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Abstract

X-ray diffraction was used to study the optoelectronic characteristics of Ga-doped TiZnO
(GTZO) thin film and revealed increased crystallinity with annealing temperatures ranging
from as-grown to 450 °C. The low thin film resistivity of 6.1x10™ Q-cm and the average high
optical transmittance of 93% in the wavelength range between 350 and 800 nm makes GTZO
an alternative candidate for application in organic light-emitting diodes (OLEDs). Both GTZO
and indium-tin-oxide (ITO) anodes are employed for the successful fabrication of blue, green,
and red phosphorescent OLEDs. The similar device electrical characteristics observed could be
interpreted as evidence of the effectiveness of doping Ga in TiZnO. The simplified tri-layer
blue, green, and red phosphorescent OLEDs demonstrated high performance with respective
maximum efficiencies of 19.0%, 14.5%, and 9.1%, representing an improvement over
ITO-based OLEDs. Furthermore, the OLEDs with the GTZO anode exhibited superior
performance at higher current densities, demonstrating high potential for employment in OLED

displays and lighting applications.
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Introduction

Increasing attention is being devoted to fundamental and applied research in organic
light-emitting diodes (OLEDs) due to their potential applications in displays and solid-state
lighting. However, the surge of human-machine interfaces in a variety of electronic applications
has raised demand for indium-tin-oxide (ITO), which may likely lead to indium shortages. In
addition, ITO itself suffers from a number of disadvantages: it is chemically instable,
potentially harmful to humans and unsuitable for use with flexible substrates. Consequently,
new research efforts have focused on the development of alternative indium-free transparent
conducting oxides (TCOs), which have been shown to have characteristics comparable to ITO,
including low sheet resistance, high optical transmittance, wide band gap, adequate work
function and low cost fabrication.

Among these substituents, zinc oxide (ZnO) thin films are seen as being among the most
promising because of their low material cost, high chemical stability, ease of doping,
non-toxicity, and optoelectronic properties which are equal to or potentially superior to those of
typical ITO films.'” The electrical resistivity of a ZnO thin film can be further improved by
impurity doping of Group III elements such as B*", Ga®", and A" to replace Zn*" jons in a
ZnO crystal lattice to provide an extra electron.”® Among these candidates, Ga-doped ZnO
(GZO) has been studied extensively, and is considered to be the most promising TCO material
because its enhanced optoelectronic properties are comparable to those found in ITO.*'°
Moreover, GZO thin films with close Ga-O and Zn-O bond lengths of 1.92 A and 1.97 A,
respectively, exhibit reduced crystal defects resulting from lattice strain, and high
electrochemical stability. The advantages of the proposed crystal lattice length result in highly
reliable GZO based optoelectronic devices. In addition, the smooth GZO surface contributed by
the surfactant effect of Ga doping in ZnO is beneficial for the development of various
optoelectronic devices, particularly OLED applications.®'°

Compared to ITO used in OLEDs, GZO anodes have a slightly better sheet resistance and
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transparency in the visible spectral region. In 2008, J. J. Berry et al. reported green fluorescent
OLEDs using GZO anodes have operating voltages and external quantum efficiencies slightly
lower than those obtained by devices fabricated with similar architecture by using commercial
ITO anodes.'" On the other hand, aluminum-doped ZnO (AZO) is also an inexpensive nontoxic
material with electrical and optical properties comparable to those of ITO. In 2008, J. Meye et
al. demonstrated green phosphorescent OLEDs (PhOLEDs) produced with AZO anodes.'> At a
practical luminance of 100 cd/m?, they achieved power and luminance efficiencies up to 27
Im/W and 44 cd/A, respectively, while the turn on voltage (V,,) was only 4.0 V. Another
example was reported by H.-H. Park in 2013, using red PhOLEDs to probe the capability of the
AZO anode."”” OLED performance was found to benefit from the anode’s sheet resistance and
high transmittance. However, the low work function of 4.2 eV might block the hole injection
and thus leading to a higher turn on voltage of 5.3 V. In 2012, J.-J. Kim's group proposed a new
transparent electrode constructed by mixing TiO, and ITO." This TITO film possesses a low
sheet resistance of 18.06 Q/sq and a good average transmittance of 86.33%. Furthermore, the
work function (4.71 eV) of TITO could smooth the carrier injection into the organic layer.
Green PhOLEDs based on the TITO anode demonstrated high efficiencies of 21.69% (90.92
Im/W) and a low turn-on voltage of 4.0 V.

