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Abstract: This study presents an innovative material processing approach to fabricate transparent conducting electrodes (TCEs) 
on polyethylene terephthalate (PET) substrates using blade coating and photonic curing. The hybrid TCEs consist of a 
multiscale Ag network, combining silver metal bus lines and nanowires, overcoated by an indium zinc oxide layer, and then 
photonically cured. Blade coating ensures film uniformity and thickness control over large areas. Photonic curing, a non-
thermal processing method with significantly lower carbon emissions, enhances the conductivity and transparency of the coated 
layers. Our hybrid TCEs achieve an average transmittance of (81 ± 0.4)% referenced to air ((90 ± 0.4)% referenced to the PET 
substrate) in the visible range, an average sheet resistance of (11 ± 0.5) Ω sq−1, and an average surface roughness of (4.3 ± 0.4) 
nm. We benchmark these values against commercial PET/TCE substrates. Mechanical durability tests demonstrate <3% change 
in resistance after 2000 bending cycles at a 1 in radius. The scalable potential of the hybrid TCE fabrication method is 
demonstrated by high uniformity and excellent properties in 7 in × 8 in large-area samples and by performing the photonic 
curing process at 11 m min−1. Furthermore, halide perovskite solar cells fabricated on these hybrid TCEs achieve average and 
champion power conversion efficiencies of (10.5 ± 1.0) % and 12.2%, respectively, and significantly outperform devices made 
on commercial PET/TCEs. This work showcases our approach as a viable pathway for high-speed “green” manufacturing of 
high-performance TCEs on PET substrates for flexible optoelectronic devices. 

Keywords: transparent conducting electrode; photonic curing; roll-to-roll; silver nanowires; blade-coating; “green” 
manufacturing 
 

1. Introduction 

Transparent conducting electrodes (TCEs) are critical components for many optoelectronic applications 
including transparent heaters, solar cells, light-emitting diodes, touch/display screens, Internet of Things (IoT), 
and wearable electronics [1,2]. TCEs fabricated on flexible substrates with non-planar form factor have 
applications in wearables and mounting on drones and tents [1]. Good TCEs require high optical transmittance (T), 
low electrical sheet resistance (Rsh) [3], and low surface roughness (σrms) [4]. Because materials with high electrical 
conductance (1/Rsh) typically have low optical transmission, optimizing both T and Rsh simultaneously is 
challenging [5]. The most common TCE is indium tin oxide (ITO). Highly crystalline ITO with superior properties, 
i.e., T ~85% (referenced to air) and Rsh ~0 Ω/sq, can be fabricated on rigid glass substrates. Vacuum deposition 
and high-temperature processing are needed to achieve these properties. When fabricating on flexible plastic 
substrates, desirable for their low cost and mechanical properties, large coefficients of thermal expansion (CTE) 
and low glass transition temperatures of plastics make high-temperature processing difficult or impossible. 
Consequently, ITO must be processed at lower temperatures, resulting in higher Rsh films. For example, one 
commercially available ITO film on a polyethylene terephthalate (PET) substrate has properties (T ~80% and Rsh 
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~70 Ω/sq) [6], inferior to typical rigid glass substrate counterparts (T~85% and Rsh ~10 Ω/sq). To reduce Rsh, ITO 
films deposited on PET are thicker which leads to rougher films with less mechanical flexibility [7]. 

Currently, many alternatives to ITO are being investigated, including other transparent conducting oxides 
(TCOs), metal bus line (MBL) structures, metal nano-wire networks such as silver nanowires (AgNWs) or copper 
nanowires, carbon nanotubes, graphene oxide, and insulator/metal/insulator (IMI) structures, etc. [1,2,8,9]. MBLs 
can achieve extremely low Rsh values while maintaining high T, and can be fabricated with roll-to-roll (R2R) 
techniques such as gravure printing or flexography [10]. AgNWs offer excellent mechanical flexibility, optical 
and electrical properties, and solution processability [11]. However, there are several challenges with both MBLs 
and AgNWs. Highly transmissive MBLs typically have large gaps between metal lines, which reduces charge 
collection and efficiency for solar cells because charges do not diffuse over long distances. MBLs are also usually 
hundreds of nanometers tall to enable good electrical conduction, resulting in non-planar surfaces which can cause 
devices to be leaky or shorted [10]. Similarly, AgNWs produce rough films, leading to shunting in devices that 
require thin functional layers such as solar cells and light-emitting diodes [1]. 

All the above-mentioned TCE materials must be heated to high temperatures, typically by thermal annealing, 
for several minutes or even hours to achieve high T and low Rsh. For example, MBLs are typically made from 
metal colloidal inks which must be sintered at moderate temperatures (~100–150 °C) for tens of minutes to achieve 
good electrical conductance. AgNWs are commonly synthesized with a polyvinylpyrrolidone (PVP) coating to 
keep them suspended in solution [12], which causes high contact resistance at the joint between two AgNWs and 
must be removed through thermal or chemical treatment to form a highly conductive network. Metal oxides made 
from sol-gel precursors must also be thermally annealed to be fully converted to the desired compact oxide 
structure from the gel state. The conversion temperatures and times are typically high (200–500 °C) and long (>30 
min), preventing the adaptation of solution-processed TCO films on plastic substrates. Furthermore, the long 
annealing time is incompatible with high-speed manufacturing, such as roll-to-roll (R2R), which can increase 
throughput and lower final product costs.  

Additionally, 90% of industrial heat—the usage of heat in industries to transform materials into useful 
products—is produced by burning fossil fuels. In 2020, industrial heat accounts for nearly half of the emissions in 
industry, accounting for 9% of the entire U.S. emission footprint [13]. To circumvent the problems caused by 
thermal annealing and to reduce carbon emissions, here we employ photonic curing [14,15], also called intense 
pulsed light or flash lamp annealing, as a promising alternative. Photonic curing uses a xenon flash lamp that emits 
microsecond to millisecond pulses of broadband (200–1500 nm) light onto the sample. Light is selectively 
absorbed within the sample depending on the layers’ optical properties, increasing temperature locally to facilitate 
material transformations such as crystallization, densification, or sintering. The short duration of light pulses 
translates to low energy delivered to the samples, avoiding damage to low thermal-budget PET substrates; 
furthermore, the short pulses make photonic curing compatible with high-throughput R2R fabrication. The 
electricity use of a photonic curing tool is efficient because the energy is delivered only to the specific thin films 
without heating the environment. Thus, photonic curing is a “green” material processing method that is both high-
speed and compatible with plastic substrates. Photonic curing has been applied to a plethora of materials, including 
AgNWs [16–20], metal inks [21–23], halide perovskite [24–28], and metal oxides [27, 29–33].  

