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Note S1. Materials and Methods 

1.1 Reagents and Chemicals 

Anhydrous ethanol (EtOH, 200 proof, ≥99.5 %), dimethyl sulfoxide (DMSO, anhydrous, 

99.9 %), and tetramethyl hydroquinone (TMHQ, 98 %) were purchased from Fisher Scientific, 

Sigma-Aldrich, and ChemScene, respectively. Deionized water with a resistivity of 18.2 MΩ·cm 

was produced using a Millipore Direct-Q® 3 UV water purification system (Merck Millipore). 

Fast-drying silver paint (Electrodag® 1415M, Catalog No. 1640-30) was purchased from Ted 

Pella, Inc. 

1.2 Conductive Polymer Ink 

The n-doped poly(benzodifurandione) (n-PBDF) was synthesized following a previously 

published procedure.1 The resulting n-PBDF ink in DMSO was dialyzed against DMSO using a 

cellulose membrane (10K MWCO, SnakeSkin™) to achieve a final molecular mass of >10 kDa. 

This purified ink was subsequently used to formulate the ethanol-based conductive ink, as detailed 

in Note S1.5. 

1.3 Substrates 

Microscope glass slides composed of low-iron soda-lime glass (75 mm × 50 mm × 1 mm, 

Corning Incorporated, Catalog No. 2947-75×50) were cut to the required dimensions using a 

tungsten-carbide cutting wheel. Heat-stable poly(ethylene terephthalate) (PET) films (Melinex® 

STS505HS1; 125 µm thickness) were purchased from Tekra LLC and cut to size using a Cricut® 

Maker 3 computer-controlled cutting machine. 

1.4 Benchmark Material Fabrication and Validation 

Thin films of the benchmark p-type conducting polymer, poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (CleviosTM PH 1000), were 

prepared and characterized alongside those of n-PBDF films to provide a direct, state-of-the-art 

comparison. This approach was necessary to enable performance evaluations under precisely 

matched thickness and transmittance conditions not fully available in the existing literature. 
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The PEDOT:PSS films were fabricated following the high-performance methods detailed 

by Gueye et al.2. The resulting optoelectronic and heater performance characteristics of our 

fabricated PEDOT:PSS films were found to be in close agreement with their reported values. A 

detailed comparison of key performance metrics for both n-PBDF and PEDOT:PSS samples, 

including sheet resistance, conductivity, and thermal properties at similar thicknesses is provided 

in Tables S9 and S10, confirming the validity and high quality of our benchmark devices.  

1.5 EtOH-based n-PBDF Ink Formulation 

The final ethanol-based conductive ink was prepared from an n-PBDF/DMSO stock 

solution via a co-solvent precipitation method. The entire formulation process was performed 

under ambient atmospheric conditions without using surfactants or other stabilizing additives. 

The procedure was as follows: 

1. The concentration of the stock n-PBDF/DMSO ink was adjusted to (5 to 7) mg 

mL−1. 

2. In a separate beaker, deionized water (the primary co-solvent) was stirred 

vigorously with a magnetic stir bar to form a vortex. 

3. The n-PBDF/DMSO ink was added dropwise to the vortex. The mixture was stirred 

for 2 h, resulting in a stable dark-colored n-PBDF dispersion. 

4. Finally, anhydrous ethanol was added dropwise to the dispersion, and the mixture 

was stirred gently for 30 min to yield a homogeneous and stable ternary solvent-

based conductive ink. 

The optimal volumetric ratio of DMSO to water to ethanol was determined to be 1:2:4. 

This ternary solvent system was selected because (1) water and ethanol act as effective co-solvents 

for n-PBDF, facilitating stable nano-colloidal formation; (2) all three solvents are fully miscible, 

ensuring a homogeneous final product; and (3) the combination maintains a polar solvent 

environment. The resulting ink exhibited excellent stability and remained homogeneous for over 

two weeks under ambient storage conditions. Further details regarding the physical chemistry, 

colloidal stability, and solvent interactions of this ternary ink system have been recently reported 

by our group.3 
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The properties of our ink can be readily tuned for specific applications, and the final 

polymer concentration can be controlled by adjusting the amount of ethanol added. Ethanol is an 

ideal final solvent because of its relatively low surface energy and boiling point, which are critical 

parameters for achieving uniform films during coating or printing. GIWAXS experiments proved 

that the EtOH-based ink formulation gave films with the same morphology as films prepared with 

DMSO-based ink (see Figure S43 and Table S3 for a comparison). Moreover, for substrates 

requiring enhanced wetting, small amounts of other low-surface-energy alcohols, such as 1-

butanol or isopropyl alcohol, can be optionally incorporated into the formulation.  

1.6 Preparation of n-PBDF Films 

1.6.1 Substrate Cleaning 

The substrates were prepared using methods specific to their material types. Glass 

substrates were cleaned by sequential 15 min sonication steps in each: (1) a detergent solution 

(0.5 % v/v Micro90® in deionized water), (2) deionized water, (3) acetone, and finally (4) 

isopropanol. PET substrates were gently hand cleaned using a non-abrasive cleanroom wipe 

soaked in the detergent solution described above, followed by rinsing with deionized water, and 

finally ethanol. 

After cleaning, all substrates were dried under a gentle stream of nitrogen and stored in 

sealed containers to prevent recontamination. Immediately prior to coating, the glass substrates 

were treated with UV-ozone (UVO) (JELIGHT 144AX UVO Cleaner) for 10 min to remove 

organic residues and enhance surface wettability. 

1.6.2 Conductive Polymer Film Deposition 

The n-PBDF conductive ink was deposited onto the prepared substrates using an automated 

ultrasonic spray coating (USSC) system (ExactaCoat™, Sono-Tek, USA) equipped with a spray 

nozzle (Impact™). The deposition process was performed under ambient conditions, with distinct 

parameters optimized for the glass and PET substrates, as detailed in Table S1. 

The full substrate area was coated in multiple, separate cycles, allowing 45 s between 

passes for the individual layers to dry. The total number of cycles was adjusted to achieve the 

desired film thickness and surface morphology.  
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Table S1. Optimized spray-coating conditions for glass and PET substrates. 

Parameter Glass substrates PET substrates 

Nozzle frequency (kHz) 120 120 
Power (Ratio) 1.7 1.7 

Stage temperature (°C) 40 55 

Shaping gas N2 N2 
Shaping gas flow level (arb.) 0.35 0.35 

Nozzle-to-substrate distance* (mm) 45.5 45.5 
Ink flow rate (mL min−1) 0.5 0.4 

Coating speed (mm s−1) 70 70 

Note: *A recipe-set ‘z-height’ value of 25 corresponds to an approximate nozzle-to-
substrate distance of 45.5 mm. 

Table S2. Cross-validation of n-PBDF film thickness measurements (on glass substrate). 
Comparison of thickness values obtained via Atomic Force Microscopy (AFM) step-height 
analysis and stylus profilometry. Both measurement methods show strong agreement and linear 
correlation (Adj. R2 = 0.99). Relative difference calculated as (|dAFM – dProf| / dProf) ⋅ 100. 

Coating cycles 
(#) 

AFM thickness 
(nm) 

Profilometer thickness 
(nm) 

Relative difference 
(%) 

1 3.81 ± 0.34 — — 
2 6.75 ± 0.59 5.33 ± 0.34 26.7 
3 9.04 ± 0.41 8.53 ± 0.26 5.9 

4 11.42 ± 0.68 10.71 ± 0.27 6.6 
5 15.48 ± 0.42 15.19 ± 0.12 1.9 
6 19.99 ± 0.57 19.21 ± 0.32 4.1 
7 25.92 ± 0.52 25.63 ± 0.38 1.1 

8 30.06 ± 0.37 29.56 ± 0.35 1.7 
9 34.92 ± 0.50 34.51 ± 0.51 1.2 
10 41.37 ± 0.67 40.34 ± 0.36 2.6 
12 51.06 ± 0.73 50.55 ± 0.62 1.0 

14 59.13 ± 0.74 59.81 ± 0.45 1.1 
16 71.70 ± 0.48 71.37 ± 0.24 0.5 
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1.7 Doping Level Control of Prepared Films  

To establish a consistent baseline for all experiments, the as-coated PBDF films with 

unknown initial doping levels were subjected to a controlled re-doping procedure. This process 

was performed in a nitrogen-filled glove box to prevent oxidation. 

A re-doping solution was prepared by dissolving TMHQ (5 mmol) in anhydrous ethanol in 

a nitrogen-filled glove box. TMHQ was selected because it is an effective proton-coupled electron 

transfer agent for this polymer system. The films were fully immersed in the TMHQ solution for 

(1 to 2) min, which was determined to be sufficient time to fully saturate the polymer and restore 

a consistent, maximally n-doped state. This method ensured that all films possessed a reliable and 

reproducible doping level prior to characterization and subsequent analyses. After re-doping, the 

films were then rinsed with a gentle stream of ethanol to remove the excess/residual dopant, after 

which they were dried under a gentle stream of nitrogen. 

1.8 Film-based Characterizations 

All characterizations were performed at room temperature (≈(20 to 23) °C) under ambient 

conditions (⪅30 % relative humidity (RH)), unless otherwise specified. 

1.8.1 Electrical Properties 

The sheet resistance (Rs) was measured using a Filmetrics® R50-4PP contact four-point 

probe system having automated mapping capabilities and equipped with a KLA-Tencor™ Type I 

probe head (0.5 mm (20.0 mil) radius, 100 g loading, tungsten carbide, 0.6 mm (25 mil) spacing). 

The electrical conductivity (σ) was calculated using the measured sheet resistance and film 

thickness (d) through the following equation, where ρ denotes the electrical resistivity:  

 

𝜎𝜎 = 1
𝜌𝜌

= 1
(𝑅𝑅s⋅𝑑𝑑)

 .                       Eq. S1 
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1.9 Film Thickness and Surface Morphology 

The film thickness and surface morphology were characterized using both atomic force 

microscopy (AFM) and stylus profilometry for cross-validation (see Table S2). The data were 

processed and analyzed using NanoScope® Analysis (v.3.0), Gwyddion (v.2.67), and Vision64® 

(v.5.51) software. 

1.9.1 Atomic Force Microscopy (AFM) 

Topographical analysis was performed using a Bruker Dimension Icon® in the soft tapping 

mode. Images were acquired from (2 × 2) µm2 and (5 × 5) µm2 areas using a µMasch 

HQ:NSC18/Al BS probe (resonant frequency (fo): 75 kHz, spring constant (k): 2.8 N m−1, tip radius 

(r): ≈8 nm) at a scan rate of 0.200 Hz. 

1.9.2 Stylus Profilometry 

Film thickness was verified using a Bruker DektakXT™ surface profilometer with a 2 µm 

tip radius and 3 mg stylus force. 

1.10 Optical Properties 

Transmittance, absorptance, and reflectance spectra were collected over a wavelength 

range of (380 to 1700) nm using a Filmetrics® F10-RT-EXR reflectometer.  

The optical haze and Commission Internationale de l'Eclairage L*, a*, b* (CIELAB) color 

coordinates of the samples were measured using a Konica Minolta CM5 spectrophotometer 

equipped with a light-integrating sphere, capable of quantifying the scattered (diffuse) 

transmittance relative to the total transmitted light. The data were subsequently analyzed using 

SpectraMagic™ NX software. 

In this study, the haze was measured in accordance with the ASTM D1003 standard. This 

method defines haze as the percentage of transmitted light that deviates by more than 2.5° from 

the incident direction, with lower values corresponding to higher optical clarity. The haze 

percentage was calculated as follows: 

Haze (%) = �𝑇𝑇diffuse
𝑇𝑇total

� ⋅  100                                Eq. S2 
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where Tdiffuse is the diffuse transmittance, and Ttotal is the total transmittance. Optical haze, which 

describes the milky or cloudy appearance of a transparent material, is a key performance parameter 

for applications where high clarity is required, such as packaging, LED diffusers, and automotive 

components. This is caused by light scattering from features such as surface roughness, bulk 

inhomogeneities, porosity, or impurities in the material. 

1.11 X-Ray Reflectivity 

The density of the n-PBDF thin film was determined using X-ray Reflectivity (XRR). For 

this measurement, a sample was prepared by spin-coating an approximately 50 nm thick film of 

n-PBDF onto a cleaned silicon substrate within a nitrogen-filled glovebox. The as-prepared film 

was then annealed under vacuum at room temperature for 24 h to ensure the complete removal of 

any residual solvent. 

XRR measurements were performed using a Rigaku SMARTLAB® diffractometer. The 

raw data were first corrected for the X-ray beam footprint on the sample. Subsequently, the 

reflectivity curve was fitted using the REFNX data analysis package for Python. The structure was 

modeled as a single n-PBDF layer on a native silicon oxide (SiOx) layer over a silicon substrate 

(SiO2/Si). During the fitting process, the densities of the substrate layers were fixed to their known 

literature values, allowing the density of the n-PBDF layer to be determined with a high precision. 

1.12 Mechanical Bending (Fatigue) Testing 

To evaluate the mechanical robustness of the n-PBDF films for flexible applications, a 

cyclic bending test was performed on a heater device fabricated on a flexible PET substrate. The 

test was conducted using a custom-built, automated linear rail bending apparatus. The flexible 

heater samples were mounted onto rail brackets, which cyclically moved the sample between two 

states: A near-fully extended, flat position, and a bent position (10 mm bending radius). Each full 

back-and-forth motion constituted a single bending cycle. 

The performance of the heater was monitored by periodically measuring its sheet resistance 

(Rs). Measurements were taken at frequent intervals for the first several thousand cycles (e.g., 

every 5000 cycles) to observe any initial changes and then continued at longer intervals for the 

duration of the test. The total test was run for 60 000 cycles. The change in electrical performance 
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was quantified by comparing the sheet resistance at a given cycle number to the initial, pristine 

sheet resistance. 

The n-PBDF heater demonstrated excellent mechanical durability. After 60 000 bending 

cycles to a 10 mm radius, the device retained over 80 % of its initial performance. This degree of 

robustness of our spray-coated n-PBDF films under extensive mechanical deformation highlights 

its suitability for demanding flexible electronic applications. The results of this test are highlighted 

in Figure 6f (Main Text). 

1.13 Grazing-incidence Wide-angle X-ray Scattering (GIWAXS) 

Ex-situ GIWAXS measurements were performed at the Complex Materials Scattering 

(CMS, 11-BM) beamline at the National Synchrotron Light Source II (NSLS-II), 

Brookhaven National Laboratory. For this measurement, films of DMSO-based and EtOH-

based ink formulations were prepared by spin-coating an approximately 50 nm thick film 

of each n-PBDF onto a cleaned silicon substrate. The incident X-ray energy was 13.5 keV 

(λ = 0.9184 Å). The data were collected using a Dectris Pilatus® 800K area detector, with 

the sample-to-detector distance calibrated to 257.3 mm using a silver behenate (AgBH) 

standard. To maximize the 𝑞𝑞 -range coverage and eliminate gap effects, two detector 

images were collected at vertically offset positions and stitched together. The films were 

measured at an incidence angle of 0.14° with respect to the substrate, with an exposure 

time of 10 s. Data reduction and analysis were performed using the Nika software package 

for WaveMetrics® Igor Pro®.4 Out-of-plane profiles were extracted using 10° wide sector 

averages centered at 90°, while in-plane profiles were obtained via horizontal line 

integration (3-pixel width) with a vertical offset of 9 pixels from the horizon. See Table 

S3 and Figure S43 for a comparison. The crystallographic d-spacings and crystalline 

coherence lengths (Lc) were calculated using the relations d = 2π/q0 and Lc = 2πK/Δq 

(Scherrer approximation, using a standard shape factor of K = 0.9), respectively.5 Because 

the peaks were modeled using Gaussian fits �𝑦𝑦 =  𝑦𝑦0  +  𝐴𝐴 ⋅ exp �−�𝑥𝑥 − 𝑥𝑥0
𝑤𝑤

�
2
�� in the 

Nika software package, the full-width at half-maximum (FWHM) of the scattering peak 

(Δq) was analytically converted from the fitted width parameter (w) using the relation Δ𝑞𝑞 =

 2√ln 2 ⋅ 𝑤𝑤. 
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Table S3. Summary of extracted GIWAXS parameters for n-PBDF films. The table compares the 
peak position (q), Gaussian width parameter, and intensity for the out-of-plane lamellar stacking 
and the in-plane π–π stacking reflections. Data corresponds to the line-cut profiles shown in Figure 
S43. 

Sample Direction Reflection Position 
(q0) (Å−1) 

Fit 
parameter 
(w) (Å−1) 

Intensity 
(A) 

(a.u.) 
 d-spacing 

(Å) 

Coherence 
length, Lc 

(Å) 

DMSO-
based 

n-PBDF 

Out-of-
plane 

(100) 0.5980 ± 
0.0003 

0.0558 ± 
0.0008 

2193 ± 
22  10.51 ± 

0.01 61 ± 1 

(200) 1.1516 ± 
0.0008 

0.0671 ± 
0.0047 122 ± 8  5.46 ± 0.01 51 ± 4 

(300) 1.7696 ± 
0.0002 

0.0828 ± 
0.0007 131 ± 1  3.55 ± 0.01 41 ± 1 

(400) 2.3485 ± 
0.0012 

0.0985 ± 
0.0073 10 ± 1  2.68 ± 0.01 34 ± 3 

In-plane (010) 1.8776 ± 
0.0005 

0.0619 ± 
0.0012 127 ± 2  3.35 ± 0.01 55 ± 1 

Ethanol-
based 

n-PBDF 

Out-of-
plane 

(100) 0.6044 ± 
0.0003 

0.0572 ± 
0.0007 

2584 ± 
22  10.40 ± 

0.01 59 ± 1 

(200) 1.1512 ± 
0.0012 

0.0784 ± 
0.0103 106 ± 16  5.46 ± 0.01 43 ± 6 

(300) 1.7687 ± 
0.0005 

0.0835 ± 
0.0022 104 ± 2  3.55 ± 0.01 41 ± 1 

(400) 2.3786 ± 
0.0010 

0.1138 ± 
0.0081 12 ± 1  2.64 ± 0.01 30 ± 2 

In-plane (010) 1.8923 ± 
0.0005 

0.0656 ± 
0.0013 166 ± 2  3.32 ± 0.01 52 ± 1 

1.14 Data Reliability and Reproducibility 

To ensure the reproducibility of the fabrication process, all measurements were performed 

at multiple distinct locations and on replicate samples. For each film, at least five distinct AFM 

measurements and no fewer than ten profilometry measurements were performed. The results are 

reported as average values with corresponding uncertainties. 
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Note S2. Specific Heat Capacity and Thermal Stability 

1.1 Differential Scanning Calorimetry (DSC) 

The temperature-dependent specific heat capacity (Cp or c1) of n-PBDF was determined 

for use in subsequent thermal modeling. The procedure involved initial measurements that 

revealed the hygroscopic nature of the material, a refined temperature modulated DSC analysis to 

confirm this and establish a drying protocol, and a final high-precision measurement to obtain the 

intrinsic heat capacity of the dry material. 

1.1.1 Preliminary Modulated DSC (MDSC®) Analysis 

Initial measurements, conducted on a Discovery™ 2500 DSC (TA Instruments, USA), 

revealed that the n-PBDF material is hygroscopic, absorbing approximately 1 % water by mass 

under ambient conditions (≈20 % relative humidity (RH)). This moisture content confounds the 

heat capacity measurement due to the added thermal effect of moisture loss. To address this and 

develop a robust measurement protocol, a refined MDSC® analysis with an in-situ drying step 

was performed. 

A sample (10.239 mg) was sealed in a standard non-hermetic aluminum pan and subjected 

to a two-segment procedure: 

1. In-situ Drying: The sample was first dried directly within the DSC cell by holding it at an 

isothermal temperature of 140 °C for 40 min. 

2. MDSC® Measurement: Immediately following the drying step, the MDSC® experiment 

was performed. The sample was equilibrated at −120 °C, held isothermally for 5 min, and 

subsequently heated to 145 °C at an underlying ramp rate of 3 °C min−1 with a temperature 

modulation amplitude of ±1 °C. The analysis confirmed that the in-situ drying step was 

essential for removing absorbed water and obtaining accurate measurements of the intrinsic 

thermal properties of n-PBDF. 

1.1.2 Definitive Heat Capacity Measurement 

Based on the findings from the MDSC® analysis, the definitive measurements were 

performed using a DSC 8500 equipped with a CLN2 liquid nitrogen chiller (PerkinElmer Inc., 
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USA), using StepScan mode (heating rate of 150 K min−1, steps of 1 K, and isotherm times of 60 

s) and employing the calibration methods described elsewhere.6,7 To ensure reproducibility, 

samples from two independently synthesized batches of n-PBDF were analyzed in this study. The 

resulting temperature-dependent Cp (or c1) data and the corresponding linear fit are presented in 

Figure S35. 

The procedure for each sample was as follows: the sample was sealed in a non-hermetic 

aluminum DSC pan and loaded into the instrument. A rigorous in-situ drying step was performed 

by holding the sample at 140 °C for approximately 40 min under a high-purity helium purge. 

Immediately following this, and without breaking the inert atmosphere, the heat capacity 

measurement was performed under the same dry helium purge. 

The two resulting data sets were found to be in excellent agreement. These values were 

then averaged, and the final temperature-dependent specific heat capacity was determined by 

fitting the averaged data to a linear model, yielding the equation Cp(T) = (0.0029859 ± 0.000027) 

J g−1 °C−2 ⋅ T + (0.75341 ± 0.0016) J g−1 °C−1.The values extracted through this fit were used in all 

subsequent thermal models and calculations. 

1.2 Thermogravimetric Analysis (TGA) 

The thermal stability of n-PBDF was characterized by using a Q500 thermogravimetric 

analyzer (TA Instruments, USA). A sample of dried n-PBDF powder (approximately 5 mg to 10 

mg) was loaded into a platinum TGA pan for analysis. 

