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1. Materials and Characterization 

Chemicals and reagents were purchased from commercial sources and used as received. (3,3'-

bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane)[1] (5) was synthesized by 

following previously reported procedures. 

UV-Vis-NIR spectroscopic measurements were performed on a Cary 7000 UMS UV-Vis-NIR 

spectrophotometer. The molecular weights of the polymers were measured using a gel permeation 

chromatography (GPC) system on a Viscotek TDA 302 system with a 300 mm Jordi Gel DVB 

Mixed Bed liquid chromatography column at 40 °C using tetrahydrofuran (THF) as eluent. Cyclic 

voltammetry (CV) was performed on a CHI600E electrochemical analyser using an Ag/AgCl 

reference electrode and two Pt disk electrodes as the working and reference electrodes in a 0.1 M 

tetrabutylammonium hexafluorophosphate solution in anhydrous acetonitrile at a scan rate of 50 

mV s-1. Ferrocene was used as the internal standard, which has a HOMO energy value of -4.8 

eV.[2] Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker DPX 300 MHz 

spectrometer.. Resistors and temperature sensors were measured using a Keysight B2902A 

Precision Source/Measure Unit. Water based silver nanoparticles ink (40%w/w) Metalon® JS-

A211-S was purchased from NovaCentrix used for microplotter printing. Polyimide (PI) films 

were purchased from the company Advanced Polymer Tape APT. Polyethylene terephthalate 

(PET) films Melinex® ST505 were purchased from Tekra, LLC. 

The infrared sensor was tested using a continuum laser generator as the light source. Band-pass 

filters from Edmund Optics were used to select specific IR wavelengths ranging from 700 – 

1550nm. In combination with low-pass filters, each wavelength with FWHM of ±12nm was used 

for the screening test. The power of the laser source was calibrated to 20 mW for each wavelength 

using a photometer.  All tests were performed in a dark chamber to minimize background light 
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interference. A homemade intervalometer using a programmed Arduino microcontroller was used 

to control the laser on/off at different time intervals. The dynamic I-t response graphs were 

analyzed to generate a spectral response graph, enabling the determination of the optimal IR 

absorbance.  
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2. Synthesis 

2.1. Synthesis 

2.1.1. Synthesis of (Z)-6-bromo-3-(furan-2-ylmethylene)indolin-2-one (1) 

To a 100mL two-necked round bottom flask, 6-bromooxindole (2.21 g, 10.4 mmol), and furfural 

(1.00 g, 10.4 mmol) were added. One neck of the flask was fitted with a condenser and the other 

next was stoppered with a rubber septum. The mixture was purged with nitrogen for 15 mins. 

EtOH (28 mL) was added to the mixture and heated at refluxing temperature. Piperidine (2.37 mL, 

0.0240 mmol) was added slowly with a syringe through the rubber septum. The mixture was then 

refluxed for 18 hrs under nitrogen atmosphere. The mixture was cooled to room temperature and 

extracted with hexane and washed with water. The organic portion was collected and solvent was 

removed to obtain Z)-6-bromo-3-(furan-2-ylmethylene)indolin-2-one (1) as a greenish yellow 

powder. The product was used in the next step without further purification. (2.72g, 90%) 1H NMR 

(300 MHz, DMSO-d6) δ 10.70 (s, 1H), 8.27 (d, J = 8.3 Hz, 1H), 8.17 (d, J = 1.7 Hz, 1H), 7.39 (s, 

1H), 7.31 (d, J = 3.5 Hz, 1H), 7.19 (dd, J = 8.3, 1.9 Hz, 1H), 7.02 (d, J = 1.9 Hz, 1H), 6.81 (dd, J 

= 3.5, 1.8 Hz, 1H). 13C NMR (151 MHz, DMSO) δ 169.14, 150.57, 147.71, 143.92, 125.96, 123.96, 

122.29, 121.67, 120.94, 120.57, 120.16, 113.75, 112.50. 

