also due to standard elec-
tron±electron energy loss in the process of photoemission
from a metallic surface.[14]

Following ambient exposure, a large O(1s) doublet is ob-
served. The 948.4 eV and 950 eV peaks correspond to Mg
hydroxide and Mg oxide, respectively.[15,16] Both Mg(2s)
and Mg(2p) core levels also exhibit new high-binding
energy components. The 95.1 eV Mg(2p) component is
wider than the unreacted bulk component, presumably be-
cause of multiple binding configurations in the inhomoge-
neous oxide layer. The metallic Mg(2s) component remains
strong because the escape depth of the photoelectrons
leads to a sizable contribution from the bulk Mg under-
neath the reacted layer. On the other hand, the metallic
component of Mg(2p) is all but eliminated because of the

short escape depth of the 90±100 eV electrons. A simple
analysis based on peak areas of the bulk and surface-sensi-
tive components, assuming compositional homogeneity in
the reacted layer, leads to an oxide thickness of 15 ± 5 �.

Figure 3 shows the I±V characteristics for the Mg:Ag/
Alq3/Mg:Ag structure without and with oxidation of the
bottom electrode. Without oxidation, the electron injection
currents for the top electrode negatively biased (hereafter
called top-biased) and the bottom electrode negatively
biased (called bottom-biased) are nearly identical (Fig. 3a).
This is to be contrasted with an earlier result that reported
a two orders of magnitude difference between top-biased
and bottom-biased current.[13] With oxidation of the bot-
tom electrode, however, the top-biased current becomes
considerably larger than the bottom-biased current
(Fig. 3b). The ratio is about two orders of magnitude above
4±5 V, reproducing closely the earlier result.[13] The top-
biased current in the oxidized case is also nearly one order
of magnitude smaller than in the non-oxidized case.

When the bottom electrode is not oxidized, the energy
barriers for electron injection from the top and bottom
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Fig. 2. O(1s) (left), Mg(2s) (middle), and Mg(2p) (right) core levels measured from the Mg:Ag bottom layer before (top) and after (bottom) exposure to an ambi-
ent nitrogen-rich atmosphere.
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electrodes are about identical and 0.1 eV, according to our
recent photoemission measurements.[6] This is consistent
with the nearly identical top- and bottom-biased currents
shown in Figure 3a.

When the bottom electrode is oxidized, the insulating
Mg oxide layer affects both top- and bottom-biased cur-
rents. The top-biased injection is still determined by the
0.1 eV Mg/Alq3 electron barrier. However, the insulating
layer causes an accumulation of electrons at the bottom
Alq3/Mg interface. One consequence of this accumulation
is that the electric field in Alq3 is reduced, for the same ex-
ternal bias, with respect to the no-oxide case. The barrier
lowering due to image force at the top Mg/Alq3 interface is
reduced, and the top-bias current decreases with respect to
the no-oxide case. The most significant effect of the oxida-
tion, however, is on the bottom-biased current for two rea-
sons: 1) the electrons must first tunnel through the insulat-
ing layer, thus substantially reducing injection; 2) the Alq3

highest occupied molecular orbital (HOMO) level is
0.2 eV higher with respect to the Mg Fermi level at the
Alq3/oxidized Mg interface (not shown here), thus increas-
ing comparatively the electron-injection barrier.

The earlier report of asymmetric injection[13] was based on
Mg:Ag/Alq3/Mg:Ag structures made under moderate vacu-
um (10±5 torr). It was originally suggested that the disruption
of the organic layer induced by Mg diffusion, and reaction
with Alq3 at the metal-on-top interface might help injection
by providing a graded interface with a series of energy levels
between the metal Fermi level and the lowest occupied mo-
lecular orbital.[4] The present experiment conclusively dem-
onstrates that the disruption and diffusion, which are seen
mainly at the Mg:Ag-on-top interface, are not the cause of
the difference between top-biased and bottom-biased cur-
rents. The two orders of magnitude difference reported ear-
lier was most likely due to an oxide layer formed on the
highly reactive Mg surface in the 10±5 torr vacuum prior to
Alq3 deposition. The conclusion for this specific metal/or-
ganic system is therefore that the reaction and interdiffusion
that take place at the metal-on-top interface are not respon-
sible for a significant increase in efficiency of the contact, as

was previously believed. The fact that the electron barrier is
intrinsically small (0.1 eV) may explain why the disruption
created by the metal deposition deep into the organic layer
does not alter the injection. It is possible that such disruption
may affect injection at larger barriers,[17] but has not yet
been unambiguously established. Finally, we note that in the
case where no oxide is present on the bottom electrode, the
bottom-biased current is slightly larger than the top-biased
current on most of the voltage range (Fig. 3a). On the other
hand, Mg/Alq3/Mg structures consistently exhibit slightly
larger top-biased currents. We therefore tentatively attrib-
ute the small difference noted above to a lack of control of
the Mg:Ag ratio in the top and bottom electrodes.