The analysis was conducted using a High-Resolution Dynamic Heating method at a heating 

rate of 40 °C min−1 with a resolution setting of 4.0. The sample was heated from room temperature 

to 800 °C under a high-purity nitrogen atmosphere. Upon reaching 800 °C, the carrier gas was 

switched to air to enable the combustion of any remaining char. 

The remaining mass percentage and its first derivative (derivative thermogravimetry, DTG) 

were recorded as a function of temperature and time. The onset temperature of decomposition was 

determined from the TGA curve using the tangent intersection method via the instrument's analysis 

software (TA TRIOS™). This analysis defined the thermal degradation profile of n-PBDF under 

both inert and oxidative conditions. These results established the upper temperature limit for the 

Joule heating experiments, ensuring that device testing was conducted below the primary 

decomposition threshold of n-PBDF. 
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Note S3. In-plane and Cross-plane Thermal Conductivity (κ) 

1.1 In-plane Thermal Conductivity (κx and κy) 

1.1.1 Measurement Principle and Technique 

The in-plane thermal conductivities (κx and κy) of a free-standing, 73 µm thick n-PBDF 

film were measured using an advanced, two-dimensional extension of the classic Ångstrom 

method, as recently developed and detailed by Gaitonde et al.8–11 

The core principle of the technique is to periodically heat a single spot at the center of a 

suspended thin-film sample and use a high-speed infrared (IR) camera to map the resulting two-

dimensional, oscillating temperature field on the sample's surface. The key advantage of this 

method is that the thermal conductivities in the two in-plane orthotropic directions (κx and κy) can 

be extracted simultaneously from a single measurement. 

Experimental Setup 

A custom-built experimental setup, illustrated schematically in Figure 5e (Main Text), 

was used to perform the measurements. A free-standing 73 µm thick n-PBDF film was suspended 

over a circular aperture in a temperature-controlled heat sink and clamped by a copper holder. 

A thin aluminum disk cut from adhesive-backed aluminum tape and coated with a thin 

layer of graphite (PELCO® Colloidal Graphite, Ted Pella, Inc, Cat. No. 16053) was attached at 

the center of the bottom-side sample surface to function as a laser absorber and transducer—

ensuring uniform, circular heating of the sample, and protecting the IR detector from direct laser 

radiation. 

The sample was heated from the bottom using a fiber-coupled diode laser (BWTek BWF2, 

980 nm, 5 W max). The laser's output was modulated into a square wave at a set frequency (50 to 

400) mHz using a function generator. To ensure precise and repeatable alignment, the laser's output 

fiber was rigidly secured to the mounting plate with a sub-miniature version-A (SMA) adapter, 

centering the laser spot on the absorber disk. An infrared microscope (Infrascope™, Quantum 

Focus Instruments Corporation) was positioned above the sample to record the transient 

temperature distribution. For this work, a 1/6 times magnification infrared lens was used, providing 

a spatial resolution of ≈75 µm/pixel over a ≈(77 × 77) mm2 field of view.  
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1.1.2 Data Analysis 

The data analysis was performed in the frequency domain. The raw spatiotemporal data, 

which consisted of a series of IR thermal images over time, was first processed using a Fourier 

transform at each pixel within the imaging area into its amplitude and phase lag (first harmonic). 

An inverse fitting algorithm was then used to determine κx and κy. This algorithm compares the 

experimentally measured 2D maps of amplitude and phase to a thermal diffusion model and finds 

the unique values of κx and κy that best match the experimental data. Notably, this method does 

not require precise knowledge of the laser power, boundary conditions at the edge of the sample, 

or the through-plane thermal conductivity, which significantly reduces sources of experimental 

uncertainty. The full derivation of the governing equations, the detailed data analysis workflow, 

and the validation of the technique are presented in the original works by Gaitonde et al.8–10 A 

detailed analysis of the robustness of this extraction, including a sensitivity analysis of the model 

parameters and a reconciliation with the Joule heating results, is provided in Note S9. 

1.2 Cross-plane Thermal Conductivity (κz) 

1.2.1 Measurement Principle and Technique 

The cross-plane (or through-plane) thermal conductivity (κz) of a bulk n-PBDF film was 

measured using a steady-state, one-dimensional heat flux method based on the conventional 

reference bar method (ASTM D5470), as detailed by Gaitonde et al.8 The principle is to create a 

steady 1D heat flux through a multi-layer stack—where the sample with unknown conductivity is 

sandwiched between reference materials with known conductivity—and measure the resulting 

temperature gradient across the sample to determine its thermal conductivity via Fourier's Law.  

1.2.2 Experimental Setup and Sample Preparation 

The experimental setup is illustrated schematically in Figure 5a (Main Text). Here, a 1D 

heat flow is established across a sample stack that is clamped between heated and cooled aluminum 

reference bars by applying a temperature gradient. During the steady state, an IR microscope then 

maps the temperature profile along the polished cross-section of this stack. The specific sample 

preparation for the n-PBDF film was a critical, multi-step process: 
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1. Stack Assembly: A 1 cm2 piece of the free-standing, 73 µm thick n-PBDF film was 

sandwiched between two equally sized squares of 1 mm thick black 

poly(tetrafluoroethylene) (PTFE), which serve as the thermal reference bars. 

2. Encapsulation and Polishing: This PTFE | n-PBDF | PTFE stack was encapsulated in a 

cold-mounting epoxy (QC Epoxy, Leco Corporation). After curing, a cross-sectional 

surface was meticulously wet polished on a lapidary wheel (Leco® SS1000) using a 

sequence of SiC pads (progressing sequentially from 400 to 2000 grit). This was followed 

by polishing with 3 µm and 1 µm diamond pastes and Microid Extender on a Red Felt cloth, 

and a final polish with a colloidal silica slurry (812-121-300, Leco Corporation) on an Ultra 

Silk cloth. This created the optically flat, mirror-like surface required for high-resolution 

IR imaging. 

3. Final Preparation: Excess epoxy was carefully ground away from the outer faces of the 

PTFE layers. A thin layer of silver-thermal paste was then applied to these exposed faces 

to ensure excellent thermal contact with the heated and cooled aluminum reference bars of 

the measurement setup before the sample was clamped in place. 

1.2.3 Data Analysis 

During the experiment, an IR microscope captured a high-resolution 2D thermal map of 

the polished cross-section (Figure 5b, Main Text). This map was spatially averaged to create a 

1D temperature profile along the direction of heat flow (Figure 5c, Main Text). 

For the calculation of heat flux (qʺ), the temperature gradient (dT/dx) within the known 

PTFE references were measured. Using Fourier's Law (qʺ = −κref ⋅ (dT/dx)ref), the heat flux through 

the stack was determined. Additionally, the temperature gradient across the n-PBDF 

sample, (dT/dx)sample was measured and recorded. With this data in hand, the through-plane 

thermal conductivity (κz) was then calculated as κz = −qʺ/(dT/dx)sample. By plotting the calculated 

heat flux against the sample's temperature gradient for multiple heating powers, a linear 

relationship was obtained (Figure 5d, Main Text), where the slope provided a robust, averaged 

value of κz for n-PBDF, where the uncertainty represents the standard error of the fitted slope. 
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Note S4. Comprehensive Optical Modeling 

1.1 Material Model and Software 

The optical constants of the n-PBDF films were determined by analyzing the experimental 

transmittance and reflectance spectra using the WVASE® software package (J. A. Woollam Co.). 

The optical response of the film was modeled using a general oscillator material model (GENOSC, 

J. A. Woollam Co.), which combines Gaussian oscillators to represent interband electronic 

transitions and a Drude oscillator to account for the free-carrier contribution in the conductive 

polymer. 

1.2 Substrate Model Development 

A precise optical model of the substrate is critical for accurately extracting the properties 

of the film. It was observed that the UV-ozone (UVO) treatment, used to clean and prepare the 

substrate surface, slightly altered its optical properties. Accurately accounting for this alteration is 

crucial, particularly for thin films, where the substrate significantly influences the total optical 

response. Therefore, two competing models were developed and tested: 

1. Single-Layer Substrate: The n-PBDF film was modeled on a simple, unmodified 'BK_7g' 

substrate. 

2. Two-Layer Substrate: The n-PBDF film was modeled on a custom "UVO-Glass" substrate. 

This model consisted of the base 'BK_7g' layer plus an additional thin surface layer with 

modified optical oscillators to account for the effects of UVO treatment. 

The two-layer substrate model was found to provide a more robust and accurate fit to the 

experimental data. Consequently, this refined "UVO-Glass" model was adopted for all subsequent 

analyses, ensuring that the extracted parameters were decoupled from substrate influences and 

accurately represented the n-PBDF material itself. 
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1.3 Model Validation via Monte Carlo Analysis 

A Monte Carlo (MC) analysis was performed to validate the stability and quantify the 

confidence limits of the fitted parameters (Table S4). This statistical method repeatedly fits the 

model to the data, each time using a randomly resampled subset of the data points (with 

replacement). This process rigorously assessed the stability of the solution and provided a 

statistical basis for the uncertainty of each parameter. 

The MC analysis confirmed that the two-layer substrate model was robust and yielded well-

defined parameters with low uncertainty. The final fit was considered acceptable when the Mean 

Squared Error (MSE) was minimized, achieving an average value of approximately 0.1206. 

Table S4. Comparison of Monte Carlo analysis results for a 72 nm n-PBDF film using two 
different substrate models. The analysis was performed using five repeated fits. 

Parameter Model w/o UVO Layer Model w/ UVO Layer 

nfit 35 36 
ndata 2536 2536 

Fit iterations 1000 1000 

MSE 0.1212 ± 0.0026 0.1206 ± 0.0026 
RMSE 0.348 ± 0.004 0.347 ± 0.004 

              Note: RMSE is Root mean-square error. 

1.4 Extraction of Optical Constants 

From the validated and optimized fits using the two-layer substrate model, the following 

optical constants for the n-PBDF films were extracted: the refractive index (n), extinction 

coefficient (k), real (ε1) and imaginary (ε2) components of the dielectric function, and absorption 

coefficient (α). 

1.5 Calculation of The Absorption and Extinction Coefficient 

The absorption coefficient (α) of the n-PBDF films was determined using two 

complementary methods: an experimental approach based on substrate-normalized data and the 

Beer–Lambert law, and an analytical approach using the results from optical modeling (as 

described above). 
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1.5.1 Experimental Determination 

A series of n-PBDF films with varying thicknesses was prepared. The raw optical 

transmittance (Tsample) and reflectance (Rsample) for each film, as well as for a bare reference 

substrate (Tglass and Rglass), were measured using a Filmetrics® F10-RT reflectometer. To improve 

the signal-to-noise ratio and increase statistical power, at least five scans were averaged for each 

measurement. The instrument calculates the total absorptance of a sample as:  

𝐴𝐴sample = 100 − 𝑅𝑅sample−𝑇𝑇sample     Eq. S3 

which includes contributions from both the film and substrate. 

1.5.2 Data Normalization and Analysis 

To isolate the intrinsic optical properties of the n-PBDF film, a normalization procedure 

was performed on the raw experimental transmittance (T) and reflectance (R) data to eliminate the 

influence of the glass substrate. The substrate-normalized transmittance (Tfilm) was calculated as 

follows: 

𝑇𝑇film =
𝑇𝑇sample 
𝑇𝑇glass

⋅ 100                  Eq. S4 

with its propagated uncertainty given by: 

δ𝑇𝑇film = 𝑇𝑇film ⋅ ��δTsample

𝑇𝑇sample
 �
2

+ �δ𝑇𝑇glass

𝑇𝑇glass
 �
2
.    Eq. S5 

The substrate-normalized reflectance (Rfilm) was calculated as follows: 

𝑅𝑅film =
𝑅𝑅sample −  𝑅𝑅glass

1− 
𝑅𝑅glass
100

                 Eq. S6 

with its propagated uncertainty given by: 

δ𝑅𝑅film = �
𝑅𝑅sample − 𝑅𝑅glass

1 − 
𝑅𝑅glass
100

� ⋅ �
�δ𝑅𝑅sample

2 + δ𝑅𝑅glass
2 

𝑅𝑅sample − 𝑅𝑅glass
�

2

+ �
δ𝑅𝑅glass
100

1 − 
𝑅𝑅glass
100

�
2

  Eq. S7 
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A negative value indicated that the sample appeared to reflect slightly less than the bare 

glass. Because negative reflectance is not physical, this result suggests that, within the 

measurement uncertainties, the reflectance of the film is essentially zero (or similarly low). The 

substrate-normalized absorptance (Afilm) was then calculated from the normalized values: 

𝐴𝐴film = 100 − 𝑇𝑇film −  𝑅𝑅film     Eq. S8 

with its propagated uncertainty given by: 

δAfilm = �(δ𝑇𝑇film)2 + (δ𝑅𝑅film)2 .    Eq. S9 

After normalization, the Beer–Lambert law was applied. Assuming negligible reflectance 

(justified by the low values of Rfilm after normalization), the substrate-normalized transmittance 

(Tfilm %) was converted to absorbance (Abs): 

Abs = 2 − log10(𝑇𝑇film %)     Eq. S10 

A Beer–Lambert plot of absorbance versus film thickness was constructed for each 

wavelength of interest (λ550 nm). The absorption coefficient (α) was then determined from the slope 

of this plot. The relationship between these variables and the subsequent calculation of the 

extinction coefficient (k) is given by: 

𝛼𝛼(𝜆𝜆) =  2.303⋅ Abs(λ)
film thickness (cm)       Eq. S11 

     𝑘𝑘(𝜆𝜆) =  𝛼𝛼(𝜆𝜆)⋅𝜆𝜆
4𝜋𝜋

  .                Eq. S12 

The uncertainties in the calculated values were determined using the following standard 

error propagation formulas: 

                      δ𝛼𝛼 = 𝛼𝛼��δAbs
Abs

 �
2

+ �δfilm thickness
film thickness

 �
2
                     Eq. S13 

δ𝑘𝑘 = 𝑘𝑘��δ𝛼𝛼
𝛼𝛼

 �
2

+ �δ𝜆𝜆
𝜆𝜆

 �
2
 .          Eq. S14 
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1.6 Comparison of Methods and Analysis of Absorbance Calculation 

The absorption coefficients derived from the experimental method and optical model were 

found to be in good agreement in the visible spectral range (spanning ≈(400 to 700) nm). In this 

region, the substrate-normalized reflectance (Rfilm) is low for all film thicknesses (typically <10 

%), making the assumptions of the Beer–Lambert law reasonably valid. 

However, a significant and systematic deviation between the two methods appears in the 

near-infrared (NIR) range, particularly for films thicker than ≈25 nm. We attribute this to the free-

carrier (Drude) response of the conductive polymer, which leads to a sharp increase in reflectance 

in the NIR, with values approaching 50 % for the thickest films. This high reflectance violates the 

core assumption of the Beer–Lambert law, which incorrectly attributes all light loss to absorption. 

This deviation highlights the superiority of the WVASE® optical model, which correctly 

decouples the effects of absorption and reflectance, providing a physically accurate value for the 

absorption coefficient, even in spectral regions where the reflectance is high. Within the 

experimental analysis, the simplified absorbance formula was compared with the more rigorous 

reflection-corrected formula: 

    Abs(𝜆𝜆) =  2 − log10 �
𝑇𝑇film

100−𝑅𝑅film
 ⋅  100�      Eq. S15 

Given that the Beer–Lambert model is strictly applicable only in the low-reflectance visible 

region, a simplified formula was adopted. In this regime, the correction term from Rfilm was found 

to be negligible (within the measurement uncertainty). Thus, including this term introduced 

unnecessary measurement noise without providing a more accurate result. While this simplified 

Beer–Lambert analysis provided an important experimental validation in the visible range, it 

became more unreliable in the high-reflectance NIR region. Consequently, we determined that the 

WVASE® optical model provides a more representative measure of the optical constants (n and 

k) and absorption coefficient for n-PBDF across the entire experimental spectral window. 
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Note S5. Visible Light Transmittance (VLT) 

1.1 Visible Light Transmittance (VLT) 

Visible Light Transmittance (VLT), also known as luminosity or photopic transmission, is 

a standard metric that quantifies the perceived brightness of an object to a human observer. In this 

study, the VLT was calculated in accordance with the CIE Color Specification System (CIE 2019, 

CIE spectral luminous efficiency for photopic vision, International Commission on Illumination 

(CIE), Vienna, AT). 

This method integrates the object's transmission spectrum across the visible range (defined 

as 380 nm to 780 nm), weighted at each wavelength by the human eye's spectral sensitivity (the 

photopic response function). Mathematically, the VLT is represented as the ratio of the transmitted 

visible light flux to the incident visible light flux: 

         
∫ 𝑇𝑇(𝜆𝜆)𝑉𝑉(λ)780
380 d𝜆𝜆

∫ 𝑉𝑉(𝜆𝜆)780
380 d𝜆𝜆

      Eq. S16 

where T(λ) is the measured transmittance of the sample and V(λ) is the dimensionless luminous 

efficiency function (photopic response). In Eq. S16, the numerator represents the weighted 

transmittance integral, which adjusts the total light transmitted through the sample to prioritize 

wavelengths according to human visual perception. The denominator serves as a normalization 

factor, representing the total integrated photopic response across the visible spectrum. The final 

VLT value is a dimensionless ratio between 0 (no visible light transmitted) and 1, which is 

commonly expressed as a percentage ((0 to 100) %). 
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Note S6. Characterization and Modeling of Thermal Behaviors 

1.1 Theory Behind the Observed Joule Heating Response 

The primary function of a transparent heater is to convert electrical energy into heat through 

Joule heating. Under a constant applied voltage (V), a current (I) flows through the device, and the 

power (P) is dissipated into the surroundings. The dissipated power is given by:  

Power =  𝑃𝑃 = 𝐼𝐼𝐼𝐼 =  𝑉𝑉
2

𝑅𝑅
= 𝐼𝐼2𝑅𝑅        Eq. S17 

and over a period of time (Δt), the total amount of heat dissipated through the system is represented 
by:  

Energy =  𝑄𝑄 = 𝑃𝑃 ∙ Δ𝑡𝑡 = 𝐼𝐼𝐼𝐼 ∙ Δ𝑡𝑡 =  𝑉𝑉
2

R
∙ Δ𝑡𝑡 =  𝐼𝐼2𝑅𝑅 ∙ Δ𝑡𝑡 .              Eq. S18  

Consequently, films with lower electrical resistance (R) draw more current, dissipate more 

power, and achieve higher steady-state temperatures. This may seem counterintuitive, as one might 

associate higher resistance with more "friction" and thus more heat. However, for a voltage-

controlled device, the inverse relationship between power and resistance (P ∝ 1/R) is dominant.  

The resulting temperature evolution reflects a balance between (1) the inflow of electrical 

energy and (2) the outflow of heat via conduction, convection, and radiation. Of the dissipated 

heat, some raises the temperature of the active material thin film and substrate (conduction), while 

the rest is lost to the environment (primarily via convection and radiation, through both the coated 

(film–air) and uncoated surface (substrate–air) interfaces). For some materials, such as graphene, 

radiative losses are often considered negligible due to their low emissivity.12 However, this 

assumption does not apply to all transparent conducting materials (TCMs). As our analysis shows, 

both convection and radiation are significant heat loss pathways in the n-PBDF system (substrate 

+ film). 

To quantitatively link the observed Joule heating behavior with the thermal dissipation 

pathways, we first employed a lumped‐capacitance energy balance model (Sorel et al.)13 and 

applied it to both transient and steady-state analyses. This framework provides the simplest 

physical description of the system, yielding initial definitions for the effective heat transfer 

coefficient (α) and thermal time constant (τ).  
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1.2 Detailed Derivation of a Simple Thermal Model 

1.2.1 Lumped Capacitance Model 

This model assumes that the instantaneous temperature is spatially uniform across the 

heater and that the losses through the electrical contacts are negligible. The energy balance is given 

by the following differential equation, Eq. S19:  

Here, subscripts 1 and 2 refer to the n-PBDF film and substrate, respectively.  m is mass, c is 

specific heat capacity, h is the convective heat transfer coefficient, ε is emissivity (needed for both 

sides of the sample), A is the area of the film (assumed equal to substrate area), σ is the Stefan-

Boltzmann constant (5.67 ⋅ 10−8 W m−2 K−4), T(t) is the instantaneous temperature, and T0 is the 

ambient temperature. 

Because this equation lacks a simple analytical solution, we made two key simplifications 

(described in detail below). To convert Eq. S19 into a more usable form: (1) we linearized the T4 

radiative term and (2) combined all convective and radiative loss terms into a single effective heat 

transfer coefficient, α (Eq. S22), which afforded an energy balance equation in the form of a first-

order linear ordinary differential equation (Eq. S23). The solutions to this model give rise to a 

definition of the system's thermal time constant, τ, and describe the temperature evolution during 

heating (t < toff; Eq. S27) and cooling (t > toff; Eq. S32) processes. 

1.2.2 Transient Analysis (Further Details) 

Assuming small temperature changes, the T4 radiation term can be linearized 

(approximately) using a Taylor expansion, as follows: 

    𝑇𝑇(𝑡𝑡)4 − T04 ≈ 4𝑇𝑇03(𝑇𝑇(𝑡𝑡) − T0�.     Eq. S20 

𝑉𝑉2 𝑅𝑅⁄���
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

= (𝑚𝑚1𝑐𝑐1 + 𝑚𝑚2𝑐𝑐2)𝑑𝑑𝑑𝑑(𝑡𝑡) 𝑑𝑑𝑑𝑑⁄�����������������
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑡𝑡𝑡𝑡 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

+ 𝐴𝐴(ℎ1 + ℎ2)(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0)���������������
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑣𝑣𝑣𝑣𝑣𝑣 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

+

 𝜎𝜎𝜎𝜎(𝜀𝜀1 + 𝜀𝜀2) ∙ (𝑇𝑇(𝑡𝑡)4 − 𝑇𝑇04)�������������������
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑣𝑣𝑣𝑣𝑣𝑣 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

. 