Compared with the Group III elements, TiO, doped ZnO (TZO) exhibits Ti** (ionic radius:
0.68 A) substitution for Zn®" (ionic radius: 0.72 A) ions and hence behave as a donor providing
an extra two free electrons, thus increasing thin-film conductivity.'> Although the Ti atoms may
incorporate interstitially into the ZnO hexagonal crystal lattices, a moderate concentration of Ti
atoms not only reduces the number of Ti** carrier scattering centers, but also increases the grain
size of the TZO thin film and increases the optical transmittance.'® Therefore, in this study, we
propose to combine the advantages of Ga and Ti elemental doping in ZnO as a high

performance Ga-doped TiZnO (GTZO) for OLED applications. More importantly, the film

fabrication does not require expensive equipment for atomic layer deposition (ALD) or
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metal-organic chemical vapor deposition (MOCVD). This high quality GTZO film could be
obtained simply by using the relatively inexpensive radio-frequency (RF) magnetron sputtering

technique.

Experimental

Preparation of TCO films. The Ga-doped TiZnO films were grown using a 3 in.
7Zn0/Ga03/Ti0; (96/3/1wt.%, purity 99.99%) target. All GTZO films were deposited at room
temperature (RT) by RF magnetron sputtering on glass substrates. Prior to deposition, the
targets were pre-sputtered for 3 min. The sputtering chamber was evacuated with a
high-vacuum pressure of approximately 4x10°° Torr, and a working pressure of 5.0x10~ Torr
was maintained with an argon (Ar) gas flow of 30 standard cubic centimeters per min (sccm).
The RF sputtering power was kept at 150 W. During deposition, the chamber was cooled using
a water-cooled chiller system, and the thickness of the deposited GTZO film was maintained at
300 nm to obtain preferable TCO properties with high conductivity and transparence.”'” The
GTZO samples were then thermally post-annealed for 3 min in nitrogen ambient at

temperatures ranging from 150 to 550 °C in a rapid thermal annealing (RTA) system.

Electrical and Photophysical measurement. Electrical resistivity, mobility, and carrier
concentration were measured by a Hall measurement system using the van der Pauw
configuration at RT. XRD with a copper Ka; (A = 1.54052 A) source was used to characterize
the crystalline structure of the thin films. Optical transmission measurements were conducted

with a UV/VIS spectrophotometer (Shimadzu UV-1650PC).

OLED Fabrication. GTZO and ITO films were selected as the transparent anode material
for OLED fabrication. The organic materials for the small molecules used were purchased from

Nichem and Lumtec. All organic compounds were subjected to temperature-gradient
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sublimation under high vacuum before use. The organic and metal layers were deposited by
vacuum evaporation in a vacuum chamber with a base pressure of <10 Torr. The deposition
system enabled the fabrication of the complete device structure without breaking the vacuum.
Current-voltage-luminance (I-V-L) characterization of the devices was performed using an
Agilent 4156C semiconductor parameter analyzer and a Si photodiode calibrated with a Photo
Research PR650. Electroluminescence spectra of the devices were recorded using an Ocean

Optics spectrometer.

