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Organic phototransistors (OPTs) hold significant promise for cost-

effective, flexible optoelectronic applications, particularly in Short-

wave-Infrared (SWIR) detection, which is crucial for applications

such as health monitoring, communications, and artificial vision.

Traditional OPTs often rely on unipolar materials, limiting their

efficiency by utilizing only one type of charge carrier. In contrast,

ambipolar organic semiconductors (OSCs), transporting both elec-

trons and holes, can fully harness photogenerated carriers, thereby

enhancing device performance. Here, high-performance, solution-

processed ambipolar single-component SWIR OPTs are demon-

strated by fine-tuning the number of fused thiophene rings in

donor–acceptor (D–A) conjugated polymers utilizing thiadiazolo-

quinoxaline-unit (TQ) as the electron-deficient unit. Through

systematic polymer characterizations and optoelectronic device

characterizations it was revealed that three fused thiophene rings

(TQ-T3) delivered ambipolar NIR phototransistors with well-

balanced hole and electron mobilities of 0.03 and 0.02 cm2 V�1 s�1

and the highest reported specific detectivity of 2 � 108 Jones (at

1100 nm), with external quantum efficiency of 1400% and 1200% for

the p-type and n-type single-component active layer material, respec-

tively. These findings contribute to advancing the design of efficient

ambipolar OPTs for SWIR detection, with potential applications in

imaging and sensing technologies.

1. Introduction

Significant efforts have been made to develop high-sensitivity

NIR organic detectors due to the wealth of practical

applications in health monitoring,1 optical communications,2

and artificial vision3 in the form of organic photodiodes (OPDs)

and phototransistors (OPTs). Although many OPTs have been

reported in the literature, NIR detection beyond 1000 nm is less

common and, at the same time, is of particular interest because

it offers several advantages, such as deeper penetration depth

into biological tissues and better image contrast.4 It also plays

a key role in single photon detection for optical quantum

information,5 and LiDAR systems for autonomous vehicles due

to accuracy and eye safety standards.6,7 A current challenge arises

from the difficulty of simultaneously achieving a high absorption

coefficient in low-bandgap materials and strong NIR absorption.

Utilising ambipolar organic semiconductors with balanced

charge transport between holes and electrons and NIR absorption
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New concepts

Organic semiconductors with high charge carrier ambipolar mobility and

light sensitivity in NIR window II are limited and at the same time

important for applications in optical quantum information, LiDAR, as

well as biometric imaging. Molecular tuning of conjugated polymers

allows for the development of materials with targeted properties. Here,

we develop new polymers based on a thiadiazoloquinoxaline unit (TQ)

and investigate the effect of the addition of fused thiophene rings on the

polymer backbone. Interestingly, adding three fused thiophene rings to

the TQ-unit, as opposed to two and four, allows for easier alteration of the

molecular conformation. This odd–even effect between the TQ-T2, TQ-T3,

and TQ-T4 rings is translated into ambipolar charge carrier mobility, with

the TQ-T3 outperforming. This enabled us to develop high-performing

NIR phototransistors with a response under 1100 nm LED excitation.
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is of high importance for next-generation integrated circuits.7–9

For example, ambipolar heterojunction OPTs were able to achieve

second-order adaptive metaplasticity and photoadaptation for

complex machine vision tasks.10 In general, most reported OPTs

have been based on unipolar semiconductors,11 which primarily

transport one type of charge carrier, either holes (p) or electrons

(n), and this is a limitation for circuits and electronics integration.

Ambipolar materials allow for the adjustment of charge carrier

type by simply reversing the polarity of the applied gate-source

and drain-source voltage. The intrinsic ambipolarity of certain

organic semiconductors offers a straightforward and versatile

approach to switch between n-type and p-type conduction in a

single device,12 thus, enabling a more efficient use of the photo-

generated carriers.