D
ow

nloaded from
 pubs.​acs.​org/​aam

ick/​article-supplem
ent/​5069103/​pdf/​am

6c03624_si_001/​ by PU
R

D
U

E U
N

IV user on 28 O
ctober 2026



30 

Substituting Eq. S20 into Eq. S19 affords an approximate form of the energy balance equation, as 

follows: 

(𝑚𝑚1𝑐𝑐1 + 𝑚𝑚2𝑐𝑐2) d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

+ A[(ℎ1 + ℎ2) + 4𝑇𝑇03𝜎𝜎(𝜀𝜀1 + 𝜀𝜀2)](𝑇𝑇(𝑡𝑡) − T0) −  𝑉𝑉
2

𝑅𝑅
≈ 0.   Eq. S21 

Given that the mass of the n-PBDF films is significantly less than that of the substrate 

(𝑚𝑚1 ≪ 𝑚𝑚2), we considered the conduction term and heat capacity for n-PBDF to be negligible. 

To ensure high experimental reliability, the glass substrate thickness and mass were tightly 

controlled across all samples ((1.016 ± 0.006) mm; mass within ± 1 %). This allowed the substrate 

heat capacity (𝑚𝑚2𝑐𝑐2) to be treated as constant, offering further simplification, as it made the mass 

and heat capacity of the substrate the primary determinants of the thermal response of the heaters. 

Furthermore, the earlier linearization of the radiative term (Eq. S20) allows us to factor out the 

temperature difference and combine all convective and radiative loss terms into a single effective 

heat transfer coefficient, α, as follows:  

                                         𝛼𝛼 = (ℎ1 + ℎ2) + 4𝑇𝑇03σ(𝜀𝜀1 + 𝜀𝜀2).    Eq. S22 

Having consolidated all heat dissipation pathways into a single value, the simplified energy 

balance now simplifies to a first-order linear ordinary differential equation, where P = V2/R is the 

input power, as follows:  

    m2c2 d𝑇𝑇(𝑡𝑡) d𝑡𝑡⁄ + 𝛼𝛼𝛼𝛼(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0) = 𝑃𝑃        Eq. S23 

                             d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

+ 𝛼𝛼𝛼𝛼
𝑚𝑚2𝑐𝑐2

(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0) = 𝑃𝑃
𝑚𝑚2𝑐𝑐2

 .    Eq. S24 

To solve this equation, we define the system’s thermal time constant, 𝜏𝜏, which represents 

the characteristic time required to reach thermal equilibrium, as follows: 

        τ = 𝑚𝑚2𝑐𝑐2
𝛼𝛼𝛼𝛼

= 𝐶𝐶
𝛼𝛼𝛼𝛼

= 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌
𝛼𝛼𝛼𝛼

= 𝜌𝜌𝜌𝜌𝜌𝜌
𝛼𝛼

      Eq. S25 

where C, 𝜌𝜌, and d are the heat capacity, the density, and the thickness of the substrate, respectively.  

Substituting 𝜏𝜏 (Eq. S25) into Eq. S24 gives: 

d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

+ 1
𝜏𝜏

(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0) = 𝑃𝑃
𝑚𝑚2𝑐𝑐2

.                  Eq. S26 
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Rearranging and simplifying Eq. S26 provides a straightforward solution for describing the 

temperature evolution during the heating process (t < toff), as follows: 

           𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 𝑃𝑃
αA
�1 − e

−𝑡𝑡
𝜏𝜏 �.     Eq. S27 

This equation can be expressed in terms of the fundamental experimental parameters (e.g. V, R) 

by substituting P = V2/R and τ = m2c2/αA: 

𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 +
𝑉𝑉2

𝛼𝛼𝛼𝛼𝛼𝛼 �1 − 𝑒𝑒−
𝛼𝛼𝛼𝛼
𝑚𝑚2𝑐𝑐2

𝑡𝑡� 

or 

𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 1
𝛼𝛼
𝑉𝑉2

𝐴𝐴𝐴𝐴
�1 − e−

𝛼𝛼𝛼𝛼
𝑚𝑚2𝑐𝑐2

𝑡𝑡�.                                       Eq. S28 

Similarly, we can describe the heater’s behavior during the cooling process (𝑡𝑡 > 𝑡𝑡off), when the 

input power is turned off (P = 0). Eq. S23 then simplifies to: 

𝑚𝑚2c2
d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

+ 𝛼𝛼𝛼𝛼(𝑇𝑇 − 𝑇𝑇0) = 0.                            Eq. S29 

Rearranging Eq. S29 into standard differential form gives: 

d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

+ 𝛼𝛼𝛼𝛼
𝑚𝑚2𝑐𝑐2

(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0) = 0.    Eq. S30 

By substituting the definition of the thermal time constant, τ (from Eq. S25), we get: 

d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

+ 1
𝜏𝜏

(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0) = 0.     Eq. S31 

Rearranging and simplifying Eq. S31 provides a straightforward solution describing the 

temperature evolution (exponential decay) during the cooling process (t > toff), as follows: 

𝑇𝑇(t) = 𝑇𝑇0 + (𝑇𝑇off − 𝑇𝑇0) e
−𝑡𝑡−𝑡𝑡off

𝜏𝜏                    Eq. S32 

where 𝑇𝑇0 is the ambient temperature, and  𝑇𝑇off = 𝑇𝑇(𝑡𝑡off) is the temperature of the heater at the 

moment in which the power is turned off. 
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1.2.3 Steady-state Analysis (Further Details) 

Finally, we analyze the steady state condition. At the steady-state temperature, 𝑇𝑇sat, the 

system is in thermal equilibrium, and the temperature no longer changes with time ( d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

= 0). 

This is represented by setting the time derivative in the approximate energy balance equation (Eq. 

S23) to zero, giving that the temperature rise depends solely on the areal power density �𝑉𝑉
2

𝐴𝐴𝐴𝐴
� and 

the effective heat transfer coefficient (𝛼𝛼). This yields a general equation for the absolute steady-

state temperature as follows: 

              𝑇𝑇sat = 𝑇𝑇0  + 𝑃𝑃
𝛼𝛼𝛼𝛼

.             Eq. S33 

This relationship can be expressed in alternative forms, depending on the electrical 

parameters used: 

𝑇𝑇sat = 𝑇𝑇0  + 𝐼𝐼
2𝑅𝑅
𝛼𝛼𝛼𝛼

= T0  + 𝐼𝐼
2𝑅𝑅s
𝛼𝛼𝑤𝑤2 = T0  +  𝑉𝑉

2

𝛼𝛼𝛼𝛼𝛼𝛼
= T0  +  𝑉𝑉2

𝛼𝛼𝑙𝑙2𝑅𝑅s
.              Eq. S34 

From this, the steady-state temperature rise, Δ𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is given by:  

Δ𝑇𝑇max = 𝑇𝑇sat − 𝑇𝑇0 = 𝑉𝑉2

𝛼𝛼𝛼𝛼𝛼𝛼
= 𝑉𝑉2

𝛼𝛼𝑙𝑙2𝑅𝑅s
          Eq. S35 

where R can be written in terms of sheet resistance, 𝑅𝑅s, as  𝑅𝑅 = 𝑅𝑅s ∙
𝑙𝑙
𝑤𝑤

 and A = 𝑙𝑙 ∙ 𝑤𝑤, with l and w 

being the length and the width of the film, respectively. This steady-state relationship is 

fundamental, as it provides a direct method for experimentally extracting the effective heat transfer 

coefficient, α. 

By rearranging the core equation, it can be shown that ΔTmax is linearly proportional to the 

input power (α is the ratio of the input areal power density to the temperature rise; 𝛼𝛼 ∝  𝑃𝑃): 

𝛼𝛼 = 𝑃𝑃
𝐴𝐴Δ𝑇𝑇max

= 𝑉𝑉𝑉𝑉
𝐴𝐴Δ𝑇𝑇max

 .                Eq. S36 

Therefore, α can be obtained directly by plotting the measured steady-state temperature (or Δ𝑇𝑇max) 

as a function of the applied areal power density. This yields a straight line with an intercept of 𝑇𝑇0 

(or 0), and the heat transfer coefficient can be extracted from the reciprocal of the slope (slope = 
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1/α). We further note that since power is supplied by a voltage source (P = V2/R), one can 

alternatively plot ΔTmax versus V2 (or 1/ΔTmax versus 1/V2) which yields a slope of 1/αAR (or αAR). 

1.3 Detailed Derivation of a Temperature Coefficient of Resistance (TCR)-aware 
Thermal Model 

A key assumption in the lumped-capacitance model is that the electrical resistance of the 

heater (and thus power) is invariant with temperature. However, the electrical resistance of many 

materials is often temperature dependent, a behavior described by the Temperature Coefficient of 

Resistance (TCR or β), denoted as:  

𝑅𝑅 = 𝑅𝑅0(1 + 𝛽𝛽(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0)) or 𝑅𝑅 = 𝑅𝑅0(1 + 𝛽𝛽∆𝑇𝑇)     Eq. S37 

where a positive TCR indicates that R increases with T.  

In such a case, when heating under a fixed applied voltage (V), the input power dynamically 

decays (P = V2/R) as the device heats. As a result of standard models not explicitly accounting for 

this, the observed slower temperature rise that results can be misattributed as being caused by 

changes in the material's inherent thermal transport properties, leading to a systematic 

overestimation of both α and τ. Therefore, in addition to the lumped-capacitance model and unlike 

most analogous reports in the Joule heating literature, we additionally applied the TCR-aware 

transient model (which explicitly accounts for resistance drift during heating; based on Ji et al.14) 

to our data, to assess its significance and impact on our system, in comparison with the former.  

In contrast to the heating process, the cooling curve should be nominally independent of R 

(power is no longer applied). Therefore, the decay in temperature should reflect only passive 

thermal dissipation via conduction, convection, and radiation.  

To obtain a ‘TCR-aware’ energy balance model, we substituted the temperature-dependent 

resistance (Eq. S37) into the standard transient heating equation (Eq. S23) to add the non-constant 

power delivery term (as demonstrated by Ji et al.14). However, rather than expressing the equation 

in terms of constant power (P), we instead used 𝑉𝑉
2

𝑅𝑅
 to more clearly track the impact of resistance 

changes as a function of the applied voltage and the material’s initial electrical resistance (R0; at 

Tinitial), as follows: 
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m2𝑐𝑐2
d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

= 𝑉𝑉2

𝑅𝑅0�1+𝛽𝛽�𝑇𝑇(𝑡𝑡)�−𝑇𝑇0�
− 𝛼𝛼𝛼𝛼(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0).       Eq. S38 

Given the non-linear denominator, we used a first-order Taylor expansion to approximate 

1 𝑅𝑅⁄  (assuming small/modest 𝛽𝛽(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0), as follows:  

1
1+𝛽𝛽(𝑇𝑇(𝑡𝑡)−𝑇𝑇0) ≈ 1 − 𝛽𝛽(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0).     Eq. S39 

Substituting the approximation (Eq. S39) into Eq. S38 yielded: 

𝑚𝑚2𝑐𝑐2
d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

= 𝑉𝑉2

𝑅𝑅0
�1 − 𝛽𝛽�𝑇𝑇(𝑡𝑡)� − 𝑇𝑇0� − 𝛼𝛼𝛼𝛼(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0).           Eq. S40 

After expanding and grouping the (T−𝑇𝑇0) terms together, we obtained a linearized form as: 

                              𝑚𝑚2𝑐𝑐2
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑉𝑉2

𝑅𝑅0
− �𝑉𝑉

2𝛽𝛽
𝑅𝑅0

+ 𝛼𝛼𝛼𝛼� (𝑇𝑇(𝑡𝑡) − 𝑇𝑇0)                                                                           

d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

= V2

𝑚𝑚2𝑐𝑐2𝑅𝑅0
− 1

𝑚𝑚2𝑐𝑐2
�𝑉𝑉

2𝛽𝛽
𝑅𝑅0

+ 𝛼𝛼𝛼𝛼� (𝑇𝑇(𝑡𝑡) − 𝑇𝑇0)        Eq. S41 

which matched the form of a standard ordinary differential equation (ODE) of the type: 

d𝑇𝑇(𝑡𝑡)
d𝑡𝑡

= 𝐾𝐾1 − 𝐾𝐾2(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0).      Eq. S42 

This gave rise to the constants:  

𝐾𝐾1 = V2

𝑚𝑚2𝑐𝑐2𝑅𝑅0
 and 𝐾𝐾2 = 1

𝑚𝑚2𝑐𝑐2
�𝑉𝑉

2𝛽𝛽
𝑅𝑅0

+ 𝛼𝛼𝛼𝛼�.     Eq. S43 

Inserting the constants from Eq. S43 into an exponential approach-to-equilibrium solution of the 

form: 

𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 𝐾𝐾1
𝐾𝐾2

(1 − e−𝐾𝐾2𝑡𝑡)      Eq. S44 

and substituting the expressions for 𝐾𝐾1 and 𝐾𝐾2 yielded the full solution for the TCR-aware model, 

as: 
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𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 +

𝑉𝑉2
𝑚𝑚2𝑐𝑐2𝑅𝑅0

 

1
𝑚𝑚2𝑐𝑐2

�𝑉𝑉
2𝛽𝛽
𝑅𝑅0

+ 𝛼𝛼𝛼𝛼�
�1 − 𝑒𝑒

−� 1
𝑚𝑚2𝑐𝑐2

�𝑉𝑉
2𝛽𝛽
𝑅𝑅0

+𝛼𝛼𝛼𝛼��𝑡𝑡
� 

 

𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 𝑉𝑉2/𝑅𝑅0
�𝑉𝑉

2𝛽𝛽
𝑅𝑅0

+𝛼𝛼𝛼𝛼�
�1 − e

−� 1
𝑚𝑚2𝑐𝑐2

�𝑉𝑉
2𝛽𝛽
𝑅𝑅0

+𝛼𝛼𝛼𝛼��𝑡𝑡
�.   Eq. S45 

Next, we defined a new TCR-corrected equation for τ by using the terms from within the 

exponent. This enabled us to preserve the similar exponential form of the standard model which 

contained the ‘1 − e−t τ⁄  ’ term as: 

  τ = 𝑚𝑚2𝑐𝑐2
𝑉𝑉2𝛽𝛽
𝑅𝑅0

+αA
= 𝜌𝜌𝜌𝜌𝜌𝜌

𝛼𝛼 + 𝑉𝑉2𝛽𝛽
𝐴𝐴𝑅𝑅0�

Corrective Term (𝐾𝐾)

 .    Eq. S46 

Lastly, we obtained the final expression for the ‘TCR-aware’ heating process as: 

𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 𝑉𝑉2/𝑅𝑅0
�𝑉𝑉

2𝛽𝛽
𝑅𝑅0

+𝛼𝛼𝛼𝛼�
�1 − e−

𝑡𝑡
𝜏𝜏� .    Eq. S47 

To apply the TCR-aware model to our data, we experimentally determined the average 

value of 𝛽𝛽 for n-PBDF. We recorded the resistance (R) at different steady-state temperatures (TSST) 

during Joule heating experiments and plotted the data as R vs. SST (R vs. 𝑇𝑇sat). We performed a 

linear fit on the data, which produced a line in the form 𝑦𝑦 = 𝑅𝑅0 + 𝑅𝑅0𝛽𝛽(𝑥𝑥) having slope 𝑅𝑅0 ∙ 𝛽𝛽. 

After comparing all fit results, we found good agreement between the samples and extracted a 

mean TCR value of β = (0.585 ± 0.138) % °C−1 (Figures S13 and S14 for additional details). 
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1.4 Comparative Analysis of the Models (Steady-state vs. Transient, and TCR-aware) 

1.4.1 Extraction of Thermal Constants Alpha (α) and Tau (τ) 

To quantitatively and thoroughly assess the thermal performance of our heaters, we 

extracted the effective heat transfer coefficient (α) and thermal response time constant (τ) using 

three distinct methods: (1) a steady-state (SST) energy balance (adapted from Sorel et al.13), (2) a 

standard (non-TCR) dual-region transient fit, and (3) a TCR-aware transient fitting approach. The 

extracted values for both (3 × 3) cm2 and (5 × 5) cm2 devices were plotted as a function of film 

transmittance in Figure S38. 

1.4.2 Steady-state Approach 

In the SST approach, α was extracted by linear regression of the steady-state temperature 

rise (𝛥𝛥𝑇𝑇max) versus areal power density (P/A), based on the energy balance equation from Sorel et 

al.13 

Δ𝑇𝑇max  =  𝑉𝑉2

𝛼𝛼𝛼𝛼𝛼𝛼
 .       Eq. S48 

This method provides an estimate of α under equilibrium conditions, integrating all modes of heat 

loss (conduction, convection, and radiation) and assumes constant resistance and steady input 

power (see above Eq. S36).  
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Table S5. Representative dataset for (3 × 3) cm2 samples of n-PBDF derived from SST analysis. 
Data was obtained by fitting a line of the form y = a + bx to the steady state temperature vs. areal 

power density plotted data for each film thickness. The SI unit was calculated from the slope 
value as (SI Unit = 1/ (slope ⋅ 0.1) = 10/slope. 

Film thickness (nm) Slope value from fitting 
(°C cm2 mW−1) 

SI unit* 
(W m−2 K−1) 

71.70 0.31 ± 0.01 32.26 ± 1.04 
59.13 0.35 ± 0.01 28.57 ± 0.82 
51.05 0.34 ± 0.01 29.41 ± 0.87 
41.37 0.40 ± 0.01 25.00 ± 0.63 
34.92 0.33 ± 0.01 30.30 ± 0.92 
30.06 0.38 ± 0.01 26.32 ± 0.69 
25.92 0.36 ± 0.01 27.78 ± 0.77 
19.99 0.41 ± 0.01 24.39 ± 0.59 
15.48 0.44 ± 0.01 22.73 ± 0.52 
11.42 0.41 ± 0.01 24.39 ± 0.59 
9.04 0.43 ± 0.01 23.26 ± 0.54 
6.75 — — 
3.81 — — 

Note: ‘*’ denotes SI Unit, which is a standard unit of measurement within the 
international system of units (metric system). 

1.4.3 Standard Transient Approach 

Here, the full set of transient heating and cooling curves from the Joule heating experiments 

were independently fitted to Eq. S27 and Eq. S32, respectively. This allowed for the extraction of 

both α and τ. However, this method does not consider TCR effects during the heating phase. 

1.4.4 TCR-aware Transient Approach 

In the standard SST and uncorrected transient model, it is assumed that the resistance of 

the heater remains constant during Joule heating. However, as described previously this 

assumption is flawed: resistance increases (power decreases) with temperature due to the positive 

Temperature Coefficient of Resistance (TCR). This leads to a dynamic reduction in input power 

during heating, which violates this assumption. Similarly, Ji et al. analyzed this effect in detail and 

described that neglecting TCR leads to overestimation of α, due to inflated apparent power input 

(especially at high voltage), and by inference, an overestimation of τ, as the delayed system 

response from decreasing power would be misattributed to slower thermal transport.14 
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Additionally, our interest in exploring this more rigorous model was also motivated by a 

slight hysteresis we observed between the α and τ values extracted from the heating versus the 

cooling curves in the basic model. While Ji et al.14 did not explicitly quantify the error in τ, their 

analysis and fit results implied that assuming constant resistance caused the early-stage heating 

response to appear slower than it truly was. This would lead to an overestimation of τ in non-TCR 

models, a conclusion that is supported by our own data and comparative fits. 

𝛼𝛼measured =  𝛼𝛼true  +  𝛽𝛽 ∙ 𝑉𝑉
2

𝐴𝐴𝑅𝑅0
 .    Eq. S49 

Here, the full set of transient heating curves from the Joule heating experiments were fitted to Eq. 

S47, using the experimentally determined value of β. This allowed for the simultaneous extraction 

of both α and τ. 

1.5 Analysis of Extracted α and τ 

While the simpler SST and non-TCR transient methods yielded results for α and τ that were 

in close agreement (within ≈5 %), a direct comparison of the models confirmed that neglecting the 

TCR leads to a systematic overestimation of both the thermal time constant (τ) and the heat transfer 

coefficient (α). 

The impact was most pronounced for the thermal time constant, 𝜏𝜏. For the (3 × 3) cm2 

devices, the TCR-aware model yielded an average 𝜏𝜏 of 89.2 s. This represents a reduction of ≈(10 

to 13) % compared to the values obtained from the SST method (99.6 s) and the non-TCR transient 

fits (100.1 s to 102.4 s). A similar trend was observed for the (5 × 5) cm2 devices, where the TCR-

aware 𝜏𝜏 of 128.5 s was ≈(8 to 14) % lower than the values obtained through the SST (139.7 s) and 

non-TCR (143.3 s to 149.2 s) methods. 

Likewise, the TCR-corrected heat transfer coefficient (α) values were consistently lower 

than those derived from the SST and non-TCR model. For the (3 × 3) cm2 devices, the TCR-

corrected α was 20.9 W m−2 K−1, approximately 5 % lower than the SST value of 21.9 W m−2 K−1, 

and ≈(1 to 2) % lower than the non-TCR range ((21.1 to 21.2) W m−2 K−1). The effect was most 

pronounced for the larger (5 × 5) cm2 devices, where the TCR-corrected α of 15.3 W m−2 K−1 was 

approximately 12 % lower than the SST value of 17.3 W m−2 K−1. In this case, the TCR-corrected 
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value was comparable to the upper end of the range determined from the non-TCR method (14.5 

to 15.2) W m−2 K−1. 

