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A novel transparent conducting oxide, MgTiOs-doped indium oxide (IMTO), is developed via double source reactive electron
beam evaporation technology. The IMTO film exhibits a high work function of 5.16 eV and its stability is demonstrated in air
for two months. The optical and electrical properties of IMTO film are also carried out, which are comparable to the
commercial ITO. OLEDs and PSCs are fabricated by employing IMTO as anode to try to explore the effects of IMTO on
device performance. Due to the outstanding photoelectric characteristics, significant improvements in device performance

are achieved for the IMTO-anode OLED and PSC.
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1. Introduction

Over the past few decades, interest in the study of
transparent conductive oxides (TCOs) thin films has
increased notably. Current progress in transparent
conducting oxides (TCOs) is largely driven by the rapid
development in the field of opto-electronic devices
including flat-panel displanys, energy-efficient windows,
photovoltaics and organic light-emitting diodes (OLEDs)
[1-5]. The performance of such devices is strongly
depended on desirable key properties, such as high
conductivity, Hall mobility, surface roughness, and
transparency of the electrical contacts [6-7]. Therefore,
many efforts are currently underway to optimize TCOs to
meet various challenges using different approaches that
include standard doping as well as the formation of
multi-component systems [8]. For instance, efficient
hole-injection is essential for obtaining high performance
in the case of OLEDs. Nevertheless, efficient
hole-injection action is linked to the degree of interfacial
hole-injection barrier between anode and hole transport
layer (HTL) [9]. Unfortunately, as the most used TCO
contact material, indium tin oxide (ITO), has a very low
work function ~4.7 eV [10-11]. Generally, large
hole-injection barrier can be found between ITO and HTL
when ITO is employed as contact anode in OLEDs [12].
This large hole-injection barrier is adverse for device
performance as a result of this behavior will results in

poorly balanced charge injection. In order to reduce the
energy barrier height for effectively charge carrier
transport between 1TO and adjacent layer, one of the most
commonly ways used is to modify the work function of
ITO through the adsorption of organic or inorganic layers
[13-17]. However, the inevitable defects generated from
fabricating process or post processing can be detected
[18-19].As is known to all, these defects may impair their
availability. Therefore, it is of great importance to develop
new TCOs with high effective and stable work function to
match the energy level of either highest occupied
molecular orbital (HOMO) or lowest unoccupied
molecular orbital (LUMO) of the molecules for further
optimizing the performance for organic optoelectronic
devices.

In this paper, we propose a novel TCO, magnesium
titanate (MgTiO3) doped indium oxide (IMTO), with
comparable properties in optical and electrical aspects to
commercial 1TO. Noticeably high work function
characteristic of IMTO film is obtained. Typically OLEDs
and PSCs are fabricated by employing IMTO as contact
anode in regular configuration to demonstrate the
effectiveness of work function. Benefiting from the
superior photoelectric characteristics of IMTO, the
performance of devices with IMTO anode is significantly
improved.
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2. Experimental details

IMTO thin film was deposited on polished BK7 glass
substrates at a substrate temperature of 573 K by double
source reactive electron beam evaporation associating with
End-Hall IAD (EHIAD) technology. Substrate was kept 35
cm approximately above the center between the two
sources. The high-purity source materials, MgTiO; granule
(5N) and In,O3; power (5N) were held in two copper
crucibles, respectively. The film deposition rate and
thickness were monitored in situ by a commercial vacuum
thin film deposition controller (MDC-360C). Two separate
mass flow controllers were employed to control the gas
flow rate of pure argon and oxygen. The evaporation
chamber was initially evacuated at a base pressure of
1.0x10° Pa, and then argon gas was introduced into the
End-Hall ion source and oxygen gas was introduced into
the evaporation chamber with a flow rate of 1.5 and 7.5
sccm, respectively. The film was deposited in a reactive
oxygen atmosphere which was introduced into the
deposition chamber through a calibrated valve at constant
pressure ~2x107 Pa. The filament current of electron guns
were kept 47 mA and 32 mA corresponded to MgTiO; and
In,O3 crucible sources with constant voltages ~ 8.0 kV.
The electrical characteristics of IMTO sample, including
room temperature carrier concentration, resistivity and
Hall carrier mobility, were carried out by Hall Effect
measurements in an ‘in house’ fabricated sample holder,
and the maximum magnetic field applied is 0.55T. The
optical transmittance spectra were evaluated with a
Shimadzu UV-3101PC spectrophotometer. A GENE
SIS2000 XMS 60S (EDAX Inc.) was used to investigate
the composition of IMTO film. The surface morphology
and root-mean-square (RMS) roughness were performed
by using a Digital Instruments Dimension 3100 atomic
force microscope (AFM). The surface work function of
sample was measured by a KP Technology Ambient
Kelvin probe system package.