Another way to achieve ambipolarity is through thin films of

semiconducting polymer blends, and composites produced

through solution processing or vacuum co-evaporation. For

example, bulk heterojunction (BHJ) electrolyte-gated OPTs were

developed from DPP-polymer as donor and PC61BM as the

acceptor with a responsivity of 1.5 � 103 A W�1, under

808 nm light illumination.13 However, precise control over

the morphology of these blends is essential for optimising

and enhancing ambipolarity.14 Bilayer configuration, on the

other hand, typically comprises sequential deposition of two

materials. For example, Lim et al.15 described the development

of a novel organic photosensitizer (donor–acceptor-dye donor

type small molecule) that significantly enhanced the charge

carrier mobility from 0.08 cm2 V�1 s�1 to 0.84 cm2 V�1 s�1, and

reached a p-type responsivity of 100 A W�1 under 850 nm

illumination. These improvements were attributed to the

photosensitizer layer’s ability to enhance exciton dissociation,

trap electrons, and increase hole concentration in the channel.

Identifying ambipolar materials to develop high-performing

single-component OPTs is important to simplify the manu-

facturing, lower the cost, and enhance sustainability compared

with multicomponent active layers and more complicated

device structures. Zhu et al.16 developed NIR-OPTs using single-

component D–A conjugated polymer nanowires with a respon-

sivity of 0.44 A W�1 for the p-type channel and 0.07 A W�1 for the

n-type channel under 808 nm. These higher responsivity values

than those of thin-film counterparts are attributed to the

nanowires’ high trap density and large surface-to-volume ratio.

Nodari et al.17 reported high-detectivity ambipolar OPTs using

heteroatom engineering to enhance performance in NIR detec-

tion (peak absorption at B964 nm). By substituting sulphur

with oxygen in the diketopyrrolopyrrole co-polymer, the OPTs

demonstrate well-balanced ambipolar behaviour, with respon-

sivities of 69 A W�1 and 99 A W�1 in the p-type and n-type

regimes under 940 nm illumination.

In our search for suitable ambipolar materials with absorp-

tion beyond 1000 nm, the thiadiazoloquinoxaline (TQ) contain-

ing D–A polymers have emerged as very promising candidates.

The TQ unit is a highly electron-deficient moiety. And by

combining it with highly electron-rich units, such as thiophene

derivatives, the polymer’s properties can be fine-tuned. The low

bandgap of TQ is attributed to the stabilization of the quinoid

form within the polymer’s structure, which is known to lower

the bandgap by influencing the electron distribution along the

backbone.18 Previous studies19,20 have shown that a D–A combi-

nation consisting of terthiophene and TQ leads to better NIR-II

photodetection characteristics than those with one thiophene,

due to the enhanced crystallinity imposed by the presence

of the increased number of thiophene rings per repeat unit,

demonstrating high detectivity NIR OPDs.

Taking this into consideration, we designed the next gen-

eration of TQ-based D–A polymers utilizing multifused (2 to 4)