Results and Discussion

Figure 1 (a) presents the crystalline structure and orientation of the GTZO films
investigated by X-ray diffraction (XRD). The diffractogram angles of the thin films show that
all the XRD patterns exhibit a prominent (002) peak for the deposited films with annealing
temperatures ranging from as-grown to 450°C. The XRD peak intensity increases with
annealing temperature, i.e. the crystal quality of the GTZO thin film improves at high annealing
temperatures. Figure 1 (b) depicts the full width at half-maximum (FWHM) and 26 value of (0
0 2) peak position of films annealed at different temperatures. The (0 0 2) peak position of the
GTZO films represents values from 32.24° to 34.40°, which is smaller than the corresponding
value of bulk ZnO material (34.42°) and implies the presence of compressive strain in the thin
film because of the incorporation of Ti atoms in the ZnO crystal.18 The FWHM significantly
decreases from 0.44° to 0.39° for annealing temperatures ranging from RT to 450°C. However,
the decrease in XRD (002) peak intensity and the broadened FWHM were observed as the
annealing temperature increased to 550 °C. This high-temperature annealing process was
considered to result in the decomposition or desorption of Zn and O atoms from the GTZO
films, thereby deteriorating the crystallinity.””?° The narrow FWHM indicates increased
average crystallite size via Schereer’s theorem calculation. Therefore, the formation of larger

crystallites at 450°C is responsible for the improved crystal intensity in the XRD study because
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of high-thermal energy contributing to the coalescence of adjacent grains.zl'22 GTZO TCO thin
films with large crystallite size can reduce the grain-boundary scattering and increase the Hall
carrier mobility, thus contributing to the increased thin-film conductivity.”

Figure 2 shows an average high transmittance of 93 % in the wavelength region of 350-800
nm, and a sharper transmission band edge than that of the ITO thin film in the inset. The high
transmittance of GTZO films in this work indicates superior optical properties compared to
those of typical ITO thin films.**** The optical band gap (E,) of the GTZO films was calculated
by considering an electron transition from valence to the conduction band when the thin film
absorbs a photon of energy (4v). In a semiconductor with a direct band gap, the absorption
coefficient (o) obeys the following relationship for Eg:26

(ah )= (hv—Ey) (1)
where £ is the Planck constant, and vis the photon frequency. The optical band gap (E,) is
therefore deduced by extrapolating the linear portion of a plot (o V)2 against the (4 v) axis.

The direct optical band gaps of GTZO films with different annealing temperatures were
evaluated from the Tauc plot (Figure 3). The results show an increased optical band gap from
3.54 to 3.58 €V as the annealing temperature increased from RT to 450°C, which is mainly
attributed to the Burstein—Moss effect, i.e., shifts of the Fermi level due to increased electron
concentration.””® This postulated carrier increment agrees well with the Hall measurement
results. Figure 4 shows the electrical resistivity (p), mobility (i), and carrier concentration (n)
of the GTZO films as a function of the post-annealing temperature. The resistivity of the GTZO
films decreased from 1.15x107 to 6.10x10™* Q-cm as annealing temperatures increased from
150 to 450°C. The GTZO thin film produces its lowest resistivity at an annealing temperature
of 450 °C, with a carrier concentration of 4.10x10*' cm™ and mobility of 7.66 cm?/Vs. The
increased carrier concentration of the GTZO thin film (>10*' ¢cm™) over that of typical GZO
thin films can be attributed to the contribution by Ti doping. We also employed sputtering to
deposit an ITO film with a thickness of 300 nm. GTZO and ITO films with same thickness

were compared to further examine the fabricated TCO films used in the OLEDs. Table I
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summarizes the electrical and optical properties of GTZO (annealed at 450°C) and the
fabricated ITO films. Compared to the GTZO film, the fabricated ITO film exhibits a lower
carrier concentration of 8.48x10*° cm™ and a higher mobility of 22.4 cm®/Vs. Furthermore, the
ITO film exhibited a sheet resistance of 10.9 Q/sq, as opposed to 20.3 Q/sq for the GTZO film.
On the other hand, as shown in Fig. 1, the transmittance of the ITO film was much lower than
that of GTZO film. A 300 nm-thick GTZO film was used to produce a low sheet resistance
while an ITO film of identical thickness resulted in inferior transmittance. To evaluate the
performance of GTZO and ITO TCO, this study employed the figure of merit (Orc), expressed
as Orc= T'%Rg, where T is the average transmittance in a visible wavelength region (350 — 800
nm), and Rg is the sheet resistance of the TCO structure. The ®@1¢ is the calculated result of
GTZO and ITO thin films and is shown in Table I to be 23.84 and 12.61x10~ Q' for the GTZO

and ITO thin films, respectively.