In this work, we fabricate hybrid TCEs at room temperature by blade-coating material layers on PET 
substrates containing flexographically printed MBLs and process them with photonic curing. A techno-economic 
report has shown that combining solution deposition and photonic curing enables R2R manufacturing with a lower-
cost final product by taking advantage of inexpensive capital expenditure and the economy of scale [34]. To solve 
the challenges created by MBLs or AgNWs alone, we create a hybrid TCE structure consisting of a multiscale Ag 
network of MBLs and AgNWs overcoated by a sol-gel indium zinc oxide (IZO) film. The entire hybrid TCE 
structure is processed with photonic curing, instead of high-temperature thermal annealing. In this hybrid TCE 
structure of multiscale Ag network and IZO, the Ag MBLs act as highly conductive “highways” to achieve overall 
low Rsh, the AgNWs act as slightly less conductive “streets” to increase charge collection in the gaps between the 
Ag MBLs, and the IZO acts as both charge collection material in the gaps between the AgNWs and planarization 
to decrease the σrms of the hybrid film. IZO was chosen as the planarization layer because it can be made by 
combustion sol-gel chemistry that requires less energy and IZO is less crystalline than ITO, thus better mechanical 
durability. These hybrid TCEs are targeted for halide perovskite solar cells (PSCs), with the desired properties of 
average transmittance from 400 to 700 nm wavelengths (Tavg)  80% (referenced to air), Rsh < 15 Ω sq−1, and σrms 
< 5 nm. While several research groups have fabricated MBL and/or AgNW TCEs with an overcoated layer to 
smooth the MBL and/or AgNW surface using thermal annealing [11, 35–43], none demonstrated that their process 
was compatible with large-area and photonic curing, i.e., high-throughput R2R manufacturing. 
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First, we fabricated small-area (1 in × 3 in) samples and measured their Tavg, Rsh, and σrms, which are 
benchmarked against commercially available PET/TCEs. Bending tests were also performed to evaluate the 
mechanical durability and the suitability of conveying these TCEs on an R2R machine for optoelectronic device 
fabrication. Next, the blade-coating was scaled up to fabricate 7 in × 8 in hybrid TCEs, and the photonic curing 
process speed was increased to 11 m min−1. Finally, to demonstrate the performance of these hybrid TCEs, we 
fabricated PSCs on top of them to evaluate the quality of hybrid TCEs made under different processing conditions. 
By combining blade coating and photonic curing, this work showcases a viable pathway for ambient environment 
fabrication of high-quality TCEs on PET substrates at high speeds, paving the way for future development of 
sustainable R2R manufacturing of PSCs.  

2. Methods 

2.1. Materials 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Clevios 4083) solution was 
purchased from Heraeus Deutschland (Hanau, Germany). (2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic 
acid (MeO-2PACz) and lead iodide (PbI2) were purchased from TCI America (Montgomeryville, OR, USA). 
Methylammonium iodide (MAI) was purchased from GreatCell Solar (Queanbeyan East, Australia). Phenyl-C61-
butyric acid methyl ester (PCBM) was purchased from Lumtec. Silver nanowires were purchased from Cheap 
Tubes Inc (Grafton, VT, USA). and Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were purchased 
from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA, USA). All chemicals were used as received, unless 
otherwise stated. Specific information on PET substrates with MBLs is given in the supplementary materials.  

2.2. Indium Zinc Oxide Solution Preparation 

The indium zinc oxide (IZO) solution was made by dissolving 0.4 M indium nitrate hydrate and 0.4 M zinc 
nitrate hexahydrate in two separate vials of 2-methoxyethanol (2-MOE) [44]. The solutions were allowed to 
dissolve for a minimum of 4 hrs. The day before using the solution, 0.7 M of acetylacetone and 0.6 M of ammonium 
hydroxide were added to both the indium nitrate and zinc nitrate solutions, separately, and mixed for ~12–15 hrs. 
On the day of coating, the indium nitrate and zinc nitrate solutions were mixed in a 7:3 In:Zn atomic ratio and 
diluted with 2-MOE to have a total metal salts (In + Zn) concentration of 0.2 M. This IZO precursor was then 
mixed for at least 1 hr. The solution was filtered with a 0.2 µm polytetrafluoroethylene filter just before blade-
coating. 

2.3. Blade Coating 

All hybrid transparent conducting electrode fabrication processes were done in ambient conditions; the 
temperature (21–25 °C) and relative humidity (30–65%) were not controlled. For small-area coatings, ~100 µm 
thick PET/MBL substrates were cut into 1 in (cross-web direction) × 3 in (down-web direction) rectangles. The 
substrates were ultrasonically cleaned in soapy water (Alconox) for 10 min followed by rinsing in deionized (DI) 
water, acetone, IPA, and DI water, and then blown dry with nitrogen immediately before coating. The Ag metal 
lines are oriented perpendicular to the down-web direction. A layer of AgNWs was first deposited onto the 
PET/MBL substrate via blade-coating (MTI Corporation MSK-AFA-III) using a blade-gap (measured from the 
bottom of the blade to the top of the substrate) of 510 µm and a dispensed volume of 50 µL. After blade-coating, 
the sample was placed on a 90 °C hot plate for 2 min to dry off the solvent. Then, a layer of IZO was blade-coated 
on top of the AgNW layer using a blade gap of 410 µm and a dispensed volume of 25 µL. Both layers were coated 
at a speed of 1.5 m min−1. The IZO film was allowed to relax for 90 s before transferring the sample to a 90 °C hot 
plate for 2 min to dry. The sample was then transferred directly from the hot plate to the photonic curing tool and 
processed in air. After photonic curing, the sample was rinsed with DI water to remove any excess unconverted 
precursor materials, followed by blowing dry with nitrogen. Finally, a second layer of IZO was then blade-coated 
following the same steps listed above for the first IZO layer. Photonic curing was completed then the sample was 
rinsed and blown dry again. For large-area coatings ~175 µm thick PET/MBL substrates were cut to 7 in (cross-
web direction) × 8 in (down-web direction) rectangles. A nitrogen gun was used to remove particles from the 
surface, with no other cleaning or preparation steps. A Zehntner ZAA 2300 blade-coater was used with an 8 in 
ZUA 2000 blade-applicator. An air knife on the blade-applicator was used for AgNW coatings, but not for IZO 
coatings. The blade gaps used for AgNW and IZO coatings were 350 µm and 275 µm, respectively. The dispense 
volumes for the AgNW and IZO coatings were 230 µL and 170 µL, respectively. Both layers were coated at a 
blade speed of 1.8 m min−1. All other steps in the coating process are the same as explained for small-area coatings.  
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2.4. Photonic Curing 

