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Abstract: We have studied characteristics of tin-doped indium oxide (ITO) films sputtered on flexible
invar metal foil covered with an insulating SiO, layer at room temperature to use as transparent
electrodes coated substrates for curved perovskite solar cells. Sheet resistance, optical transmittance,
surface morphology, and microstructure of the ITO films on SiO, /invar substrate are investigated as
a function of the thickness from 50 to 200 nm. The optimized ITO film exhibits a low sheet resistance
of 50.21 Ohm/square and high optical transmittance of up to 94.31% even though it is prepared at
room temperature. In particular, high reflectance of invar metal substrate could enhance the power
conversion efficiency of curved perovskite solar cell fabricated on the ITO/SiO, /invar substrate.
In addition, critical bending radius of the 150 nm-thick ITO film is determined by lab-designed outer
and inner bending tests to show feasibility as flexible electrode. Furthermore, dynamic fatigue test
is carried out to show flexibility of the ITO film on invar metal substrate. This suggests that the
ITO/SiO, /invar substrate can be applied as flexible electrodes and substrates for curved perovskite
solar cells.

Keywords: indium tin oxide (ITO); invar metal substrate; curved perovskite solar cells; flexibility;
reflectance; electrode

1. Introduction

Methylammonium lead tri-iodide (MAPbI3) perovskite solar cells (PSCs) have emerged as
next generation photovoltaics following Si-based photovoltaics and organic photovoltaics due to
their high power conversion efficiencies larger than 20% and solution-based simple fabrication
process [1-5]. In particular, planar heterojunction type flexible perovskite solar cells have been
extensively investigated because planar architecture is easily fabricated on flexible substrate at
low temperature. However, most flexible PSCs fabricated on plastic substrate exhibited limit in
reliability and stability due to high water vapor transmission rate (WVTR) values of conventional
plastic substrates [6—11]. To solve the problem of typical plastic substrates, flexible metal foils with
smooth surface have emerged as promising flexible substrate for flexible photovoltaics and flexible
organic light emitting diodes (OLEDs) [12-16]. Especially, metal foil substrates have many advantages
over polymer substrates, such as enhanced chemical stability and lower thermal expansion coefficients.
Furthermore, a high temperature process is possible due to the higher thermal stability of metal foil
compared to that of polymers, and a passivation layer is not required to prevent water vapor and
oxygen migrating through the substrate [17-20]. On the other hand, impurities from the metal substrate
and surface roughness are significant issues impeding their electronic applications. In particular, device
performance may deteriorate due to out-diffusion of detrimental elements from the metal foil, such as
Fe atoms, and electrical short circuits (i.e., direct contact of the anode and cathode electrode in solar
cell devices) due to severe surface roughness [21-23]. Lee et al. suggested that invar metal foil is a
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promising flexible substrate material for flexible OLEDs [12]. Im et al. also reported that flexible PSCs
fabricated on metal foil had a power conversion efficiency of 15% [24]. Typically, most of PSCs have
been fabricated on physical vapor deposited Sn-doped In,O3 (ITO) electrode [25-27]. DC sputtered
amorphous ITO films with fairly high sheet resistances (30-100 Ohm/square) and average optical
transmittances of 80-85% have been widely employed as flexible electrodes for flexible optoelectronic
devices. Although the potential of invar metal foil as flexible substrate for flexible optoelectronic
devices has been well-known, detailed investigation of Sn-doped In,O3; (ITO) films on invar metal foil
is still necessary. Recently, we reported high quality flexible ITO electrodes with a low sheet resistance
of 15.75 Ohm/square, high optical transmittance of 85.88%, and outstanding flexibility grown by
ion plating for flexible PSCs [28]. Because most research of PSCs has mainly been focused on active
materials and interface buffer layers, investigation of flexible ITO films for curved or flexible PSCs is
still lacking.