Table I. Electrical and optical properties, and Figure of merit for the GTZO and ITO films.

Figure of  Trapsmittance Resistivity Sheet Carrier Mobility Work
merit Orc (%) resistance concentration function
(x10° Q") [350-800nm]  (Q-cm) (Q/sq) (ecm™) (cm?/Vs) (eV)
GTZO 23.84 85% ~100%  6.10x10™ 20.3 4.10x10* 7.66 4.84
ITO 12.61 75% ~90% 3.27x10™ 10.9 8.48x10% 22.4 475

Encouraged by aforementioned results, we tried to design PhOLEDs using both GTZO and
ITO as anodes. Processes such as charge injection, balanced charge transport and exciton
confinement within the emissive layer have to be optimized to produce good output from the
light emitting device. The tested devices were developed using the well-known blue, green, and
red iridium complexes Flrpic, fac-Ir(ppy); and Ir(piq).acac. Furthermore, the host material
3-bis(9-carbazolyl)benzene (mCP) was chosen as the emitting host due to its wide energy gap
and bipolar transport capability, allowing for the convenient adjustment of the carrier
recombination location and the carrier balance.”**° In addition, the device was completed using

the wide triplet-gap materials di-[4-(N,N-ditolyl-amino)-phenyl] cyclohexane (TAPC) and
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1,3,5-tri[ (3-pyridyl)-phen-3-yl]benzene (TmPyPB), respectively, as the hole-transport layer

(HTL) and electron-transport layer (ETL).*'>*

The respective hole and electron mobilities of
TAPC and TmPyPB are about 107 and 10” cm*/Vs, and possess wide triplet gaps (Et) of about
2.87 and 2.78 eV, respectively, facilitating high energy exciton confinement. Therefore, we
constructed the PhOLEDs with a simplified architecture using GTZO (Device 1) or ITO
(Device 2) (300 nm)/TAPC (35 nm)/ mCP doped with 8.0 wt.% Emitter (25 nm)/ TmPyPB (40
nm)/LiF (0.8 nm)/Al (150 nm), with aluminum used as the cathode. The structural drawing of
the materials and schematic structures of the tested blue Ph\OLEDs are shown in Fig. 5.

The corresponding electroluminescence (EL) characteristics are shown in Fig. 6 and Table
II. From Fig. 4(a), considering the different inherent photophysical properties of GTZO and
ITO films, the spectral differences detected between them could be likely attributed to the
different effects of optical interference. By comparing the EL spectra of Devices B1 and B2, the
GTZO-based OLED exhibited a stronger intensity ranging from 500 to 550 nm, which benefits
the color rendering capability of white OLEDs. On the other hand, the emission of both devices
was stable within a wide luminance range from 10? to 10* cd/m?, indicating that the carrier
recombination was confined within the emitting layer and that exciton diffusion to the adjacent
layers was avoided. The corresponding CIE coordinates of Devices B1 (GTZO) and B2 (ITO)
at a practical luminance of 10° cd/m® are (0.16, 0.32) and (0.17, 0.37). The current
density-voltage (J-V) and luminance-voltage (L-V) curves of tested devices are shown in Figs.
4(b) and 4(c). Although Devices B1 and B2 exhibited similar current density-voltage curves,
improved luminance could be obtained through employing the GTZO film as the OLED anode.
The respective turn-on voltages for Devices B1 and B2 defined at a luminance of 1 cd/m* were
the same at 3.3 V. The identical turn-on voltage of both devices is mainly attributed to their
similar work functions. In addition, Device B1 achieved a maximum luminance of 40573 cd/m’
at 12.8 V, while Device B2 had a peak luminance of 59287 cd/m® at an operating voltage of

10.6 V. The higher driving voltage and luminance recorded implied that OLEDs with GTZO
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anodes could sustain a stronger electrical field.