thiophene rings as the electron-donating units. A significant

advantage of employing fused thiophene rings is that they

exhibit a decreased number of possible conformers in a poly-

mer backbone due to ‘‘locking’’ of the torsional rotation versus

their non-fused thiophene analogues. This can lead to better

molecular packing due to their planar, rigid structure, a feature

that generally translates to higher mobility in organic thin film

transistors.21,22 Furthermore, the utilization of TQ-based con-

jugated polymers in OPTs has not yet been explored to the best

of our knowledge, and they are of particular interest due to the

photocurrent amplification.23

Hence, in this work, we tuned the optoelectronic properties

of the TQ-containing polymers with fused-ring bonding thio-

phenes in order to develop single-component organic photo-

transistors with sensitivity beyond 1000 nm. This was achieved

by the synthesis of TQ-based polymers containing two, three,

and four fused thiophene rings, namely TQ-T2, TQ-T3, and TQ-

T4, respectively, by Stille cross-coupling polycondensation. The

TQ-T2 and TQ-T4 demonstrate higher p-type charge transport,

with mobilities around 0.015 cm2 V�1 s�1 for p-type and

0.004 cm2 V�1 s�1 for n-type. However, TQ-T3 exhibits one/

two orders of magnitude higher mobilities and more balanced

behavior with p-type mobilities of 0.03 cm2 V�1 s�1 and n-type

of 0.02 cm2 V�1 s�1. We further evaluated their photoresponse

under LED illumination at 1100 nm and exhibited well-

balanced responsivities of 12 A W�1 and 11 A W�1. The external

quantum efficiency (EQE) was found to be 1400% and 1200%

for the p-type and n-type, respectively. Additionally, a specific

detectivity of 2 � 108 Jones was achieved for both p- and n-type

OPTs, by measuring the electrical noise of the OPTs. The OPT

characteristics are among the highest reported NIR-II OPTs and

surpass the values of BHJ devices.24,25

2. Results and discussion
2.1 Material synthesis and characterization

The molecular structures of the newly developed TQ-T based

polymers are presented in Fig. 1a and Fig. S1, S2. TQ-T2, TQ-T3,

and TQ-T4 were synthesized by Stille cross-coupling polymer-

ization (see SI for synthesis), and their resulting weight-average

molecular weights are Mw = 83.1, 89.8, and 78.2 kDa, respec-

tively (Fig. S2). The absorption profiles of the TQ-T based

polymers are extended in the Shortwave-Infrared (SWIR) range,

with absorption onset at 1750 nm, an optical band gap of

0.7 eV, and peak absorption at 1155, 1288 and 1162 nm for the
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TQ-T2, TQ-T3, and TQ-T4 polymers, respectively as measured

from thin films (Fig. 1b). This confirms the molecular design

concept to combine a high electron-deficient building block

(TQ) with high electron-donating fused thiophene monomers

to achieve ultra-small bandgap polymers with tunable proper-

ties. We were interested in evaluating the impact of the addi-

tion of the fused thiophene rings on the energetics of the

polymers from both experimental measurements and theore-

tical calculations. Upon measuring the ionization potential of

the thin films, it was observed that the highest occupied

molecular orbitals (HOMO) of the materials were slightly down-

shifted (B0.1 eV) versus vacuum with the addition of thiophene

rings, with TQ-T2 exhibiting a HOMO level of – 4.62 eV, TQ-T3 –

4.72 eV, and TQ-T4 – 4.8 eV. (Fig. 1c) The LUMO levels were

calculated from the optical band gap and the measured HOMO

level. Oxidation and reduction potentials were further deter-

mined using cyclic voltammetry (CV) in electrolyte solution,

with ferrocene employed as the internal reference. A summary

of the results is provided in the SI (Fig. S5 and Table S1).

All three polymers show ambipolar characteristics, however,

the reduction of TQ-T3 is much more pronounced compared to

TQ-T2 and TQ-T4 (see Fig. S5b), indicating a stronger n-type

behaviour.

Density functional theory (DFT) calculations were conducted

on periodic polymer chains and polymer fragments, such as

monomers, dimers, and trimers. Fig. S6–S8 show the most

stable structures of TQ-T2, TQ-T3 and TQ-T4 trimers, along

with their respective calculated HOMO and LUMO levels.

A slight variation between the measured and calculated energy

level values is expected, as it has been observed before.26

We further exploit the relative orientation of the thiophene

groups with respect to the TQmoieties with DFT to gain a better

understanding of their molecular configurations. Thus, we

considered configurations with the same orientation for all

TQ groups (named the parallel TQ sequence) and with an

alternating TQ orientation (antiparallel TQ sequence). In the

most stable configurations of TQ-T2, TQ-T3, and TQ-T4 trimers,

all S atoms in the thiophene groups point towards the quinoxa-

line units. Hence, this motif is key for the relative stability of

each structure (a conclusion which is corroborated also with

results on periodic polymer chains) and introduces a noticeable

difference between TQ-T3 (with an odd number of thiophene

rings) and the other two polymers (TQ-T2 and TQ-T4 with even

numbers of thiophene rings). Specifically, the most stable TQ-

T3 trimer is of the parallel TQ form, whereas the lowest-energy

TQ-T2 and TQ-T4 trimers are of the antiparallel TQ type.

Hence, even though the relative stability is also affected by

steric constraints and entropic interactions pertaining to the

branched side chains (which are here omitted to facilitate the

first-principles calculations), the results show an unequivocal

relative ease for an alternation between parallel and antiparallel

conformations in the TQ-T3 case.