2.1.2. Synthesis of 2-ethylhexyl (Z)-6-bromo-3-(furan-2-ylmethylene)-2-oxoindoline-1-

carboxylate (2) 

To a 100mL two-necked round bottom flask, compound 1 (500 mg, 1.72 mmol), and sodium 

hydride (172 mg, 4.31 mmol) were added. One neck of the flask was connected argon atmosphere 

and the other neck was fitted with a rubber septum. The mixture was then vacuumed and purged 

with argon three times. Anhydrous THF (15 mL) was added to the mixture was stirred at r.t. for 

15 mins, or until the reaction mixture changed color from a yellow suspension into a clear dark 
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orange solution. Ethylhexyl carbamate (372 μL, 1.90 mmol) was added slowly into the reaction 

mixture using a syringe through the rubber septum. The reaction mixture was stirred for 1 hr under 

argon atmosphere. Ice was added slowly into the mixture to quench the reaction. The precipitate 

was then filtered and washed successively with water. The crude product was collected and 

recrystallized in chloroform and methanol mixture to afford 2-ethylhexyl (Z)-6-bromo-3-(furan-

2-ylmethylene)-2-oxoindoline-1-carboxylate (2) as orange powder. (478 mg , 62%) 1H NMR (300 

MHz, Chloroform-d) δ 8.43 (d, J = 8.4 Hz, 1H), 8.33 – 8.13 (m, 1H), 7.81 (s, 1H), 7.52 (s, 1H), 

7.46 – 7.31 (m, 1H), 6.98 (d, J = 3.5 Hz, 1H), 6.66 (d, J = 3.6 Hz, 1H), 4.36 (t, J = 5.5 Hz, 2H), 

1.89 – 1.69 (m, 1H), 1.61 – 1.33 (m, 8H), 0.95 (dq, J = 14.8, 7.4 Hz, 6H). 13C NMR (151 MHz, 

CDCl3) δ 166.91, 151.15, 146.74, 140.14, 127.47, 127.30, 125.67, 123.69, 121.92, 121.87, 121.10, 

119.91, 118.32, 113.76, 69.84, 38.99, 30.43, 29.10, 23.84, 23.10, 14.22, 11.16. 

2.1.3. Synthesis of monomer 2-ethylhexyl (Z)-6-bromo-3-((5-bromofuran-2-yl)methylene)-2-

oxoindoline-1-carboxylate (M1)  

To a 100mL round bottom flask, compound 2 (350 mg, 0.784 mmol) was dissolved in chloroform 

(8mL). The mixture was purged under nitrogen for 15 minutes. N-Bromosuccinimide (NBS) (154 

mg, 0.863 mmol) was added slowly into the mixture and stirred for 1.5 hr at r.t. The mixture was 

then quenched by adding saturated sodium sulfite (5mL) solution. The precipitate was filtered and 

washed successively with water. The product was collected and dried in vacuo to afford the 

monomer 2-ethylhexyl (Z)-6-bromo-3-((5-bromofuran-2-yl)methylene)-2-oxoindoline-1-

carboxylate (M1) as greenish yellow powder. (253 mg, 61%) 1H NMR (300 MHz, Chloroform-d) 

δ 8.32 (dd, J = 8.5, 2.0 Hz, 1H), 8.22 (d, J = 2.0 Hz, 1H), 7.48 – 7.36 (m, 2H), 6.91 (t, J = 2.6 Hz, 

1H), 6.60 (t, J = 2.8 Hz, 1H), 4.36 (dd, J = 6.2, 4.2 Hz, 2H), 1.91 – 1.66 (m, 1H), 1.57 – 1.27 (m, 

8H), 1.07 – 0.85 (m, 6H). 13C NMR (151 MHz, CDCl3) δ 166.76, 152.77, 151.08, 140.28, 127.73, 
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127.73, 127.45, 125.74, 124.04, 123.19, 121.88, 120.82, 120.42, 120.41, 118.40, 115.74, 69.90, 

39.00, 30.43, 29.10, 23.84, 23.10, 14.22, 11.17. 
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2.1.4. Synthesis of polymer PFEB 

To a 25mL two-necked round-bottom flask, monomer 2-ethylhexyl (Z)-6-bromo-3-((5-

bromofuran-2-yl)methylene)-2-oxoindoline-1-carboxylate (M1) (36.6 mg, 0.0697 mmol), P(o-

tol)3 (1.70 mg , 0.00558 mmol) and (3,3'-bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-

diyl)bis(trimethylstannane) (60.0 mg, 0.0697 mmol) were added. The system was evacuated and 

purged with argon for three times. Anhydrous chlorobenzene (0.5 mL) was added to dissolve all 

the solids before a solution of Pd2(dba)3 (1.28 mg, 0.00140 mmol) in chlorobenzene (~ 0.8 mL) 

was added. The mixture was then stirred at 80 oC for 24 hr under argon. Upon cooling to r.t., the 

mixture was poured into cold methanol under stirring. The solids were collected and was purified 

by Soxhlet extraction using methanol, acetone and chloroform. The chloroform fraction was 

collected and solvent was removed to afford poly[2-ethylhexyl (Z)-3-((5-(3,3'-bis(dodecyloxy)-