In this study, we investigated the electrical, optical, morphological and mechanical properties of
DC sputtered ITO films on invar foil substrate as a function of ITO film thickness to show feasibility
of invar metal substrate for curved perovskite solar cells. In particular, outer and inner bending
tests were carried out to determine critical bending radius of ITO film on the invar metal substrate.
In addition, resistance change of the ITO films during repeated bending cycles at a fixed bending
radius of 15 mm was measured to show stable mechanical flexibility. The possible growth mechanism
of ITO films on the SiO; coated invar metal substrate was suggested to correlate film thickness and
characteristics of ITO films. In addition, we report a preliminary study of a perovskite solar cell
fabricated on invar substrate.

2. Materials and Methods

The 120 um thick invar metal foil (36% Ni-64% Fe) was employed as flexible substrate to deposit
flexible ITO anode for curved perovskite solar cells. Before sputtering of ITO films, the 2 um thick SiO,
insulating layer was deposited on invar substrate using plasma enhanced chemical vapor deposition.
Then, transparent ITO film with a thickness in the range 50-200 nm was sputtered on the SiO; coated
invar substrate using a four-inch ITO target (Dasom RMS) at room temperature. During ITO sputtering
process, DC power of 100 W, Ar flow rate of 20 sccm, and a working pressure of 3 mTorr was kept
constant. Figure 1a shows the fabrication process of flexible ITO films on invar substrate. The ITO
coated invar foil could be used as flexible substrate in curved perovskite solar cells as illustrated
in Figure 1b. Due to opacity of invar substrate, the light was absorbed through the transparent top
cathode unlike typical glass-based perovskite solar cells. The thickness of ITO films was measured
using a profilometer (NanoMap LS, aep Technology, Newyork, NY, USA). Through Hall measurements
(HMS-4000AM, Ecopia, Anyang-si, Korea) and a UV-visible spectrometer (UV 540, Unicam, Hachioji,
Japan) analysis, the electrical and optical properties of the flexible ITO films were examined as a
function of thickness. The morphology and microstructure of ITO film on SiO; coated invar substrate
according to the increasing thickness was examined by field emission scanning electron microscope
(FESEM: JSM-7600F, JEOL, Akishima, Japan) and X-ray diffraction (XRD, D8 ADVANCE, Bruker
Corporation, Billerica, MA, USA). The mechanical flexibility of the ITO films on SiO; coated invar
substrate was investigated by using a lab-designed outer/inner bending test machine (JUNIL TECH
Co., DaeGu-5i, Korea). The resistance changes of the ITO films during outer and inner bending of
substrate were measured with decreasing bending radius in order to determine critical bending radius.
By pressing the clamped samples, we can control the bending radius. In outer and inner bending
tests, both clamps moved simultaneously to specific position to make specific bending radius. Then,
dynamic outer/inner fatigue tests were performed at a fixed bending radius of 15 mm for 10,000 cycles.
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Figure 1. (a) Schematic fabrication process of flexible ITO films on SiO, coated invar metal substrate
using typical DC magnetron sputtering at room temperature. The images show ITO sputtering process
and curved invar substrate with ITO electrodes. (b) Device structure of curved perovskite solar cells
with transparent InSnO anode and InZnSnO top cathode.

3. Results and Discussion

Figure 2a,b shows the Hall measurement results of ITO films sputtered on SiO, coated invar
substrate and glass substrate in same chamber with increasing film thicness. With increasing ITO film
thickness, the sheet resistance gradually decreased. Table 1 summarized sheet resistance of ITO films
on the 5iO; coated invar and glass substrate, respectively. Regardless of substrates, the DC sputtered
ITO films showed a similar sheet resistance at a same film thickness. Because the insulating SiO, layer
completely covered the invar substrate, the ITO film on SiO, /invar substrate showed a similar sheet
resistance to the ITO films on glass substrates. At a thickness of 200 nm, the ITO films on SiO, /invar
and glass substrate showed an identical sheet resistance of 44.57 and 44.52 Ohm/square and resistivity
of 8.91 x 107* and 8.90 x 10~* Ohm x cm, respectively.
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Figure 2. Hall measurement results of ITO films on (a) SiO; coated invar and (b) glass substrates
prepared at room temperature with increasing thickness (50, 100, 150, 200 nm). (c) Optical transmittance
of ITO films on glass substrates. Inset: pictures of ITO films deposited on invar substrates (upper figure)
and on glass substrates (lower figure). (d) Figure of merit (FoM = T'?/Rg;,) of ITO film on SiO, /invar
substrates as a function of thickness.
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Table 1. Sheet resistance of ITO films on the SiO,/invar and glass substrates with increasing

