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An oxide/metal/oxide (OMO) multi-structure, which has good electrical, optical, and mechanical stability,
was studied as a potential replacement of polycrystalline In-Sn—-0O (ITO). However, the degradation of
mechanical properties caused by the polycrystalline structure of the top layer forming on the
polycrystalline metal layer needs to be improved. To address this issue, we introduced hydrogen in the
oxide layers to form a stabilized amorphous oxide structure despite it being deposited on the
polycrystalline layer. An ITO/Ag/ITO (IAl) structure was used in this work, and we confirmed that the
correct amount of hydrogen introduction can improve mechanical stability without any deterioration in
optical and electrical properties. The hydrogen presence in the Al as intended was confirmed, and the
assumption was that the hydrogen suppressed the formation of microcracks on the ITO surface due to
low residual stress that came from decreased subgap level defects. This assumption was clearly
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we can adjust not only IAl structures with high mechanical stability due to the right amount of hydrogen

DOI: 10.1039/d0ra09613j introduction to make stabilized amorphous oxide but also almost all oxide/metal/oxide structures that
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Introduction

Electronic devices are continually becoming ever smaller,
lighter, and more compact, and this is driven by consumer
needs and the rapid development of technology. Transparent
electrodes (TEs) are becoming increasingly important as front
electrodes in electronic devices such as flexible displays,
touchpads, flat panel displays, solar cells, organic light emitting
devices (OLEDs), and smart windows." Generally, TEs can be
classified into oxides and oxide-free materials. Oxide-free TEs
include metal mesh, carbon-based TEs, silver nanowire (AgNW),
and conductive polymer.®® Despite their high electrical
conductivity, however, it is hard to apply them commercially
due to optical problems such as haze and chemical instability.”®
In contrast, TEs based on oxides, such as transparent conduc-
tive oxides (TCOs), have been studied because of their high
electrical conductivity and optical transmittance in the visible
light region.® Nowadays, with the advancement of technological
development, flexibility is one of the key properties of TCOs.****
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contain unintended polycrystalline structures.

TCOs employed in OLEDs, touch panels, and solar cells, for
example, have been studied for their ability to obtain low sheet
resistance and high transmittance, and much of this relates to
crystallization.”®"” However, it is difficult to apply poly-
crystalline TCOs in flexible devices because of its low mechan-
ical stability and grain boundary that can easily generate and
propagate cracks.'®* For such reasons, many research groups
have aimed to improve crystallization temperature**> or
stabilize oxide-free materials.>***

The use of TE in devices has been found to incur several
problems. For example, AgNW has low transmittance due to the
haze phenomenon, poor device efficiency, and poor adhesion to
the substrate.”® Carbon nanotubes and conducting polymers are
also difficult to adjust because carbon nanotubes make it hard
to disperse uniformly,*® and the energy band gap of conducting
polymers is less than 3 eV, meaning it is absorbed light in the
visible wavelength range.”” Furthermore, even if these disad-
vantages are overcome, due to the high processing cost and
difficulty of mass production, it is still difficult to replace TCOs.
Therefore, our study proposed oxide/metal/oxide (OMO) struc-
tures from previous work.”*?" An OMO structure has high
electrical, optical, and mechanical properties compared with
crystalline TCOs;** the high electrical properties are due to the
metal layer, and the high mechanical properties owe to the
ductility of metal.** The high optical transmittance comes from
the index-matched refractive ratio between the oxide and the
metal layers.*® Furthermore, OMO structures can be produced
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at low cost because it can be used without post treatment such
as post annealing or chemical treatment. There have been
numerous studies on OMO thin films, including those that use
indium tin oxide and indium zinc oxide, such as ITO/Ag/ITO,
TiO,/Ag/TiO,, 1ZO/Ag/IZO and WO;/Ag/WO;.***” Among them,
the most widely used OMO structure is ITO/Ag/ITQ.>*34384

Nevertheless, the mechanical stability of OMO structures
presents ongoing problems. Generally, thin films deposited on
a polycrystalline structure can easily crystallize,** and it is well
known that the metal layer between oxide layers easily crystal-
lizes despite the thin thickness of around 10 nm.* The bottom
oxide layer has an amorphous structure when it forms on a glass
substrate; however, the upper oxide layer deposited on poly-
crystalline metal has a crystalline structure.** As a result, an
OMO structure has a polycrystalline oxide/metal/amorphous
oxide structure, and the top crystallized oxide layer is a weak
point with low mechanical stability. In our previous work,***® we
demonstrated the hydrogen passivation effect on In,Os-based
TCO materials, and that hydrogen plays a crucial role in
mechanical stability. The hydrogen in TCOs contributes to
mechanical stability with a stabilized amorphous structure and
suppression of subgap defects in oxide material, which can
release residual stress in thin films.