Using IMTO and commercial ITO thin films as anode
contact materials, two OLEDs were fabricated with the

following structure: ITO or IMTOIN,
N’-bis-(1-naphthyl)-N,N’-diphenyl-1,1Vbiphe-nyl1-4,4V-d
iamine (NPB,70

nm)/tris(8-hydroxyquinoline)aluminum:10-(2-Benzothiazo
lyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-(1)
benzopyropyrano(6,7-8-1,j)quinolizin-11-one

[Alg3:C545T(2%), 30 nm]/Alg3 (30 nm)/LiF (1 nm)/Al
(150 nm). Similarly, two PSCs employing IMTO and ITO

as anodes were also fabricated with the following structure:

ITO or IMTO/poly(ethylenedioxythiophene): polystyrene
sulphonate [PEDOT:PSS, 20 nm, Clevios P V
Al4083]/poly(3-hexylthiophene) (P3HT):indene-C60
bisadduct (ICBA) (~190 nm)/LiF (0.8 nm)/Al (150 nm).
Apart from the solution processable P3HT:ICBA and
PEDOT:PSS layers, other functional layers were deposited
under a high vacuum of 5x10™ Pa with a deposition rate
about 0.1~0.5 nm/s by thermal evaporation. Current
density-voltage-luminance characteristics of OLEDs were
measured by employing a Keithley 2400 source meter and
a Photo Research PR705 spectra scan system. Current

density-voltage curves of PSCs were performed in a glove
box under illumination at 100 mW cm™ using an AM1.5 G
solar simulator. The incident light intensity was set at 100
mWcem? using a NREL calibrated silicon solar cell.
Monochromatic incident photon-to-electron conversion
efficiency (IPCE) measurements were performed under
short-circuit conditions with a lock-amplifier (Stanford
Research System, Inc, SR830) at a chopping frequency of
280 Hz during illumination with a monochromatic light
form a 150 W Xenon lamp.

Fig. 1. (a) Characteristics of contact-mode atomic force

microscope  (AFM) micrographs and (b) the

corresponding cross-sectional profile of as-deposited

IMTO sample. (c) The EDX spectrum of IMTO thin film
deposited on silicon wafer.

3. Results and discussion

3.1. Electrical, optical and elementary content
properties

Surface roughness is an important characteristic of
TCOs, especially for applications as window electrodes,
since  TCOs with pinholes or spikes can cause
breakdown/shorting, and subsequent upper function layers
will undertake the irregular TCOs morphology, adversely
influencing performance and stability. Fig. 1a shows AFM
image of as-deposited IMTO sample. The surface
morphology shows that IMTO sample has a very smooth
and uniform surface. Fig. 1b shows that the RMS
roughness of sample determined by contact-mode AFM
over a 5 pm X 5 pum area is 0.704 nm, which is much
smoother than sputter-derived commercial ITO (RMS
roughness is about 2.5 nm) [20]. The behavior of smooth
and uniform surface properties can be well understood in
terms of the process of EHIAD. In this present case, we
use End-Hall source to effect film deposition, oxidation,
crystallization, and then to result in smooth, dense and
coherent IMTO films.