Fig. 1 (a) Molecular structures of the novel polymers based on thiadiazoloquinoxaline-thiophene with two fused rings (TQ-T2), three fused rings
(TQ-T3), and four fused rings (TQ-T4). (b) Normalised absorption spectra from thin films, and (c) their corresponding frontier energy levels of materials.
The energy of the HOMO is calculated as the inverse of the ionization potential measured by air photoemission spectroscopy (APS) from thin films. LUMO
energy levels are estimated by adding the optical band gap to the HOMO level. Fermi levels were obtained by Kelvin probe, and they are marked by
dashed lines. (see Fig. S4).
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In addition, the DFT results reveal details that are relevant to

the carrier transport of the studied polymers. All calculated

HOMOs are homogeneously distributed over the whole polymer

backbone, but the LUMOs show a slight tendency of localiza-

tion on the TQ units, which indicates slightly higher p-type

charge carrier mobility than n-type. Finally, by calculating the

torsion angles between the TQ and the thiophene units, we

found that the backbones of the TQ-T2 and TQ-T4 are planar

with values close to zero. Instead, TQ-T3 chains show small

torsion angles of about 221 and 171–231 between neighboring

thiophene and TQ units, as presented in Fig. S9. A summary of

the measured and calculated energy levels is presented in Table

S2, showcasing a slightly deeper HOMO/LUMO for the TQ-T3

compared with the TQ-T2 and TQ-T4 from the DFT and CV

measurements.

2.2 Thin film microstructural analysis

To gain an insight into the film microstructure, grazing inci-

dence wide-angle X-ray scattering (GIWAXS) experiments per-

formed on the TQ-T series of polymers are shown in Fig. 2a, c

and e, with the corresponding integrated linecuts in the out-of-

plane (OOP) and in-plane (IP) directions shown in Fig. 2b, d

and f. All diffractograms share a common pattern consisting of

a lamellar peak better resolved in the IP direction (q100 = 1.90–

1.97 nm�1) and a p–p stacking peak in the OOP direction (qp–p =

16.97–17.91 nm�1), which indicates the existence of primarily

face-on oriented crystallites in the studied polymer films.

All polymers appear to be fairly amorphous, with TQ-T3 show-

ing closer lamellar packing (3.18 nm) than TQ-T2 (3.31 nm) and

TQ-T4 (3.31 nm). On the other hand, the p–p stacking spacing is

slightly larger for the TQ-T3 (0.37 nm) than TQ-T2 and TQ-T4

(0.35 nm). A third broad peak common to all polymers and

integrated linecuts is located at q = 13.71–13.97 nm�1. Such a

peak shows a weak, isotropic (ring-like) intensity distribution in

the corresponding 2D GIWAXS diffractograms and is hypothe-

sized to correspond to the amorphous packing of the branched

side-chains in the TQ-T2-4 series. A more detailed analysis of

their microstructure revealed that the X-ray crystalline coher-

ence length (CCL) of TQ-T3 is significantly decreased to 6.6 nm

compared to the TQ-T2 and TQ-T4 which was found at around

14 nm for both (Table S3).

2.3. Ambipolar organic thin film transistors

OTFTs were fabricated from TQ-T2, TQ-T3, and TQ-T4 polymers

in bottom-contact, top-gate (BC-TG) configuration on self-

assembled monolayer (SAM) modified gold electrodes, with

PMMA as the dielectric layer and aluminium as the gate

electrode. Their representative output curves are presented in

Fig. S9. While all three polymers demonstrate ambipolar trans-

port, TQ-T2 and TQ-T4 exhibit more p-type, and TQ-T3 shows

well-balanced transfer characteristics. TQ-T2 exhibits a p-type

mobility of 0.015 cm2 V�1 s�1, with minimal threshold voltage

shift as the drain voltage increases, while its n-type mobility is

significantly lower at 0.001 cm2 V�1 s�1, accompanied by a

threshold voltage shift to a higher value of 38 V. TQ-T4 shows

similar behaviour to TQ-T2 and displays a lower off-state

current, with p- and n-type mobilities of 0.009 and 0.002 cm2

V�1 s�1, respectively. The p-type threshold voltage of TQ-T4 is

–0.5 V, which is lower than that of TQ-T2 (�4.4 V). On the other

hand, TQ-T3-based OTFTs exhibit both p-type and n-type

Fig. 2 2D GIWAXS patterns and the corresponding integrated out-of-plane (oop) and in-plane (ip) linecuts of the polymers TQ-T2 (a) and (b); TQ-T3 (c)
and (d); and TQ-T4 (e) and (f).
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threshold voltages closer to 0 V, with corresponding carrier