[2,2'-bithiophen]-5-yl)furan-2-yl)methylene)-2-oxoindoline-1-carboxylate] (PFEB) as purple 

solids. (52 mg, 83%) 
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3. Fabrication Procedures of Polymer/CNT bilayer hybrid Infrared Sensors 

The Sonoplot Microplotter II system was used to deposit solutions of the conductor silver ink, 

CNT, and polymer PFEB onto the desired substrates. A ceramic dispenser with 100µm nozzle 

diameter was used as the ink cartridge to deliver printable inks. The nozzle was directly connected 

to a piezoelectric element whereas ultrasonic power was adjusted to deliver different ink onto the 

substrate surface at a motor speed of 500µm/s. 

3.1. Fabrication of Rigid Infrared Sensors (SiO2 based) 

3.1.1. CNT-Modification of SiO2 wafers (Device S1) 

Carbon nanotubes were dissolved in toluene together with a solubilizing polymer PFDD. Detailed 

procedures for the ink preparation can be found from a previously reported literatures.[3,4] PFDD 

dispersed CNT ink (CCNT: 68.3 mg/L ; and CPFDD: 53.1 mg/L) was printed onto a pre-patterned 

gold interdigitated SiO2 wafer substrate at 0.3V ultrasonic level, and dried at 250oC for 60 min to 

give the CNT modified substrate device S1. This type of device was then stored in a nitrogen-filled 

glovebox for later use.  

3.1.2. Deposition of IR sensitive Polymer on SiO2 wafer (Device S2) 

PFEB polymer solution was prepared by dissolving 2.5 mg of polymer solids into 1mL anisole 

(HPLC grade). The solution was then warmed at 60oC for 1hr or until all polymer solids were 

dissolved. Polymer solution was printed onto the active channel of the bare SiO2 wafer at 0.5V 

ultrasonic level to give a polymer only resistor device S2. 

3.1.3. Deposition of IR sensitive Polymer on CNT-modified SiO2 wafer (Device S3) 

Based on the CNT-modified device S1, the same PFEB polymer solution (2.5mg/mL in anisole) 

was printed onto the active channel of the CNT-modified SiO2 device (S1) at 0.5V ultrasonic level 

prepared previously. The substrate was then transferred to an 80oC hotplate for 10 min or until all 
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solvent was evaporated. The temperature was then raised to 250oC for 20 min in air. The substrate 

was cooled down to r.t. for 1 hr to afford device S3. 

3.2. Fabrication of Flexible All-printed Infrared Sensors 

Fabrication of the all-printed infrared sensors was done by the Sonoplot Microplotter II system 

using a similar setting described for the rigid sensors, except that the substrate used was the 

polyethylene terephthalate (PET), or Kapton polyimide (PI) film.  

3.2.1. Silver Electrodes Substrates Preparation 

Substrates of either PET or PI were cleaned by HPLC grade ethanol, and dried by compressed 

nigrogen. Flexible interdigitated silver electrode substrates were prepared by printing silver 

nanoparticles ink (Novacentrix JS-A291, 40 wt% Ag ink) onto flexible substrates. Silver ink was 

loaded into a ceramic-based dispenser with 100µm nozzle diameter at 1.0V ultrasonic power level. 

Silver ink was then delivered to either PET or PI substrate according to the printing pattern to 

create an interdigitated silver electrode substrate pattern. After printing, the printed silver device 

was then transferred to a 130oC hotplate for 1 h to sinter the silver ink into silver metal to create 

the silver patterned substrate on PET or PI films. 

3.2.2. Deposition of CNT onto PET-Ag (F1 and F4) 

Using the microplotter, a solution of CNT:PFDD ink (CCNT: 68.3 mg/L; and CPFDD: 53.1 mg/L) 

was loaded into a ceramic-based dispenser. The ink was then delivered onto the PET or PI substrate 

using 0.3V ultrasonic power using a simple rectangular pattern covering the silver interdigitated 

electrodes. The substrate was then annealed at 150oC for 1 h in air to afford devices F1 and F4. 
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3.2.3. Deposition of PFEB onto PET-Ag (F2 and F5) 

A similar procedure was used to deposit PFEB ink onto either the PET-Ag or PI-Ag substrate. 