This systematic overestimation, more pronounced in the larger (5 × 5) cm2 devices, is fully 

consistent with the theoretical model, which predicts that the error term scales with the square of 

the applied voltage (V2), a value that is necessarily higher for larger-area heaters to achieve a given 

power density. 

The accuracy of the TCR-aware model is further validated by the close agreement between 

its extracted parameters and those derived from the cooling-only regime, where TCR effects are 

absent (Figure S38). Therefore, while simpler methods provide a reasonable first-order 

approximation, these findings underscore that TCR-aware analysis is essential for accurate 

performance evaluation and rational heater design, especially when comparing different device 

geometries or operating at high power levels.  

Table S6. Alpha and Tau values for small and large-area devices. 

Alpha (W m−2 K−1) (3 × 3) cm2 device (5 × 5) cm2 device 
SST 21.9 17.3 

non-TCR 21.1 to 21.2 14.5 to 15.2 
TCR 20.9 15.3 

Tau (s) (3 × 3) cm2 device (5 × 5) cm2 device 
SST 99.6 139.7 

non-TCR 100.1 to 102.4 143.3 to 149.2 
TCR 89.2 128.5 

1.5.1 Interpretation and Contextualization of α and τ 

The experimentally extracted values for the effective heat transfer coefficient (α) for the n-

PBDF-coated glass substrates fall within the range of ≈(15 to 25) W m−2 K−1, depending on film 

thickness and device geometry. These experimental values can be contextualized and validated by 

estimating the theoretical contributions from the two primary heat loss mechanisms: convection 

and radiation. From our thermal model derivation, the linearized, combined heat transfer 

coefficient (α) for a device with two distinct surfaces is given by Eq. S22:  

𝛼𝛼 = (ℎ1 + ℎ2) + 4𝑇𝑇03𝜎𝜎(𝜀𝜀1 + 𝜀𝜀2).      
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Using standard assumptions and material properties at the experimental ambient temperature (T0 

≈297 K; 24 °C) we estimated the theoretical contributions (and thus α) for the n-PBDF on glass 

system in Table S7. 

Table S7. Calculation of contribution to alpha from various modes of heat transfer. 

Parameter Value 
Convective heat transfer coefficient (h) for 

Glass 
≈10 W m−2 K−1 (a typical value for natural convection 

from a small, flat plate in air) 
Convective heat transfer coefficient (h) for PET ≈14 W m−2 K−1 

Emissivity of n-PBDF (εfilm; 1) ≈0.8 (based on measurements of the bulk material) 
Emissivity of glass (εglass; 2a) ≈0.84 
Emissivity of PET (εPET; 2b) ≈0.90 

Stefan-Boltzmann Constant (σ) 5.67 × 10−8 W m−2 K−4 
  

Considering Pure Substrate Only (Glass, 2a)  
Contribution From Radiation, 2a (One Side) 5 W m−2 K−1 

Contribution From Convection, 2a (One Side) 10 W m−2 K−1 
Total Alpha (One side) 15 W m−2 K−1 
Radiation (Both sides) 10 W m−2 K−1 

Convection (Both sides) 20 W m−2 K−1 
Total Alpha (Both sides) 30 W m−2 K−1 

  
Considering Pure Substrate Only (PET, 2b)  
Contribution From Radiation, 2b (One Side) 5.4 W m−2 K−1 

Contribution From Convection, 2b (One Side) 14 W m−2 K−1 
Total Alpha (One side) 19.4 W m−2 K−1 
Radiation (Both sides) 10.7 W m−2 K−1 

Convection (Both sides) 28 W m−2 K−1 
Total Alpha (Both sides) 38.7 W m−2 K−1 

 

The radiative component for a single, uncoated glass surface was calculated as:  

 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 4𝑇𝑇03𝜎𝜎𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 4(297.15)3(5.67 × 10−8)(0.84) ≈ 5 𝑊𝑊 𝑚𝑚−2𝐾𝐾−1.   

The total heat transfer coefficient for one side is the sum of radiative and convective losses: 

       𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  + ℎ2 ≈ 5 + 10 =  15 𝑊𝑊 𝑚𝑚−2𝐾𝐾−1.               

Given that the measured emissivity of the n-PBDF film (εfilm ≈0.8) is very similar to that 

of glass, the calculated heat loss from the coated side is nearly identical, at 𝛼𝛼side,film ≈ 15 W m−2 
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K−1. Within this value, the radiative loss is ≈5 W m−2 K−1 and the convective loss is ≈10 W m−2 

K−1, indicating that convection is the dominant heat loss mechanism, accounting for roughly two-

thirds of the total dissipation from each surface. 

Therefore, the theoretical 𝛼𝛼total for the entire device should lie between the range ≈(15 to 

30) W m−2 K−1. Our experimentally measured values ((15 to 25) W m−2 K−1) are consistent with 

this estimated theoretical range, confirming the validity of our approach. 

1.6 Comparison to Other Heater Systems and Justification of The Model Fit 

These extracted α values are lower, but comparable to those previously reported for 

AgNW/PET systems.13,14 This is physically reasonable, as α is primarily governed by the substrate. 

For comparison, a PET substrate (ε ≈ 0.9, h ≈ 14 W m−2 K−1) would yield a theoretical α of 

approximately 39 W m−2 K−1, which is the same order of magnitude and reflects the same 

underlying physics. 

The lower α values of our n-PBDF-on-glass system are an advantageous property. A lower 

heat transfer coefficient signifies better thermal insulation, which enables the device to achieve 

higher steady-state temperatures for a given input power, a key requirement for applications like 

de-icing. This difference is physically reasonable and can be attributed primarily to the different 

substrate used (glass vs. PET), as α is dominated by the substrate's properties (emissivity and 

convective heat transfer). 

Additionally, this analysis importantly confirms that radiative loss (≈5 W m−2 K−1) is still 

a significant component, accounting for roughly one-third of the total heat dissipation from each 

surface. This provides a crucial distinction from lower emissivity materials like graphene, where 

heat loss is almost entirely dominated by convection.12,13,15 Therefore, the inclusion of both 

convective and radiative terms in our thermal model was essential for accurately describing the 

behavior of the n-PBDF heating system. 
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1.7 Scaling of Performance Metrics with Heater Device Size 

1.7.1 Scaling Analysis of α and τ 

Beyond validating the absolute values of the thermal parameters, a key part of this work 

was also to understand how they scale with device geometry and film thickness and inform critical 

design principles for future transparent heaters. 

The thermal time constant (τ) reflects the system’s response time to reach thermal 

equilibrium. It is inversely proportional to the heat loss rate (α), as shown by the relationship τ = 

ρdc/α (or τ = mc/Aα). This implies a fundamental trade-off between fast response times (low τ, 

high α) and high thermal output (high steady-state temperature, low α). This behavior is central to 

heater design; for example, applications requiring rapid heating (e.g., defogging) may favor a 

higher α, while those needing higher steady-state temperatures (e.g., deicing) benefit from a lower 

α. 

1.7.2 Device Size and Geometric Trends 

Consistent scaling trends with device size were observed across all analytical methods. The 

effective heat transfer coefficient (α) for the larger (5 × 5) cm2 heaters was found to be (21 to 31) 

% lower than for the (3 × 3) cm2 counterparts. We attribute this reduction as driven by two primary 

geometric factors: edge effects and natural convection efficiency. 

Edge Effects 

Smaller devices have a higher edge-to-area ratio, which enhances lateral heat loss through 

edge conduction and convection (increasing α and reducing τ), as compared to larger devices which 

experience weaker natural convection due to thicker thermal boundary layers and reduced effective 

surface cooling (especially near the center of the heater). In the case of our samples, the smaller (3 

× 3) cm2 devices have a 66 % higher edge-to-area ratio than the (5 × 5) cm2 devices (1.33 cm−1 vs. 

0.80 cm−1) which leads to the smaller devices having greater relative heat loss from the perimeter. 
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Natural Convection Efficiency 

Natural convection theory predicts that the convective heat transfer coefficient (h) scales 

with the characteristic length (L) of the heater as h ∝ L−1/4. This suggests a ≈12 % decrease 

in h when scaling from a 9 cm2 to a 25 cm2 device (5
3

−14  ≈0.88), as buoyancy-driven airflow 

becomes less efficient over larger surfaces. Since convection accounts for roughly two-thirds of 

the total heat dissipation in the system, this effect alone contributes an estimated ≈8 % to the total 

reduction in α. These combined effects cause the experimental values for α to scale sub-linearly 

with area, a behavior captured in our measurements but not accounted for in idealized lumped-

capacitance models. 

The thermal time constant (τ) scales as a direct consequence of changes in α, increasing 

with device size, and follows the expected inverse relationship (τ ∝ 1/α) predicted by the simple 

lumped capacitance (constant resistance) model. This means that a (21 to 31) % decrease in α, 

when scaling from (3 × 3) cm2 to (5 × 5) cm2 device, is expected to cause a ≈(27 to 45) % increase 

in τ (𝜏𝜏(5 cm × 5 cm) 𝜏𝜏(3 cm × 3 cm)⁄ = 1 (1 − δ)⁄ , δ = 0.21 − 0.31). This prediction aligns well with 

the results obtained from the experimental results across all methods. The SST and non-TCR 

methods show τ increasing from ≈100 s for the 3x3 device to ≈(140 to 149) s for the (5 × 5) cm2 

device (a ≈(40 to 49) % increase), while the TCR-aware model shows τ increasing from 89.2 

s to 128.5 s (a ≈44 % increase). This self-consistent result, where the observed ≈(40 to 49) 

% increase in τ is explained by the ≈(21 to 31) % reduction in α, holds true across all models and 

reinforces the physical coupling between the thermal dissipation rate and system response time.  

Furthermore, we specifically validated this scaling behavior within the context of our more 

rigorous TCR-aware model. This model includes a corrective term, K, in the denominator of the 

equation (Eq. S46) for τ, which could potentially alter the scaling: 

𝜏𝜏 = 𝑚𝑚2𝑐𝑐2
𝑉𝑉2𝛽𝛽
𝑅𝑅0

+𝛼𝛼𝛼𝛼
= 𝜌𝜌𝜌𝜌𝜌𝜌

α + 𝑉𝑉2𝛽𝛽
𝐴𝐴𝑅𝑅0�

Corrective Term (𝐾𝐾)

 .              Eq. S50 

A large K (from high V, low R, or reduced AR0) would dampen the sensitivity of τ to 

changes in α.  In contrast, when K << 𝛼𝛼, the TCR-aware result naturally converges to the constant-

resistance prediction (τ ∝ 1/α). To test this, we analyzed the TCR-aware results exclusively.  Our 

TCR-aware results show that αTCR decreased by ≈27 % (from (20.9 to 15.3) W m−2 K−1) when 
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scaling from the (3 × 3) cm2 to the (5 × 5) cm2 device. Based on the simple 1/α relationship, this 

would predict an ≈37 % increase in τTCR. Our experimental τTCR results show an increase of ≈44 

% (89.2 s to 128.5 s). 

This strong agreement between the predicted (≈37 %) and measured (≈44 %) increase 

confirms that, under our operating conditions, the corrective term K is negligible relative to α. 

Therefore, while the TCR correction is critical for determining the absolute value of τ, the scaling 

behavior with device geometry remains dominated by the fundamental inverse relationship with 

α. 

1.8 Scaling of Performance Metrics with Film Thickness 

Film Thickness (n-PBDF) Dependent Scaling of τ 

To further interrogate the underlying heat loss mechanisms, we investigated how the 

thermal time constant (τ) scales with film thickness. According to the lumped capacitance model, 

the thermal time constant is governed by the total thermal mass of the system and the effective 

heat transfer to the environment (τ = m2c2/αA). 

As established in Section 1.2.2, the mass of the n-PBDF films is negligible compared to 

the tightly controlled glass substrate. Therefore, classical thermal models predict that the thermal 

mass (and consequently the thermal time constant, τ) should remain effectively constant across our 

samples, regardless of the nanometer-scale polymer film thickness. 

Our transient analysis confirms this physical expectation. As derived from our 

experimental heating and cooling curves (Table S6; Figures S36 and S37), the thermal time 

constant remains consistent across the entire thickness range (from ≈(4 to 72) nm). Rather than the 

thickness of the active layer, we found that τ is governed primarily by the device area (as detailed 

in Section 1.7.2). This confirms that the macroscopic thermal dynamics of the heaters are reliably 

governed by the substrate's thermal mass. 
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Note S7. Joule Heater Characterization 

1.1 Experimental Setup and Equipment 

The Joule heating experiments were controlled and monitored using a custom-built, 

computer-automated setup. The core components of the system were: 

1. Power Source: A programmable 9140 Triple Output DC Power Supply (B&K Precision, 

USA) was used to apply a precise DC voltage to the heater devices. Standard slew rates 

(Voltage: 600 mV ms−1, Current: 100 mA ms−1) were used for all tests. 

2. Data Acquisition System (DAQ): A DAS240 unit (Sefram, FR; B&K Precision, USA) was 

used to log temperature data from the thermocouples at a 1 Hz sampling rate. The DAQ 

was connected to a 20-channel interface module (902401000, Sefram, FR) to handle 

multiple simultaneous thermocouple inputs. 

3. Temperature Sensor and Connections: Fast-response (<1 s), micro-sized, 30-gauge, PFA-

insulated Type K thermocouple with a linear range of (−70 to 260) °C were used for 

temperature monitoring (K1X-WBWX-30G-EX-0.25-PFXX-80-STWL, Evolution 

Sensors & Controls, LLC, USA). The thermocouple wires were terminated into 3-pole 

screw-set terminal blocks (TLPS-308, Tianli Electrical Machinery (Ningbo) Co., Ltd., 

CN) before being connected to the 20-channel interface module (to DAQ). 

4. Electrical Leads and Device Connection: Gold-plated banana plug test leads (BU-PB72-2, 

Digi-Key, USA) connected the power supply to the device. Custom-made wire leads were 

used to interface the main test leads with the device. These were constructed using 14-

AWG copper hook-up wire with a soldered female 4 mm banana connector on one end, 

and a smooth-jawed, copper micro-alligator clip (BU-34M, Mueller Electric) on the other. 

This ensured a robust mechanical connection to the heater's silver electrodes. 

5. Control and Automation: The power supply and DAQ were interfaced to a computer 

workstation via a custom-made LabVIEW® program, allowing for the precise and 

automated execution of voltage and timing routines (recipes) for high throughput, 

systematic testing of devices. 
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1.2 Preparation of Devices for Testing 

For the Joule heating experiments, electrical contacts were created by painting fast-drying 

silver paint (Electrodag® 1415M, Ted Pella, USA) on two opposing edges of the prepared n-PBDF 

films (as shown in Figure 1a, Main Text). The thermocouples were then carefully affixed to the 

center of the bottom face (uncoated side) of the substrate using a small piece of 25.4 µm thickness 

high-temperature polyimide tape (Kapton®, Qnity Electronics, Inc., USA) (see Figure S45 for 

photos of a representative device that is ready for testing). The devices were thermally isolated 

from direct contact with the workbench during testing.  
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1.3 Heating Measurement Protocol 

All Joule heating tests were conducted in a controlled laboratory environment with an 

ambient temperature of (23 to 24) °C and a relative humidity (RH) of ≈(20 to 30) %, under 

quiescent conditions with no forced air circulation. 

A systematic, automated voltage and timing routine was executed for each device, typically 

stepping through a DC voltage range from (1 to 24) V. For each voltage step in the sequence, the 

following three-part procedure was performed: 

1. Ambient Equilibration: The device temperature was recorded for 60 s to establish a stable 

ambient baseline before heating. No voltage was applied during this period. 

2. Heating Period: The specified voltage was applied for approximately 1500 s (≈25 min) to 

ensure the device reached a full thermal steady state. 

3. Cooling Period: The voltage was turned off, and the device was allowed to cool for 

approximately 1000 s (≈17 min) while temperature continued to be recorded. This cool-

down period was confirmed to be sufficient for the device to return fully to ambient 

temperature, preventing thermal cross-contamination between sequential voltage tests. 

This cycle was then automatically repeated for the next voltage in the sequence. See Figure 

S46 for a screenshot of our testing program.  
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Note S8. Transparent Conductor Figure of Merit (FOM) 

1.1 Fundamental Principles of Transparent Conductors (TCs) 

The primary function of a TC is to exhibit low sheet resistance (Rs) while maintaining high 

optical transmittance (T) in the visible spectrum (often at T550 nm). These two properties are often 

in opposition due to the fundamental physics of free-electron materials, as expressed by the Drude 

model. 

Materials require a high density of free electrons (e.g., metals, doped semiconductors, 

conducting polymers) to achieve high DC electrical conductivity (σDC). However, these free 

electrons also have a characteristic plasma frequency (ωp) which is the natural resonant frequency 

of the free electron gas. The material's interaction with light is dictated by the relationship between 

the light's frequency (ω) and the plasma frequency: 

When ω < ωp, (typically in the infrared for TCs), the free electrons easily respond to the 

oscillating electric field. This strong interaction causes high reflection and absorption, and thus 

low transmittance. 

When ω > ωp, (typically in the visible and UV for TCs), the electrons cannot respond 

quickly enough to the rapid oscillations. This weak interaction results in the material 

appearing optically transparent. 

This creates a fundamental tradeoff. Increasing the free carrier density to improve σDC also 

increases ωp. If ωp is pushed too high, it can move into the visible spectrum, compromising 

transparency. Therefore, a successful TC must carefully balance these two factors, and this balance 

is quantitatively evaluated using a Figure of Merit (FOM).16,17 

1.2 Empirical-based FOMs (Fraser–Cook; Haacke) 

Historically, simple empirical FOMs were developed to assess the quality of inorganic TCs 

like indium tin oxide (ITO). While prized for its performance, ITO suffers from significant 

limitations, including mechanical brittleness, high processing cost, and reliance on an element with 

a volatile supply chain, which has driven intense research into alternatives. These early FOMs 

were developed to benchmark these inorganic materials, which do not exhibit percolation behavior. 
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Fraser and Cook (1972)18 introduced one of the first FOMs based on a simple ratio of 

transmittance to sheet resistance, where higher transmittance (T) and lower sheet resistance (Rs) 

yield a higher FOM value16,18,19: 

ΦTC, F&C =  𝑇𝑇
𝑅𝑅s

, �ΦTC, F&C� =   1
Ω

 = Ω−1 .          Eq. S51 

Fraser and Cook established the physical basis for this FOM by combining the Beer–

Lambert Law (T = e−αd), which relates transmittance to film thickness (d) and the absorption 

coefficient (α), with the definition of sheet resistance for a bulk-like film (𝑅𝑅𝑠𝑠 =  1
(𝜎𝜎𝐷𝐷𝐷𝐷⋅𝑑𝑑)

). While 

straightforward, this FOM has a serious limitation: it mathematically yields a maximum value for 

a material with a transmittance of only ≈37 % (1/e), which is too low for most practical applications. 

Haacke (1976)20 redefined the FOM by making it dependent on Tx, placing a much stronger 

emphasis on high transmittance. An exponent of x = 10 was optimal for maximizing the FOM for 

films with T ≥ 90 %, and choosing even higher exponents (e.g., x = (20 or 100)) could be used to 

specifically select for materials having higher transmittance (T ≥ 95 % or T ≥ 99 %, respectively). 

The standard Haacke FOM16,20,21 is:  

ΦTC, Haacke =  T
10

𝑅𝑅s
,  �ΦTC, Haacke� =   1

Ω
 = Ω−1 .   Eq. S52 

Because of the high exponent, this FOM is highly selective, and heavily penalizes materials 

with even slightly lower transmittance, even if they have good conductivity.  

This model is the basis for the widely used transparent conductor benchmarking plots, 

popularized by Contreras et al., where the FOM is visualized as a color map or contour plot of 

Transmittance vs. Sheet resistance.21 The background color map in Figure 1c (Main Text) is 

based on this approach to provide a visual benchmark.  

While useful, these earlier FOMs have several limitations. They were developed for 

inorganic, bulk-like materials like ITO, and can be overly restrictive for other classes where a more 

nuanced balance is needed. Nanostructured materials (e.g. carbon nanotubes (CNTs), metallic 

nanowires, graphene) and organic conducting polymers often exhibit complex percolation 

behavior,19,22–24 making their electrical and optical properties nonlinear. In the race to develop 

flexible and solution-processable alternatives to ITO, a key distinction is that the performance of 

these new materials is highly sensitive to the morphology and connectivity of the conductive 
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network. This creates the need for new FOMs that capture the unique physics of these percolative 

systems. 

1.3 Physics-based Optoelectronic FOMs (Dressel–Grüner; De–Coleman) 

The limitations of empirical FOMs, especially for nanostructured or polymeric conductors, 

led to the development of more physically rigorous models. 