mobilities of 0.03 cm2 V�1 s�1 and 0.02 cm2 V�1 s�1, respec-

tively. As a result, TQ-T3 OTFTs demonstrate the highest and

most balanced p-type and n-type source-drain currents asso-

ciated with very small threshold voltages as seen in Fig. 3b, e

and Table S4. The latter indicates a good energetic alignment

between TQ-T3 and the device contacts, as well as a low trap

concentration leading to higher charge carrier transport.

It’s worth noting that we did not investigate further the charge

carrier transport of the materials in single-component devices

(p or n-type operation), as our focus was on ambipolar OTFTs.

In order to further demonstrate the potential of the TQ-T3

based OTFTs, we developed complementary-like voltage inver-

ters, the building blocks logic architectures, by integrating two

OTFTs operating in the first and third quadrants.27 This unique

operation28 is based on the ambipolarity of organic semicon-

ductors and, in this case, the TQ-T3. Fig. S10 demonstrates the

voltage transfer characteristics along with the calculated signal

gain of around 8 operated at Vdd = �70 V. The calculated noise

margin low was found at around 49.1% for the p-type and

57.1% for the n-type from the ideal Vdd/2 value.

In addition, the extended absorption of TQ-T3 in the SWIR

window allowed us to develop organic phototransistors.

A 1100 nm LED with power intensity (Pin) ranging from 1.3 �

10�4 to 8.2 � 10�2 W cm2 was used for OPT characterizations,

with converted brightness levels of 0.1% and 100% brightness

(power increments in Table S5, SI). OPTs generate charge

carriers when exposed to light, working alongside the conven-

tional gate control to modulate transistor operation, and func-

tion either through a photovoltaic effect (in accumulation

mode) or photoconductive effect (in depletion mode).29

Fig. 4a and b show the characteristic transfer characteristics

variation upon increasing light intensities when drain voltages

VD are �10 V. A clear enhancement in the source-to-drain

current is observed as the light intensity increases, and the

threshold voltage and charge carrier mobility variation upon

light are shown in Fig. S11. The excellent OPT behaviour of the

TQ-T3 is also highlighted by the very small threshold voltages

i.e., for p-type, Vth is close to zero, whereas for n-type is around

9–10 V. The increase in the mobility and the positive shift of Vth
with higher light power intensity are aligned with the rise of the

drain current upon illumination. This indicates that traps are

filled not only by the applied positive voltage but also by charges

generated through light absorption (photogenerated charges).30

When a positive voltage is applied, the separated holes from

photo-induced excitons are likely to recombine with electrons,

which limits n-type transport and causes a positive shift in the

threshold voltage. Considering the ultra-narrow bandgap of TQ-T3,

it can be inferred that the recombination rate is high. To further

evaluate the OPT performance, we calculated the responsivity (R)

for p and n-type operation, of which dependence on the VG and

VD is displayed in Fig. 4c and d. R shows well-balanced values of

12 A W�1 for p-type and 11 A W�1 for n-type when light intensity

is at the lowest (1.36 � 10�4 W cm�2), while photosensitivity P

Fig. 3 Representative transfer curves of organic thin film transistors from (a) and (d) TQ-T2, (b) and (e) TQ-T3, and (c) and (f) TQ-T4 OPTs under p-type
and n-type operation at VD = �10 and 40 V. OTFTs with channel length of 30 mm and width of 1000 mm.
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(Fig. S12) displays values of 0.63 and 0.3, for p and n-type,

respectively, when light intensity is at the maximum (8.18 �

10�2 W cm�2). The external quantum efficiency (EQE) was also

calculated, based on EQE = R � Eph/e, where R is the responsivity,

Eph the standard photon energy and e the elemental charge.

