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Improved performance of flexible polymer light emitting diodes with
an indium-zinc-tin-oxide transparent anode by controlling the thermal
treatment temperature
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A B S T R A C T

The indium-zinc-tin-oxide (IZTO) target, which consisted of 70 at.% In2O3� 15 at.% ZnO� 15 at.% SnO2, was
manufactured to replace indium-tin-oxide (ITO). The flexible IZTO (FIZTO) transparent electrodes were
deposited on polyimide (PI) films at temperatures ranging from room temperature to 300 �C. The
mechanical, optical and electrical properties of the FIZTO films and the flexible polymer light emitting
diodes (FPLEDs) were characterized. Amorphous FIZTO prepared at 50 �C showed the best performance.
The optimized FPLEDs exhibited 31% and 9% enhanced maximum brightness and luminance efficiency,
respectively, as compared to PLEDs with an ITO glass. In addition, the FPLEDs worked normally in the
stretching and twisting state at 3.2% and 58�, respectively.

© 2017 Published by Elsevier B.V. on behalf of The Korean Society of Industrial and Engineering
Chemistry.
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Introduction

Optoelectronic devices such as organic (polymer) light emitting
diodes (OLEDs and PLEDs) [1–4], touch screen panels (TSPs) [5],
quantum dot solar cells (QDSCs) [6,7], and organic photovoltaic
cells (OPVs) [8–11] have attracted significant attention as the next-
generation flexible electronic devices (FEDs) that can enhance
productivity by continuous processing. For high-efficiency FEDs, it
is necessary to increase the performance of the active matrix and
enhance its chemical and mechanical stability. In addition,
advanced encapsulation technology is required to protect the
active matrix. Recently, a number of studies have also been
conducted on the development of transparent conducting electro-
des (TCEs) which maintain a high level of transmittance,
conductivity, and flexibility for the commercialization of FEDs.
In general, ITO is the most common choice for a transparent
conducting electrode (TCE) material, owing to its advantages of
low resistivity and high transparency in the visible wavelength
region [12–14]. Demand for ITO as an essential component in a
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wide range of industrial applications including flat panel displays,
solid-state lighting, solar cells, and e-paper is rapidly increasing.

However, ITO has major drawbacks with respect to its properties
and costs [15]. It is a ceramic material that cracks and fractures at
low strains (2–3%) [16]. In addition, salt, acid, or device adhesives
that are commonly found in nature corrode the ITO electrode and
reduce the lifetime of the devices [17,18]. Further, the high-cost
ingredient of the ITO, ‘indium’ and the deposition process are the
biggest obstacles in using ITO as the TCE for FEDs. Because of the
high deposition temperature and the low glass transition tempera-
ture (Tg) of the plastic substrate, it is difficult to apply the ITO to the
flexible device [19]. Therefore, it is necessary to reduce the
processing-temperature, the low-resistance, and high-transparency
indium, or develop technologies for indium-free transparent
electrodes [20–23].

TCEs can be developed into one-dimensional structures such as
CNTs, graphene nanoribbons, metal nanowires, and nanowires of
oxides. However, they have the disadvantage of low flexibility [24–
26]. In addition, continuous structure films such as fluorine-doped
tin oxide including ITO, novel oxide, metal thin films, large-area
graphene, and conducting polymer require complicated and high
processing temperatures. Among these oxide continuous films,
indium zinc tin oxide (IZTO) with a reduced indium content,
trial and Engineering Chemistry.
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Fig.1. X-ray diffraction patterns of IZTO films with various deposition temperatures
on a PI substrate.
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containing ZnO has emerged as a leading alternative to ITO [27–
29]. In spite of low deposition temperatures, the IZTO maintains a
high work function, low resistivity, low sheet resistance and a high
transmittance. Therefore, it can be applied onto the plastic
substrate, making the fabrication of flexible devices possible [30].

Oxide continuous film TCEs are usually fabricated using the
magnetron sputtering system. Because properties of them are
sensitive to the deposition conditions, which are deposition power,
gas pressure, composition of gas contents and processing tempera-
ture of the sputtering system, the optimization of deposition
conditions is highly important. In our previous study, we had
discussed the effects of oxygen partial pressure on electrical
resistivity, optical transmittance of the IZTO and the PLED fabricated
on the IZTO using a glass substrate [30]. However, studies have not
been conducted to investigate the electrical, optical, and structural
properties of the IZTO thin film prepared on a plastic substrate under
variations in processing temperature.