In this work, we demonstrate that an ITO/Ag/ITO structure
can improve its mechanical stability by using hydrogen-doped
oxide layers on both the bottom and the top oxides layers
without any complicated process. The ITO/Ag/ITO structure was
prepared with various hydrogen flow ratios [H,/(H, + Ar)] from
0% to 0.8% on a polyethylene terephthalate (PET) substrate.
These results can be applied not only to all kinds of OMO
structures that including unintended polycrystalline top oxide
layers but also TCO thin films requiring mechanical stability.

Experimental

The ITO/Ag/ITO (IAI) multilayer is prepared on a PET substrate
(50 x 50 x 0.25 mm?®) for measuring mechanical stability, and
a Si0/Si (50 x 3 x 0.25 mm?®) for residual stress test. And the
glass substrate (50 x 50 x 0.78 mm?®) is used for electrical and
optical properties. The oxide layers were deposited using a DC
magnetron sputtering system with a single sintered ITO target
(9.8 wt% SnO, doped In,0;) without intensive substrate heat-
ing. The base pressure was exhausted to 1.0 x 10~° Torr, and
the working pressure of 7.5 mTorr was maintained during the
deposition processes. The discharge power was 100 W and 50 W
for ITO and Ag, respectively. The distance between the substrate
and the target was 50 mm for ITO and 100 nm for silver. Firstly,
the bottom ITO layer (40 nm) was deposited using a mixture of
pure argon gas (6 N, 99.9999%) and hydrogen gas (6 N,
99.9999%); the gas flow ratio H,/(H, + Ar) was varied from 0.0,
0.1, 0.2, 0.4, and 0.8%. Secondly, the Ag layer was deposited on
an amorphous bottom ITO:H layer using pure argon gas. Then,
the top ITO layer was deposited with the same method as the
bottom ITO:H layer. The electrical and optical properties were
measure by a Hall effect measurement system (ECOPIA, HMS-
3000) and an UV-Vis spectrophotometer (UV-1800, SHI-
MADZU) in the range of 200-1100 nm, respectively. The
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thickness of thin film was confirmed by scanning electron
microscopy (SEM, MIRA3, TESCAN) and spectral reflectometer
(ST2000-DLXn, K-MAC). The mechanical property of IAI films
deposited on PET (size: 10 x 40 x 0.25 mm?®) was estimated by
the resistance change under cycling bending with a digital
multimeter (Agilent 34401A), 0.5 Hz bending frequency, and
5 mm bending radius. The thermal emissivity of the IAI struc-
ture were estimated using an infrared camera (IR camera,
Nikon), and 3 V was applied to the IAI structure. The residual
stress in the thin film was evaluated from the change in
curvature of the thin film according to laser irradiation at
regular intervals (5 mm) to investigate the residual stress in the
thin film (residual stress test, J&L Tech Co.). In this case, the IAI
structure was deposited on a silicon substrate with dimensions
of 5 x 50 x 0.28 mm?®. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS, ION-TOF GmbH, Miinster) was per-
formed with a pulsed 30 keV Bi' primary beam with a current of
1.01 pA using Cs sputter gun of 2 keV and 15 nA. The analyzed
area was 200 x 200 pm. Negative ion spectra were internally
calibrated usingH ,C, C,, C; ,and C,~ peaks normalized to
the respective secondary total ion yields. The structure of IAI
multilayer was investigated by X-ray diffraction (XRD, D8
Advance, Bruker).

Results and discussion

A hydrogen-doped ITO layer (ITO:H) was introduced with both
a bottom and a top layer of ITO/Ag/ITO (IAL:H). Fig. 1 shows the
TOF-SIMS depth profiling results of IAL:H thin films in relation
to the hydrogen flow ratios. That hydrogen exists in the sample
prepared without hydrogen flow was confirmed in our previous
work.*® The monotonic increase of hydrogen concentration in
the top and bottom oxide layers is confirmed, indicating that
hydrogen was successfully introduced and present in the IAI:H
structure as intended.

Generally, the ITO with thickness of 40 nm deposited on
glass without substrate heating has an amorphous structure,**®
and the Ag layer is easily crystallized even thin thickness and
low substrate temperature. And the ITO has poly-crystalline
structure when deposited on poly-crystalline metal layer.?®
Therefore, the IAI structure without hydrogen shows a prefer-
ential orientation of ITO C(222) and Ag C(111), as shown in
Fig. 2. The XRD patterns of IAI:H with various hydrogen flow
ratios is shown in Fig. 2. As mentioned already, IAI without
hydrogen shows a highly preferred orientation C(222) of ITO; on
the other hand, IAI:H shows a decrease in the intensity of C(222)
with increasing hydrogen concentration. This indicates that the
polycrystalline top ITO layer modulates the structure into an
amorphous one with hydrogen introduction.