Instead of the CNT dispersion, a solution of PFEB (2.5mg/mL) was loaded into a ceramic-based 

dispenser. The ink was then delivered onto the PET or PI substrate using 0.5V ultrasonic power 

using a rectangular pattern covering the silver interdigitated electrodes. The substrate was then 

annealed at 150oC for 1hr in air to afford device F2 and F5. 

3.2.4. Deposition of PFEB onto (10,9)CNT-modified PET-Ag 

Using the microplotter, either device F1 or F4 was used as the substrate. A solution of PFEB 

(2.5mg/mL) was loaded into a ceramic-based dispenser, and the ink was delivered onto the F1 or 

F4 using 0.5V ultrasonic power using a rectangular pattern covering the silver interdigitated 

electrodes. The substrate was then annealed at 150oC for 1hr in air to give device F3 and F6. 
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4. Additional Data 

Table S1. Summary of device architectures used in this study. 

Device Substrate Electrode 
Annealing 

temperature 
(°C) 

Active Layer 
Channel 
Length 
L (µm) 

Channel 
Width 

W (mm) 
W/L 

S1 SiO2 Au 120 (10,9)-enriched SWCNT 20 2 100 
S2 SiO2 Au 120 PFEB 20 2 100 

S3-1 SiO2 Au 120 PFEB/(10,9)-enriched SWCNT 20 2 100 
S3-2 SiO2 Au 250 PFNB/(10,9)-enriched SWCNT 20 2 100 

F1 PET Ag 120 (10,9)-enriched SWCNT 100 15.8 158 
F2 PET Ag 120 PFEB 100 15.8 158 
F3 PET Ag 120 PFEB/(10,9)-enriched SWCNT 100 15.8 158 
F4 PI Ag 120 (10,9)-enriched SWCNT 100 15.8 158 
F5 PI Ag 120 PFEB 100 15.8 158 

F6-1 PI Ag 120 PFEB/(10,9)-enriched SWCNT 100 15.8 158 
F6-2 PI Ag 250 PFNB/(10,9)-enriched SWCNT 100 15.8 158 

Note: The (10,9)-enriched SWCNT layer was thermally annealed at 250 °C to create a thin monolayer on SiO2 and PI surfaces, 

whereas a lower annealing temperature of 120 °C was used for PET substrates. The PFEB polymer layer was annealed at 120 °C, 

forming a uniform 60 nm thick layer on top (10,9)-CNT-modified or any other substrate surfaces. 
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Table S2. Performance comparison of devices from this work with representative previously reported SWCNT-based infrared 
photodetectors. The values for “this work” are reported at the dominant response wavelength of each device. 

Device / active layer Detector type Substrate λ (nm) Bias (|V|) EQE 
(%) R (A/W) D* (Jones) Fabrication Method Ref. 

This work — lateral resistor-type p–n junction, all-printed 
S3-1 (PFEB/(10,9)-SWCNT) Resistor SiO2 (rigid) 800 1.0 0.0594 3.83×10⁻⁴ 1.12×10⁷  Printed sensing layer; no ITO or transport 

layers; bio-derived polymer, green solvent; 
low synthesis complexity 

This work 

S3-2 (PFNB/(10,9)-SWCNT) Resistor SiO2 (rigid) 1000 1.0 19.7 0.159 2.66×10⁸ This work 

F6-1 (PFEB/(10,9)-SWCNT) Resistor PI (flexible) 800 1.0 0.00115 7.44×10⁻⁶ 1.53×10⁶ All layers were fully printed on flexible 
substrates 

This work 
F6-2 (PFNB/(10,9)-SWCNT) Resistor PI (flexible) 1000 1.0 6.47 0.0522 7.90×10⁷ This work 

Polymer / SWCNT heterojunction (most directly comparable) 

s-SWCNT / P3HT Photoconductor SiO2/Si (rigid) ~1000 (NIR) 10 (IQE 
86%)a) 2.2×10⁻³ 2.3×10⁸ Sorted 98% s-SWCNT/P3HT (self-

assembly spin-coat); e-beam-evap. Ti/Au 
[5] 

Other enhanced SWCNT photodetectors (gain-type)ᵇ) 