1.3.1 Dressel and Grüner (2002) 

To address the limitations of empirical FOMs, Dressel and Grüner (D&G) proposed a 

model based more rigorously on the physics of charge transport and light interaction.25 It is defined 

by the ratio of the DC electrical conductivity (σDC) to the optical conductivity (σOp) as: 

ΦTC,D&G =  𝜎𝜎DC
𝜎𝜎Op

, �ΦTC, D&G� =   dimensionless.  Eq. S53 

The rationale is that a good transparent conductor (TC) should have a high σDC (to conduct 

electricity well) but a low σOp (to absorb light minimally). These two parameters are defined by 

the following physical relationships: 

1. The DC (𝜎𝜎𝐷𝐷𝐷𝐷) conductivity is defined from sheet resistance (Rs) and thickness (d) as: 

𝜎𝜎DC = 1
(𝑅𝑅s⋅𝑑𝑑)

.          Eq. S54 

2. The transmittance (T) is controlled by the optical conductivity (𝜎𝜎Op) as: 

T = �1 + 𝑍𝑍0
2
𝜎𝜎Op𝑑𝑑�

−2
               Eq. S55 

where Z0 is the impedance of free space (≈377 Ω) and d is the film thickness. This equation can 

be rearranged to solve directly for the optical conductivity as:  

 
⇒  𝜎𝜎Op = 2

𝑍𝑍0𝑑𝑑
 �𝑇𝑇−

1
2 − 1�.       Eq. S56 
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To create a formula that is independent of the film thickness (d), these expressions are 

combined. By substituting the expression for d from the σDC equation (d = 1 / (σDC · Rs)) into the 

transmittance equation, we obtain at a new expression for T that directly incorporates Rs and the 

conductivity ratio: 

𝑇𝑇 = �1 + 𝑍𝑍0
2𝑅𝑅s

𝜎𝜎Op
𝜎𝜎DC

 �
−2

 .        Eq. S57 

Since the FOM is defined as 𝜎𝜎DC
𝜎𝜎Op

, this can be re-written as:  

𝑇𝑇 = �1 + 𝑍𝑍0
2𝑅𝑅𝑠𝑠

1
FOM

 �
−2

.         Eq. S58 

Finally, rearranging this expression to solve for the FOM yields the direct, practical 

formula for calculating the dimensionless FOM from experimental data as:  

FOM = ΦTC,D&G = 𝜎𝜎DC
𝜎𝜎Op

= 𝑍𝑍0

2𝑅𝑅s⋅�𝑇𝑇
−12−1�

, �S cm−1

S cm−1�.     Eq. S59 

It is also notable that the optical conductivity (σOp) is approximately related to the Beer–

Lambert absorption coefficient (α) through the expression σOp ≈ 2α/(Z0 · d), which provides a 

physical link between the D&G model and classical optical absorption. Crucially, the D&G model 

is built on two key assumptions about the material. 

First, it assumes "bulk-like" behavior, where the DC conductivity (𝜎𝜎DC) is an intrinsic, 

thickness-independent property. This holds true for thick, continuous films. However, for the n-

PBDF films in this work at very low thickness (d ⪅ 70 nm), conductivity is not constant but 

emerges through a percolation process as the film coalesces from isolated domains into a 

continuous layer. 

Second, it assumes that transmittance loss is dominated by absorption, not scattering. For 

our n-PBDF films, which exhibit exceptionally low haze, this second assumption is valid, making 

the D&G model's approach to optical properties highly relevant. However, because the first 

assumption does not hold in our system, we decided to pursue a more advanced percolation model, 

as discussed next. 
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1.3.2 Limitations of Bulk Electrical Conductivity Assumptions 

In many of the FOM formulations described above, it is implicitly assumed that the bulk 

(thickness-independent) value of the DC conductivity (𝜎𝜎DC) should be used.13 However, for 

nanostructured, organic-based, or composite materials, this assumption often complicates 

comparison across studies and can even lead to misleading assessments of performance. 

It is commonly cited that a material must achieve Rs < 100 Ω sq.−1 and T > 90 % to be 

considered competitive with ITO.17,26 According to the D&G relationship, this corresponds to a 
𝜎𝜎DC
𝜎𝜎Op

 ratio of approximately 35 or higher. Nevertheless, reported values as large as 𝜎𝜎DC
𝜎𝜎Op

> 400 have 

appeared in the literature.27 Such large apparent conductivity ratios often arise when bulk values 

of 𝜎𝜎DC are applied to ultrathin, discontinuous, or percolative films—underscoring the need for 

more accurate models, such as the De–Coleman percolation framework discussed below. 

1.3.3 The Importance of Percolation in TCs 

The Dressel–Grüner model implicitly assumes that the bulk, thickness-independent value 

of σDC should be used. However, for many advanced materials—including nanostructured 

composites, organic-based films, and conducting polymers, this assumption can lead to misleading 

assessments. 

The reason is that the behavior of these materials, particularly in the highly transparent 

regime (T ≥ 90 %) required for many applications, is not "bulk-like." Below a certain critical 

thickness, dmin, the film is not a continuous conductive sheet. Instead, its conductivity arises from 

the formation of a connected network of conductive domains, a phenomenon known 

as percolation.  

Percolation occurs when conductive elements, added beyond a critical threshold, create the 

first continuous conductive path through a previously insulating material. As more conductive 

links form, additional pathways emerge, causing conductivity to rise rapidly until it stabilizes at a 

bulk-like level. Percolation theory explains the non-linear, power-law relationship between 

conductivity and thickness in these systems. This means that FOMs based on bulk properties, such 

as the σDC
𝜎𝜎Op

 ratio from the standard D&G model, are not appropriate for describing the material in 

this crucial, highly transparent regime. 
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1.3.4 De and Coleman (2009) 

To account for the non-bulk-like behavior of advanced TCs, De and Coleman proposed a 

comprehensive model that extends the D&G framework by explicitly incorporating percolation 

physics.28 This model defines two distinct conductivity regimes separated by a critical 

thickness, dmin: 

1. Bulk-like Regime (d >> dmin): The film is thick and continuous, and the conductivity 

stabilizes. The standard D&G relationship applies (Eq. S57): 

𝑇𝑇 = �1 +
𝑍𝑍0

2𝑅𝑅𝑠𝑠
𝜎𝜎𝑂𝑂𝑂𝑂
𝜎𝜎𝐷𝐷𝐷𝐷

 �
−2

 

2. Percolative Regime (d ≳ dmin): Just above the percolation threshold, the DC conductivity 

is highly thickness-dependent, following a power-law relationship where n is the 

percolation exponent: 

𝜎𝜎𝐷𝐷𝐷𝐷 ∝ (𝑑𝑑 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚)𝑛𝑛 

σDC = σDC,bulk(𝑑𝑑 − 𝑑𝑑min)𝑛𝑛.                               Eq. S60 

For d < dmin, the film is sub-threshold or insufficiently connected, so the bulk-like model 

does not apply and the standard percolation scaling expression is not strictly valid in the same 

form. In the percolative regime, the relationship between T and Rs is governed by n and 

a percolative Figure of Merit (Π): 

T = �1 + 1
𝛱𝛱
�𝑍𝑍0
𝑅𝑅s
�

1
𝑛𝑛+1�

−2

.     Eq. S61 

The parameter Π encapsulates intrinsic material properties, including the bulk 𝜎𝜎DC
𝜎𝜎Op

 ratio and film 

morphology. High-performing percolative conductors (those having high T and low Rs) are 

characterized by large Π (indicating strong intrinsic conductivity) and small n (reflecting efficient 

network connectivity and low disorder). Determining 𝑛𝑛, Π, and 𝑑𝑑min is essential for quantitatively 

benchmarking TC’s performance. These parameters can be extracted by fitting the experimental T 

vs. Rs data to the appropriate model for each regime. The transition between the two regimes (dmin) 
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can be clearly visualized on a log-log plot of T−1/2 − 1 vs. Rs (or T vs. Rs), where distinct slopes 

appear for the two regimes. A straight line fit through each region clearly delineates the crossover 

thickness and provides direct insight into network connectivity. 

1.3.5 Application of Percolation Models in This Work 

In this work, we used this comprehensive framework to analyze the thickness-dependent 

electrical properties shown in Figure 4 (Main Text). This rigorous analysis allowed us to 

understand the transition from the percolative to the bulk-like regime in our n-PBDF films. By 

fitting our experimental T vs. Rs data to the De–Coleman and Dressel–Grüner models, we extracted 

the key physical parameters that define our material's performance: 

    Percolation Threshold Thickness, dmin = (9.80 ± 0.01) nm 

    Percolation Exponent, n = (0.81 ± 0.23) 

    Percolative Figure of Merit, Π = (32.22 ± 1.20) 

    Bulk DC-to-Optical Conductivity Ratio, σDC/σOp = (15.03 ± 0.31) 

    Bulk DC Conductivity, σDC,bulk = (2663 ± 136) S cm−1 

For added thoroughness, we evaluated the consistency of the fitted value of Π (Π = 32.22) 

by comparing it to the value calculated directly from the other extracted parameters (Π = 35.00) 

and found excellent agreement. These extracted values are highly competitive and confirm the 

formation of an efficient, well-connected conductive network even at very low film thicknesses, 

justifying the use of this detailed percolation analysis. 

1.3.6 Contreras et al. FOM 

Cisneros-Contreras et al. (Modification): More recently, Cisneros-Contreras et al. proposed 

a “Haacke High-Resolution” Figure of Merit (FOM) to improve the sensitivity of Haacke’s 

original expression. They showed that the standard Haacke FOM can be inefficient for materials 

with lower transmittance and modified the equation to increase its resolution by up to two orders 

of magnitude. Their version applies a stronger weight to transmittance by incorporating a root of 

the sheet resistance: 

ΦTC,Contreras = 𝑇𝑇
�𝑅𝑅s𝑛𝑛 , �Ω−

1
𝑛𝑛�        Eq. S62 
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where n = 10 is recommended, according to the authors. This modification enables higher 

discrimination power across a broader range of transmittance-resistance combinations, thereby 

improving the reliability of inter-material comparisons. We use this Contreras-modified FOM as 

the background color map in Figure 1c (Main Text) to provide a consistent visual benchmark 

across different transparent-conductor systems, in a similar fashion to our previous work.1 

1.3.7 Literature Survey of Transparent Conductive Materials 

See Table S9. 
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Note S9. Data Analysis and Robustness of In-plane Thermal Conductivity 
Measurements 

1.1 Frequency-dependent Extraction of Thermal Conductivity 

The in-plane thermal conductivity values were extracted at five discrete periodic heating 

frequencies (50 to 400) mHz. The results of these individual extractions are shown in Figure S42. 

The final values reported in the Main Text represent the average of these frequency-dependent 

values. The corresponding overall uncertainty was determined by propagating the 95% confidence 

interval half-widths from each individual fit (at each tested frequency). 

1.2 Sensitivity Analysis of the Convective Heat Transfer Coefficient 

To evaluate the robustness of the extracted in-plane thermal conductivities, the analysis 

was performed using two distinct approaches for the convective heat transfer coefficient (h). In the 

first approach, κx, κy, and h were simultaneously fitted as three independent parameters. In the 

second approach, h was fixed to a constant value of 10 W m−2 K−1, a typical value for natural 

convection. The results of this comparison are detailed in Table S8. 

The average thermal conductivities extracted from the three-parameter fit (κx = (3.283 ± 

0.009) W m−1 K−1 and κy = (3.415 ± 0.009) W m−1 K−1) are in strong agreement (differing by ≈2 %) 

with those obtained from the fixed-h fit. This strong consistency indicates that the extracted 

thermal conductivity values are robust and largely insensitive to the precise value or fitting method 

of the convective heat transfer coefficient within this experimental regime. 

As shown in Table S8, the fitted h values exhibited a systematic non-physical dependence 

on the heating frequency. A true physical convective coefficient should be independent of the 

experimental frequency, as it is a property of the system's physical interaction with the surrounding 

air and should remain constant. This trend demonstrates that the experiment is not highly sensitive 

to the h parameter. In a multi-parameter thermal model, low sensitivity to a secondary effect 

(convection) confirms that the measurement is correctly dominated by the primary physical 

mechanism of interest, which in this case is in-plane heat diffusion (governed by κ). Therefore, 

this non-physical behavior of h provides additional validation that the extracted κ values are robust 

and physically meaningful. 
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Table S8. Comparison of in-plane thermal conductivities from different convective heat transfer 
coefficient treatments. This table presents the average values of the extracted thermal 
conductivities (κx and κy) and their respective uncertainties for when the convective heat transfer 
coefficient (h) is treated as a fitted parameter (three-parameter fit) and when held at a fixed value 
of 10 W m−2 K−1 (fixed-h fit). While the extracted κ values remain stable across frequencies, the 
fitted h values show a frequency-dependent trend. Consequently, a fitted value for h is not 
physically representative and is omitted from the table summary. 

Periodic 
Heating 

Frequency 
(mHz) 

κx  
(W m−1 K−1) 

(from fitted h) 

κx 
(W m−1 K−1) 

(from fixed h) 

κy 
(W m−1 K−1) 

(from fitted h) 

κy 
(W m−1 K−1) 

(from fixed h) 

Fitted h 
(W m−2 K−1) 

50 2.467 ± 0.014 2.630 ± 0.013 2.620 ± 0.015 2.792 ± 0.014 7.95 ± 0.08 
100 2.941 ± 0.014 2.871 ± 0.014 3.123 ± 0.015 3.050 ± 0.014 11.91 ± 0.12 
200 3.427 ± 0.017 3.337 ± 0.017 3.559 ± 0.017 3.461 ± 0.017 16.32 ± 0.23 
300 3.582 ± 0.024 3.402 ± 0.026 3.719 ± 0.024 3.537 ± 0.027 26.40 ± 0.48 
400 4.000 ± 0.029 3.787 ± 0.035 4.051 ± 0.029 3.835 ± 0.035 34.55 ± 0.71 

Average 3.283 ± 0.009 3.205 ± 0.010 3.415 ± 0.009 3.335 ± 0.010 – 

1.3 Consistency with Joule Heating Thermal Analysis 

It is essential to distinguish the convective coefficient h used in the thermal model for the 

in-plane conductivity measurement (Main Text Section 2.5) from the effective heat transfer 

coefficient α derived from the Joule heating experiments (Main Text Section 2.6 and Note S6). 

As defined in our Joule heating analysis, α is a lumped parameter that inherently accounts for heat 

loss from both convection and radiation. Conversely, the parameter, h, in the in-plane diffusion 

model is designed to represent only the convective component. 

Despite the insensitivity of the extracted values of κ to that of h, the fitted h values (Table 

S8) were generally within a physically plausible range for natural convection. When considering 

the estimated radiative heat transfer component of approximately (5 to 6) W m−2 K−1 (as detailed 

in Note S6 and Table S7), the sum of the convective (h) and radiative (hrad) components aligns 

well with the independently measured α values of (15 to 25) W m−2 K−1 from the Joule heating 

experiments. This cross-validation demonstrates a strong consistency across two distinct 

experimental methodologies and their respective thermal models, thereby reinforcing the overall 

confidence in the thermal characterization presented in this work. 
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Supporting Figures 

 

Figure S1. Atomic force microscopy (AFM) height images (5 × 5) µm2 showing the surface 
morphology of films with thicknesses from (a) d ≈ 4 nm to (m) d ≈ 72 nm, and that of the bare 
UVO-treated glass substrate (n). 

The root-mean-square (RMS) roughness initially increased with thickness, reaching a maximum 
of (2.65 ± 0.05) nm at a film thickness of ≈11 nm (d). For thicker films, the roughness remained 
relatively stable, saturating at an RMS roughness of ≈1.8 nm. The substrate (n) was significantly 
smoother, with an RMS roughness of (0.43 ± 0.05) nm. All images share the same height scale (z-
sensor height), as shown on the right. 
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Figure S2. Atomic force microscopy (AFM) height images (2 × 2) µm2 showing the surface 
morphology of films with thicknesses from (a) d ≈ 4 nm to (m) d ≈ 72 nm, and that of the bare 
UVO-treated glass substrate (n). 

The root-mean-square (RMS) roughness initially increases with thickness, reaching a maximum 
of 2.65 nm at a film thickness of ≈11 nm (d). For thicker films, the roughness remains relatively 
stable, saturating at an RMS roughness of ≈1.8 nm. The substrate (n) is significantly smoother, 
with an RMS roughness of 0.48 nm. All images share the same height scale (z-sensor height), as 
shown on the right. 

D
ow

nloaded from
 pubs.​acs.​org/​aam

ick/​article-supplem
ent/​5069103/​pdf/​am

6c03624_si_001/​ by PU
R

D
U

E U
N

IV user on 28 O
ctober 2026



60 

 

Figure S3. Spatial mapping of the sheet resistance of n-PBDF films with thicknesses ranging from 
(a) d ≈ 4 nm to (m) d ≈ 72 nm. 

The maps were generated from automatic multipoint probe measurements across each sample. The 
overall uniformity, calculated from the mean (μ) and standard deviation (σ) of the sheet resistance 
data as (1 – [σ / μ]) ⋅ 100 %, is indicated in each panel. The results demonstrate the high spatial 
uniformity of the electrical conductivity across large-area samples. 
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Figure S4. Spatial maps of the percent relative deviation in sheet resistance (Rs) for n-PBDF films 
with thicknesses from (a) d ≈ 4 nm to (m) d ≈72 nm. 

The relative deviation at each point was calculated as (|local Rs – mean Rs| / mean Rs) ⋅ 100 %. 
These maps provide a visual representation of spatial uniformity, clearly showing that local 
deviations from the mean (indicated by lighter colors) are minimal.
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Figure S5. Spatial mapping of electrical conductivity for n-PBDF films with thicknesses ranging 
from (a) d ≈ 4 nm to (m) d ≈ 72 nm. 

The maps were generated by calculating the local electrical conductivity from the sheet resistance 
measurements taken at a minimum of 25 points across each sample. The overall uniformity, 
calculated as (1 – [standard deviation / mean]) ⋅ 100 %, is indicated in each panel. The results 
demonstrate high spatial uniformity of the electrical conductivity across large-area samples.
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Figure S6. Spatial maps of the percent relative deviation in electrical conductivity for n-PBDF 
films with thicknesses from (a) d ≈ 4 nm to (m) d ≈ 72 nm. 

The relative deviation at each point was calculated as (|local conductivity – mean conductivity| / 
mean conductivity) ⋅ 100 %. These maps provide a visual representation of the spatial uniformity, 
clearly showing that local deviations from the mean (indicated by lighter colors) are minimal. 
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Figure S7. Model fitting of the transient Joule heating and cooling profiles of (3 × 3) cm2 n-PBDF 
Joule heating devices. 

The experimental temperature-time profiles (solid lines) for films of varying thicknesses from (a) 
d ≈ 7 nm to (l) d ≈ 72 nm are shown with the corresponding model fits (dashed lines). In the heating 
region, the curves were fitted using a model (adapted from Ji et al.14) that explicitly accounts for 
the positive Temperature Coefficient of Resistance (TCR or β) of the film. The model is described 
by the equation: T(t) = T0 + (P0 / (αA + P0⋅ β)) ⋅ (1 − exp(−t/τ)), where P0 is the initial power (V2/R0), 
and the time constant τ is consequently voltage-dependent (Eq. S47). The mean TCR value of 
(0.00585 ± 0.00138) °C−1, determined from the analysis in Figures S13 and S14, was used as a 
fixed parameter for all fits. In the cooling region (t ≥ ≈1500 s), the curves were separately fitted to 
a standard first-order exponential decay model. The consistently high quality of the fits (Adj. R2 > 
0.9) across nearly all conditions demonstrates that this comprehensive model accurately captures 
the physical behavior of the n-PBDF heaters. 
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Figure S8. Dynamic thermal response of the (3 × 3) cm2 Joule heating devices as a function of 
film thickness. 

The heating rate is plotted against time for twelve different film thicknesses, ranging from 
approximately (a) 7 nm to (l) 72 nm. In each subplot, the different colored curves show the 
transient heating rate in response to various applied DC voltages, the magnitudes of which are 
indicated by the color bar. The data clearly demonstrate that the heating rate is dependent on the 
input voltage. The profiles show a characteristic peak heating rate immediately following the 
application of the voltage, which then decays as the device approaches its steady-state temperature. 
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Figure S9. Characterization of the Joule heating performance of (3 × 3) cm2 devices as a function 
of the film thickness. 

The steady-state temperature (SST) is plotted against the input steady-state areal power density for 
12 different film thicknesses, ranging from approximately (a) d ≈ 7 nm to (l) d ≈ 72 nm. In each 
subplot, the black circular markers represent the measured SST, and the solid red line indicates the 
linear regression fit to the data, demonstrating a strong linear relationship. The adjusted R-squared 
(Adj. R2) value for each linear fit is displayed, confirming the linearity of the response. 
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Figure S10. Model fitting of the transient Joule heating and cooling profiles of (5 × 5) cm2 n-
PBDF Joule heating devices. 

The experimental temperature-time profiles (solid lines) for films of varying thicknesses from (a) 
d ≈ 7 nm to (l) d ≈ 72 nm are shown with the corresponding model fits (dashed lines). In the heating 
region, the curves were fitted using a model (adapted from Ji et al.14) that explicitly accounts for 
the positive Temperature Coefficient of Resistance (TCR or β) of the film. The model is described 
by the equation: T(t) = T0 + (P0 / (αA + P0⋅ β)) ⋅ (1 − exp(−t/τ)), where P0 is the initial power (V2/R0), 
and the time constant τ is consequently voltage-dependent (Eq. S47). The mean TCR value of 
(0.00585 ± 0.00138) °C−1, determined from the analysis in Figures S13 and S14, was used as a 
fixed parameter for all fits. In the cooling region (t ≥ ≈1500 s), the curves were separately fitted to 
a standard first-order exponential decay model. The consistently high quality of the fits (Adj. R2 > 
0.9) across nearly all conditions demonstrates that this comprehensive model accurately captures 
the physical behavior of the n-PBDF heaters. 
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Figure S11. Dynamic thermal response of the (5 × 5) cm2 Joule heating devices as a function of 
film thickness. 

The heating rate is plotted against time for twelve different film thicknesses, ranging from 
approximately (a) d ≈ 7 nm to (l) d ≈ 72 nm. In each subplot, the different colored curves show 
the transient heating rate in response to various applied DC voltages, the magnitude of which is 
indicated by the color bar. The data clearly demonstrate that the heating rate is dependent on the 
input voltage. The profiles show a characteristic peak heating rate immediately following the 
application of voltage, which then decays as the device approaches its steady-state temperature. 
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Figure S12. Characterization of the Joule heating performance of (5 × 5) cm2 devices as a function 
of film thickness. 