Fig. 3 shows (a) the schematic diagram of the dynamic
bending test, and (b) resistance change of the IAL:H thin film in
various H,/(H, + Ar) ratios. The bending radius is 5 mm and 2
seconds for 1 cycle, as shown in Fig. 3(a). The resistance change
during the dynamic bending stress is determined as AR/R,, and
AR means (=R,+; — R,). This shows resistance change trends
more clearly during the dynamic bending test. In the case of IAI
without hydrogen, it shows unstable changes due to the low

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Depth profiling results in relation to H,/(H, + Ar) flow ratio from 0 to 0.8% on bottom and top oxides layers. The hydrogen concentration in
thin film increased with hydrogen flow ratios as intended. The black, blue, red, and orange indicates In,Os, Ag, H, and SnO,, respectively.
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Fig.2 XRD patterns of ITO:H/Ag/ITO:H multi-structures as increasing
H,/(H + Ar) ratio. The black triangle and red circle indicates ITO C(222)
and Ag C(111), respectively.
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Fig. 3 (a) The schematics of dynamic bending test; the bending radius
is 5 mm, the time for 1 cycle is 2 sand 0.5 s interval for each measuring.
(b) The resistance change ratio (AR/R,,) in relation to H,/(H, + Ar) ratio
and AR is determined as R,,,1 — Rn.

mechanical stability that comes from the top polycrystalline
ITO, as shown in Fig. 2. The IAL:H with 0.2% hydrogen
concentration shows the most stable and lowest trends in
resistance. The resistance change trend decreases sharply until
0.2%, then slightly increases. However, compared with the no
hydrogen IAI, it shows a stable change. This means that
a hydrogen-doped top ITO layer has an amorphous structure,

© 2021 The Author(s). Published by the Royal Society of Chemistry

and it allows mechanical stability by interrupting the propaga-
tion of cracks compared with a polycrystalline structure.

Most sputtered thin films have a compressive stress inside of
them due to the characteristics of the sputtering process that
stem from the bombardment of incident particles during
deposition.” Residual stress becomes the cause of deterioration
in electrical, optical, and mechanical properties.** In order to
determine the cause of deterioration of mechanical stability,
the average value of the resistance change trend and residual
stress of IAI thin films were measured and are displayed in
Fig. 4. The details of the residual stress measuring system was
discussed in our previous study.*” As shown in Fig. 4(a), the
average value of resistance changes during the dynamic
bending test (5000 cycles), decreases until the hydrogen flow of
0.2%, and then slightly increases with a higher hydrogen flow
ratio. The residual stress in IAI:H shows good agreement with
the average change in resistance; it shows the lowest value for
the sample with the 0.2% hydrogen flow. It clearly shows that
the proper amount of hydrogen on both the top and bottom ITO
layers can improve mechanical stability due to the amorphized
oxide layer, despite it being deposited on a polycrystalline metal
layer.

Fig. 5 depicts (a) the carrier concentration (1), mobility (u),
and resistivity (p) before (solid line with closed symbol) and
after (dash line with open symbol) the 5000 cycles dynamic
bending test as a function of hydrogen flow ratios. The electrical
properties of the IAI:H before bending show similar values
regardless of hydrogen flow, as discussed in previous work.*® In
the case of after the bending test, the p and the u dramatically
decrease. Generally, in TCOs, the p is determined by the
correlation between the n and the u; The u is dominated by the
ionization scattering of the n, that is, the changes in the u are
interpreted by the n.* However, in this case, the result can be
assumed to be due to the microcracks forming on the film
surface causing a decrease of u. The smallest change in the u of
IAL:H with 0.2% hydrogen flow compared with the other sample
is strong evidence for the assumption. As a result, the stabilized
oxide layer with hydrogen can improve mechanical stability due
to the suppression of microcracks on the film surface that can
reduce u. The absorption coefficient («) and transmittance in
the visible light region is shown in Fig. 5(b) and inset. The « is
calculated from the equation o = —In[T/(1 —R)]/d, where Tand R
are the transmittance and reflectance, and d is the film thick-
ness. There is no significant difference in transmittance
because all the samples have almost the same 7; however, it