In this study, therefore, IZTO TCEs comprising of In2O3 (70 at.%),
ZnO (15 at.%) and SnO2 (15 at.%) were fabricated as the IZTO target.
After fixing the oxygen flow rate at 3%, the IZTO TCEs were
fabricated under diverse deposition temperature conditions
ranging from room temperature (RT) to 250 �C, and then their
properties were analysed. To check the behaviour of IZTO at high
thermal treatment conditions, colourless polyimide (PI) with a
high thermal resistance was used as the plastic substrate. Then, the
chemical binding state and the work function of the surface, that
have a major effect on the characteristics of the FEDs and the
optimum deposition conditions were measured through X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoemission
spectroscopy (UPS). In addition, optimized IZTO thin films were
introduced as flexible TCE, and flexible PLEDs that have generated
attention as the next-generation FEDs, were fabricated and
characterized.

Experimental section

Deposition and characterization of IZTO thin films on a polyimide (PI)
substrate

By using pulsed DC magnetron sputter at an oxygen flow rate of
3% with deposition temperature range of room temperature
�200 �C, the IZTO films were deposited on a PI film (Mitsubishi gas
chemical,100 mm, Japan). The target were of the composition 70 at.
% In2O3� 15 at.% ZnO� 15 at.% SnO2. The PI substrate was washed by
ultrasonication with detergent (10 wt% in water), acetone, isopro-
pyl alcohol, and de-ionized water in sequence. The substrates were
dried by blowing N2 gas and baked at 120 �C hot plate. The cleaned
PI substrates were loaded in the sputtering chamber. Sputtering
was carried out with 125 W input power, 30 kHz frequency and
6 mTorr oxygen partial pressure whose flow ratio was 3% [O2/
(O2 + Ar)]. The thickness of the deposited IZTO films was 200 nm.

The X-ray diffraction (XRD) patterns of IZTO films were
analysed by Rigaku D/MAX 2200 diffractometre with Cu Ka
radiation. Focused ion beam (FIB; NOVA600 NanoLab, FEI, Holland)
through STEM (JEM-2100(HR) + Cs corrector, JEOL/CEOS, Japan)
technic was processed for sample preparation and crystal phase
was reviewed. Atomic force microscopy (AFM; XE-100, Park
systems, Korea) and field emission scanning electron microscopy
(FESEM; S-4800, HITACHI, Japan) were used to characterize surface
morphology of IZTO films. The thickness of all prepared films was
measured by an Alpha step 500 surface profiler (KLA-Tencor, USA).
The electrical properties which are the resistivity, carrier
concentration, and the mobility of the IZTO films were character-
ized by using the van der Pauw method with a Hall measurement
system (HMS-3000, ECOPIA, Korea). The transmittance of the
transparent anodes was measured by a UV-visible spectrometre
(HP Agilent 8453, USA). The surface chemical state and work
function of films were analysed by X-ray photoelectron spec-
troscopy (XPS; ESCA 2000, VG Microtech, UK) and UPS (He I,
hn = 21.22 eV, AXIS-NOVA, Kratos Inc., UK).

Fabrication and characterization of the flexible PLEDs with an IZTO
transparent anode

To clean the surface of IZTO/PI, ultrasonification was performed
in detergent (Alconox© in deionized water, 10 wt%), isopropyl
alcohol (IPA), and deionized water for 1 min in sequence. After
cleaning, moisture was completely removed by blowing N2 gas and
baking at 110 �C hot plate for 10 min. The IZTO transparent
electrodes were ultra-violet ozone (UVO) treated for 10 min. For
emitting layer, SPG-01T (green emitting polymer, Merck, Germany)
was dissolved in chlorobenzene with concentration of 0.5 mg/ml
and filtered through a 0.45 mm PTFE syringe filter. The emitting
layer was coated to an 80 nm thickness and annealed at 90 �C for
30 min to remove the residual solvents. The electron transport layer
and cathode were deposited thermally in a high vacuum chamber
(<1 �10�6 Torr) in the order of BaF2 (0.1 Å/s, 2 nm), Ba (0.2 Å/s,
2 nm), and Al (5 Å/s, 200 nm). The performance of the PLEDs was
characterized by using a Keithley 2400 source metre unit (Keithley,
USA) and a PR 670 spectra scan (Photo Research, USA).