Photonic curing for small-area samples was completed using a PulseForge Invent equipped with three 950 V 
lamp drivers (NovaCentrix, Austin, TX, USA), a 1.5 kW power supply, and a 20 mm diameter × 150 mm long 
xenon flash lamp that provides a uniform illumination area of 75 mm × 150 mm. The samples were photonically 
cured after transferring directly from the hot plate to the photonic curing tool. The samples were held down onto 
the aluminum stage, roughly 5 mm from the xenon flash lamp, using two magnetic metal slats. All samples were 
photonically cured using either 9-pulse or 1-pulse conditions. The 9-pulse condition uses 300 V lamp voltage, 25 
ms pulse length, 24 micro-pulses, 45% duty cycle, 9 pulses, 0.15 Hz pulse repetition rate, and ~3.5 J cm−2 fluence. 
The 1-pulse condition uses 315 V lamp voltage, 10 ms pulse length, 24 micro-pulses, 65% duty cycle, and ~3.6 J 
cm−2. The lamp voltage is adjusted depending on the tool and age of the lamp such that the intended radiant energy 
is measured. To process the large-area samples, a PulseForge Invent is mounted on a R2R system; this photonic 
curing tool is equipped with three 950 V lamp drivers, two 15 kW power supplies, and a 20 mm diameter × 300 
mm long xenon flash lamp that provides a uniform illumination area of 75 mm × 300 mm. Coated hybrid TCE 
samples are taped down to the PET web and conveyed under the lamp at a constant web speed. The photonic 
curing parameters are adjusted to closely match the 9-pulse condition established for small-area samples at 3.5 J 
cm−2 fluence, by using 410 V lamp voltage, 25 ms pulse length, 24 micro-pulses, 45% duty cycle, 9 pulses, 1.2 
overlap factor, and 0.25 m min−1 web speed. For the stitching experiments, a PulseForge Invent with three 950 V 
lamp drivers, 15 kW power supply, and 20 mm diameter × 150 mm long xenon flash lamp is used. To match the 
1-pulse condition at 3.6 J cm−2 fluence, the lamp voltage is adjusted to 320 V, with 10 ms pulse length, 24 micro-
pulses, 65% duty cycle, 1.2 overlap factor, and 11 m min−1 web speed.  

2.5. Materials Characterization 

Scanning electron microscope (SEM) images were taken on a Zeiss Sigma 500 VP SEM with an acceleration 
voltage of 500–1000 V (Zeiss, White Plains, NY, USA). Atomic force microscopy (AFM) images were taken 
using an Asylum Research MFP-3D system (Oxford Instruments, Concord, MA, USA) in tapping mode to 
determine σrms. Average σrms was calculated from at least three 10 µm × 10 µm areas. UV-vis transmission was 
measured with an Ocean Optics 4000 USB spectrometer. Ultraviolet-visible-near infrared transmission was 
measured with an Agilent Technologies Cary 5000 Spectrometer. The average transmittance Tavg was calculated 
between 400 and 700 nm and the Tavg,NIR was calculated between 400 and 1200 nm. Sheet resistance (Rsh) was 
measured with a Bridge Technology SRM-232-100 four-point probe with ~ 1 mm probe spacings. For small-area 
samples, Rsh was measured four times in the center of the down-web direction in 1 in × 3 in samples. The sample 
was rotated 45° between each measurement and the reported value is the average of these 4 measurements. For 
large-area samples, both Tavg and Rsh were measured in nine locations across the 7 in × 8 in sample.  

X-ray photoelectron spectroscopy (XPS) was performed using an Ulvac-PHI VersaProbe2 (Ulvac-PHI, 
Chigasaki, Kanagawa, Japan) with a monochromatic Al Kα source (1486.8 eV, 50 W, 15 kV) with a 200 µm beam 
diameter and a 45° angle to the sample. The O 1s, Ag 3d, In 3d, and Zn 2p spectra were averaged over 20 scans 
with an energy step of 0.1 eV for 20 ms per step and a pass energy of 23.5 eV. The N 1s spectrum was averaged 
over 100 scans with an energy step of 0.2 eV for 20 ms per step and a pass energy of 187.85 eV. XPS fitting was 
done using CasaXPS software (Casa Software Ltd., Wilmslow, England, UK). All fits used 70:30 mixed 
Gaussian:Lorentzian functions. A 10 µA neutralizer was used at a bias voltage of 3 V.  

Transmission electron microscopy (TEM) lamella of a hybrid TCE were made using an FEI NOVA NanoLab 
600 Dual Beam SEM/FIB equipped with a Ga liquid metal ion source (Nanolab Inc., Waltham, MA, USA). The 
focused ion beam (FIB) was operated at 16 kV. Prior to FIB milling, carbon was evaporated onto the surface to 
increase conductivity, and a permanent ink marker was used to apply a protective cap. Each lamella was attached 
to a Mo grid at two points with an ion beam deposited Pt and subsequently thinned using smaller and smaller 
currents as the lamella thickness decreased. TEM observations were made using a ThermoFisher Scientific Talos 
F200X operated at an accelerating voltage of 200 kV. Samples were imaged both in TEM and scanning TEM 
(STEM) modes. STEM mode employs a high-angle annular dark field (HAADF) detector that enables X-ray 
energy dispersive spectroscopy (XEDS, ThermoFisher Scientific., Waltham, MA, USA) to be carried out using a 
Quantax microanalysis system controlled by Bruker Espirit software. Samples were mapped with the HyperMap 
function which recorded a full spectrum at every point of the map. Microanalysis was carried out without using 
standards for a semi-quantitative analysis.  

Bending test of the hybrid TCE was performed using an Instron E10000 (Instron, Norwood, MA, USA) in 
tensile test mode. For thickness measurements, materials on hybrid TCEs were removed using a Spectra-Physics 
Explorer One HP 355-4 nanosecond solid state 355 nm laser, or the hybrid TCE was purposely cracked and areas 
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were removed using scotch tape. The laser scribing was done at 500 mm/s and 20 kHz and fluence was varied 
from 8 to 56 J to find the optimal scribed depth. To measure hybrid TCE d, a Keyence optical profilometer (VK-
X3100 measurement head with VK-D3 stage, Keyence, Osaka, Japan) was used under the laser (404 nm 
wavelength) confocal mode. The measurement head is equipped with a 50× objective lens with 12 nm z resolution 
and 40 nm x-y resolution. 