For the p-type OPTs EQE was found to be 1400% and 1200%

for the p-type and n-type.17

Finally, an important characteristic of photodetectors is the

specific detectivity D* which is a measure of R and the electro-

nic noise spectral density of the device, normalized by the area

of the photodetector to enable comparability between different

photodetectors.17 The variation of D* upon varying the light

intensity at a fixed VG and VD is presented in Fig. 4f upon

measuring the noise via dark current recorded with a Keithley

4200, followed by a fast Fourier transform. The noise spectral

density is presented in Fig. 4e. D* values of 6 � 106 and 2 �

108 Jones, which are the highest ever reported for ambipolar

single-component OPTs under 1100 nm excitation, are achieved

for p- and n-type OPTs, respectively (see Table S6 for compar-

ison with ambipolar OPTs in the literature). The D* vs fre-

quency is presented in Fig. S12d. To compare with values

reported in literature, D* using calculated noise are 2.6 � 109

and 2.3 � 109 Jones for p- and n-type, respectively, with noise

level around 8 � 10�13 A Hz�1/2. This result aligns with

theoretical expectations, which suggests that calculating the

noise leads to an underestimation of the electronic noise level

of the devices (i.e. an overestimation of D*). Finally, the

temporal response of the OPTs is presented in Fig. S13 is in

the order of hundreds ms, similarly to reported values in the

literature.17,31,32 We believe that with further device engineer-

ing approaches, the response speed can be increased. Para-

meters such as the dielectric capacitance, charge carrier

mobility and channel’s dimensions all play a crucial role in

the response speed.

3. Conclusion

This study successfully demonstrates the development and

characterization of high-performance ambipolar OPTs specifi-

cally tailored for SWIR detection. This was achieved by careful

molecular design of the different fused thiophene rings in

Fig. 4 TQ-T3 OPTs Characterisation: Transfer characteristics upon varying light intensity (Table S5) using a 1100 nm LED for (a) p-type TQ-T3, and
(b) n-type TQ-T3. (c) Calculated responsivity (R) with varying B = VG and light intensity for (c) p-type, and (d) n-type OPTs. (e) The noise spectral density as
measured for both p- and n-type operation under VG = �80 V and VD = �10 V and (f) specific detectivity vs. light intensity.
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multifused thiophene-based D–A conjugated polymers with TQ

as the A unit. Results based on DFT calculations suggest that

the superior performance of TQ-T3 may arise from the ability to

easily alternate between parallel and antiparallel conformation

in its lowest energy. TQ-T3 exhibited well-balanced ambipolar

transport with hole and electron mobilities of 0.03 cm2 V�1 s�1

and 0.02 cm2 V�1 s�1, respectively, that allowed us to develop

CMOS-like inverters from two identical devices. Upon exciting

the OPTs with a 1100 nm LED light, a maximum responsivity of

12 A W�1 in p-type operation and 11 A W�1 in n-type was

observed with specific detectivities (D*) reaching up to 2 � 108

Jones in the n-type mode by measuring the noise of the devices

and 2 � 109 Jones for both transport types by calculating noise.

These results reveal an odd–even thiophene effect, where odd-

numbered thiophene rings (TQ–T3) show conformational

advantages over even-numbered rings (2 and 4), providing a

new design consideration that may guide future molecular

engineering strategies new SWIR OSCs with enhanced ambipo-

lar transport characteristics that will boost the performance in

OPTs and will be capable of highly sensitive and specific SWIR

detection applications.

4. Experimental section
4.1. Grazing incidence wide-angle X-ray scattering (GIWAXS)

GIWAXS experiments were performed at NCD-SWEET beamline

at NCD-SWEET beamline at ALBA Synchrotron using an X-ray

beam of 12.4 keV at an angle of incidence of 0.121. Samples

were illuminated for 1 s (in air) to avoid degradation. Scattering

patterns were acquired using a Rayonix LX255-HS detector,

which was positioned at 203.45 mm away from the samples.

Polymer films were prepared on Silicon substrates from solu-

tions of 15 mg ml�1 in tetralin. Films were spin-coated at

2000 rpm for 30 seconds followed by followed by 100 1C

annealing for 10 minutes.

For data analysis, the diffractogram of a bare silicon sub-

strate was collected at the selected angle of incidence (0.121)

and 70% of its intensity used as baseline. Such a baseline

(background) was subtracted to the raw GIWAXS diffractograms

before performing the azimuthal integrations using pyFAI.