Electrical, optical and elementary content properties
of IMTO sample are summarized in Table 1. The energy
dispersive X-ray (EDX) results shown in Table 1 are
obtained without considering the oxygen present in the
film, due to the impossibility of distinguishing between the
oxygen signal originating from the silicon substrate and
that from the film. The EDX microanalysis is executed at
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several random places in the film, and all results exhibit
the presence of In, Mg, and Ti (Fig. 1c). The composition
of In, Mg, and Ti obtained from the areas of their peaks in
the EDX spectra are the same in all these regions for the
sample, indicating the uniformity of Mg and Ti dopant
distribution in the film. The as-deposited sample harvest a
resisitivity of 8.1x10™ Q-cm with Hall mobility and carrier

concentration of 24.1 cm?V'is?! and 3.2x10® cm’,

respectively, which are fully comparable to that of
commercial ITO [21]. Hall measurements indicate that
IMTO film is a n-type degenerated semiconductor with
carrier concentration in the order of magnitude of 10%
cm® provided by interstitial metal ions or oxygen
vacancies [4].

Table 1. Electrical, optical and component properties of the as-deposited IMTO. p: Thickness; £ : Resistivity;
M : Hall mobility; ,: Carrier concentration; +: Average transmittance between 400 nm and 1100 nm.

Sample  Element content (Wt. %) D P H n T
In Mg Ti [nm]  [Qem]  [em?VisY]  [em?] [%]
IMTO 74 17 9 97  8.1x10* 24.1 3.20x10%° 78.9
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Fig. 2. (a) Transmittance spectra of IMTO thin film (solid
line) and the bared BK7 substrate (dash line). (b) The
relationship between incident photon energy hv and
(ahv)*for IMTO sample, the inset dash line shows the
optical band gap of IMTO thin film

The UV/VIS/NIR optical transmission spectroscopy
of IMTO sample is shown in Fig. 2a. The sample exhibits
high transmittance in the VIS/NIR range and a sharp
fundamental absorption edge in UV region. It shows that
IMTO sample has an average transmittance of better than
78.9% over the spectrum range from 400 to 1100 nm.
Considering the factor that the transmittance of bared BK7
glass substrate is only 92% due to reflectivity and
absorption losses, the effectively value of IMTO seems to
be better attainable. Optical transmission spectra reveal a
maximum transmittance of 82.2% at 461 nm wavelength.
The visible and near infrared transmittance spectra shows
Fabry-Perot oscillations that result from optical
interference effect at the air-IMTO and IMTO-substrate
interfaces. Below the wavelength of 400 nm, the roll-off
transmittance curve results from the onset of band edge
absorption. The relation between incident photon energy
and absorption coefficient, which can be evaluated from
the transmission spectra, is given by

(ahv)/™ = A(hv — Ej) €))

where A is a constant and o is the optical absorption
coefficient, E, is the bandgap energy, m depends on the
transitions type [21]. For direct transitions, the value of m
is 1/2, and 3/2 is for indirect allowed transitions. Hence,
the optical band gap for direct transitions can be
determined by plotting (ahv)? versus incident photon
energy and extrapolating the linear portion of the curves to
(ahv)? = 0. While we note that this formalism is not
strictly valid for such material, modeling the measured
optical spectra with a sharp absorption edge as a direct
allowed transition provided a good fit to the data, much
better than for assuming an indirect transition. The Fig. 2b
shows the plots of (ahv)? versus photon energy (hv) for
IMTO sample. The Ej of the film is estimated to be 4.6
eV, which is larger than the Ejvalue of indium oxide (~3.5
eV). This phenomenon is well known as the
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Burstein-Moss shift [22-23].
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Fig. 3. (@) Work function results of IMTO sample by KP
probe. (b) Distribution histogram of work function and
(c) it as a function of storage time

Owing to non-contact and non-destructive
measurement, the application of Kelvin probe has
increased the understanding of surface or interfacial on the
nanometer scale [24]. Prior to the measurement of work
function for IMTO film, the work function of tip is
calibrated by a standard aluminum specimen whose work
function is 4.1 eV. As a reference, the work function of
commercial ITO sample for 50 points is also carried out
(not shown here), which is 4.62 eV and in good agreement
with earlier publication result by C. W. Tang et al [25]. The
work function results of IMTO film are presented in Fig.
3a. IMTO sample harvests a highly pristine surface work
function around 5.16 eV, which is close to the work
function of Au (5.2 eV) and much higher than that of
commercial ITO. Furthermore, although the number of
measurements reach 20, the work function of IMTO
sample do not exhibits any substantial change. As
complementary expatiation, the histogram distribution of
work function versus measuring time is illustrated in Fig.
3b. The obtained values of work function do not vary
much and they are centered in 5.16 eV. As shown in the
Fig. 3c, the stability of work function is demonstrated.