From the efficiency curves shown in 4(d) and Table II, Device Bl exhibited peak EL
efficiencies of up to 19.0 %, 40.9 cd/A, and 42.4 Im/W. Similarly, based on the same device
architecture, Device B2 exhibited maximum efficiencies of 18.4 %, 40.1 cd/A, and 41.9 Im/W.
In addition, Device B1 exhibited EL efficiencies of 16.2%, 34.8 cd/A and 25.3 Im/W at a
practical brightness of 10> cd/m?; while Device B2 exhibited efficiencies of 15.8%, 34.5 cd/A
and 25.6 Im/W. The superior efficiencies obtained in Device Bl confirmed that the carrier
balance could be easily adjusted. In common PhOLEDs, triplet-triplet annihilation (TTA) is
seen as being responsible for significant decreases in efficiency in higher luminance regimes.
The external quantum efficiency of the here reported PhOLEDs declined by half at a current
density (Jy2) of 92 and 98 mA/cmZ, respectively, for Devices B1 and B2.>3® The similar
efficiency roll-off behaviors and J-V curves indicate that the exciton formation zone was
similarly located for both devices during the operation. Hence, we can deduce that the spectral

difference between both devices is certainly caused by the optical influence.

Table II. EL characteristics of tested devices with different anodes.

Device Bl B2 Gl G2 R1 R2
Emitter Flrpic Sfac-Ir(ppy); Ir(piq),acac

Electrode GTZO ITO GTZO ITO GTZO ITO

External Quantum Efficiency 18] [ 190 18.4 14.5 13.5 9.1 7.4
(EQE) (%) b1 162 15.8 14.5 13.4 5.5 44
Luminance Efficiency | 409 40.1 50.0 48.5 6.6 5.4
(LE) (cd/A) ]| 348 34.5 49.9 48.1 2.2 1.7

Power Efficiency | 424 41.9 50.4 44.9 6.3 5.1

(PE) (Im/W) ]| 253 25.6 42.9 39.8 3.8 3.1

Vou (V) | 33 33 3.1 3.1 33 3.4

Jis (mA/em?) 92 98 119 115 8 1

40573 59287 62897 52597 8192 7170

: 2
Max. Luminance (cd/m®) [Voltage] | 11> o517 [106V] | [130V] [102V] | [142V] [120V]
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[b] |(0.16, 0.32) (0.17, 0.37)[(0.34, 0.60) (0.33, 0.62) |(0.68, 0.31) (0.68, 0.32)
CIE1931 coordinates
[d] |(0.16, 0.32) (0.16, 0.36)|(0.34, 0.60) (0.33, 0.62) |(0.68, 0.31) (0.68, 0.32)

[a] Maximum efficiency; [b] recorded at 10> cd/m*; [c] turn-on voltage measured at 1 cd/m*; [d]

measured at 10° cd/m?.

As mentioned in the discussion for blue OLEDs above, similar EL characteristics and
slightly superior performance of green and red PhOLEDs with different transparent anodes
were observed. For instance, the respective maximum efficiencies of Devices G1 and G2 were
14.5% and 13.5%, while those of Devices R1 and R2 were 9.1% and 7.4%. The similar turn-on
voltages and current densities observed in each devices are owing to the similar work functions
of both anodes with the UV-Ozone treatment. Furthermore, in spite of the phosphors possessing
different energy bandgaps, carrier balance could be realized in all GTZO-based devices with a
simplified tri-layer architecture. Overall, comparing the efficiencies of the tested blue, green,
and red PhOLEDs indicate that the EL characteristics of devices based on different anodes are
comparable. Moreover, in Table III, we collect the EL characteristics of OLEDs with different
anodes from selected articles published during 2003~2014."%"'* 3743 The performance of the
GTZO-based OLEDs were not inferior to those of other previously-reported TCO candidates.
This outstanding performance manifests the great potential of GTZO films as an alternative

anode for OLEDs.

Table III. The EL characteristics of OLEDs with different anodes from selected articles.