Diffraction peaks were fitted33 according to Pseudo-Voigt func-

tions while using an exponential decay and a linear function as

background.

The crystalline coherence length (CCL) was determined

based on Scherrer’s equation (eqn (1)) to determine the

crystallite size:

CCL = 2pK/Dq, (1)

where K is the shape factor (0.9) and Dq is the full width at half

maximum of the diffraction peak. The paracrystalline disorder

parameter (g) was calculated from eqn (2):

g ¼

ffiffiffiffiffiffiffiffiffiffi

Dq

2pq0

s

; (2)

where q0 is the peak centre position (scattering vector).

4.2. Air photoemission spectroscopy (APS)

Polymers were deposited on a conductive ITO substrate. The

HOMO energy level and their work function were measured

by a KP Technology SKP5050/APS02 set-up, with silver as the

reference sample. Films were prepared as discussed in GIWAXS

section.

Cyclovoltammetry (CV) experiments were performed with a

Metrohm Autolab PGSTAT101 Electrochemical analyser and

spectra collected on NOVA software. The experiment was set

up using a Ag/Ag+ reference electrode and a Pt wire counter

electrode. The polymers were drop-casted on the glassy carbon

working electrode and measurements taken at a scan rate of

0.1 V s�1 with tetrabutylammonium hexafluorophosphate in

acetonitrile (0.1 M) as the supporting electrolyte.

4.3. DFT calculations

The results on monomers, dimers and trimers were obtained

with the NWChem code34 the hybrid B3LYP35,36 exchange–

correlation (xc) functional and the DZVP DFT Orbital basis.37

Structures were rendered with the software VESTA.38 The

results on the polymer periodic chains were obtained with

the DFT code VASP,39 the PBE xc-functional,40 projector aug-

mented waves,41 and an energy cut-off of 500 eV for the plane

wave orbital basis. The van der Waals interactions were

included with the so-called DFT-D3 method.42

4.4. OTFTs fabrication

Bottom-contact, top-gate field-effect transistors were fabricated

on glass substrates using TQ-T2, TQ-T3 and TQ-T4 polymers in

15 mg ml�1 solutions from tetralin. Glass substrates were

sonicated in a Decon 90 water solution, followed by sequential

sonication in acetone and isopropanol. 40 nm of Au were

thermally evaporated through shadow masks to pattern the

source and drain electrodes with channel lengths varying from

30–100 mm and width of 1000 mm. Au electrodes were treated

with UV-ozone for 30 min. Au was then immersed for 10 min in

5 mM pentafluorobenzenethiophenol (PFBT) in an isopropanol

solution before the active layer deposition for modification.

Prior the deposition, polymer solutions were heated at 60 1C for

1 hour. The active layer was spin coated at 2000 rpm for

30 seconds, followed by 100 1C annealing for 10 minutes.

80 mg ml�1 PMMA was dissolved in butyl acetate and deposited

by spin coating at 2000 rpm for 60 seconds to produce a 560 nm

thick dielectric layer, with Ci = 5 nF cm�2. The PMMA gate

dielectric was annealed at 80 1C for 30 minutes. Finally, 50 nm

of thermally evaporated Aluminium was deposited through a

shadow mask for the gate electrode. Device fabrication and

optoelectronic characterization were conducted in a nitrogen-

filled glovebox with a Keithley 4200 parameter analyser. The

same devices that were characterised as OTFTs were used as

OPTs. For the OPT characterisation we used a 1100 nm LED

from Thorlabs to illuminate the device. The light intensity of

the LED was calibrated by a Silicon diode S122C from Thorlabs.

To evaluate the temporal response of the OPTs to an external

light signal, OPTs were illuminated with a 1100 nm LED of
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8.18 � 10�2 W cm�2 with a 1 Hz squared-pulsed wave with

VG = �20 V and VD = �10 V. The noise spectral density was

extracted from the dark current density, as measured wit the

Keithley 4200 parameter analyser with VD = �10 V and different

VG, followed by a fast Fourier transform. All the formulas for

the characterization of OTFTs and OPTs were based on our

previous work.17

The external quantum efficiency (EQE) of the phototransis-

tor was estimated from:43

EQE ¼
Rhc

ql
100%:
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