Results and discussion

Fig. 1 shows the XRD patterns of the FIZTO film deposited by
pulsed DC magnetron sputtering. The films were deposited at
various temperatures from RT to 300 �C with an oxygen partial
pressure of 3%. The sample exhibited an amorphous structure with
a weak and broad peak (2u = �31�) in the temperature range RT–
150 �C. However, when the deposition temperature was 200 �C or
higher, crystallization occurred. In case of SnO2-doped In2O3 (ITO)
thin films, in general, low amorphous and crystalline transition
temperatures are found. Therefore, rapid crystallization takes
place even at low substrate temperatures (RT–150 �C). In case of
ZnO-doped In2O3 (IZO) thin films, however, higher amorphous and
crystalline transition temperatures are found. Therefore, the
amorphous structure remains stable until approximately 500 �C
[31]. The FIZTO films have a stable amorphous structure similar to
the IZO film because of the immiscibility of SnO2 and ZnO in In2O3.
ITO thin films fabricated at room temperature normally exhibit
(222) orientations of crystalline structure because of surface
heating caused by plasma irradiation during sputtering. In this



Fig. 2. FESEM images of IZTO films with various deposition temperatures, (a) RT, (b) 100 �C, (c) 150 �C, (d) 200 �C, (e) 250 �C, and (f) 300 �C.
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study, the FIZTO films demonstrated a stable amorphous structure
at temperatures below 200 �C owing to their significant thermal
stability.

The surface morphology of the FIZTO films deposited on PI
substrates at various temperatures was characterized using FESEM,
and the results are presented in Fig. 2. As shown in (Fig. 2(a)–(c)),
the FIZTO films exhibited a stable amorphous structure without
defects such as pinholes, cracks or protrusions in the temperature
range from RT–150 �C with highly smooth surfaces. In agreement
with the XRD patterns shown in Fig.1, the surface state of the FIZTO
films also retained its amorphous structure even after the
temperature increased to 150 �C. However, the transition to
partially poly-crystalline occurred at 200 �C (Fig. 2(d)), and the
film becomes fully crystalline at over 250 �C (Fig. 2(e)–(f)),
indicating a preferred orientation similar to that exhibited by an
ITO thin film.
Fig. 3. AFM images and surface roughness of the IZTO films with various deposition tem
The surface roughness of the IZTO thin films fabricated at
different deposition temperatures was measured using the AFM,
and the results are shown in Fig. 3 below. As expected, the RMS
value in the temperature range RT–150 �C was 1.0 nm or below.
Compared to the ITO thin film (Fig. 3(f)) with a 1.84 nm of RMS, a
relatively smooth surface was found. However, when the deposi-
tion temperature was 200 �C or above, poly-crystalline structures
were also found in the IZTO, revealing a rough surface morphology.
Therefore, the IZTO thin film has a low RMS value because of higher
thermal stability below 200 �C, compared to the ITO.

The microstructural analysis of the crystallized IZTO thin film
deposited under an optimal condition (150 �C) was performed
using cross-sectional high resolution transmission electron
microscopy (HRTEM). The HRTEM image and selected area
electron diffraction (SAED) patterns are shown in the inset of
Fig. 4(a). The uniform contrast observed in the HRTEM image
peratures, (a) RT, (b) 100 �C, (c) 150 �C, (d) 200 �C, (e) 250 �C, and (f) reference ITO.



Fig. 4. (a) Cross-sectional HRTEM image of the IZTO film (inset: SAED pattern), and (b) bright-field image obtained from an IZTO film (deposition temperature: 150 �C) grown
on a PI substrate.
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depicted an amorphous IZTO thin film prepared on a PI substrate,
matching with the surface morphology of the sample obtained
through XRD analysis, SEM, and AMF images. The diffuse rings in
the SAED patterns (Fig. 4(a)) confirmed the amorphous structure.
The bright-field images of the IZTO film shown in Fig. 4(b) could
also be described as amorphous structures although no distinct
features were seen in the images. These findings suggested that
the degree of surface roughness achieved in the sample could
result in a more stable and effective performance of the FED,
compared to that of an FED using ITO.