The steady-state temperature (SST) is plotted against the input steady-state areal power density for 
twelve different film thicknesses, ranging from approximately (a) d ≈ 7 nm to (l) d ≈ 72 nm. In 
each subplot, the black circular markers represent the measured SST, while the solid red line 
indicates the linear regression fit to the data, demonstrating a strong linear relationship. The 
adjusted R-squared (Adj. R2) value for each linear fit is displayed, confirming the linearity of the 
response. 
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Figure S13. Quantification of the Temperature Coefficient of Resistance (TCR or β) for n-PBDF 
thin films. 

Each subpanel plots the steady-state resistance of the device as a function of its steady-state 
temperature for a specific film thickness, ranging from approximately (a) d ≈ 7 nm to (l) d ≈ 72 
nm. The relationship R = R0(1 + βΔT) was used to fit the data, where β is TCR. The fits show a 
consistent TCR of β ≈ (0.0056 to 0.0059) K−1, as representatively shown in subpanels (f) and (l). 
This positive TCR confirms that the resistance of the material increases with temperature, which 
explains the current decay observed during Joule heating. For the thinnest films (e.g., panel (a)), 
the very high resistance and low current prevented reliable TCR measurements across a wide 
temperature range. 
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Figure S14. Quantification and statistical distribution of the Thermal Coefficient of Resistance 
(TCR) for n-PBDF. 

This histogram plots the relative frequency of the individual TCR values determined from the 
linear fits for each device, as shown in the preceding figure (Figure S13). The distribution was 
well approximated by a normal (Gaussian) fit, indicating a consistent intrinsic material property 
across the various film thicknesses. The key statistical parameters, mean (μ), median (x), and 
standard deviation (σ), are indicated. The analysis confirmed a consistent positive Temperature 
Coefficient of Resistance, with a mean TCR of β = (0.585 ± 0.138) % °C−1. This value was 
subsequently used in the TCR-aware fitting of the transient heating data (Figures S7 and S10). 
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Figure S15. Time-dependent current response during Joule heating for n-PBDF films with 
thicknesses ranging from (a) d ≈ 7 nm to (l) d ≈ 72 nm. 

For each applied voltage step, the current was initially high and then decayed over time, eventually 
reaching a steady-state value. This current decay is, in part, a consequence of the positive 
Temperature Coefficient of Resistance (TCR or β) of the material; as the film heats up, its 
resistance increases, causing the current to drop under a constant applied voltage. The stabilization 
of the current coincided with the system reaching a steady-state temperature. 
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Figure S16. Time-dependent voltage control profiles for the electrothermal characterization of the 
prepared samples. 

The profiles for the (a) d ≈ 59 nm and (b) d ≈ 72 nm n-PBDF films are shown as representative 
examples. This figure illustrates the precise and stable voltage profiles applied to each of the 
samples. Each voltage step was held constant for an extended period (≈1600 s) to ensure that a 
thermal steady state was reached, followed by a rest period during which no voltage was applied 
(0 V). The lack of variability during the sustained voltage period confirmed the reliability of the 
experimental input conditions.  
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Figure S17. Characterization of the Joule heating performance of n-PBDF thin films. 

The plots show the relationship between the applied electrical current and the measured steady-
state temperature (SST) for twelve films with systematically increasing thicknesses, from (a) d ≈ 
7 nm to (l) d ≈ 72 nm. For all film thicknesses, the relationship between the current and SST was 
accurately modeled using a quadratic function (red line), as confirmed by the adjusted R2 values 
of 1.00. This demonstrates highly reliable electrothermal behavior, where the temperature scales 
predictably with the square of the current, consistent with Joule's first law (P = V2/R). 
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Figure S18. Characterization of the Joule heating performance as a function of the applied voltage 
for n-PBDF films. 

The plots exhibit the steady-state temperature (SST) achieved for films with thickness 
systematically increasing from (a) d ≈ 7 nm to (l) d ≈ 72 nm. For all film thicknesses, the 
relationship between the voltage and SST was precisely modeled using a quadratic function (red 
line), as confirmed by the adjusted R2 values of 1.00. This result is consistent with Joule's first law, 
which states that the heating power is proportional to the square of the voltage (P = V2/R), 
demonstrating the reliable performance of the material as a transparent heater. 
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Figure S19. Electrical characterization of n-PBDF thin films. 

The current-voltage (I–V) relationships are plotted for twelve films with systematically increasing 
thicknesses, from (a) d ≈ 7 nm to (l) d ≈ 72 nm. The I–V curves were predominantly linear, 
demonstrating the ohmic nature of the films. As expected, the slope of the I–V curve (conductance) 
increased with film thickness, which corresponds to a decrease in the overall sheet resistance of 
the films. 
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Figure S20. Characterization of the maximum heating rate of n-PBDF films as a function of 
current. 

The plots show the dynamic heating response for films with thicknesses systematically increasing 
from (a) d ≈ 7 nm to (l) d ≈ 72 nm. The maximum heating rate scales with the square of the current, 
which is consistent with the principles of Joule heating (Power ∝ I2). This quadratic relationship 
was confirmed by the strong fit of the model (red lines) to the experimental data, with adjusted R2 
values of 1.00 for all samples. 
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Figure S21. Maximum heating rate as a function of the steady-state areal power density for n-
PBDF films with thicknesses ranging from (a) d ≈ 7 nm to (l) d ≈ 72 nm. 

The data reveal a strong and consistent linear relationship for each film thickness, as indicated by 
the excellent linear fits (Adj. R2 ≥ 0.99). This linear behavior demonstrates that the dynamic 
heating response is directly proportional to the electrical power supplied to the device. The slope 
of this line is related to the effective heat capacity and heat transfer coefficient of the system, and 
its consistency across a wide range of film thicknesses highlights the predictable and scalable 
performance of the material as a thin-film heater. 
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Figure S22. Performance comparison of n-PBDF and PEDOT:PSS Joule heaters under thickness-
matched and transmittance-matched conditions. 

All data were normalized to the corresponding PEDOT:PSS value, providing a direct ratio of the 
performance difference. (Top row) Comparison at a fixed film thickness of d ≈ 71 nm, showing 
the relative increase in (a) steady-state temperature, (b) maximum heating rate, and (c) areal power 
density of n-PBDF. (Bottom row) Comparison at a fixed optical transmittance of 90 % (at 550 nm) 
to provide a practical, application-oriented baseline. The plots show the relative performance for 
(d) the steady-state temperature, (e) the maximum heating rate, and (f) the areal power density. 
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Figure S23. Wavelength-dependent optical properties of n-PBDF films presented as line plots. 

The line color in each plot corresponds to the film thickness, as indicated by the color bar. Top 
row (a–c): Intrinsic optical properties of the n-PBDF film, calculated by mathematically 
subtracting the contribution of the glass substrate. These plots show the inherent (a) transmittance, 
(b) absorptance, and (c) reflectance of the films. Bottom row (d–f): Total measured optical 
properties of the final device stack (film on glass substrate). These plots show the practical (d) 
transmittance, (e) absorptance, and (f) reflectance. The spectrum of a bare glass substrate is 
included for reference. 
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Figure S24. Wavelength-dependent optical properties of n-PBDF films presented as stacked area 
charts. 

The subplots illustrate the allocation of incident light across three major modes: transmittance 
(orange), absorptance (green), and reflectance (purple), such that their sum is equal to 100 % at 
each wavelength. The data are presented for film thicknesses ranging from approximately (a) d ≈ 
4 nm to (m) d ≈ 71 nm. The results demonstrate the expected trend: as the film thickness increased, 
the absorptance of the film increased across the visible and near-infrared spectra, leading to a 
corresponding decrease in transmittance. 

D
ow

nloaded from
 pubs.​acs.​org/​aam

ick/​article-supplem
ent/​5069103/​pdf/​am

6c03624_si_001/​ by PU
R

D
U

E U
N

IV user on 28 O
ctober 2026



82 

 

Figure S25. Optical transmittance of PEDOT:PSS (red circles) and n-PBDF (black circles) films 
measured at a wavelength of 550 nm for various film thicknesses. 

The data demonstrate a clear linear dependence of transmittance on thickness for both polymers, 
which is confirmed by the excellent linear fits (solid lines) with adjusted R2 values of 0.99. 
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Figure S26. Relationship between Visible Light Transmittance (VLT), film thickness, and 
electrical conductivity. 

(a) Film thickness as a function of VLT, demonstrating a highly linear inverse relationship (Adj. 
R2 = 0.99). (b) Electrical conductivity as a function of VLT. The highest conductivities, exceeding 
2500 S cm−1, were achieved for films with lower VLT (thicker films). As the films became thinner 
and more transmissive, the conductivity exhibited stronger thickness-dependent behavior and 
decreased, showing a trade-off between transparency and conductivity. The measurements are 
shown with (black circles) and without (red circles) including the glass substrate in the VLT 
calculation.  
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Figure S27. Relationship between film thickness and color hue for thin films of n-PBDF and 
PEDOT:PSS. 

The data illustrates that the hue of the n-PBDF samples have a stronger dependence on thickness, 
spanning a wide range of the color spectrum. In contrast, PEDOT:PSS films exhibited a consistent 
hue near 240° for thicknesses ranging from approximately (70 to 200) nm. However, the low 
chroma observed in n-PBDF (compared to PEDOT:PSS; see Main Text) gives rise to its more 
neutral gray appearance.  
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Figure S28. Quantitative analysis of the color and color reproducibility of n-PBDF thin films. 

The average CIELAB color space values are shown for two different batches as a function of the 
film thickness. (a) The L* value (lightness) decreased linearly with increasing thickness. (b) The 
a* value (green-red axis) remained relatively constant near zero across all thicknesses. (c) The b* 
value (blue-yellow axis) transitions from positive (yellow) to negative (blue) as the film thickness 
increases. The excellent agreement between Batch #1 (black) and Batch #2 (orange) demonstrates 
the high reproducibility of the colorimetric properties of the material. Furthermore, the linear and 
coupled nature of L* and b* with film thickness allows the color of the film to be precisely and 
reliably tuned to a desired appearance. 
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Figure S29. Development and validation of the refined two-layer substrate model used for optical 
analysis. 

(a) A schematic of the final multi-layer structure used in the model, consisting of the n-PBDF film 
on the UVO-treated glass substrate. (b) The final model fit for the ≈72 nm n-PBDF film deposited 
on the accurately characterized UVO-treated substrate, demonstrating a near-perfect match. This 
step-by-step approach confirms that precisely modeling the substrate is critical for accurately 
extracting the intrinsic properties of the n-PBDF film. (c, d) Characterization of the clean, 
untreated Corning slide glass, showing an excellent fit between the experimental data (black) and 
a simple optical model (red). (e, f) Characterization of the same glass substrate after UV-ozone 
treatment. The equally high-quality fit (Adj. R2 = 1.00) validates the refined "UVO-Glass" model, 
which accounts for the slight optical changes induced by the treatment.  
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Figure S30. Extracted optical constants (n, k) and complex dielectric function (ε1, ε2) from the 
spectroscopic ellipsometry model. 

The top panels (a) and (b) show the extracted optical properties for the individual base components 
used to construct the refined "UVO-Glass" model, showing the refractive index (n), extinction 
coefficient (k), and the real (ε1) and imaginary (ε2) parts of the dielectric function. The bottom 
panels (c) and (d) show the final, effective optical constants for the complete n-PBDF film-on-
substrate system, including the effective refractive index and extinction coefficient and the 
effective complex dielectric function.  
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Figure S31. Validation of the optical model's predictive capability across a range of film 
thicknesses. 

The optical model, which was derived from fitting the optical response of the thickest (≈72 nm) 
film, was used to predict the (a) transmittance and (b) reflectance spectra for thinner films. 
Experimental data are shown as solid lines, and the corresponding model predictions are shown as 
dashed lines, with color indicating film thickness. The model demonstrates strong predictive 
agreement across the entire experimental thickness range (≈ (9 to 72) nm), as indicated by the high 
adjusted R2 (0.84) and low mean absolute percentage error (MAPE ≈ 7.22 %). This result confirms 
the robustness of the model and its applicability for accurately predicting the optical properties of 
n-PBDF films without needing to model each thickness individually.  
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Figure S32. Analysis of the absorption (α) and extinction (k) coefficients. 

(a, b) The coefficients extracted from the optical model for films of varying thickness, showing a 
clear trend of decreasing α and k with increasing film thickness. (c, d) Comparison between the 
average coefficients derived experimentally via Beer–Lambert law (solid lines with shaded error) 
and those extracted directly from the WVASE® optical model (dotted lines). The methods show 
good agreement in the visible spectrum (<700 nm) but diverge in the NIR, highlighting the model's 
superiority in correctly decoupling absorption from the high reflectance caused by the Drude 
response. (e, f) Demonstration of the high reproducibility of the extracted absorption coefficients, 
showing near-identical values for films from two independent n-PBDF batches and confirming 
that the refined UVO-Glass model yields a result consistent with the simpler model. Panel (f) 
presents the same data as (e) plotted against photon energy. 
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Figure S33. Determination of the transparent conductor Figure of Merit (FOM) for n-PBDF films. 

The analysis was performed by fitting the experimental data to the standard thin-film 
optoelectronic models. (a) The relationship between transmittance and sheet resistance (Rs) was 
fitted to the corresponding bulk model, T = [1 + (Z0 / (2Rs ⋅ FOM))] −2. This allowed for the direct 
extraction of the figure of merit (FOM = σDC/σOp), which was determined to be 15.05 ± 0.30 across 
the full dataset (consistent with the bulk-regime fit of 15.03 ± 0.31 discussed in the main text). The 
excellent quality of both fits (Adj. R2 > 0.98) validated the model and extracted parameters. (b) 
The optical conductivity (σOp) was determined by fitting the transmittance-versus-thickness data 
to the equation T = [1 + (Z0/2) ⋅ σOp ⋅ d]−2, where Z0 is the impedance of free space. This analysis 
yielded σOp = (153.27 ± 1.72) S cm−1.  
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Figure S34. X-ray Reflectivity (XRR) characterization of a representative n-PBDF film on a 
silicon substrate. 

The logarithm of the reflected X-ray intensity was plotted against the scattering vector q. The 
experimental data (gray circles) were modeled using a simulated fit (red line), which showed 
excellent agreement (Adj. R2 = 1.00). Through the simulated fitting of the Kiessig fringes in the 
reflectivity profile, a film density value of 1.63 g cm−3 was extracted. This value was used in 
thermal modeling calculations.  
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Figure S35. Determination of the temperature-dependent specific heat capacity (Cp or c1) of n-
PBDF for thermal modeling. 

Data were collected via differential scanning calorimetry (DSC) on dried material from two 
independently synthesized batches and were found to be in excellent agreement. The average of 
the two data sets was fitted to a linear model (black line), yielding the equation Cp(T) = (2.9859 ± 
0.0274) J kg−1 °C−2 ⋅ T + (753.41 ± 1.60) J kg−1 °C−1 [or in Kelvin, Cp(T) = (2.9859 ± 0.0274) J 
kg−1 K−2 ⋅ T – (62.20 ± 8.92) J kg−1 K−1]. The reported errors represent the standard error (S.E.) 
associated with the fitted value. The extracted function was used for all subsequent thermal models 
and calculations. At 25 °C, the specific heat capacity is approximately 830 J kg−1 °C−1, which is 
nearly identical to that of the glass substrate (≈840 J kg−1 °C−1). This close match in the specific 
heat capacity is advantageous for the overall device reliability, as it promotes a synchronized 
thermal response and minimizes transient thermal gradients at the film-substrate interface during 
rapid heating and cooling cycles.  
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Figure S36. Characterization of the heating response time for (3 × 3) cm2 n-PBDF Joule heating 
devices with various film thicknesses. 

The time required to reach 90 % of the final steady-state temperature (t90 %) is plotted against the 
applied DC voltage (V). The plots correspond to film thicknesses ranging from approximately (a) 
d ≈ 7 nm to (l) d ≈ 72 nm. For most devices, a key trend was observed, in which the response time 
saturated across a wide range of higher voltages. This suggests that beyond a certain power input, 
the time constant for the device to reach thermal equilibrium with its surroundings becomes the 
dominant factor, making the response time largely independent of further increases in the voltage. 
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Figure S37. Characterization of the heating response time for (5 × 5) cm2 n-PBDF Joule heating 
devices with various film thicknesses. 

The time required to reach 90 % of the final steady-state temperature (t90 %) is plotted against the 
applied DC voltage. The plots correspond to film thicknesses ranging from approximately (a) d ≈ 
7 nm to (l) d ≈ 72 nm. For most devices, a key trend is observed where the response time saturates 
across a wide range of higher voltages. This suggests that beyond a certain power input, the time 
constant for the device to reach thermal equilibrium with its surroundings becomes the dominant 
factor, making the response time largely independent of further increases in voltage. 
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Figure S38. Summary and validation and of the key thermal performance parameters. 

The thermal time constant (τ) and heat transfer coefficient (α), are plotted as a function of optical 
transmittance at 550 nm. (a, b) Comparison of τ and α extracted from steady-state temperature 
(SST) analysis for (3 × 3) cm2 vs. (5 × 5) cm2 heaters. The results show the expected size 
dependence, with the larger (5 × 5) cm2 devices exhibiting a longer time constant and lower heat 
transfer coefficient. (c–f) Comparison of τ and α values for (c, e) (3 × 3) cm2 and (d, f) (5 × 5) cm2 
devices, calculated using three different methods: dynamic heating curves ("Heating Group"), 
dynamic cooling curves ("Cooling Group"), and dynamic heating data corrected for the material's 
TCR ("Heating (TCR Correction)"). The strong agreement across the different analytical methods 
for a given device size validates the robustness of the thermal characterization. The dashed lines 
represent the average values for each data series. 
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Figure S39. Flexible n-PBDF transparent heaters and demonstration of practical applications. 

Photographs of the large-area flexible transparent heaters fabricated on PET substrates, providing 
a visual reference for the thermal images shown in Figure 6 (Main Text). PET substrates spray 
coated with n-PBDF to have ≈75 % VLT. Electrodes are painted along the long-edges of the 
samples using fast-drying silver paint and reinforced with copper tape at the connection points to 
the power supply for increased robustness. (a) the transparent heater element installed on the visor 
of a commercially available motorcycle helmet. (b) The same visor from (a), shown fully 
integrated and operating on the motorcycle helmet. (c) A second demonstration, showing a flexible 
n-PBDF heater of similar VLT integrated into the lens of a commercially available ski-goggle, 
further showcasing the practicality of this technology for real-world applications. The dimensions 
of the ski goggle are approximately 190.5 mm × 76 mm (7.5 in × 3 in), and those of the visor are 
approximately 330 mm × 127 mm (13 in × 5 in). 
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Figure S40. Thermogravimetric analysis (TGA) of n-PBDF to determine its thermal stability. 

The TGA trace (black, left axis) and corresponding derivative thermogravimetry (DTG) curve 
(orange, right axis) are presented. The material was stable up to an onset temperature of 159.1 °C, 
where 98.2 % of the mass was still present. The initial decomposition proceeded at a slow rate, as 
indicated by the DTG values of approximately −0.05 % °C−1 (a) and −0.9 % min−1 (b). A major 
decomposition event occurred under nitrogen with a peak rate at approximately 500 °C, followed 
by the complete combustion of the char upon switching to an air atmosphere. 
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Figure S41. Transparent heater Figure of Merit (TH FOM) benchmark. 

A bar chart comparing the TH FOM (FOMTH) for n-PBDF (this work) against state-of-the-art 
transparent heating materials reported in the literature. The TH FOM is defined as the ratio of the 
optoelectronic figure of merit to the effective heat transfer coefficient, (σDC/σOp)/α. This metric 
evaluates a material's combined efficacy as both a transparent conductor and a thermal insulator. 
The values for all materials were calculated using experimentally determined parameters from this 
work or from the cited literature (see Tables S9–S11). The n-PBDF heater is shown to be highly 
competitive, surpassing other organic systems and approaching the performance of leading 
inorganic and nanostructured materials. The plotted TH FOM for n-PBDF, as shown above, 
represents the value extracted using our rigorous TCR-aware model (FOMTH = 0.91 m2 K W−1). 
We note that the value extracted using the standard constant-resistance model (FOMTH = 0.87 m2 
K W−1) does not significantly change this assessment. The full dataset used to generate this plot, 
including the individual α, σDC/σOp, and calculated TH FOM values for each material, is provided 
in Table S11.  
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Figure S42. Frequency-dependent in-plane thermal conductivity. 

The symbols represent the thermal conductivity values in the two in-plane orthotropic directions 
(κx and κy), extracted at each discrete periodic heating frequency by using an inverse fitting 
algorithm and least-squares fitting method based on a thermal diffusion model. The reported values, 
κx = (3.283 ± 0.009) W m−1 K−1 and κy = (3.415 ± 0.009) W m−1 K−1, correspond to the mean of 
the fitted conductivities obtained across five discrete heating frequencies in the tested frequency 
range (50 to 400) mHz. The reported uncertainties were obtained by propagating the 95 % 
confidence interval half-widths associated with the fitted conductivity from individual values 
measured at each tested frequency (see Figure 5h and Note S9). 
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Figure S43. Comparison of the molecular packing structure of n-PBDF films processed from 
ethanol- and DMSO-based ink formulations. 