Although storage time attain two months, the work
function of sample is stable. This long-term stability in
work function of IMTO provide the potential in
commercial applications.

3.2. Effects of IMTO on the performance of
OLEDs and PSCs

To illustrate the effects of IMTO on the performance
of OLEDs and PSCs, typical OLEDs and PSCs are
fabricated by employing IMTO and ITO as contact anodes
(Fig. 4a). Fig. 4b-d shows current density-voltage (J-V),
current efficiency and luminance characteristics of OLEDs
based on IMTO and ITO anodes. As shown, OLEDs with
IMTO anode exhibits enhanced performance with
maximum luminance and current efficiency of 160900
cd/m? and 13.26 cd/A, respectively. It is significantly
higher than those (35370 cd/m® and 4.8 cd/A) of the
ITO-anode device. Moreover, current efficiency of
IMTO-anode device do not shows obviously decline even
when the current density reaches 1300 mA/cm?. On the
contrary, current efficiency of ITO-anode device decreases
quickly from 4.8 to 2.35 cd/A. Note that the higher current
density in Fig. 4a, OLED with the IMTO-anode exhibits a
turn-on voltage of 2.20 V which is much lower than 2.91
V of the commercial ITO-anode device. Clearly, the results
of IMTO-anode device demonstrate higher
electroluminescence performance, which implies that the
work function of contact electrode is an important
contributing factor on hole-injection barrier in OLEDs
[26].

Two bulk heterojunction PSCs utilizing the blend of
P3HT and ICBA as photoactive layer are investigated to
try to draw meaningfully universal conclusions from direct
comparisons of the device performance with different
contact anodes. Current density (Jsc)-voltage curves of the
PSCs based on ITO and IMTO anodes are displayed in Fig.
5a. The open-circuit voltage (Voc) of PSCs is verified to
be relevant with the difference between HOMO of donor
and LUMO of acceptor. In our results, the Voc of PSCs
with ITO and ILTO anodes have the same value of 0.82 V.
However, the PSC based on IMTO anode shows superior
power conversion efficiency (PCE) value of 6.03% with a
Jsc of 10.74 mA/cm? and a fill factor of 68.5% when the
ITO device exhibits a moderately reduced PCE value of
5.56% with a Jsc of 10.36 mA/cm’ and a fill factor of
65.4%. The main distinction in device performance lies in
short-circuit current density and fill factor which are
closely linked to the suppressed charge recombination,
fine nanostructure morphology of active layer, and contact
electrodes [27]. On account of the same preparation
condition for active layers, the smoother surface and
higher work function of contact anode should contribute
positive factors for enhanced performance of PSCs. Figure
5b show the external quantum efficiency (EQE) curves of
devices based on various anodes. It is identified that the
Jsc measured from devices are well consistent with
integrated values (10.82 and 10.21 mA/cm? for IMTO and
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ITO based devices, respectively) of the EQE spectrum.
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4. Conclusion

We have successfully developed a novel high work
function transparent conducting oxide-MgTiO; doped
indium oxide-by EHIAD technique. The IMTO film
exhibits highly competitive optical and electrical
characteristics comparing with the commercial ITO
[28-29]. Direct optical bandgap of 4.60 eV and high work
function of 5.16 eV for IMTO are obtained. Furthermore,
the stability of work function is demonstrated. The effects
of IMTO thin film on the performance of OLEDs and
PSCs are determined. The turn-on voltage of OLEDs show
obviously decline from 2.91 to 2.20 V when we apply
IMTO to replace commercial ITO as contact anode.
Furthermore, the luminance and current efficiency are
steady improved in the IMTO-anode OLED and the
enhancement in PCE by 10% is accomplished in the PSCs
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with IMTO as anode. The significant improvements in
device performance should be attributed to a combination
of small surface roughness, high work function and
excellent optical and electrical properties of IMTO. Our
results reveal that IMTO is an alternative TCO material for
high-performance organic optoelectronic devices and can
be widely applied in other fields as energy-efficient
window.
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