Year TCO (emii?:)i:ztiro lor) EQE;](%) LE ([z?/A) Vofb(]V) Author [ref.]
2003 7270 (Zr:ZnO) Algs (green) 0.87 — ~3.0 H. Kim et al. [37]
2007 AZO (AL:ZnO) | fac-Ir(ppy)s (green) — 54.6 <28 Y. Tomita et al. [38]
2008 AlIZO (Al:In:ZnO) Alg; (green) — — ~3.0 J. H. Bae et al. [39]
2008 1ZO (In:ZnO) | fac-Ir(ppy); (green) 13.2 — ~3.7 J. W. Kang et al. [40]
2010 GZO (Ga:ZnO) Flrpic (blue) 15.2 — ~4.1 L. Wang et al. [41]
2010 ZnO NPs FIrpic (blue) 8.2 16.5 ~7.0 H. Lee et al. [42]
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2011 TZO (Ti:ZnO) Alg; (green) — ~23 ~3.0 Z. L. Tseng et al. [43]
2012 TITO (Ti:ITO) | fac-Ir(ppy); (green) 21.7 — <3.0 J. W. Lim et al. [14]
2013 AZO (Al:ZnO) RP-411 (red) — 54 ~4.6 S. C. Gong et al. [13]
Ir(piq),acac (red) 9.1 6.6 33
2014 GTZO fac-Ir(ppy); (green) 14.5 50.0 3.1 This work
Flrpic (blue) 19.0 40.9 33

[a] Maximum efficiency; [b] turn-on voltage measured at 1 cd/m?.

In summary, we have investigated the development of high-quality GTZO films by
radio-frequency magnetron sputtering combined with a rapid thermal annealing process.
Experimental results show that the annealing process improves the structural, electrical and
optical properties of GTZO films, resulting in improved resistivity, electron mobility and
carrier concentrations of 6.1x10* Q-cm, 7.66 cm?*/Vs and 4.1x10*' cm?, respectively. High
average optical transmittance of 93 % at wavelengths of 350-800 nm was achieved in GTZO
TCO through annealing at 450 °C. These superior TCO characteristics further verify the
suitability of high quality GTZO thin film for OLED applications. The exhibited electrical and
optical capabilities provide room for adjusting the carrier balance and emission colors of
OLEDs. Thus, simplified tri-layer blue PhOLEDs were used to examine the GTZO and ITO
anodes. The GTZO-based blue (green and red) PhOLEDs exhibited EL efficiencies of 19.0 %,
(14.5% and 9.1%); while the control blue (green and red) PhOLEDs with the ITO anode
exhibited efficiencies of 18.4 % (13.5% and 7.4%). These results show clear advantages for the
use of GTZO as OLED anodes in terms of higher efficiency, electricity and luminance. The
superior characteristics of this tailor-made GTZO film points toward the future replacement of

ITO anode in future OLED applications.
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Figure Captions:

Fig. 1 (a) XRD patterns of GTZO films deposited at various annealing temperatures. (b) Full
width at half maximum (FWHM) and the (0 0 2) peak position of GTZO films deposited at

various annealing temperatures.

Fig. 2 Optical transmittance of GTZO and ITO thin films prepared under various annealing
temperatures. The magnified transmittance band edge between 320 and 400 nm for GTZO and
ITO thin films were shown as the inset.

Fig. 3 Optical band gap of GTZO films prepared under various annealing temperatures. The
optical band gap (E,) is deduced by extrapolating the linear portion of a plot (o V)* against the
(hv) axis. Inset summaries the optical band gaps of GTZO films with various annealing
temperatures.

Fig. 4 Hall electrical resistivity (p), mobility (i), and carrier concentration (n) of the GTZO

films as a function of annealing temperature.
Fig. 5 Schematic structures of the tested OLEDs and structural drawing of the materials.

Fig. 6 (a) EL spectra of Devices B1, B2, G1, G2, R1, and R2 at a luminance of 10° cd/m?’, (b)
current density-voltage-luminance (J-V) characteristics, (c) luminance-voltage (L-V)
characteristics, (d) external quantum efficiency vs. luminance for the Devices B1, B2, G1, G2,
R1, and R2.
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