2.6. Perovskite Solar Cell Fabrication and Testing 

PSCs were fabricated on 1 in × 1 in hybrid TCEs, which were used as made without any additional cleaning 
or UVO treatment. The flexible substrates were then mounted onto a thin, rigid piece of glass (0.5 mm) for device 
fabrication and handling. The p-i-n device architecture was used, composed of the following layers from bottom 
to top: hybrid TCE/neutral PEDOT:PSS/regular PEDOT:PSS/MeO-2PACz /methylammonium lead iodide 
(MAPbI3)/PCBM/bathocuproine (BCP)/Al/Ag. The regular PEDOT:PSS solution was made by mixing as-
received PEDOT:PSS (Clevios 4083) and IPA in a 7:3 ratio on a 50 °C hot plate for 30 min. For neutral 
PEDOT:PSS, ammonium hydroxide was added in a 5:1 ratio (PEDOT:PSS:ammonium hydroxide) and mixed for 
an additional 15 min. Adding ammonium hydroxide increased the pH of the solution from 1.7 to 7. MeO-2PACz 
(2 mg mL−1 unless specified) was dissolved in anhydrous ethanol for 1 h without heat inside a nitrogen glovebox. 
For PSCs made with the neutral/regular PEDOT:PSS bilayer and MeO-2PACz, the neutral PEDOT:PSS solution 
was first spin-coated at 4000 RPM for 30 s and thermally annealed at 120 °C for 10 min on top of the PET/TCE 
substrate following the same procedures above for the regular PEDOT:PSS to form a bilayer. Then, MeO-2PACz 
was spin-coated at 3000 rpm for 30 s on top of the regular PEDOT:PSS in the fume hood and then immediately 
transferred into a nitrogen glovebox for annealing at 100 °C for 10 min. After the deposition of the MeO-2PACz 
layer, the sample was ready for MAPbI3 deposition. The anti-solvent-free MAPbI3 precursor formulation was 
modified from a previous study [45]. The solution was prepared inside a nitrogen glovebox by dissolving an equal 
molar ratio of PbI2 and MAI in 2-MOE (0.8 M) and adding N- Methylpyrrolidone (NMP) (40 mol% of MAPbI3). 
The MAPbI3 precursor solution was mixed for at least 3 hrs before use. The samples and MAPbI3 precursor 
solution were transferred into a nitrogen purge box with relative humidity between 1% and 3%. The MAPbI3 
solution was spin-coated at 5000 RPM for 20 s and then thermally annealed on a hot plate inside the purge box at 
100 °C for 10 min. Next, PCBM (20 mg mL−1 in chlorobenzene) was spin-coated at 1200 RPM for 60 s, followed 
by spin-coating BCP (0.5 mg mL−1 in ethanol) at 4000 RPM for 30 s. Finally, 100 nm of Al and 50 nm of Ag were 
thermally evaporated in a nitrogen glovebox as top contacts. Six 0.11 cm2 diodes were created on each 1 in × 1 in 
substrate. The final devices were stored in the nitrogen glovebox, in the dark, overnight before device testing. The 
current density-voltage (J-V) measurements were performed under an AM 1.5G 100 mW cm−2 AAA solar 
simulator (Abet) in a nitrogen glovebox using a Keithly 2635A source meter. The illumination aperture size was 
0.049 cm2. The applied voltage was ramped from −0.2 V to 1.2 V for the forward scan and from 1.2 V to −0.2 V 
for the reverse scan, at a ramp rate of 70 mV s−1. 

3. Results and Discussion 

3.1. Fabrication of 1 in × 3 in Hybrid TCE  

A workflow of the hybrid TCE fabrication process is given in Figure 1. SEM micrographs (above the 
schematics in Figure 1) at each processing step show good film uniformity and spatial distribution of AgNWs 
across the film (Figure 1b). A high-magnification SEM micrograph of the AgNWs is given in Supplementary 
Figure S1. The IZO precursor film appears to have some phase separation, visible by the large dark spots on the 
film, Figure 1c. However, after photonic curing and rinsing, Figure 1d, the film surface appears uniform and the 
AgNWs and Ag MBLs are fully covered by the IZO layer, further evidenced below. The IZO blade-coating and 
photonic curing processes, Figure 1c,d, may be repeated to deposit additional layers of IZO. Transmittance spectra 
after each step in Figure 1 are given in Supplementary Figure S2. 
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Figure 1. Process workflow for blade-coating and photonic curing AgNWs (black) and IZO (green) on top of 
PET/MBL (PET in gray and Ag MBL in blue) substrates: (a) The PET/MBL substrate consists of a 100 µm thick 
PET with flexographically printed Ag MBLs (~120 nm tall and ~30 µm wide). (b) A layer of AgNWs is blade-
coated on top of the PET/MBL substrate. (c) A layer of IZO is blade-coated on top of the AgNW layer and dried 
on a hot plate at 90 °C for 2 min. (d) After drying, the sample is immediately photonic cured followed by rinsing 
with deionized water to remove any excess unconverted precursor materials. SEM micrographs are shown above 
each processing step. 

The photonic curing parameters are modified from our previous spin-coated PET/AgNW/IZO work, which 
did not include Ag MBLs [17]. In that work, the photonic curing condition used 350 V lamp voltage that produced 
5.1 J cm−2 fluence. However, this fluence must be reduced because the Ag MBLs absorb a significant amount of 
the radiant energy, which results in overheating and ablation of the MBLs or melting of the underlying PET 
substrate. An example is shown in Supplementary Figure S3. Thus, the lamp voltage was lowered to 300 V, with 
the other photonic curing parameters fixed (25 ms pulse envelope, 24 micro-pulses, 45% duty cycle, 9 pulses, 0.15 
Hz pulse repetition rate), resulting in 3.5 J cm−2 fluence without damaging the MBLs. These processing conditions, 
referred to as the 9-pulse condition, lead to a total photonic processing time of 53 s. 

3.2. Hybrid TCE Properties 

Figure 2a shows a picture of the final hybrid TCE (PET/MBL/AgNW/IZO) fabricated via blade-coating and 
photonic curing on top of a University of Texas at Dallas (UTD) logo. The TCE edges are denoted by the two red 
dashed lines. Figure 2b shows a 10 µm × 10 µm atomic force microscopy (AFM) image of the hybrid TCE, 
indicating a smooth morphology with high points near AgNW junctions. The σrms of the AgNW layer alone on 
PET/MBL is (14.4 ± 1.0) nm, which improves after a single coat of IZO to (9.6 ± 0.9) nm but is still too rough for 
efficient PSC device fabrication (Supplementary Figure S4). High surface roughness causes device shunting; 
therefore, two layers of IZO are required to effectively planarize the hybrid TCE film. Additional IZO layers can 
further planarize the surface; however, the CTE mismatch between PET and metal oxide causes cracking of the 
IZO layers when the IZO is too thick during mild heating steps (100–120 °C) in device fabrication. The low σrms 

values of the final hybrid TCE, measured at several locations across the TCE, indicate that the IZO layer is 
planarizing the rough AgNW surface. Figure 2c shows an SEM image of the edge of the IZO coating to 
demonstrate that the IZO is overcoating and planarizing both AgNWs and MBLs. On the left side of Figure 2c, 
i.e., with the IZO layer, a faint impression of the Ag MBL can be discerned. Supplementary Figure 1b shows a 
higher magnification image of AgNWs overcoating the Ag MBLs, ensuring good electrical contact between the 
two. The center of hybrid TCE is highly uniform with AgNWs fully covered by IZO, as seen in Figure 2d. The 
final hybrid TCE is highly conductive, optically transparent, and smooth with Tavg = (81 ± 0.4)% referenced to air 
((90 ± 0.4)% referenced to PET), Rsh = (11 ± 0.5) Ω sq−1, and σrms = (4.3 ± 0.4) nm. For reference, we also blade-
coated and photonic-cured AgNWs and IZO on bare PET substrates without Ag MBLs using the same processing 
procedures. Without MBLs, the TCEs exhibit Tavg = (83 ± 0.3)% referenced to air and Rsh = (34 ± 7) Ω sq−1. Our 
previous work using spin coating for deposition was done on PET without MBLs and achieved Tavg = (77 ± 2.2) % 
and Rsh = (15 ± 3.7) Ω sq−1 [17]. Therefore, Ag MBLs are needed to produce a hybrid TCE with a target Tavg 
of >80% referenced to air and Rsh of <15 Ω sq−1.  
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Figure 2. Hybrid TCE characterization at macro and micro scales: (a) Optical image, (b) AFM micrograph (10 µm 
× 10 µm), and SEM micrographs (c) at the edge of the IZO coating and (d) at the center of the hybrid TCE. 