Fig. 5 reveals the resistivity, mobility, and the carrier
concentration of the IZTO thin films fabricated at different
deposition temperatures, using a Hall measurement system and
a 4-point probe measuring system. As the deposition temperature
rises, the resistivity of the amorphously structured IZTO thin film
increases accordingly. However, at 200 �C or higher, the resistivity
of the poly-crystalline IZTO thin film decreases. Therefore, the
lowest resistivity of IZTO thin film is found from RT–50 �C and at
300 �C of the deposition temperature. To have a better under-
standing of this pattern, it is necessary to consider the generation
of charge carriers in thin films. The electrical charge carrier
generation of the amorphous IZTO thin films can be explained by
the following two aspects: first, despite the amorphous IZTO films,
the substituted Sn4+ at the In3+ site in the locally orderedregion of
Fig. 5. Variations of the resistivity, the mobility and the carrier concentration of the
IZTO films at various deposition temperatures.
the amorphous matrix can be effective as a dopant and contribute
to the electrical charge carriers of the degenerated n-type
semiconductor [27]. In addition, a high deficiency of oxygen
generated by the Zn and Sn unintentionally doped in the In2O3 has
the characteristics of an n-type semiconductor, generating doubly
charged oxygen vacancies [32]. In this study, only deposition
temperature was changed, with the doping concentration of Zn
and Sn fixed to optimize the resistivity of the IZTO thin film. In the
process of being deposited on the PI substrate from the IZTO
target, In2O3, ZnO, and SnO2 lose oxygen, forming nonstoichio-
metric thin films. An adequate amount of oxygen gas added
during sputtering promotes generation of carriers such as oxygen
vacancies [33]. Our group also reported that lowest resistivity is
obtained when a small amount of oxygen gas (up to 3%) is added
[30]. If the reaction temperature increases when oxygen gas is
supplied at a constant level, oxygen vacancies form Zn, In, Sn
metal ions, and nonstoichiometric compounds, reducing carrier
concentration. As a result, resistivity increases while mobility
decreases. This result is obtained because scatter centres which
exist in the amorphous structure as inefficient activation and
oxide complexes of Sn, increase scattering, without contributing
carriers [34]. When the deposition temperature is around 200 �C,
the IZTO composition is in an unstable state (amorphous +
crystalline), exhibiting high resistivity. However, when the
temperature exceeded 200 �C, the resistivity of the IZTO thin
film rapidly decreased because the amorphous IZTO film formed a
poly-crystalline structure. As a result, the amorphous IZTO film
deposited at temperatures from RT–50 �C showed low resistivity
(4.9 � 10�4V cm), exhibiting excellent electrical properties. The
resistivity of the IZTO thin film fabricated at low temperatures is
comparable to the resistivity of the conventional ITO thin film
fabricated at high temperatures. In contrast, the IZTO film
deposited at 300 �C showed the lowest resistivity (4.1 �10�4V
cm). However, it is not suitable as a TCE for the FEDs because of
the formation of a poly-crystalline structure IZTO film.

The optical transmittances of the IZTO thin films deposited at
different deposition temperatures were measured using the UV-
visible spectrometre, and the results are shown in Fig. 6. As the
deposition temperature increased, optical transmittance also
increased. This is similar to the pattern observed in TCEs that
have metal oxide as a component. In case of the IZTO thin films
fabricated at all conditions, 80% or higher optical transmittance
was observed in the visible range of 380–780 nm, confirming a
similarity with the conventional ITO thin films. To check the optical



Fig. 6. Optical transmission spectra of the IZTO films grown at various deposition
temperatures on PI substrates, with the inset showing the plot of (ahy)2 vs. photon
energy for the IZTO films at various deposition temperatures.
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energy band gap of the IZTO thin films with changes in deposition
temperature, Fig. 6 inset shows changes in the absorption
coefficient (a) with respect to the photon energy (hy). The optical
energy band gap of the IZTO thin films is determined using Eq. (1)
below [35]. Here, ‘D’ refers to a constant depending upon the
material while ‘Eg’ refers to an optical band gap.

a(hy) = D(hy � Eg)
1
/2 (1)

The calculated optical band gap of the IZTO thin films was in the
range 3.58–3.70. The optical band gap sensitively changes
according to oxygen partial pressure conditions during the
sputtering process. Similar to most metal oxide TCEs including
the ITO, based on the results in Figs. 6 and 7, as transmittance is
enhanced, the optical band gap increased.