ITO thickness.
heet Resi R h
Substrate Sheet Resistance (Rs) (Ohm/square)
50 nm 100 nm 150 nm 200 nm
Invar 75.54 54.74 50.21 44.57
Glass 77.64 53.30 49.51 44.52

Figure 2c shows optical transmittance of ITO films on the glass substrate. Due to opacity of
invar substrate, the optical transmittance of the ITO films was measured from the ITO film sputtered
on glass substrate at same sputtering conditions with invar substrates. All ITO films show a high
optical transmittance in the visible region regardless film thickness. With increasing ITO film thickness,
oscillations in the optical transmittance was observed due to light interference phenomena [29,30].
Table 2 showed the average transmittance (400-800 nm) of ITO films on glass substrate as a function of
thickness. At the 150nm-thick ITO film, the average transmittance had the highest value of 88.73%.
To determine optimum ITO thickness, we compared figure of merit (FoM = T'0/Rg,) values, which were
calculated from the average optical transmittance (T) and the sheet resistance (Rg,), as shown in
Figure 2d [31]. Because the active layer of the PSCs absorbs visible light (400-800 nm), the FoM values
are calculated using the average optical transmittance (400-800 nm). In addition, the voltage loss
of the PSCs is influenced by the sheet resistance of the transparent electrode. Therefore, the exciton
generation and voltage loss of the PSC are closely related to the FoM value, which is the quality of
the transparent electrode. For those reasons, the optimum ITO thickness on the invar substrate was
determined by the FoM value. Based on FoM calculation, we found that the 150 nm-thick ITO film had
the highest FoM value of 6.02 Ohm . In invar-based perovskite solar cells, optical reflectance on the
surface of invar substrate is very important because photon penetrating perovskite active layer could
be reflected from the surface of invar substrate as illustrated in Figure 1b.

Table 2. Average transmittance of ITO films on the glass substrate with increasing ITO thickness.

Average Transmittance (400-800 nm) (%)
50 nm 100 nm 150 nm 200 nm
Glass 86.23 86.12 88.73 87.01

Substrate

Figure 3a shows optical reflectance of ITO/SiO,/invar samples with different ITO thickness.
Due to high reflectance of invar substrate, all samples showed high reflectance regardless of ITO
thickness. Optical reflectance of the ITO/SiO;/invar samples are similar to SiO,/invar substrate.
Figure 3b exhibited XRD plots of ITO films on SiO,/invar substrate with increasing thickness.
The diffraction peaks appear at 26 = 30.28°, 35.18°, 37.06°, 50.57°, and 60.15°, corresponding to
the (222), (400), (411), (440), and (622) orientations. The several diffraction peaks demonstrate that the
DC sputtered ITO films have a typical bixbyite structure even though they were prepared at room
temperature. The intensity of XRD peaks increased due to well-developed polycrystalline structure and
increase in sub-grain sizes. In addition, ITO film showed (222) preferred orientation with increasing
film thickness. Kim et al. also reported that DC sputtered ITO films had a (222) preferred orientation
with increasing film thickness [32]. Although we employed invar metal substrate, the ITO films ware
directly sputtered on SiO, insulating layer, the microstructure of ITO film on SiO, /invar substrate is
similar to the ITO films on glass or fused silica (SiO,) substrate.
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Figure 3. (a) Reflectance ITO films sputtered on SiO; coated invar substrate with increasing film
thickness. (b) XRD plots of the ITO films sputtered on SiO; coated invar substrate at room temperature
as a function of film thickness.