To evaluate the metal oxide conversion and chemical composition of the IZO layer in the hybrid TCE film, 
we performed XPS. The measurement and fitting details are given in the experimental section. Figure 3a,b show 
the O 1s and N 1s spectra, respectively, comparing the dried precursor film in black (Figure 1c) and the final hybrid 
TCE film in red (Figure 1d). The XPS spectra for Ag 3d, In 3d, and Zn 2p are given in Supplementary Figure S5. 
The two peaks in the O 1s spectra are from metal hydroxide species at ~532 eV (green-shaded region) and metal 
oxide species at ~530 eV (magenta-shaded region) [46,47]. The metal oxide O 1s peak is absent in the precursor 
film but present after the photonic curing process, indicating that metal oxide is formed by photonic curing. We 
also identified two peaks in the N 1s spectra, one for nitrate species at ~407 eV and one for various nitrogen species 
including amines and nitric oxide at ~400 eV [48]. The ~407 eV peak arises from the metal nitrate salts used as 
the IZO precursor materials. After photonic curing, the nitrate peak reduces to almost background noise, indicating 
that the metal nitrates have been decomposed by the light to initiate the sol-gel conversion to metal oxides. To 
determine the chemical composition, the atomic ratio of In:Zn was calculated to be 81:19 for dried precursor films 
and 96:4 for the final hybrid TCE film while the IZO precursor solution has an atomic ratio of 70:30. This indicates 
that more indium remains in the film after processing, in agreement with the lower decomposition temperature of 
indium nitrate (~212 °C) compared to zinc nitrate (~326 °C) (Supplementary Figure S6). Thus, more indium nitrate 
is converted to oxide during photonic curing than zinc nitrate, leading to a higher atomic percentage of indium in 
the final IZO film.  
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Figure 3. XPS spectra for hybrid TCE before and after photonic curing: (a) O 1s and (b) N 1s comparing dried 
precursor films (black) and photonic cured films (red). In (a) the open circles represent experimental data, the solid 
line represents the fitted curves, the green-shaded region is associated with the metal hydroxide contribution and 
the magenta-shaded region is associated with the metal oxide contribution. 

Cross-sectional TEM and STEM were performed to reveal the hybrid TCE structure. Hybrid TCE lamella 
for TEM and STEM evaluation were prepared using FIB technique. Detailed information on sample preparation 
and imaging procedure is given in the experimental section and in the supplementary material. Figure 4 shows (a) 
HAADF image and the corresponding XEDS images for (b) Ag, (c) In, (d) Zn, and (e) O. The AgNWs show up 
bright in the HAADF image due to high atomic number. Their diameters are approximately 25 nm (Supplementary 
Figure S7a), in agreement with SEM results in Supplementary Figure S1. The IZO coating forms a uniform layer 
over the AgNWs and two coats resulted in a thickness of 70 nm for this sample (Supplementary Figure S7b). The 
interface between the two layers of IZO can be seen in the HAADF image, revealing that one layer of IZO barely 
covers the AgNWs. Two layers of IZO are needed to overcoat the AgNWs to produce smooth surface, as shown 
in Figure 2c,d and AFM images (Supplementary Figure S4). The distributions of In and Zn are uniform, with the 
In:Zn atomic ratio estimated to be 95.5:4.5, consistent with XPS results. 

Hybrid TCE thickness (d) was determined by removing parts of MBL or TCE to expose the bare PET and 
then the height difference between TCE and PET is measured using an optical profilometer. Examples of thickness 
measurements are given in Supplementary Figure S8. We find the TCE thickness d = (80 ± 10) nm. The value of 
d determined in the cross-sectional TEM image is also in line with these results. 

To demonstrate the uniformity of conductivity in hybrid TCE, we applied a bias voltage (~2 V) across the 1 
in × 3 in substrates and used an IR thermal camera to observe the temperature rise due to Joule heating. We 
compare the PET/MBL substrate and the final hybrid TCE sample in Supplementary Figure S9. A schematic of 
each is shown in Supplementary Figure S9a,d, respectively. Comparing Supplementary Figure S9b,c confirms that 
the hybrid TCE provides uniform conductivity across the sample, which is critical for collecting photogenerated 
charges in PSCs. The areal coverage of the AgNWs, defined by the total area covered by AgNWs divided by the 
total area, was measured to be (28 ± 5)% using SEM images. A representative SEM image before and after 
processing (filtering) using ImageJ is given in Supplementary Figure S10. 
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Figure 4. Cross-sectional TEM of a hybrid TCE lamella taken from a location without MBL: (a) HAADF STEM 
and XEDS images for (b) Ag, (c) In, (d) Zn, and (e) O taken on the same lamella. AgNWs show up bright in 
HAADF and Ag images, but dark in In, Zn, and O images. 

To evaluate the performance of the hybrid TCE compared to other commercially available PET/TCE products, 
we use the figure-of-merit (FOM), Equation (1) [49–51]. This FOM is based on the ratio of the direct conductivity, 
σDC = (Rsh·t)−1, to the optical conductivity, σOP. 

𝐹𝑂𝑀 ൌ
𝜎
𝜎ை

ൌ
188.5

𝑅௦൫𝑇௩
ିଵ ଶ⁄ െ 1൯

 (1)

Table 1 contains the measured Tavg, Rsh, and the calculated FOM values for our hybrid TCE and two 
commercially available PET/TCE substrates. Our hybrid TCE is labeled as PET/MBL/AgNW/IZO. The other two 
samples are Optical Filters (OF) AG12, consisting of a PET/IMI structure [52], and Sigma-Aldrich (SA) PET/ITO 
[6]. Since the PET substrates used by commercial vendors can have different transmittance due to coating materials 
and are unknown to us, Tavg referenced to air is used for direct comparison here. The hybrid TCE developed in this 
work has a slightly lower FOM than OF AG12 and a much larger FOM than SA PET/ITO. The calculated FOM 
for OF AG12 is higher than our hybrid TCE due to the higher Tavg and lower Rsh. The SA PET/ITO has a much 
higher Rsh compared to the other two substrates, leading to a much lower FOM value. Figure 5 compares the 
ultraviolet-visible-near infrared (UV-vis-NIR) spectra for the three substrates. The OF AG12 substrate shows 
short-period interference, while the SA PET/ITO has long-period interference, suggesting that they consist of 
layers of different materials with thicknesses comparable to the wavelength. The hybrid TCE does not have any 
observable interference because nanometer-scale materials do not cause interference in this wavelength range. 
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Table 1. PET/TCE Performance Comparison. 