We investigated the effect of fabrication environment on
I±V characteristics of nominally symmetric Mg:Ag/Alq3/
Mg:Ag structures. We showed that the structure fabricated
under stringent vacuum conditions exhibits symmetric I±V
characteristics. The results imply that the contacts formed
by evaporating Mg:Ag on Alq3, or Alq3 on Mg:Ag, are
equally efficient and that, unlike a previous report, the per-
turbation caused to the organic layer by the top deposited
metal has no significant impact on the injection process.
We further showed that the previously reported asymmetry
in the I±V characteristics of the structure was probably due
to poor vacuum, which led to the appearance of some Mg
oxide during fabrication of the bottom electrode.
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Synthesis, Structures, and Properties of
New Organic Conductors Based on
Tellurocycle-Fused TTF Donor Molecules

By Emiko Ojima, Hideki Fujiwara, Hayao Kobayashi,*
and Akiko Kobayashi

The advance of organic conductors has been accelerated
by the emergence of novel molecular systems. In the search
for excellent electron donors for organic conductors, inter-
est in tellurium-containing tetrathiafulvalene (TTF) deriva-
tives has grown over the last few years because a new me-
tallic system with wide bandwidth and high dimensionality
is expected due to the large electron cloud of tellurium
atoms.[1] In addition, conducting salts based on tellurium-
containing donor molecules are interesting because the
tellurium network is a dominant factor in the arrangement
of the whole crystal structure.[2] For example, the investiga-
tion of tellurium-substituted TTFs has been performed on
tetrakis(alkyltelluro)- and (phenyltelluro)-TTFs (1[3] and
2[4]) and yielded the discovery of tetrakis(methyltelluro)-
TTF (1, n = 1) as a high-mobility single-component organic
semiconductor owing to the two-dimensional tellurium net-
work.[5] Recently the propyleneditelluro-substituted TTF
derivatives 3±6 have been reported as the first examples of
tellurocycle-fused TTF donor molecules.[6] Several studies
have been made on their 7,7,8,8-tetracyanoquinodimethane
(TCNQ) and 2,5-difluoro-TCNQ (TCNQF2) complexes;
however, no cation radical salt has been reported. There-
fore we focused on other tellurocycle-fused TTF donor
molecules. In this communication we report the synthesis,
crystal structure, and electrochemical properties of a new
tellurocycle-fused TTF donor, 4,5-dimethyl-4¢,5¢-propyl-
eneditelluro-TTF (7), and crystal structures and electrical
properties of the charge-transfer complex and cation radi-
cal salts prepared from 7.

The tellurocycle-fused TTF donor 7 was synthesized as
shown in Scheme 1. Lithiation of dimethyl-TTF
(DMTTF)[7] with lithium diisopropylamide (LDA), fol-
lowed by treatment with elemental tellurium generated di-
lithium 4,5-dimethyl-TTF-4¢,5¢-ditellurolate, which was
then reacted with 1,3-dibromopropane. The donor 7 was
obtained as air-stable red±brown crystals in 8 % yield.

Scheme 1. Synthesis of 7. Reagents and conditions: i) LDA (2.2 equiv.), dry
THF, ±78 �C, 2.5 h; ii) Te (2.0 equiv.), ±78 to 0 �C, 6 h; iii) Br(CH2)3Br
(1.0 equiv.), ±78 �C to room temperature, overnight.

X-ray crystallographic analysis was performed on a sin-
gle crystal of 7 recrystallized from carbon disulfide/n-hep-
tane. There are five crystallographically independent donor
molecules, and five periodic sigmoidal stackings are formed
along the c-axis. The TTF moieties have a bent structure
resembling the molecular structure of neutral bis(ethylene-
dithio)-TTF (BEDT-TTF)[8] and the propyleneditelluro
groups adopt a chair conformation (Fig. 1).

Fig. 1. The crystal structure of neutral molecule 7 viewed along the molecu-
lar short axis.

The electrochemical properties of 7 were investigated by
cyclic voltammetry. The cyclic voltammogram was mea-
sured in PhCN containing tetra-n-butylammonium perchlo-
rate at 20 �C. The donor molecule 7 showed three pairs of
reversible redox waves at +0.37, +0.76, and +0.88 V vs. Ag/
AgCl (inset of Fig. 2). On the other hand, DMTTF showed
two pairs of reversible redox waves (+0.34 and +0.76 V)
under identical conditions. The first and second redox po-
tentials of 7 correspond to those of DMTTF but the first re-
dox potential of 7 is slightly higher compared to that of
DMTTF. This result suggests that the electron-donating
ability of 7 is lower than that of DMTTF because of the
propyleneditelluro substituent. The third redox process at
+0.88 V occurs at the tellurium atoms. Similar multi-redox
voltammograms have been observed for the earlier re-
ported tellurocycle-fused TTF donors (3±6).[6] When we
repeated sweeping cycles between 0.0 V and 1.2 V, all three
redox waves of 7 did not change at all. However, repeated
cycling between 0.0 V and 1.5 V (higher than a shoulder
peak around 1.4 V) gradually extinguished only the third
redox wave, which completely disappeared after 20 cycles
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