Haacke proposed a figure of merit (FTC) value as a useful tool to
compare the performances of the TCO thin films that have similar
levels of optical transmittance and resistivity [36]. The FTC value
can be estimated through Eq. (2) below based on the optical
transmittance (T) and the sheet resistance (Rsh) of the IZTO thin
films, with changes in deposition temperature, and the results are
shown in Fig. 7.

FTC = T10/Rsh (2)

As expected, the results of electro-optic properties indicated
that FTC value of the IZTO thin film was the highest at 50 �C and at
Fig. 7. Calculated figure of merit value for the IZTO films grown at various
deposition temperatures.
300 �C with the increase in deposition temperature. At 300 �C,
however, the IZTO has a poly-crystalline structure, but at 50 �C,
close to the RT of thin films of the finest quality was obtained. In
other words, when the IZTO thin film was fabricated with a supply
of oxygen gas at 3%, at deposition temperatures ranging from RT to
150 �C, the IZTO film was non-crystalline, and superior-quality
TCEs with significant electro-optic properties were fabricated.

Fig. 8 reveals the XPS core level spectra of O 1s, In 3d, Zn 2p, and
Sn 3d. The chemical binding state of the IZTO thin films with
changes in deposition temperature was analysed using XPS
analysis. Despite increase in deposition temperature, no particular
change was observed in the In 3d, Zn 2p, and Sn 3p peaks. As
illustrated in Fig. 9(a), however, as deposition temperature
increases, higher binding energies of the O 1s peaks in the IZTO
thin films, decreased. Fan and Goodenough classified O 1s data into
two types of O2� ions: OI and OII. The higher binding energy peak
(OI) and lower binding energy peak (OII) of O2� are matched with
the amount of oxygen vacancies and the six nearest-neighbour O2-
ions of the full complement neighboured with the In atoms,
respectively [37]. In this study, the binding energy ratio (I (OI)/I
(OII)) of the IZTO thin films were 1.87, 1.75, 1.72, 1.65, and
1.72 respectively, when the deposition temperature was RT, 50,
100,150, and 200 �C. When the deposition temperature was 200 �C,
however, the binding energy ratio increased because of the oxide
complexes formed by excessive oxygen vacancies. However, the
pattern of O 1s peak intensity at RT–150 �C matched with the
results of the electrical carrier concentration shown in Fig. 5.
Therefore, it is confirmed that the electrical carrier concentration
of the IZTO thin film is closely related to the peak ratio (I (OI)/I (OII))
of O 1s observed through the XPS.

The work function of the IZTO thin films at different deposition
temperatures was measured using the inelastic secondary
electron cut-off of the UPS energy distribution at an ultrahigh
vacuum state, and the results are illustrated in Fig. 9. Sugiyama
et al. reported that the work function of the doped In2O3 thin film
could be influenced by surface contamination, oxygen status, and
dopant concentration. If surface oxygen concentration increases,
the work function could improve [38]. In this study, the dopant
concentration was fixed at the deposition of the IZTO thin film.
The work function of the IZTO thin film fabricated under diverse
deposition temperature conditions is primarily influenced by the
oxygen vacancies that form donor states. In the electro-optically
stable IZTO thin films, therefore, as the deposition temperature
increases, oxygen vacancies are removed, strengthening the work
functions. This result matches with the changes in the electrical
carrier concentration and the XPS O 1s peak ratio. The work
function of the IZTO thin films fabricated under diverse
deposition temperature conditions was at least 5.3 eV, exhibiting
a relatively high value compared to the conventional ITO (up to
4.7 eV). Hence, it is anticipated that the properties of the
fabricated devices would be enhanced owing to a low hole-
injection barrier between the work function of the IZTO thin film
and the HOMO level of the emitting layer materials.