RSC Adv, 2021, 1, 3439-3444 | 3441
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(a) The residual stress and (b) average AR/R,, of ITO:H/Ag/ITO:H multi structure in relation to H,/(H, + Ar) ratio. It is clear that multi

structure with hydrogen doped ITO on top and bottom layers has low internal stress.

shows a difference in « as a function of hydrogen flow ratio. The
a without hydrogen yields a high value compared with IAL:H. It
seems that the hydrogen in the oxide layers suppresses the
subgap level defect that manipulates microcracks on film
surfaces, as discussed in previous work.*®

The improved mechanical stability is also confirmed with
a thermal emissivity analysis conducted using a thermal
imaging camera for precise analysis of the resistance change
before and after the dynamic bending test, as depicted in Fig. 6.
The Fig. 6(I) shows thermal emissivity images a function of H,
addition in flat state [(a)-(e)] and in 1-time bending state [(f)-(j)],
before bending test. The Fig. 6(II) shows thermal emissivity
images as a function of H, addition in flat state [(k)-(o)] and in
bending state [(p)-(t)], after 5000 cycles of bending. The thermal
emissivity is strongly dependent on the p of the films and the
thermal emissivity based on Joule heating is defined as follow:*®
g = V?/Rs, where q is heat generation rate, V is applied voltage,
and Ry is sheet resistance of thin film. In the case of Fig. 6(I),
before 5000 cycles of bending, all the samples in the flat state
and bending state, [(a)—(j)], shows almost a similar thermal
emissivity with temperature around 75 °C and uniform heat
distribution. This could be due to the almost unchanged p. On
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the other hand, after bending for 5000 cycles Fig. 6(II), the IAI
without hydrogen shows an obvious difference in thermal
characteristic and heat distribution before and after dynamic
bending testing. The sample with 0.2% H, flow ratio [see
Fig. 6(m) and (r)], which has the most stable mechanical
stability and p, shows a uniform thermal distribution and
subequal thermal emissivity compared with before the bending
test. Furthermore, it shows high and stable thermal character-
istics even in the bending state after the 5000 cycles bending
test. Fig. 6(u) and (v) show SEM images of the top layer without
H, addition and 0.2% H, addition in the bending state after
5000 cycles bending test, respectively. In the case of (u),
microcracks are clearly observed; fewer microcracks are seen in
sample (v). Therefore, degradation of thermal distribution
should be due to the microcracks generated on the top layer.
This means that the electrical properties were maintained
because the formation of microcracks are suppressed by
hydrogen. As a result, it has been clearly confirmed that the
introduction of the right amount of hydrogen in oxide layers
can modulate structures from polycrystalline to amorphous,
thereby suppressing the formation of microcracks on the
surface that restrict u.
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(a) The hall effect measurements results before (solid line with closed symbol) and after (dash line with open symbol) 5000 cycles dynamic

bending test and (b) the absorption coefficient of IAl:H as increasing H,/(H, + Ar) ratio and the transmittance of IAl:H multi structure in visible light

is shown in inset.
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Fig. 6 The thermal images before and after dynamic bending stress of IAl:H multi-structure are shown. The (I) shows thermal images of before
5000 cycles bending test with (a)—-(e) flat state and (f)-(j) bended state. And the (ll) shows thermal images of after 5000 cycles bending test with
(k)—(o) flat state and (p)—(t) bending state. The schematic of microcrack formation and SEM images after 5000 cycles bending test on top layer (u)
without hydrogen and (v) with hydrogen flow 0.2%. Numerous microcracks are observed on the surface of |Al without hydrogen, whereas, |Al:H

shows obvious difference.

Conclusions

A hybrid structure consisting of OMO has high electrical,
optical, and mechanical properties, but the mechanical prop-
erties encounter problems because of the polycrystalline struc-
ture of the top oxide layer formed on the polycrystalline metal
layer. In this work, we introduced hydrogen to the top and
bottom ITO layers for mechanical stability improvement. The
hydrogen presence in the IAL:H structure and stabilized amor-
phous oxide structure was confirmed. The mechanical stability
was dramatically improved with a 0.2% hydrogen flow ratio, and
low residual stress and average change in resistance were
demonstrated. The electrical property changes before and after
dynamic bending testing revealed the reason why there was
a decrease in electrical property. Generally, the p of ITO depends
on the n due to ionization scattering,”” but in this case, the u
determined the p of the multistructure du to microcrack
formation on the surface. The improved mechanical stability
was confirmed with heat thermal emissivity and heated
temperature before and after dynamic bending testing. As
a result, the correct amount of hydrogen can produce a stabi-
lized amorphous structure simply. This result implies that
multistructures that contain unintended polycrystalline can be
stabilized with hydrogen introduction.
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