AuNP / SWCNT Photoconductor (gain) SiO2/Si (rigid) 1064 1.0 16.8 2.16×10⁵ 1.82×10¹⁴ Drop-cast (6,5)-SWCNT + spin-coat AuNP 
doping; patterned Au; gain 8.3×10⁴ 

[6] 

C60/graphene/SWCNT Photoconductor (gain) SiO2/Si (rigid) 940 0.5 9–17 4.57×10³ 3.56×10¹⁴ Spin-coat SWCNT + CVD-graphene 
transfer + evap. C60 + shadow-mask Au 

[7] 

All-CNT array Photoconductor (gain) PC/PDMS 
(flexible) 532 / 1550 1.0 N/A 44 / 2 1.9×10⁹ / 

8.8×10⁷ 
Laser-patterned, dry-deposited gas-phase 

CNTs (lithography-free); DWCNT 
electrodes 

[8] 

Bare / thermal SWCNT detectorsc) 
MWCNT film Bolometer (thermal) Suspended/Si broadband IR I-biased N/A N/A 3.3×10⁶ Suspended MWCNT film [9] 

SWCNT film Thermopile (PTE) Suspended/Si 500–1800 0 N/A 0.9–1.8 V/W ~2×10⁶ Suspended SWCNT film; K-doped PN 
junction 

[10] 

SWCNT film Bolometer (thermal) Si microchannels ~1000–1300 I-biased N/A ~250 V/W 4.5×10⁵ e-beam-lithography microchannels; 
suspended film 

[11] 

ᵃ) Ref [5] reports an internal quantum efficiency (IQE) of 86% rather than EQE 
ᵇ) The high R and D* values of the gain-type photoconductors originate from large photoconductive gain (G ≈ 10³-10⁵) combined with shot-noise-limited D* estimates, and are therefore not directly comparable to a gain-free 
efficiency device 
ᶜ) Refs [9–11] are thermal detectors (bolometer/thermopile) that report voltage responsivity (V/W) and have no meaningful EQE 
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Figure S1. GPC Chromatogram of polymer PFEB. 

 
Figure S2. Absolute current-voltage (IV) curves of resistor-type devices with different active 
layers annealed at 120 °C on various substrates: (a) SiO2, (b) PET, and (c) PI. Inset images show 
top-view photographs of the corresponding devices.  
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Figure S3. Infrared testing set-up for resistor-based sensors. 
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Figure S4. Relative dynamic sensing responses for sensor device irradiated by various NIR 
wavelengths from 750 – 1550 nm for (a) S1 and S2 control devices, 120oC annealed; (b) S3-1, 
120oC annealed; (c) F3, 120oC annealed; (d) F6-1, 120oC annealed; (e) S3-2, 250oC annealed; & 
(f) F6-2, 250oC annealed. (Note: the operating voltage for S2 is +20V D/C while all other devices 
were operated at 1.0V) 

 

Figure S5. Wavelength-specific signal-to-noise ratio (SNR) of all tested devices. 
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Figure S6. Optoelectronic metrics for 120oC-annealed devices. (a) External quantum efficiency 
(EQE) of device S2, S3-1, F3, and F6-1; (b) Responsivity (R) of device S2, S3-1, F3, and F6-1; 
& (c) Specific detectivity (D*) of device S2, S3-1, F3, and F6-1 at 750 – 1550 nm near-infrared 
region. 

 

Figure S7. Oxidative and reductive cyclic voltammetry scanning for polymer PFEB in inert 

atmosphere. 
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Figure S8. 20,000 × magnification SEM image of (10,9)-CNT@PET showing (10,9)-CNT 
partially filled pinholes on PET surface. 
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Figure S9. Energy-level alignment and proposed charge-transfer/carrier-transport pathways in 
the polymer/SWCNT bilayer devices before and after polymer side chain cleavage. 

 

Figure S10. Dynamic sensing responses of sensor devices on SiO2 substrates annealed at 120 °C 
and 250°C under four consecutive NIR pulses at 800 and 1000 nm. The relative responses are 
normalized to the average RR at 800 nm. (a) Freshly prepared devices. (b) Devices after 9 
months of ambient storage. 

. 
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Figure S11. 1HNMR spectrum of compound 1. 

 

Figure S12. 13CNMR spectrum of compound 1. 
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Figure S13. 1HNMR spectrum of compound 2. 

 

Figure S14. 13CNMR spectrum of compound 2. 
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Figure S15. 1HNMR spectrum of compound M1. 

 

Figure S16. 13CNMR spectrum of compound M1. 
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