Fig. 10 shows the inner and outer bending tests of the flexible
IZTO thin films and their results with changes in deposition
temperature. As shown in Fig. 10(a), if the deposition temperature
increases, the outer bending radius decreases. When thermally
treated at 150 �C, a minimum bending radius of 4 mm was found.
Thereafter, the IZTO revealed a poly-crystalline structure, and the
bending radius increased. Unlike an outer bending test, as the
deposition temperature rises, the bending radius increases in an
inner bending test (Fig. 10(b)). This can be elaborated by Fig. 10(c)
that shows the results of the measurement of residual stress versus
the deposition temperature. Based on these results, as the
deposition temperature increases, compressive stress was found
on the PI substrate and the IZTO. Therefore, tensile stress that



Fig. 8. XPS core level spectra of (a) O 1s, (b) In 3d, (c) Zn 2p, and (d) Sn 3d obtained for IZTO films grown on a PI substrate, as a function of various deposition temperatures.
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occurs at outer bending is offset by rising compressive stress as the
deposition temperature increases. At inner bending, however,
compressive stress becomes more intense, and the bending radius
increases. Hence, at an outer bending test, a minimum bending
radius of 2.8 mm was found at RT conditions.

Fig. 11(a) and (b) shows the brightness-voltage and luminance
efficiency-current density of the flexible IZTO PLEDs respectively,
and the results are stated in Table 1. In the flexible IZTO PLED
fabricated at 100 �C of deposition temperature, the maximum
brightness was 22,860 cd/cm2 at 9 V. In addition, high luminance
efficiency at low current density is depicted in Fig. 11(b).
Therefore, power consumption could be reduced by using the
IZTO in FEDs.

In general, in TCEs, if transmittance increases, electrical
properties decrease (trade-off). Therefore, the optimized deposi-
tion temperature of the IZTO film can be estimated through the
Table 1
Characteristics of devices.

Deposition temperature Sheet resistance Figure of merit Turn o
[�C] [V/sq] [10�3V�1] [V] 

RT 30 3 3.2 

50 28 4.8 3.1 

100 35 4.0 3.1 

150 36 3.8 3.1 

200 78 2 3.1 

aRef. 10 – 3.3 

a ITO(170 nm)/PEDOT:PSS(40 nm)/Green polymer(80 nm)/BaF2(2 nm)/Ba(2 nm)/Al(200
FTC value that was obtained using the transmittance and the sheet
resistance of the IZTO film. At a range of 50–100 �C of the IZTO, FTC

values ranged from 4.0 to 4.8. In particular, a maximum brightness
and a maximum efficiency of 21,115 cd/m2 and 6.71 cd/A respec-
tively was exhibited by the flexible IZTO PLED to which the TCE
fabricated at a deposition temperature 100 �C was applied. As the
deposition temperature is below 100 �C, a plastic substrate having
better transmittance than PI can be used to improve device
performances.

To assess the properties of a flexible IZTO, an ITO PLED was
fabricated under the same conditions as the flexible IZTO PLED, and
the properties were assessed. In the ITO PLED, a TCE in which the
ITO was deposited on a glass substrate was applied (fabricator,
10 V/sq). The maximum brightness and maximum efficiency of
ITO PLED were 20,987 cd/m2 and 5.27 cd/A, respectively. The
maximum brightness and maximum efficiency of the flexible IZTO
n voltage Max. brightness Max. efficiency CIE coordinates
[cd/m2] [cd/A]

18,832 6.65 (0.29,0.58)
21,115 6.71 (0.29,0.58)
22,860 6.91 (0.30,0.58)
21,096 6.90 (0.31,0.58)
20,015 6.81 (0.30,0.58)
20,987 5.27 (0.29,0.58)

 nm).



Fig. 9. Low kinetic energy cut offs of the IZTO films with UPS and the work function
of the IZTO films deposited at various deposition temperatures.

Table 2
Mechanical characteristics of devices.