Ex-situ 2D Grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns of n-PBDF films 
prepared from (a) the optimized EtOH-based ink and (b) the standard DMSO-based ink. 
Corresponding 1D line-cut profiles along the (c) out-of-plane (𝑞𝑞𝑧𝑧) and (d) in-plane (𝑞𝑞𝑥𝑥𝑥𝑥) directions. 
Both films exhibit nearly identical scattering features, indicating a preserved edge-on molecular 
orientation. This includes distinct (ℎ00) lamellar stacking peaks (ℎ = 1–4) in the out-of-plane 
direction (𝑞𝑞𝑧𝑧 = 0.6044 ± 0.0003, 1.1512 ± 0.0012, 1.7687 ± 0.0005, and 2.3786 ± 0.0010) Å−1, 
respectively) and a strong (010) 𝜋𝜋–𝜋𝜋 stacking peak in the in-plane direction (𝑞𝑞𝑥𝑥𝑥𝑥 = 1.89 ± 0.0005) 
Å−1, corresponding to a 𝜋𝜋–𝜋𝜋 d-spacing of (3.32 ± 0.01) Å and a coherence length of ≈(5.2 ± 0.1) 
nm. Line cuts represent sector averages (10∘  width) at 90∘  for the out-of-plane direction and 
horizontal integrations (3-pixel width, +9 pixel offset) for the in-plane direction. The results 
confirm that ethanol-based formulation maintains the order, crystallinity, dominant edge-on 
molecular orientation of the original DMSO-based formulation. Moreover, we note that our results 
are consistent with those previously reported for DMSO-based films (≈4.8 nm).29 Also see Table 
S3 for additional details. 
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Figure S44. Direct performance comparison between n-PBDF and PEDOT:PSS heaters at a 
matched film thickness of ≈71 nm. The radar chart illustrates the peak electrothermal and optical 
performance for both systems within the tested range. Although PEDOT:PSS exhibits higher color 
neutrality at this thickness, it quickly changes at slightly increased thicknesses (see Figure 3e). n-
PBDF demonstrates significantly stronger overall heating performance and higher electrical 
conductivity. Note that axis scales are adjusted relative to Figure 1b to accommodate the higher 
performance metrics achieved at the increased film thickness. 
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Figure S45. Photos showing a representative n-PBDF heater and the experimental testing setup. 
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Figure S46. Photos showing graphical user interface (GUI) of the custom-made LabVIEW® 
program
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Supporting Tables (S9 to S13) 

Table S9. Various Figures of Merit (FOMs) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

Benchmark 
Industry-preferred threshold 100 — 0.90 0.57 34.9 9.00E-03 3.49E-03 – – 

Polymers 

n-PBDF (EtOH-based) 
(*This work) 

2235 ± 326 1176 ± 200 0.977 ± 0.0026 0.45 7.2 4.37E-04 3.55E-04 162 ± 24 

– 

723 ± 56 2051 ± 238 0.960 ± 0.0060 0.50 12.6 1.33E-03 9.18E-04 163 ± 29 
415 ± 17 2665 ± 163 0.940 ± 0.0058 0.51 14.4 2.26E-03 1.30E-03 185 ± 21 
316 ± 18 2770 ± 228 0.937 ± 0.0049 0.53 18.1 2.96E-03 1.65E-03 153 ± 16 
243 ± 11 2663 ± 136 0.923 ± 0.0051 0.53 19.1 3.80E-03 1.86E-03 140 ± 11 
193 ± 8 2597 ± 133 0.887 ± 0.0032 0.52 15.9 4.61E-03 1.57E-03 163 ± 7 
153 ± 4 2519 ± 90 0.865 ± 0.0022 0.52 16.3 5.65E-03 1.53E-03 154 ± 4 
136 ± 4 2455 ± 73 0.836 ± 0.0048 0.51 14.8 6.17E-03 1.22E-03 166 ± 6 
120 ± 4 2386 ± 82 0.825 ± 0.0056 0.51 15.5 6.87E-03 1.21E-03 154 ± 6 
104 ± 4 2321 ± 89 0.803 ± 0.0056 0.50 15.6 7.71E-03 1.08E-03 148 ± 6 
88 ± 2 2231 ± 52 0.762 ± 0.0047  0.49 14.8 8.68E-03 7.54E-04 151 ± 4 
78 ± 2 2180 ± 67 0.729 ± 0.0039 0.47 14.2 9.39E-03 5.46E-04 154 ± 3 
64 ± 2 2174 ± 62 0.690 ± 0.0035 0.46 14.4 1.08E-02 3.82E-04 151 ± 3 

PEDOT:PSS 
(*This work) 

684 ± 86 206 ± 26 0.944 ± 0.0060 0.49 7.3 1.38E-03 8.27E-04 28 ± 2 

– 632 ± 78 186 ± 23 0.920 ± 0.0079 0.48 7.1 1.46E-03 6.93E-04 26 ± 1 
190 ± 18 321 ± 31 0.855 ± 0.0044 0.51 12.2 4.50E-03 1.10E-03 26 ± 3 
165 ± 15 315 ± 29 0.823 ± 0.01 0.49 14.6 4.99E-03 8.67E-04 22 ± 3 

PEDOT:PSS 
(Gueye et al.) 

1.90E+04 – 0.98 0.36 1.0 5.14E-05 4.09E-05 – 

2 

361 178 0.90 0.50 9.8 2.50E-03 9.77E-04 18 
293 – 0.86 0.49 8.2 2.95E-03 7.89E-04 – 
157 – 0.82 0.49 11.5 5.19E-03 8.45E-04 – 
108 – 0.77 0.48 12.5 7.14E-03 6.92E-04 – 
67 – 0.70 0.46 14.4 1.05E-02 4.31E-04 – 

PEDOT:PSS-EG 
(*This work) 

83 ± 7 961 ± 77 0.829 ± 0.010 0.53 23.2 9.97E-03 1.86E-03 41 ± 3 

– 108 ± 8 843 ± 64 0.847 ± 0.0066 0.53 20.0 7.84E-03 1.74E-03 42 ± 3 
179 ± 22 716 ± 89 0.927 ± 0.0082 0.55 27.4 5.18E-03 2.62E-03 26 ± 4 
421 ± 67 439 ± 70 0.944 ± 0.0112 0.52 15.3 2.24E-03 1.34E-03 29 ± 7 

PEDOT:PSS-EG 
(Gueye et al.) 

28 – 0.69 0.49 33.0 2.48E-02 8.60E-04 – 

2 

46 – 0.75 0.51 26.5 1.61E-02 1.15E-03 – 
58 – 0.80 0.54 27.5 1.38E-02 1.93E-03 – 
94 – 0.87 0.55 27.8 9.26E-03 2.65E-03 – 
68 1362 0.90 0.59 49.1 1.32E-02 4.90E-03 28 
149 – 0.92 0.56 29.7 6.17E-03 2.85E-03 – 
332 – 0.96 0.54 27.5 2.89E-03 1.95E-03 – 
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Table S9 (continued). Various Figures of Merit (FOMs) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

PEDOT:OTf 
(Gueye et al.) 

144 – 0.93 0.57 35.4 6.48E-03 3.37E-03 – 

2 

96 – 0.88 0.56 29.7 9.21E-03 3.06E-03 – 
81 3011 0.88 0.57 36.6 1.09E-02 3.60E-03 82 
74 – 0.84 0.54 28.0 1.14E-02 2.27E-03 – 
58 – 0.77 0.51 23.3 1.32E-02 1.24E-03 – 
56 – 0.73 0.49 19.8 1.29E-02 7.34E-04 – 

PEDOT:Sulf 
(Gueye et al.) 

266 – 0.97 0.56 46.2 3.65E-03 2.80E-03 – 
2 95 – 0.93 0.59 53.7 9.78E-03 5.08E-03 – 

64 – 0.89 0.59 49.1 1.40E-02 5.01E-03 – 

PEDOT:Sulf 
(Gueye et al.) 

57 3987 0.88 0.59 49.2 1.54E-02 4.78E-03 81 

2 49 – 0.85 0.58 45.4 1.75E-02 4.09E-03 – 
38 – 0.79 0.55 39.7 2.09E-02 2.47E-03 – 
37 – 0.75 0.52 33.0 2.03E-02 1.47E-03 – 

BBL (Pristine) 2.78E+10 3.60E-06 0.11 0.01 0.0 4.09E-12 1.28E-20 1044 30 BBL (PEI-doped) 1.29E+04 7.70 0.11 0.04 0.0 8.60E-06 2.20E-14 1055 
N2200 (Pristine) 1.00E+15 1.00E-10 0.80 0.03 0.0 7.99E-16 1.06E-16 63 

31 N2200 (TDAE-doped) 1.43E+07 7.00E-03 0.72 0.14 0.0 5.04E-08 2.62E-09 95 
PDTzTI (Pristine) 1.11E+14 9.00E-10 0.52 0.02 0.0 4.69E-15 1.32E-17 205 

PDTzTI (TDAE-doped) 2.17E+04 4.60 0.67 0.25 0.0 3.08E-05 8.35E-07 118 
Carbon-based materials 

Graphene 

200 – 0.85 0.50 11.1 4.25E-03 9.84E-04 – 32 
1350 1235 0.91 0.44 2.9 6.74E-04 2.88E-04 427 33 210 1587 0.72 0.42 5.0 3.43E-03 1.78E-04 316 
1000 3333 0.90 0.45 5.2 9.00E-04 3.49E-04 643 34 770 4329 0.90 0.46 6.7 1.17E-03 4.53E-04 642 
367 9080 0.80 0.44 6.3 2.18E-03 2.93E-04 1446 

35 272 6130 0.66 0.38 6.9 2.43E-03 5.77E-05 883 
233 6130 0.62 0.36 7.0 2.66E-03 3.60E-05 881 
510 6536 0.85 0.46 4.4 1.67E-03 3.86E-04 1497 36 370 13514 0.82 0.45 4.9 2.22E-03 3.71E-04 2767 

6100 540 to 810 0.98 0.41 3.0 1.60E-04 1.27E-04 177 to 266 37 2000 1700 to 2500 0.80 0.37 0.8 4.00E-04 5.37E-05 2129 to 3131 
750 4444 0.85 0.44 3.0 1.13E-03 2.62E-04 1123 38 
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Table S9 (continued). Various Figures of Merit (FOM) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

r-GO 

3.51E+04 81 0.86 0.30 0.1 2.45E-05 6.43E-06 1170 

39 

4552 628 0.81 0.35 0.4 1.79E-04 2.78E-05 1650 
2004 1426 0.73 0.34 0.6 3.66E-04 2.27E-05 2533 

7.56E+04 38 0.88 0.29 0.0 1.16E-05 3.68E-06 1001 
2.16E+04 132 0.87 0.32 0.1 4.02E-05 1.13E-05 1106 

6657 429 0.84 0.35 0.3 1.26E-04 2.60E-05 1388 
6079 45 0.81 0.34 0.3 1.33E-04 2.00E-05 159 

40 1568 188 0.53 0.25 0.3 3.38E-04 1.12E-06 583 
641 446 0.34 0.18 0.4 5.30E-04 3.22E-08 1084 

1800 550 0.64 0.30 0.4 3.56E-04 6.41E-06 1313 41 
2200 — 0.84 0.39 0.9 3.82E-04 7.95E-05 — 42 

8.70E+05 10 0.98 0.25 0.0 1.13E-06 9.39E-07 469 

43 

3.50E+04 77 0.95 0.33 0.2 2.71E-05 1.71E-05 371 
3000 160 0.78 0.35 0.5 2.60E-04 2.78E-05 337 
7400 170 0.92 0.38 0.6 1.24E-04 5.87E-05 284 
3500 180 0.82 0.36 0.5 2.34E-04 3.93E-05 349 
4400 360 0.84 0.36 0.5 1.91E-04 3.98E-05 765 
1100 410 0.76 0.38 1.2 6.91E-04 5.84E-05 352 
730 450 0.67 0.35 1.2 9.18E-04 2.50E-05 386 
250 520 0.18 0.10 0.6 7.20E-04 1.43E-10 936 
270 550 0.29 0.17 0.8 1.07E-03 1.56E-08 675 

2300 600 0.85 0.39 1.0 3.70E-04 8.56E-05 620 
200 740 0.28 0.16 1.1 1.40E-03 1.48E-08 699 
200 770 0.30 0.18 1.1 1.50E-03 2.95E-08 675 
200 960 0.45 0.26 1.9 2.25E-03 1.70E-06 500 
100 1000 – – – – – – 
210 1100 0.55 0.32 2.6 2.62E-03 1.21E-05 427 
160 1500 0.20 0.12 1.0 1.25E-03 6.40E-10 1574 
57 1900 0.02 0.01 0.5 3.51E-04 1.80E-19 3488 
52 2000 – – – – – – 
42 2400 – – – – – – 

3.80E+05 8.2 0.93 0.26 0.0 2.45E-06 1.27E-06 611 
2.60E+05 12 0.93 0.27 0.0 3.58E-06 1.86E-06 612 
1.70E+05 21 0.92 0.28 0.0 5.41E-06 2.56E-06 806 
3.50E+04 35 0.69 0.24 0.0 1.97E-05 6.99E-07 1325 
3.10E+04 52 0.78 0.28 0.0 2.52E-05 2.69E-06 1131 
1.20E+04 89 0.64 0.25 0.1 5.33E-05 9.61E-07 1416 
9.90E+04 100 0.54 0.17 0.1 5.45E-06 2.13E-08 1895 
1.20E+04 110 0.63 0.25 0.1 5.25E-05 8.21E-07 1820 

2600 140 0.32 0.15 0.1 1.23E-04 4.33E-09 1483 
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Table S9 (continued). Various Figures of Merit (FOMs) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

r-GO (continued) 

2000 160 0.29 0.14 0.1 1.45E-04 2.10E-09 1455 

43 
2800 180 0.40 0.18 0.1 1.43E-04 3.74E-08 1554 

1.40E+08 0.014 0.92 0.14 0.0 6.57E-09 3.10E-09 443 
2.20E+08 0.015 0.94 0.14 0.0 4.27E-09 2.45E-09 550 
7.40E+04 2.4 0.29 0.09 0.0 3.92E-06 5.69E-11 807 

2001 200 0.25 0.12 0.1 1.24E-04 4.58E-10 2122 

44 

4295 200 0.42 0.18 0.1 9.80E-05 4.07E-08 2257 
5364 200 0.45 0.19 0.1 8.30E-05 5.68E-08 2257 
7012 200 0.60 0.25 0.1 8.56E-05 8.62E-07 2257 
8011 200 0.62 0.25 0.1 7.71E-05 1.01E-06 2257 

1.00E+04 200 0.68 0.27 0.1 6.83E-05 2.24E-06 2257 

SWCNT 

617 – 0.92 0.48 7.2 1.49E-03 6.81E-04 – 

45 
418 – 0.85 0.46 5.3 2.03E-03 4.58E-04 – 
286 – 0.76 0.43 4.5 2.66E-03 2.23E-04 – 
258 – 0.70 0.40 3.7 2.72E-03 1.10E-04 – 
248 – 0.65 0.37 3.2 2.63E-03 5.43E-05 – 

2.26E+04 181 0.97 0.36 0.5 4.29E-05 3.26E-05 332 46 
30 6667 0.78 0.56 47.5 2.61E-02 2.86E-03 140 47 
700 714 to 1429 0.71 0.37 1.5 1.02E-03 4.86E-05 488 to 977 

23 

783 638 to 1276 0.79 0.41 1.9 1.01E-03 1.24E-04 328 to 656 
3304 151 to 303 0.80 0.36 0.5 2.42E-04 3.25E-05 313 to 626 
1474 339 to 678 0.82 0.40 1.2 5.56E-04 9.31E-05 277 to 554 
1599 313 to 625 0.84 0.40 1.3 5.25E-04 1.09E-04 242 to 483 
1237 404 to 808 0.85 0.42 1.7 6.84E-04 1.52E-04 231 to 463 
2028 247 to 493 0.90 0.42 1.7 4.44E-04 1.72E-04 143 to 287 
8341 60 to 120 0.95 0.39 0.9 1.14E-04 7.18E-05 69 to 138 

2.03E+04 25 to 49 0.94 0.35 0.3 4.65E-05 2.74E-05 79 to 158 
6177 81 to 162 0.98 0.41 3.0 1.59E-04 1.32E-04 27 to 54 
380 658 0.87 0.48 6.9 2.29E-03 6.54E-04 96 48 160 1563 0.87 0.52 16.3 5.44E-03 1.55E-03 96 
160 1500 0.80 0.48 7.5 5.00E-03 6.71E-04 199 49  40 5500 0.75 0.52 30.0 1.88E-02 1.41E-03 183 
200 1667 0.85 0.50 11.1 4.25E-03 9.84E-04 150 50 
47 – 0.60 0.41 13.0 1.26E-02 1.21E-04 – 

28 

48 – 0.65 0.44 13.0 1.35E-02 2.71E-04 – 
87 – 0.75 0.48 13.0 8.64E-03 6.72E-04 – 
101 – 0.76 0.48 13.0 7.58E-03 6.57E-04 – 
102 – 0.80 0.51 13.0 7.85E-03 1.10E-03 – 
326 – 0.91 0.51 13.0 2.80E-03 1.23E-03 – 

2441 – 0.96 0.44 13.0 3.92E-04 2.62E-04 – 
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Table S9 (continued). Various Figures of Merit (FOMs) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

SWCNT (continued) 

644 1011 0.96 0.50 12.8 1.48E-03 9.89E-04 79 

51 

406 1272 0.91 0.50 9.3 2.24E-03 9.30E-04 137 
264 1334 0.86 0.49 8.8 3.24E-03 7.97E-04 151 
217 1458 0.83 0.48 8.7 3.81E-03 6.85E-04 168 
169 1504 0.79 0.47 8.9 4.67E-03 5.59E-04 169 
143 1577 0.77 0.47 9.2 5.36E-03 4.82E-04 171 
118 1577 0.73 0.46 9.6 6.24E-03 3.84E-04 165 
105 1589 0.71 0.45 9.6 6.75E-03 3.08E-04 166 
84 1611 0.65 0.42 9.3 7.72E-03 1.57E-04 174 
72 1623 0.60 0.39 8.9 8.31E-03 8.18E-05 181 
54 1634 0.52 0.35 9.0 9.59E-03 2.75E-05 181 

MWCNT 

699 143 0.81 to 0.85 0.42 to 0.44 2.4 to 3.2 1.16E-03 to 1.22E-03 1.74E-04 to 2.82E-04 45 to 59 52 349 143 0.67 to 0.72 0.37 to 0.40 2.4 to 3.0 1.91E-03 to 2.06E-03 5.20E-05 to 1.07E-04 47 to 59 
758 264 0.89 0.46 4.3 1.18E-03 4.27E-04 62 53 
756 – 0.88 0.45 3.8 1.16E-03 3.48E-04 – 

54 342 – 0.68 0.38 2.6 1.97E-03 5.74E-05 – 
172 – 0.48 0.29 2.5 2.79E-03 3.77E-06 – 

Metallic structures 

AgNWs 

33 – 0.90 0.63 105.6 2.73E-02 1.06E-02 – 55 
10 – 0.90 0.71 348.5 9.00E-02 3.49E-02 – 56 
11 – 0.92 0.72 402.5 8.36E-02 3.95E-02 – 57 

0.49 38550  0.33 0.36 523.4 6.79E-01 3.21E-05 74 

28 

0.88 26767  0.47 0.47 466.8 5.35E-01 5.83E-04 57 
0.57 41406  0.39 0.42 559.2 6.93E-01 1.58E-04 74 
0.87 36116  0.46 0.47 464.5 5.36E-01 5.27E-04 78 
2.14 18316  0.64 0.59 345.7 2.97E-01 5.01E-03 53 
3.07 15287  0.71 0.63 321.6 2.30E-01 9.89E-03 48 
1.81 25875  0.64 0.60 410.7 3.51E-01 6.05E-03 63 
3.07 17045  0.68 0.61 289.6 2.22E-01 6.95E-03 59 
3.50 16762  0.75 0.66 354.0 2.15E-01 1.68E-02 47 
2.68 21920  0.70 0.64 365.4 2.62E-01 1.10E-02 60 

12.58 6244  0.82 0.64 146.6 6.54E-02 1.13E-02 43 
22.86 4111 0.86 0.63 101.5 3.74E-02 9.17E-03 40 
14.36 6578 0.82 0.63 124.2 5.70E-02 9.34E-03 53 
5.85 16096  0.78 0.65 242.2 1.33E-01 1.41E-02 66 

28.34 4150 0.86 0.61 82.7 3.02E-02 7.51E-03 50 
20.15 5851 0.86 0.63 116.3 4.25E-02 1.06E-02 50 
93.63 1679 0.92 0.59 50.4 9.87E-03 4.88E-03 33 
93.63 1676 0.87 0.55 28.5 9.32E-03 2.73E-03 59 

50 – 0.90 0.61 415.0 1.80E-02 6.97E-03 – 58 
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Table S9 (continued). Various Figures of Merit (FOMs) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

Ag Metal 
1.77 226372  0.37 0.35 167.4 2.11.E-01 2.96E-05 1352 

28 1.26 226398  0.26 0.25 155.3 2.06.E-01 1.11E-06 1458 
0.65 308785  0.12 0.12 153.5 1.84.E-01 8.99E-10 2011 

Ag Mesh 

1.43 17483  0.94 0.91 4195.2 6.57E-01 3.77E-01 4 
59 2.86 8741  0.97 0.87 4294.8 3.39E-01 2.58E-01 2 

0.43 29070  0.94 1.02 13951.5 2.19E+00 1.25E+00 2 
1.00 33333  0.77 0.77 1350.2 7.70E-01 7.33E-02 25 60 

CuNWs 
51.00 – 0.93 0.63 100.0 1.82E-02 9.49E-03 – 

61 7.70 – 0.68 0.56 117.0 8.88E-02 2.91E-03 – 
1.40 – 0.14 0.14 80.0 1.00E-01 2.07E-09 – 

Metal oxides 

ITO 

12.3 – 0.97 0.76 998.6 7.93E-02 6.24E-02 – 28 28.0 – 0.98 0.70 663.1 3.50E-02 2.92E-02 – 
15.0 5556 0.93 0.71 1.3 6.23E-02 3.40E-02 4130 41 

253.0 1318 0.88 0.51 0.1 3.49E-03 1.13E-03 17054 

62 

157.0 1274 0.86 0.52 0.1 5.46E-03 1.36E-03 10399 
151.0 946 0.82 0.49 0.1 5.41E-03 8.83E-04 7624 
140.0 794 0.79 0.48 0.1 5.63E-03 6.64E-04 6049 
131.0 694 0.80 0.49 0.1 6.09E-03 8.03E-04 4915 
90.0 855 0.88 0.56 0.2 9.78E-03 3.09E-03 3943 
79.0 844 0.93 0.60 0.3 1.18E-02 6.09E-03 3315 
50.0 1176 0.91 0.62 0.4 1.82E-02 7.75E-03 2960 
27.7 3610 0.85 0.61 80.4 3.07E-02 7.11E-03 45 

63 

18.8 5319 0.85 0.63 118.4 4.52E-02 1.05E-02 45 
12.9 7752 0.85 0.66 172.6 6.59E-02 1.53E-02 45 
14.7 6803 0.85 0.65 151.5 5.78E-02 1.34E-02 45 
16.5 6061 0.85 0.64 135.0 5.15E-02 1.19E-02 45 
22.0 4545 0.85 0.62 101.2 3.86E-02 8.95E-03 45 
32.1 3115 0.85 0.60 69.4 2.65E-02 6.13E-03 45 
15.7 6369 0.85 0.65 141.8 5.41E-02 1.25E-02 45 
12.2 8197 0.85 0.66 182.5 6.97E-02 1.61E-02 45 
13.9 7194 0.85 0.65 160.2 6.12E-02 1.42E-02 45 
14.4 6944 0.85 0.65 154.6 5.90E-02 1.37E-02 45 
16.0 6250 0.85 0.64 139.2 5.31E-02 1.23E-02 45 
17.0 5882 0.85 0.64 131.0 5.00E-02 1.16E-02 45 
18.6 5376 0.85 0.63 119.7 4.57E-02 1.06E-02 45 
20.4 4902 0.85 0.63 109.2 4.17E-02 9.65E-03 45 
22.3 4484 0.85 0.62 99.9 3.81E-02 8.83E-03 45 
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Table S9 (continued). Various Figures of Merit (FOMs) of the reported transparent conducting film materials. 