Figure 4 shows surface FESEM images of DC sputtered ITO films on SiO, /invar substrate with
increasing film thickness. At a thickness of 50 nm in Figure 4a, the ITO film showed garlic-flower like
surface morphology due to amorphous sub-grain as expected from XRD plot. However, surface FESEM
image of the ITO film with a thickness of 100 nm showed sub-grains consisting of micro-crystals as
shown in Figure 4b. Further increase in thickness led to (222) preferred oriented surface morphology
of ITO films as expected from XRD plots. As shown in Figure 4c, the 150-nm thick ITO films consisted
of (222) oriented grains with a triangular-shape. The triangular-shaped ITO grains indicate that DC
sputtered ITO films on SiO, /invar substrate have a (222) preferred orientation. However, the 200-nm
thick ITO films exhibit triangular-shaped (222), square-shaped (400), and rectangular-shaped (440)
grains as shown in Figure 4d [27]. As expected from the XRD plots, these grain shapes indicate
that the 200-nm thick ITO film consists of primarily (222), (400), and (440) grains. Due to the
difference in sub-grain height, we can easily distinguish the sub-grain direction of DC-grown ITO
films on SiO,/invar substrate. As we reported in previous work [27], the surface of sputtered
ITO films experienced severe ion bombardments from energetic particles in high density plasma.
This bombardment resulted in re-sputtering of the specific plane of the ITO films. Due to different
surface energy of special crystalline ITO planes, the re-sputtering phenomenon resulted in specific
surface morphology of the ITO film depending on its preferred orientation.

ITO (50 nm)/SiO2 (2um)/Invar ITO (100 nm)/SiO2 (2pm)/Invar

ITO (150 nm)/SiO2 (2pm)/Invar ITO (200 nm)/SiO2 (2pm)/Invar

Figure 4. Surface FESEM images of DC sputtered ITO films on SiO,/invar substrates; (a) 50 nm,
(b) 100 nm, (c) 150 nm, and (d) 200 nm.

To determine the critical outer and inner bending radii of the ITO film on SiO, /invar substrate,
the resistance change (AR) of the ITO film was measured in-situ by reducing the bending radius,
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as shown in Figure 5a. Here, the critical bending radius (r.) is defined as the bending radius where
the resistance abruptly increases due to the formation and propagation of cracks. The outer/inner
bending test results showed that the 150 nm-thick ITO film on SiO, /invar substrate had a constant
resistance until the bending radii became 11 mm (outer bending) or 11 mm (inner bending), as shown
in Figure 5a. Beyond this critical bending radius, the resistance of the film rapidly increased due to
crack formation and physical separation of the ITO film. Due to thick 2 pm of SiO, on invar substrate,
cracking in the ITO (150 nm)/SiO, multilayer led to increase in the resistance. Figure 5b shows the
dynamic bending test results of the ITO (150 nm)/SiO, /invar substrate with an increasing number
of bending cycles at a fixed bending radius of 15 mm, which is larger than critical bending radius.
The picture in upper panels in Figure 5b shows the dynamic outer and inner bending fatigue test steps
with increasing bending cycles, up to 10,000 cycles.
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Figure 5. (a) Upper panels show pictures of the outer bending test steps with decreasing bending
radius. Results of the outer and inner bending test with decreasing bending radius of 150 nm thick ITO
films on SiO, /invar substrate. Insets show the schematics of curved sample experiencing tensile and
compressive stress. (b) Results of the outer and inner dynamic bending fatigue tests at a fixed bending
radius of 15 mm for the 150 nm thick ITO films on SiO, /invar substrate. The right side shows FESEM
images of the ITO film before and after dynamic fatigue test after 10,000 cycles.