RT 50 �C 100 �C 150 �C 200 �C

Outer bending 4.5 mm 4.5 mm 4.3 mm 4.5 mm 4.7 mm
Inner bending 3.5 mm 4.5 mm 4.7 mm 5.0 mm 3.0 mm
Stretching 2.8% 3.2% 2.2% 1.4% 1.8%
Twisting 48� 50� 58� 50� 50�
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PLED were greater by 9% and 31% respectively, compared to the ITO
PLED. It is highly significant that a flexible IZTO PLED sputtered at a
substrate annealing temperature of 100 �C or lower revealed better
efficiency than an ITO sputtered at 300 �C or higher. The work
function of the ITO (ca. �4.7 eV) is too low to be used as the TCO for
the anode. For efficient hole injection of the emitting layer,
therefore, a TCE with a high work function is required to reduce the
energy barrier of the anode and the emitting layer. The flexible
IZTO ranged from (ca. �5.32 eV to ca. �5.48 eV) depending upon
the deposition temperature. When it is fabricated with the same
Fig. 10. Mechanical test of the flexible IZTO films at various deposition temperatures, (a)
the methods for the various mechanical tests.
device structure as the ITO, holes can be effectively injected.
Because of these reasons, even though the optical and electrical
properties of IZTO film were lower than the ITO, the IZTO was able
to show better performances in accordance with the hole-electron
balance. Introduction of the PEDOT:PSS layer to enhance the
surface morphology of IZTO film, can further improve the hole
transporting properties.

Finally, a mechanical test on the fabricated flexible IZTO PLEDs
was conducted. In addition to the inner and outer bending tests,
stretching and twisting tests were performed, and the results are
shown in Table 2. When the deposition temperature increased,
the outer bending radius decreased, exhibiting a minimum
bending radius of 4.3 mm at 100 �C. In an inner bending test, as
deposition temperature increased, the bending radius increased,
exhibiting a maximum bending radius of 5.0 mm of at 150 �C. This
study confirmed that as the deposition temperature rises, the
compressive stress of the PI substrate and the IZTO become more
intense, through analysis of the residual stress of the IZTO film.
Therefore, tensile stress that occurs at outer bending is offset by
the compressive stress that increases as deposition temperature
 outer bending test, (b) inner bending test, and (c) residual stress test. Inset showing



Fig. 11. (a) Brightness—voltage characteristics of PLEDs using IZTO films with
various deposition temperatures. (Inset: luminescence image of flexible IZTO
PLEDs), and (b) efficiency—current density characteristics of PLEDs using an IZTO
films at various deposition temperatures. (Inset: device structures of PLEDs).
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rises. At inner bending, however, the bending radius increases
because of increased compressive stress. Therefore, it was
confirmed that flexible IZTO PLEDs reveal similar mechanical
characteristics as the IZTO film. However, because of the multiple
influence of the PEDOT:PSS, green polymer, inorganic buffer layer,
and the metal electrode deposited on the IZTO film, compressive
stress on the flexible IZTO PLED increases, and the decrease in
outer bending radius is greater than the IZTO film. In contrast,
inner bending radius increases. To test durability under diverse
circumstances for improvement of portability, some more
stretching and twisting tests were carried out. The PLED to
which the IZTO film fabricated at 50 �C was applied, showed 3.2%
stretching stability. Further, the PLED to which the IZTO film
fabricated at 100 �C was applied, operated normally despite being
twisted by 58�. The said results indicate that IZTO films fabricated
at 150 �C or below demonstrate excellent device performance and
mechanical stability. In addition, similarity with the results
predicted through the figure of merit of the IZTO films, was also
confirmed.

Conclusion

In this study, we manufactured an IZTO target by reducing the
indium content 15% below than that used for ITO. The IZTO target
was manufactured with a composition of 70 at.% In2O3� 15 at.%
ZnO� 15 at.% SnO2, and FIZTO films were formed on a polyimide
film at various temperatures, ranging from RT–300 �C with an
oxygen partial pressure of 3% using a pulsed DC magnetron
sputtering system. Amorphous FIZTO film prepared at a tempera-
ture of 50 �C showed the best performance. The largest figure of
merit of 4.8 � 10�3V�1was obtained with an optical transmittance
of 86.8%, a sheet resistance of 28 V/sq and work function of
5.48 eV. The inner bending and the outer bending radius of the
FIZTO film was 4.0 mm and 2.8 mm, respectively. The FPLEDs with
the FIZTO film deposited under optimum conditions exhibited a
maximum brightness and a maximum luminance efficiency of
21,115 cd/cm2 and 6.71 cd/A, respectively, with a 31% and 9%
enhancement in device performance compared to PLEDs with a
commercial ITO glass. In addition, the FPLEDs demonstrated
significant flexibility in the stretching and twisting tests, with a
stretching stability of 3.2% and worked normally in a twisted state
at 58�.
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