Materials Rs  
(Ω sq.−1) 

σDC 
(S cm−1) 

T (550 nm) 
(Decimal) 

Contreras 
FOM (Ω−1/10) 

Dressel–Grüner 
FOM (Ratio) 

Fraser–Cook 
FOM (Ω−1) 

Haacke 
FOM (Ω−1) 

σOp 
(S cm−1) Ref. 

ITO (continued) 

4600.0 27 0.92 0.40 1.0 2.01E-04 9.70E-05 27 

64 
65.6 1017 0.83 0.55 29.2 1.26E-02 2.33E-03 35 
38.8 955 0.80 0.55 40.6 2.06E-02 2.69E-03 24 
34.6 826 0.79 0.56 44.7 2.30E-02 2.89E-03 18 
10.6 4739 0.89 0.70 297.8 8.44E-02 2.96E-02 16 

65 19.5 2564 0.85 0.63 114.2 4.36E-02 1.01E-02 22 
27.6 1812 0.85 0.61 80.7 3.08E-02 7.13E-03 22 
6.7 7463 0.84 0.69 308.9 1.25E-01 2.61E-02 24 66 

26.2 1491 0.76 0.55 48.9 2.90E-02 2.45E-03 30 67 
76.0 526 0.89 0.58 41.3 1.17E-02 4.10E-03 13 68 

152.0 331 0.89 0.54 20.9 5.86E-03 2.07E-03 16 
69 23.0 2185 0.91 0.66 160.1 3.93E-02 1.60E-02 14 

11.0 4568 0.92 0.72 387.0 8.34E-02 3.82E-02 12 
21.0 952 0.90 0.66 165.9 4.29E-02 1.66E-02 6 70 
10.8 5544 0.88 0.69 264.4 8.15E-02 2.58E-02 21 

71 12.6 4669 0.88 0.68 226.7 6.98E-02 2.21E-02 21 
11.0 5411 0.88 0.69 259.6 8.00E-02 2.53E-02 21 
28.0 1429 0.89 0.64 112.2 3.18E-02 1.11E-02 13 72 

ITO NPs 2500.0 – 0.98 0.45 7.4 3.93E-04 3.33E-04 – 73 
633.0 – 0.97 0.51 19.4 1.54E-03 1.20E-03 – 74 

FTO 

10.0 – 0.81 0.64 169.6 8.09E-02 1.20E-02 – 41 
13.8 2131 0.82 0.63 132.14 5.95E-02 1.01E-02 16 75 7.5 2469 0.81 0.66 223.30 1.08E-01 1.58E-02 11 
253 132 0.88 0.51 11.29 3.48E-03 1.10E-03 12 76 

Denote: PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)), PEDOT:PSS-EG (PEDOT:PSS with ethylene glycol post-treatment), PEDOT:OTf (poly(3,4-ethylenedioxythiophene):trifluoromethanesulfonate), PEDOT:Sulf 
(poly(3,4-ethylenedioxythiophene):sulfate), BBL (poly(benzimidazobenzophenanthroline)), PEI-doped (poly(iminoethylene) doped), N2200 (poly[(N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-5,5′-(2,2′-
bithiophene)]), TDAE-doped (tetrakis(dimethylamino)ethylene-doped), PDTzTI (poly[4,4′,9,9′-tetra(4-decylthienyl)naphtho[1,2-c:5,6-c′]bisthiadiazole-3,10-diyl-alt-2,5-thiophenediyl]), r-GO (reduced graphene oxide), AgNWs (silver 
nanowires), SWCNT (single-walled carbon tube), MWCNT (multi-walled carbon nanotube), CuNWs (copper nanowires), ITO (indium tin oxide), ITO NPs (indium tin oxide nanoparticles), FTO (fluorine-doped tin oxide). 

Note: Data in this table are reproduced from the original authors’ reported values (text and tables). In cases where values were not explicitly stated, they were obtained by calculation from the authors’ published data and/or digital extraction from 
the published figures, using the reported thicknesses and any additional parameters required. 
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Table S10. Literature survey of thermal conductivity for varied materials. 

Materials 
Thermal conductivity (W m−1 K−1) σDC 

(S cm−1) 
S 

(μV K−1) 
PF 

(μW m−1 K−2) ZT Method SHC 
(J g−1 K−1) 

ρ 
(g cm−3) Ref. In-plane 

(κx,y or κ∥) 
Cross-plane 

(κz or κ⊥) 
Anisotropy ratio 

(κ∥/κ⊥) 
Polymers 

PDTzTI Pristine 0.216 ± 0.016 – – 9.00E-10 −638.00 3.66E-08 5.10E-11 3ω – – 

31 TDAE-doped (8 h soak) 0.225 ± 0.013 – – 4.6 −130.90 7.6 0.01 3ω – – 

N2200 [P(NDI2OD-
T2)] 

Pristine (100 nm) – – – 1.00E-10 −662.00 4.38E-09 – 3ω – – 
TDAE-doped (100 nm; 30 min soak) – – – 7.00E-03 −133.55 0.06 – 3ω – – 

Pristine (300 nm) 0.43 – – – – – – Völklein 3ω – – 77 
Pristine (345 ± 18) nm 0.27 ± 0.02 0.16 ± 0.01 1.69 – – – – 3ω – – 78 

P3HT Pristine (300 ± 15) nm 0.35 ± 0.03 0.27 ± 0.02 1.30 – – – – 3ω – – 
 – 0.17 ± 0.004 – – – – – FA-FDTR – – 79 

PEDOT:PSS 
(PH 1000) 

Pristine 0.52 ± 0.08 – – – – – – 3ω – – 78 
5 % vol. DMSO-mixed  

Pristine (180 nm) 0.42 ± 0.07 0.30 ± 0.07 1.40 ± 0.22 621.0 33.44 69.37 0.05 3ω – – 

80 

5 % vol. EG-mixed  
Pristine (180 nm) 0.52 ± 0.07 0.32 ± 0.08 1.62 ± 0.35 638.2 27.31 47.72 0.03 3ω – – 

5 % vol. DMSO-mixed  
150 – 200 min soak (180 nm) 0.31 0.2236 1.42 982.4 65.34 416.45 0.39 3ω – – 

5 % vol. EG-mixed  
150 – 200 min soak (180 nm) 0.39 0.2405 1.60 797.34 62.61 311.69 0.24 3ω – – 

5 % vol. DMSO-mixed (1.4 μm) 0.42 ± 0.07 0.242 ± 
0.002 1.73 ± 0.27 – – – – 3ω – – 

5 % vol. EG-mixed (1.4 μm) 0.52 ± 0.11 0.227 ± 
0.002 2.30 ± 0.47 – – – – 3ω   

BBL 

Pristine – – – 1.00E-05 – – – – – – 30 PEI doped – – – 8 −482 to −65 11 to 12 – – – – 
Pristine – – – 1.00E-07 – – – – – – 81 TDAE doped – – – 1.7± 0.6 – 0.43 – – – – 

n-PBDF 

κx (in-plane) (*This work) 3.283 ± 0.009 – 

35.05 to 36.66 

– – –  – – – 
This 
study 

κy (in-plane) (*This work) 3.415 ± 0.009 – – – –  – – – 

κz (cross-plane) (*This work) – 0.093 ± 
0.004 – – –  – – – 

Dedoped w/ FeCl3 0.35 – – 970 ± 26 −56.2 ± 1.6 306.1 ± 8.7 0.27 3ω – – 82 

PBFDO 

TMQ-based (before dialysis) 4.04 – – – −20.8 ± 2.6 16.4 ± 4.9 0.004 – – – 

83 TMQ-based (after dialysis) 6.04 – – – −26.8 ± 0.6 80.4 ± 6.2 0.01 – – – 
α-TQ (before dialysis) 0.48 – – 1321 ± 67 −30.9 ± 0.8 100.4 ± 8.8 0.068 – – – 
α-TQ (after dialysis) 6.84 – – 1333 ± 60 −30.9 ± 0.7 111.2 ± 6.9 0.01 – – – 

PVDF Bulk 0.21 ± 0.02 – – – – – – 3ω – – 78 
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Table S10 (continued). Literature survey of thermal conductivity for varied materials. 

Materials 
Thermal conductivity (W m−1 K−1) σDC 

(S cm−1) 
S 

(μV K−1) 
PF 

(μW m−1 K−2) ZT Method 
SHC 

(J g−1 K−1) 
ρ 

(g cm−3) Ref. In-plane 
(κx,y or κ∥) 

Cross-plane 
(κz or κ⊥) 

Anisotropy ratio 
(κ∥/κ⊥) 

Poly(aniline) (PANI) 

Bulk 0.47 ± 10 % 0.39 ± 18 % – – – – – – 1.576 1.113 84 
Bulk 0.59 – – – – – – – – – 85 Thin films (110 nm) 0.1286 – – – – – – – – – 

Thin films (20 to 110) nm 0.144 – – – – – – – – – 86 

Poly(acetylene) (PA) As cast / Oriented film 0.44 to 0.77; 
14.01 (Oriented) – – – – – – – – – 87 

Poly(carbonate) (PC) Bulk 0.19 to 0.24 – – – – – – – 1.10 1.19 to 
1.22 88 

PTFE (Teflon®) Bulk 0.25 to 0.27 – – – – – – – 0.97 2.13 to 
2.20 89,90 

Poly(ethylene) (PE) 
LDPE, bulk 0.29 to 0.34 – – – – – – – 2.03 to 

2.09 
0.91 to 

0.93 89,91 

HDPE, bulk 0.44 to 0.53 – – – – – – – 1.69 to 
1.76 

0.95 to 
0.98 89,92 

Poly(imide) (PI) – 0.10 to 0.20 – – – – – – – 1.09 1.42 89 

Poly(styrene) (PS) – 0.04 to 0.14 – – – – – – – 1.11 1.03 to 
1.06 89,93 

Poly(methyl 
methacrylate) 

(PMMA) 
(285 nm ± 12) nm 0.16 to 0.25 0.19 ± 0.01 – – – – – 3ω – – 78,89 

Structured carbon materials 

Graphene 

– 4481 – – – – – – – – – 94 
– ≈1000 to 5000 – – – – – – – – – 95 
– 3541 – – – – – – – 0.7505 – 96 

– 4840 ± 440 
to 5300 ± 480 – – – – – – – – – 97 

r-GO – 3.30 to 61.85 0.092 to 
0.105 31.43 to 672.28 – – – – – – – 98 

GO – 2.9 0.186 – – – – – – – – 

Graphite (HOPG) 
– 1910 – – – – – – – – – 99 
– 1660 7.9 210 – – – – – 0.7178 2.2 100 
– 1850 – – – – – – – – – 101 

Graphite – 2195 2 1097.5 – – – – – – – 96 
– 1948.17 5.50 354.5 – – – – – 0.737 – 102 

SWCNT 
– 3360 – – – – – – – – – 103 
– 3290.679 – – – – – – – – – 102 
– 3500 – – – – – – – – – 104 

MWCNT – 3000 – – – – – – – – – 
– 2963.178 – – – – – – – – – 102 Diamond – 2.30E+03 – 0.53 – – – – – – – 

D
ow

nloaded from
 pubs.​acs.​org/​aam

ick/​article-supplem
ent/​5069103/​pdf/​am

6c03624_si_001/​ by PU
R

D
U

E U
N

IV user on 28 O
ctober 2026



113 

Table S10 (continued). Literature survey of thermal conductivity for varied materials. 

Materials 
Thermal conductivity (W m−1 K−1) σDC 

(S cm−1) 
S 

(μV K−1) 
PF 

(μW m−1 K−2) ZT Method 
SHC 

(J g−1 K−1) 
ρ 

(g cm−3) Ref. In-plane 
(κx,y or κ∥) 

Cross-plane 
(κz or κ⊥) 

Anisotropy ratio 
(κ∥/κ⊥) 

Inorganic materials 

Silicon Single crystal 142.2 – – – – – – – 0.1813 2.32 105 
156 – – – – – – – – – 106 

ITO Thin films 5.1 to 10.6 – – – – – – – – – 107 

Copper Bulk 400 – – – – – – – – – 104 
401 to 403 – – – – – – – 0.385 – 

108 
 

Iron Bulk 80.2 – – – – – – – 0.449 – 
Aluminum Bulk 237 – – – – – – – 0.900 2.7 

Silver Bulk 429 – – – – – – – 0.235 – 
Gold Bulk 315 – – – – – – – 0.0129 – 109 

Muscovite mica Bulk 4.26 ± 0.41 – – – – – – 3ω – – 78 
Soda-lime glass Bulk 0.9 to 1.1 1.0 to 1.1 – – – – – – 0.72 – 110,111 

Air 
Air – 0.025 – – – – – – – – – 97 

Denote: SHC (specific heat capacity), PF (power factor), ρ (density), 3ω (3-omega method), Völklein 3ω (Völklein 3-omega method), FA-FDTR (fiber-aligned frequency domain thermoreflectance), PDTzTI (poly[4,4′,9,9′-
tetra(4-decylthienyl)naphtho[1,2-c:5,6-c′]bisthiadiazole-3,10-diyl-alt-2,5-thiophenediyl]), N2200 (poly[(N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-5,5′-(2,2′-bithiophene)]), P3HT (poly(3-
hexylthiophene)), PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)), BBL (poly(benzimidazobenzophenanthroline)), PVDF (poly(vinylidene fluoride)), r-GO (reduced graphene oxide), HOPG (highly 
oriented pyrolytic graphite), AgNWs (silver nanowires), SWCNT (single-walled carbon nanotube), MWCNT (multi-walled carbon nanotube), CuNWs (copper nanowires), ITO (indium tin oxide), PTFE 
(poly(tetrafluoroethylene)). 
Note: Data in this table are reproduced from the original authors’ reported values (text and tables). In cases where values were not explicitly stated, they were obtained by calculation or digital extraction from the authors’ 
published data using the reported thicknesses and any additional parameters required. 
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Table S11. Literature survey of Figure of Merit (FOM) for transparent Joule heating (TH) materials. 

Materials Max temp. 
(°C) Range of T% Estimated value 

of α (W m−2 K−1) 

TH FOM 
(σDC,B/σOp)/α 
(m2 K W−1) 

σDC,B/σOp Ref. Note 

AgNW 
100 60 to 98 18 16.5 300 56 20 Ω sq.−1, 90 %,  σDC,B/σOp =300 
150 35 to 92 59 5.4 316 57 11 Ω sq.−1, 90 %, σDC,B/σOp =316 
≈60 57 to 98.5 40 1.75 70 14  

Graphene 120 90 to 92 15 3.42 51 12 68 Ω sq.−1, 90 %, σDC,B/σOp =51 
Graphene (p-doped) 100 89 27 2.69 73 15 43 Ω sq.−1, 89 %, σDC,B/σOp =73 

Graphene/AgNW 225 78 to 82 44 1.3 57 113 30 Ω sq.−1, 81 %, σDC,B/σOp =57 
CNT/AgNW 110 ≈93 11 10 100 112 σDC,B/σOp ≈100 

n-PBDF (Standard SST, *This work*) ≈183 69 to 98 21.9 0.87 19.1 – σDC,B/σOp =19.08; Evaluated using standard constant-resistance 
SST model for direct literature comparison. 

n-PBDF (TCR-aware, *This work*) ≈183 69 to 98 20.9 0.91 19.1 – Evaluated using our TCR-aware transient model. 
PEDOT:PSS 45 90 35 0.28571 10 2 σDC,B/σOp =10 

CNT 
80 60 to 80 39 0.038 1.48 52 1225 Ω sq.−1, 82 %, σDC,B/σOp =1.48 

200 65 to 95 123 0.029 3.6 45 356 Ω sq.−1, 76 %, σDC,B/σOp =3.6 
47 94 to 98 95 0.0056 0.53 46 23k Ω sq.−1, 97 %, σDC,B/σOp =0.53 

r-GO 200 34 to 81 97 0.003 0.28 40 6080 Ω sq.−1, 81 %, σDC,B/σOp =0.28 

Denote: AgNWs (silver nanowires), CNT (carbon nanotube), PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)), r-GO (reduced graphene oxide). 
Note: Data in this table are reproduced from the original authors’ reported values (text and tables). In cases where values were not explicitly stated, they were obtained by calculation or digital extraction from the authors’ 
published data using the reported thicknesses and any additional parameters required. Additionally, the σDC,B/σOp ratio of 19.1 for n-PBDF represents the peak single-film value achieved (at d ≈ 15.48 nm, see Table S9) to 
evaluate the maximum TH FOM, whereas the 15.03 ± 0.31 value discussed in the Main Text represents the bulk-fitted average. The TH FOM calculated using the standard constant-resistance model is 0.87 m2 K W−1; the value 
of 0.91 m2 K W−1 reported here represents the more rigorous TCR-aware extraction. 
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Table S12. Side-by-side performance metrics for n-PBDF and PEDOT:PSS heaters. Performance is compared under two relevant baselines: matched film thickness (≈71 nm) and matched optical transmittance (≈90% VLT). 
The transmittance-matched data corresponds to the radar chart benchmark comparison shown in Figure 1b, while the thickness-matched data is provided for benchmarking added performance potential (see Figure S.44). 

 Matched thickness  
(≈71 nm) 

Matched transmittance  
(≈90 % VLT) 

Property n-PBDF PEDOT:PSS n-PBDF PEDOT:PSS 

Color neutrality (chroma−1) 0.99 1.30 1.47 0.60 
Optical clarity (100% − haze) 99.70 99.58 99.74 99.01 
Max. steady state temp. (°C) 182.96 38.79 91.8 80.64 

Max. heating rate (°C s−1) 2.48 0.20 0.89 1.04 
Max. areal power density (mW cm−2) 516.35 29.77 233.32 145.74 

Electrical conductivity (S cm−1) 2174 206 2770 321 

Note: "Color neutrality" was calculated as the reciprocal of the measured chroma value (1/chroma). Smaller values of chroma correspond to enhanced color neutrality, as do larger values of 1/chroma. Moreover, "optical clarity" 
was calculated as Optical clarity = 100 − haze (%), for comparative visualization purposes only and does not represent a formal standardized clarity measurement (such as ASTM D1003/D1746).  

D
ow

nloaded from
 pubs.​acs.​org/​aam

ick/​article-supplem
ent/​5069103/​pdf/​am

6c03624_si_001/​ by PU
R

D
U

E U
N

IV user on 28 O
ctober 2026



116 

Table S13. Comparison of steady-state temperature (SST) for the two most comparable (3 × 3) cm2 PEDOT:PSS-based heaters fabricated and measured in this work to be used as benchmarks, and the values reported by Gueye 
et al.2 for a comparably-sized (2.5 × 2.5) cm2 heater. Absolute and percent differences are reported relative to the values from their work. 

Applied voltage (V) This work: no EG SST 
(°C) 

Gueye et al.: no EG 
SST (°C) Δ SST (°C) Abs. % diff. This work: EG-treated 

SST (°C) 
Gueye et al.: EG-treated 

SST (°C) Δ SST (°C) Abs. % diff. 

4 26.67 29.85 −3.19 10.67 31.18 43.79 −12.61 28.80 
6 29.04 33.75 −4.71 13.95 39.37 58.28 −18.91 32.45 
8 33.38 38.63 −5.25 13.58 50.23 74.89 −24.66 32.93 

10 39.75 44.48 −4.73 10.63 63.12 93.88 −30.76 32.77 
12 47.74 51.31 −3.57 6.96 77.42 112.64 −35.22 31.27 

 

Comparison pair This work film 
thickness (nm) 

Gueye et al. film 
thickness (nm) Δ Film thickness (nm) Abs. % diff. Note: Absolute percent difference was calculated as: 

∣ ΔSST ∣/SSTGueye ⋅ 100. 
No EG Treatment 164 156 8 5.13 

EG Treated 110 108 2 1.85 
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