Sample Vendor Tavg  
[%] 

Rsh  
[Ω sq−1] FOM Tavg,NIR  

[%] FOMNIR 

PET/MBL/AgNW/IZO Hsu lab 81 ± 0.4 11 ± 0.5 159 ± 9 78 130 

AG12 PET/IMI Optical Filters 83 ± 0.2 10 ± 0.2 190 ± 4 68 89 

PET/ITO Sigma-Aldrich 81 ± 0.1 72 ± 8.2 24 ± 3 82 25 

 

Figure 5. UV-Vis-NIR transmission spectra, referenced to air, for the three PET/TCE substrates investigated in 
this work. The discontinuity at ~800 nm results from detector change-over in the measurement tool. 

So far, Tavg is calculated in the visible range, from 400 to 700 nm. When considering the near-infrared (NIR) 
and averaging T from 400 to 1200 nm (Tavg,NIR), we find that OF AG12 has the lowest Tavg,NIR and Rsh, and SA 
PET/ITO has the highest Tavg,NIR and Rsh among the three. The lower optical transmittance of the OF AG12 
substrate in the NIR range is due to free carrier absorption, as evidenced by its low Rsh. In contrast, the SA PET/ITO 
substrate has much higher Rsh, and thus the optical transmittance in the NIR range is much higher. Because Rsh of 
our hybrid TCE films are determined from AgNW properties and not the IZO layer, it can simultaneously achieve 
high optical transmittance in the NIR while having low Rsh, comparable to OF AG12. Table 1 includes FOMNIR 
calculated using Equation (1) with Tavg,NIR substituting for Tavg. For applications where NIR light transmittance is 
important such as solar cells, our hybrid TCE outperforms both commercially available PET/TCE substrates.  

To demonstrate the hybrid TCE can be conveyed over a 2-in roller in device fabrication using R2R, bending 
tests were completed on three separate samples. Hybrid TCEs were clamped in the upper and lower crossheads as 
shown in Supplementary Figure S11. Information on the experimental setup and the bending tests are given in the 
experimental section and supplementary material. Two indium dots were placed 2 in apart on the hybrid TCE, and 
two-point resistance (R) was measured using a handheld multimeter every 200 cycles. Indium dots decrease the 
contact resistance between the multimeter probes and the surface of the hybrid TCEs. Initial resistance was 
measured before any bending cycles (R0). Figure 6 shows R/R0 vs. bending cycles. One of the hybrid TCE samples 
had a 3% increase in resistance after 2000 bending cycles (black dotted/dashed line and circles), while the other 
two samples only increased by 1%. The minimal increase in resistance after 2000 cycles of bending to 1 in radius 
demonstrates the hybrid TCE can be conveyed in an R2R setup without degradation.  
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Figure 6. R/R0 as a function of bending cycles for three hybrid TCEs at 1 in bending radius for 2000 cycles. 
Different line styles and markers represent different hybrid TCE samples. The two outlier data points at 800 and 
1200 cycles for the black dotted line and circles are attributed to extra contact resistance and do not indicate a true 
increase in resistance from bending. 

3.3. Scaling Up to Large Area 

For R2R processing to be cost-effective, the coating and processing must be scaled up. To demonstrate that 
the hybrid TCE can be scaled up, we performed blade-coating on 7 in × 8 in substrates to fabricate large-area 
hybrid TCEs and characterize their uniformity. During scale-up, the blade-coating conditions were modified, as 
described in the experimental section, to yield a uniform film across the large-area substrate. The large-area 
samples were photonic cured on an R2R tool, shown in the Supplementary Figure S12. Figure 7a shows an image 
of a large-area hybrid TCE after all processing was completed. The uniformity and control of blade coating are 
demonstrated by measuring optical and electrical properties at nine locations across the entire sample area, Figure 
7b. The average value and relative standard deviation in Tavg, Rsh, σrms and d across the entire sample area are 80% 
± 0.6% referenced to air (89% ± 0.6% referenced to PET), 24 Ω sq−1 ± 13%, 5.9 nm ± 12%, and 64 nm ± 11%, 
respectively, demonstrating excellent uniformity. While uniformity is excellent, Rsh is roughly double compared 
to the small-area samples. We believe that further optimization of the AgNW blade-coating deposition and 
photonic curing parameters will produce better results. While the process conditions/parameters used to fabricate 
small-area and large-area samples were similar, the environment, equipment, and tools used were different which 
could result in process and property differences. 

 

Figure 7. Large-area hybrid TCE: (a) Image of 7 in × 8 in large-area hybrid TCE after all processing is complete. 
(b) Tavg (referenced to air) and Rsh measurements at nine locations across the large-area hybrid TCE samples. 

3.4. Optimizing Photonic Curing to Increase R2R Web Speed 

Thus far, the hybrid TCEs have been made using photonic curing conditions with 9 pulses. The number of 
photonic curing pulses directly affects the highest achievable R2R web speed, as shown in Equation (2) [15]. 
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This equation shows how the web speed (s, ft min−1), depends on the repetition rate (f, Hz), number of pulses 
(N), overlap factor (o), and down web lamp dimension (w, which is 3 in for our system). The overlap factor is to 
compensate for the intensity of the lamp pulse drops off near the edges of the illumination area. A value of 1.2 is 
recommended by PulseForge, which produces 17% overlap between subsequent pulses and ensures uniform pulse 
intensity down web. The repetition rate depends on the photonic curing condition and equipment (lamp type, 
number of lamp drivers, and power supply current output) [15,26,27,31]. The repetition rate is calculated, based 
on the pulse conditions and tool configuration, by the PulseForge tool’s software. The power supply recharges the 
lamp drivers between pulses with a fixed current output [27], and its capacity has the largest impact on the 
repetition rate. The power supply for the UTD photonic curing tool is 1.5 kW. The web speed of the 9-pulse 
condition using this tool is 0.14 m min−1, two orders of magnitude slower than the typically target R2R web speed 
of 10 m min−1. To achieve faster web speeds, the number of pulses should be reduced. Additionally, reducing the 
number of photonic curing pulses will decrease the time to fabricate the hybrid TCE, directly translating to lower 
electricity usage and lower carbon emissions. Hence, we aim to find photonic curing conditions that can produce 
the hybrid TCE with a single pulse.  