Figure 5b shows both dynamic outer and inner bending fatigue tests of the ITO
(150 nm)/SiO,/invar substrate; no change in the resistance (AR) is observed, even after
10,000 bending cycles, demonstrating the outstanding flexibility and mechanical reliability of the
ITO (150 nm)/SiO, /invar substrate. Even after 10,000 outer and inner bending cycles, the surface
of the ITO film showed an identical morphology to the as-deposited ITO film. The crystalline and
featureless surface morphology of the sample is typical of a crystalline ITO film prepared at room
temperature. Considering the application of curvature of perovskite solar cells, the outstanding
flexibility and small critical bending radius of ITO film on SiO,/invar substrate is acceptable in
fabrication of curved perovskite solar cells.

Based on FoM value and bending test results, curved PSC was fabricated on a 150 nm-thick ITO
film. Figure 6a depicts current density-voltage (J-V) curve of the PSC on the ITO (150 nm)/SiO, /invar
substrate. Figure 6b shows schematic representation of the PSC fabrication processes on the ITO
(150 nm)/SiO, /invar substrate. The ITO (150 nm)/SiO,/invar substrate underwent UV /ozone
treatment for 10 min before the deposition of a NiO layer. The desired amount of ethanolic precursor
solution containing nickel diacetate tetra-hydrate (Ni(CH3COO),-4H,0) and HCI was refluxed at
60 °C for 2 h. Then, NiO layer with an average thickness of 12 nm was fabricated by spin-coating at
3000 rpm for 40 s in air and the film was annealed at 100 °C for 30 min. Subsequently, the MAPbI;
was coated onto the NiO layer by spin-coating at 4000 rpm for 45 s in air. The electron transport layer
PCBM was grown on the MAPbI; layer by spin coating at 1000 rpm for 60 s and the film 100 °C for
10 min. Finally, 200 nm IZTO cathodes were formed successively, with the damage-free linear facing
target sputtering by using a dumbbell-shaped shadow mask [33]. Table 3 summarizes the key J-V
parameters of the curved PSC. The J-V curve of the performing device yields a Voc of 1.11 'V, a Jsc of
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18.12 mA /cm?, a fill factor of 47%, and a PCE of 9.70%. Although the PCE of the curved PSC fabricated
on ITO/Si0O, /invar substrate is lower than glass based PSC at this moment, we strongly believe that
further optimization of fabrication process could increase PCE of the curved PSC on invar substrate.
However, successful operation of curved PSC on invar substrate demonstrates the feasibility of flexible
invar substrate for next-generation curved PSCs.
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Figure 6. (a) Current density-voltage (J-V) curve of PSC fabrication on the ITO (150 nm)/SiO, /invar
substrate (under AM 1.5 solar light). (b) Schematic of a PSC fabrication procedure on the ITO
(150 nm) /SiO, /invar substrate.

Table 3. Key parameters of PSC based on ITO (150 nm)/SiO, /invar substrate.

ITO Thickness 2 . o Power Conversion
(am) Voc (V) Jsc (mA/cm?) Fill Factor (FF, %) Efficiency (PCE, %)
150 1.11 18.12 47.0 9.70

4. Conclusions

The electrical, optical, morphological, and structural properties of DC sputtered ITO films on
Si0;, /invar substrates were investigated as a function of ITO thickness. We found that the resistivity
and optical transmittance of DC sputtered ITO film on SiO,/invar is dependent on film thickness.
With increasing thickness, the ITO film showed a well-developed crystalline structure with (222)
preferred orientation. Based on outer/inner bending test and dynamic fatigue tests, we confirmed
the outstanding mechanical flexibility of the ITO/SiO,/invar substrate. Based on electrical, optical,
and mechanical properties of ITO film on SiO,/invar substrate, we suggested that the DC sputtered
ITO film on SiO, /invar substrate could substitute ITO film on plastic substrate for curved perovskite
solar cells. In addition, a preliminary study of the ITO coated-invar metal foils as a flexible substrate
for curved PSCs indicates that invar metal foils are promising flexible substrates to substitute typical
flexible polymer substrates for high performance curved PSCs.
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