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Extended Data Fig. 4 | In-situ optical spectroscopy of ion gated IDT-BT. 
In-operando (a) UV-Vis-NIR and (b) FT-IR measurements of IDT-BT OECTs. UV-Vis-
NIR spectra show absolute absorbance, FT-IR spectra show absorbance change 
from the off state (VIG = 0 V). OD, optical density. In Regime I, the bleaching of 
the π − π* band at 2 eV due to removal of charge from the HOMO band reaches 
completion exactly at the conductivity peak, consistent with the removal of one 

electron per repeat unit. The IR absorption similarly is maximized at the end of 
Regime I. In Regimes II and III, an isosbestic point appears in the IR spectrum near 
0.3 eV, indicative of a one-to-one interconversion between polaronic species 
with fixed total concentration, that is the conversion of singly charged states into 
multiply charged states.
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Extended Data Fig. 5 | Electron spin resonance (ESR) spectroscopy of 
ion gated IDT-BT. (a-b) ESR measurements of an IDT-BT OECT at 290 K: (a) 
device transfer curve and (b) total magnetic susceptibility. The decrease in 
total susceptibility at VIG < −1.6 V is attributed to the onset of spin pairing; 
this reduction slows down beyond the valley in the conductivity, which 
could signal the onset of Regime III in some parts of the heterogeneous 
microstructure. (c-d) Paramagnetic susceptibility components extracted from 
temperature-dependent measurements: (c) Curie component of susceptibility 
and (d) Pauli component of susceptibility. Dashed lines are a guide for the eye 
showing the scaled total magnetic susceptibility trend. Gate voltages in (c,d) 
have been corrected for threshold voltage shifts during temperature sweeps; the 

corrected gate voltages are presented as the best fit values ± mean absolute error, 
where the best fit values are obtained by minimising their residuals. The Curie 
component dominates at low doping levels, whereas the Pauli component is 
dominant around the conductivity peak. The Curie component persists up to the 
most negative VIG, which indicates that complete spin-pairing of these Curie spins 
is hindered, perhaps by strong on-site Coulombic repulsions or heterogeneity 
in the microstructure. The Pauli component drops considerably towards the 
conductivity valley, consistent with the interpretation of the Pauli susceptibility 
being a measure of the DOS at the Fermi level experienced by the metallic 
spins. See Supplementary Note 3.8 for an extended discussion of the physical 
interpretation and the gate voltage correction routine.
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Extended Data Fig. 6 | Other polymer/ion combinations allowing access to 
Regime III. (a-c) OECT transfer curves of other polymers gated with TFSI: (a) 
indacenodithiophene-co-benzooxadiazole (IDT-BO), (b) indacenodithiophene-
co-benzoselenadiazole (IDT-BS), and (c) indacenodithieno[3,2-b]thiophene-
co-benzothiadiazole (IDTT-BT). (d-f) OECT transfer curves of IDT-BT gated with 
different ions: (d) hexafluorophosphate (PF6), (e) bis(fluorosulfonyl)imide (FSI), 

and (f) tris(pentafluoroethyl) trifluorophosphate (FAP). Insets are the molecular 
structures of the corresponding polymers or ions. All transfer curves were taken 
at room temperature with VD = −0.1 V. These results demonstrate that Regime III 
operation is not unique to IDT-BT gated with TFSI. The smallest of these anions, 
PF6, shows a decreased electrochemical stability, leading to a strong reduction in 
peak current on the reverse scan.
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Extended Data Fig. 7 | Band filling in PBTTT and DPP-BTz. (a) Molecular 
structures of PBTTT and DPP-BTz. (b) OECT transfer curves of typical PBTTT 
and DPP-BTz devices gated with BMP TFSI (room temperature, VD = −0.1 V). In 
PBTTT a monotonic increase of conductivity with increasingly negative gate 
voltages is seen, suggesting that the device remains in Regime I throughout. 
Conversely in DPP-BTz a decrease of conductivity at high gate voltages is 
seen, suggesting a crossover to Regime II. (c) Temperature dependence of the 
Seebeck coefficient of PBTTT and DPP-BTz. Data are presented as the mean 

Seebeck coefficients ± standard error of the mean, originating from fitting 
uncertainties of the on-chip thermometer calibration and the thermovoltage 
versus temperature difference plots. The absence of n-type transition in PBTTT 
confirms that PBTTT remains in Regime I even at the highest doping levels (n ≈ 1) 
attainable in the present study. In DPP-BTz, a transition to n-type transport is 
observed beyond the conductivity peak, confirming the accessibility of Regime 
II in DPP-BTz.
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Extended Data Fig. 8 | DFT DOS and band structure calculations. DFT band 
structure (left) and DOS (right) of (a) IDT-BT, (b) DPP-BTz, and (c) PBTTT along 
the polymer backbone direction Γ − X. Doping level n indicates the number 
of ions per repeat unit. In comparison to IDT-BT, DPP-BTz displays a relatively 
narrow HOMO (bandwidth = 0.55 eV), but a deeper HOMO-1 derived band 
edge which may contribute to the inaccessibility of Regime III. PBTTT shows a 
considerably broader HOMO (bandwidth = 1.22 eV) compared to DPP-BTz and 
IDT-BT, which likewise may contribute to the inaccessability of Regimes II and III 
(see further discussion in Supplementary Note 3). We stress that although the 

relative differences between the band structure and DOS derived from these 
calculations are instructive, they neglect important factors such as electron- 
ion interactions and microstructural disorder. Therefore, the DOS obtained  
here is not expected to be consistent to our experimental band filling data  
(Fig. 1 and Extended Data Fig. 7). GIWAXS data (Supplementary Note 4) suggest 
that structural changes upon doping, which are not captured in these DFT 
calculations, may be more relevant in explaining the inaccessability of Regime II 
in PBTTT.
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Extended Data Fig. 9 | Non-equilibrium transport signatures in double-
gated PBTTT and DPP-BTz measurements. Top panels show the electrical 
conductivities of (a) PBTTT and (b) DPP-BTz, at VFG = 0 V for different doping 
states at 160 K, with insets showing field-effect transfer curves for several 
representative doping states and the percentage of maximum modulation in ID. 
Bottom panels show the symmetric and anti-symmetric carrier mobilities, as 
defined in Supplementary Note 6.1. For DPP-BTz, the inset in the anti-symmetric 
mobility plot is a zoomed-in view for doping states 5, 6, and 7. In DPP-BTz we 

observe an ambipolar behaviour similar to IDT-BT. In PBTTT, the non-equilibrium 
transport manifests itself as a deviation from linearity in the field-effect transfer 
curves, which is evident in doping states 1 and 2 at 160 K, but becomes observable 
and more pronounced in all doping states at lower temperatures (Supplementary 
Note 6.4). These results demonstrate that our observation of non-equilibrium 
transport is general and extends to higher mobility polymers with room 
temperature conductivities of > 100 − 1, 000 S cm−1.
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Extended Data Fig. 10 | Field-effect mobilities extracted from the symmetric 
and anti-symmetric components of the field-effect transfer characteristics 
of IDT-BT. Measurements were performed at 160 K. The magnitude of the 
anti-symmetric field-effect mobilities are generally lower than the symmetric 

mobilities, for example 0.02 cm2 V−1 s−1 (anti-symmetric) vs. 0.04 cm2 V−1 s−1 
(symmetric) for doping state 3, indicative of enhanced charge transport in the 
field-effect induced non-equilibrium states. Mobilities are extracted from the 
complete dataset shown in Fig. 2(b) and Supplementary Fig. 26.
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