Latin Hypercube sampling (LHS) was employed to find photonic curing parameters with a single pulse. To 
find the optimal conditions, the following photonic curing parameters were varied: fluence (1.5–5 J cm−2 with step 
of 0.2 J cm−2), pulse length (5–30 ms with step of 1 ms), number of micro-pulses (2–30 with step of 1), and duty 
cycle (20–70% with step of 5%). The number of pulses was fixed to one, and the fluence was controlled by 
adjusting the lamp voltage. The photonic curing conditions used for experiments are shown in Supplementary 
Table S1. The goal is to find a 1-pulse condition that produces a hybrid TCE similar to the 9-pulse condition. We 
use transmittance below 400 nm, where IZO is absorbing, as the metric, because that part of the spectrum is 
sensitive coating and processing, e.g., see Supplementary Figure S2. Figure 8a shows UV-Vis transmittance 
spectra for hybrid TCEs fabricated by photonic curing with the 9-pulse condition (red), LHS condition 4 (blue), 
LHS condition 15 (orange), and LHS condition 19 (green). Figure 8a shows that when a hybrid TCE is made with 
the 9-pulse condition it has one peak in the spectrum between 320 and 400 nm. When analyzing the UV-Vis 
transmittance of hybrid TCEs made with different LHS conditions, only a few conditions produce a similar shape 
as the 9-pulse condition, i.e., only one peak. Figure 8a shows LHS conditions 15 and 19 which have two peaks in 
this spectral region, while LHS condition 4 matches closely with the 9-pulse condition. To quantify the shape 
similarity, Procrustes distance was calculated between the two transmittance curves, 9-pulse hybrid TCE and a 
hybrid TCE made with a specific LHS photonic curing condition, in the range 330–390 nm. Procrustes analysis 
facilitates the extraction of meaningful information about the shape similarity between curves while eliminating 
differences unrelated to shape, such as rigid translations or rotations [53]. Further details on the Procrustes analysis 
are given in the supplementary material. A smaller Procrustes distance means a better match between the curves. 
The Procrustes distances for all the LHS conditions are given in Supplementary Table S1. LHS condition 4 (LHS4) 
has the smallest Procrustes distance, consistent with Figure 8a. LHS4 photonic curing parameters are 330 V lamp 
voltage, 10 ms pulse length, 24 micro-pulses, 65% duty cycle, and 3.6 J cm−2 fluence. Because this is a single pulse 
process, the total processing time is only 10 ms. The calculated web speed of the LHS4 condition, using Equation 
(2), is 1.6 m min−1 using the UTD tool, which is ~10 times faster than the 9-pulse condition. Henceforth, LHS4 
will be referred to as the 1-pulse condition. 



Mater. Sustain. 2024, X, x https://doi.org/10.xxxx/xxx  

13 of 20 

 

Figure 8. UV-Vis and XPS for 9-pulse vs 1-pulse photonic curing conditions: (a) UV-Vis spectra for hybrid TCEs 
made with 9-pulse photonic curing condition (red) and three different LHS conditions (blue, orange, and green). 
XPS spectra for (b) O 1s and (c) N 1s comparing 9-pulse (red) and the LHS4 condition (blue). In (b) the open 
circles represent experimental data, the solid line represents the fitted curves, the green-shaded region is associated 
with the metal hydroxide contribution, and the magenta-shaded region is associated with the metal oxide 
contribution. 

XPS analysis was performed to further compare the hybrid TCEs made with the 9-pulse versus 1-pulse 
conditions. Figure 8b,c show XPS spectra of O 1s and N 1s, respectively, comparing hybrid TCEs made with 9-
pulse (red) and 1-pulse (blue) photonic curing processes. The XPS spectra for the Ag 3d, In 3d, and Zn 2p are 
given in the Supplementary Figure S13. Both samples contained a layer of AgNWs and one coat of IZO. The O 
1s spectra also show nearly identical metal hydroxide (green shaded region, 532 eV binding energy) and metal 
oxide (pink shaded region, 530 eV binding energy) components for both photonic curing processes (Figure 8c). 
The N 1s spectra for each process show a significant reduction of nitrate species signals (~ 407 eV binding energy) 
from the precursor (Figure 8c black curve), indicating the successful breakdown of metal nitrate salts in the 
precursor solution to metal hydroxide and oxide species. These results indicate that both photonic curing processes 
can produce similar IZO conversion results. 

Overall, hybrid TCEs made using the 1-pulse condition have an average Tavg of (81 ± 1.0)% referenced to air 
((90 ± 0.9)% referenced to PET), Rsh = (10 ± 1.3) Ω sq−1, and d = (78 ± 16) nm. Similar results in electrical, optical, 
physical, and chemical properties for materials produced in 1-pulse condition compared to 9-pulse condition 
enable us to increase web speed tenfold. Using a more powerful photonic curing tool at PulseForge equipped with 
a 15 kW power supply, the repetition rate can be increased to achieve a web speed of 11 m min−1 when using the 
1-pulse condition. 
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3.5. Performance of Perovskite Solar Cells on Hybrid TCEs 

Perovskite solar cells are made to validate the TCE performance. P-i-n device architecture was used, 
composed of the following layers from bottom to top: PET/hybrid TCE/hole transport layer 
(HTL)/MAPbI/PCBM/BCP/Al/Ag. Full PSC fabrication details are given in the method section. The HTL consists 
of a layer of neutral pH PEDOT:PSS, deposited on top of the hybrid TCE, followed by a layer of regular 
PEDOT:PSS, and a layer of self-assemble molecules (SAMs, MeO-2PACz). Supplementary Figure S14 shows the 
transmittance spectra of the hybrid TCE after the sequential deposition of  neutral PEDOT:PSS, neutral 
PEDOT:PSS/ PEDOT:PSS, neutral PEDOT:PSS/ PEDOT:PSS/MeO-2PACz. A schematic of the device stack is 
given in Figure 9a. The neutral pH PEDOT:PSS was made by adding ammonium hydroxide to the regular 
PEDOT:PSS solution (see experimental section) and has a pH of 7, in contrast to pH of 1.7 for the regular 
PEDOT:PSS. The neutral PEDOT:PSS minimizes the etching of IZO by the regular PEDOT:PSS [54]. The 
deposition of MeO-2PACz on top of the PEDOT:PSS bilayer affects the morphology and crystal quality of the 
MAPbI3 layer. The non-wetting property of MeO-2PACz reduces the dragging force between the HTL surface and 
the MAPbI3 precursor during spin coating, which lowers the density of perovskite nucleation sites, leading to larger 
grain size and fewer defects in MAPbI3 films [55,56]. 

PSCs were fabricated on top of 9-pulse and 1-pulse processed hybrid TCEs. The champion J-V curves for 
forward and reverse scans are given in Figure 9b, showing little hysteresis, and box plots of the average J-V 
parameters are given in Figure 9c. Devices made on both 9-pulse and 1-pulse hybrid TCEs resulted in similar 
performance, further indicating that the 1-pulse photonic curing conditions can successfully make high-performing 
hybrid TCEs. The champion power conversion efficiency (PCE) for PSCs made on the 9-pulse and 1-pulse hybrid 
TCEs were 11.4% and 10.7%, respectively. Table 2 shows that the average J-V parameters for PSC devices made 
on 9-pulse and 1-pulse hybrid TCEs are statistically equivalent. Additionally, these average and champion PCE 
values are ~ 50% higher than the same devices fabricated on SA PET/ITO substrates (Supplementary Figure S15 
and Supplementary Table S2) because of the superior properties of our hybrid TCEs, as discussed in Section 3.2. 

 

Figure 9. Performance of PSC devices made on 9-pulse vs 1-pulse fabricated hybrid TCEs: (a) Schematic p-i-n 
PSC device structure. (b) Champion J-V forward (dashed) and reverse (solid) curves and (c) box plot of J-V 
parameters for PSCs made on hybrid TCEs photonic cured with 9-pulse and 1-pulse conditions. The bottom and 
top of the boxes represent the 25th and 75th percentiles, the middle line is the median, and the whiskers extend to 
the minimum and maximum values. 
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Table 2. Average and champion J-V results for PSCs fabricated on top of hybrid TCEs made with 9-pulse and 1-
pulse photonic curing conditions. 

TCE Photonic 
Curing Condition 

Voc  
[V] 

Jsc 
[mA cm−2] FF Average PCE  

[%] 
Champion PCE  

[%] 

9-pulse 0.960 ± 0.01 15.5 ± 0.54 0.717 ± 0.02 10.7 ± 0.55 11.4 

1-pulse 0.958 ± 0.01 15.2 ± 0.21 0.687 ± 0.03 10.0 ± 0.49 10.7 

To demonstrate that the hybrid TCEs can be made at a web speed greater than 10 m min−1, stitching mode 
was employed to fabricate four hybrid TCEs in a single process. In stitching mode, the photonic curing stage 
moves underneath the flash lamp at a fixed web speed, while the stationary flash lamp pulses at a fixed repetition 
rate. Because blade coating must be done at UTD while the photonic curing was performed at PulseForge (Austin, 
TX), sample preparation for hybrid TCEs made at 11 m min−1 was different than for the hybrid TCEs made one by 
one at UTD. Four samples that have two coats of dried IZO layers were secured to the photonic curing stage with 
Kapton tape and labeled based on positions A, B, C, and D as shown in Figure 10. More information on sample 
preparation is given in the supplementary material. The samples were photonic cured with the 1-pulse condition 
in stitching mode at 11 m min−1. Tavg and Rsh were measured at two locations on each of the four sample positions. 
PSC devices were fabricated on the hybrid TCE samples made at positions A-D. These samples will henceforth 
be referred to as stitching samples. Three batches of stitching samples were made to assess process repeatability. 
The average results for all the stitching samples are given in Table 3. Both batch-to-batch and positional variation 
were low, indicating good process control. The down web uniformity across the four positions was good, with the 
overall average and relative standard deviation being 76% ± 1.5% referenced to air (85% ± 1.4% referenced to 
PET) and 9.2 Ω sq−1 ± 8.0% for Tavg and Rsh, respectively. Hybrid TCE d made in stitching mode was measured to 
be 100 ± 22 nm. The reduced transmittance and increased d are attributed to the difference in sample preparation.  

The uniformity of hybrid TCEs was further demonstrated by PSC PCE overall average and relative standard 
deviation being (10.5 ± 1.0)% across the four positions. The PCE average and standard deviation based on sample 
position are given in Table 3. Figure 11a shows champion J-V curves for PSCs made on stitching samples at each 
position. Supplementary Figure S16 provides an example J-V curves of these devices showing low hysteresis 
between forward and reverse scans. Figure 11b shows box plots for average J-V parameters indicating similar 
performance across each sample position. Hence, photonic curing at a web speed of 11 m min−1 to fabricate hybrid 
TCEs has been successfully demonstrated. 

 

Figure 10. Photograph of samples on the photonic curing stage for stitching experiments. Sample positions A–D 
and stage travel direction under the stationary xenon flash lamp (yellow box) are labeled. 
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Table 3. Average Tavg (referenced to air) and Rsh, of hybrid TCEs made by stitching and average PCE for PSCs 
made on top of the stitching samples. 

Position Tavg 
[%] 

Rsh 
[Ω sq−1] 

Average PCE 
[%] 

A 76 ± 0.6 9.0 ± 0.7 11.1 ± 0.70 

B 76 ± 0.6 9.0 ± 0.7 9.50 ± 0.78 

C 77 ± 1.2 9.6 ± 0.8 9.83 ± 1.1 

D 75 ± 2.1 9.0 ± 0.6 11.0 ± 0.69 

 

Figure 11. Characteristics of PSC devices made on hybrid TCEs made by photonic curing in stitching mode at 11 
m min−1: (a) Champion J-V reverse curves and (b) box plot comparing the average J-V parameters of the PSCs on 
hybrid TCEs positioned at A (black), B (red), C (blue), and D (green) as illustrated in Figure 10 and photonic cured 
at 11 m min−1. The bottom and top of the boxes represent the 25th and 75th percentiles, the middle line is the median, 
and the whiskers extend to the minimum and maximum values. 

4. Conclusion 

In conclusion, we demonstrate hybrid TCEs with excellent optoelectronic properties on PET substrates made 
by blade-coating and photonic curing in ambient environment: Tavg = (81 ± 0.4)% referenced to air (90 ± 0.4 % 
referenced to PET), Rsh = (11 ± 0.5) Ω sq−1, and σrms = (4.3 ± 0.4) nm. The hybrid TCE structure consists of a 
multiscale Ag network of MBLs and AgNWs overcoated by an IZO layer. XPS results showed that the photonic 
curing efficiently decomposes nitrate in milliseconds and initiates the conversion from precursors to IZO films. 
Compared to two commercially available PET/TCE products, our hybrid TCEs perform similarly or better in the 
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visible range and outperform these products when near IR transmission is considered. The superior performance 
of the hybrid TCEs is further validated by PSC devices, which show 50% higher PCEs when made on our hybrid 
TCEs than on commercial PET/ITO substrates. The hybrid TCE fabrication process was scaled up to make large-
area (7 in × 8 in) samples with similar properties as the small samples and excellent uniformity of <1% in Tavg, 
13% in Rsh, 12% in σrms, and 11% in d. To speed up photonic curing, we identify a 1-pulse condition that can 
produce hybrid TCEs with properties comparable to those made with the standard 9-pulse condition, as confirmed 
by Tavg, Rsh, d, XPS, and PSC performance. Reducing the number of pulses down to one increases the web speed 
tenfold using the same photonic curing tool. Using the 1-pulse condition, hybrid TCEs were photonic cured at 11 
m min−1 and exhibited a great down web uniformity of Tavg (76% ± 1.5%) referenced to air (85% ± 1.4% referenced 
to PET), and Rsh (9.2 Ω sq−1 ± 8.0%). PSCs fabricated on these hybrid TCEs had an average and champion PCE of 
(10.5 ± 1.0)% and 12.2%, respectively. In this work, we demonstrate the fabrication of hybrid TCEs on PET using 
blade-coating followed by photonic curing processing. While photonic curing is truly compatible with R2R 
manufacturing due to its high speed (>10 m min−1), blade coating is not. Future work using solution deposition 
techniques such as gravure or flexographic printing would make the hybrid TCE fabrication method fully 
compatible with high throughput R2R manufacturing. In addition to solar cells, these hybrid TCEs can greatly 
impact other optoelectronic applications such as flexible light-emitting diodes, touch screens, displays, IoT sensors, 
and transparent heaters. The adaptation of photonic curing to replace thermal annealing reduces energy use and 
carbon emissions, paving a novel “green” material processing pathway for high-throughput manufacturing. 
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Bending testing equipment setup; Figure S12. R2R photonic curing tool; Table S1. LHS conditions; Figure S13. Normalized 
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