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Doping is an essential process needed to define and optimize 
the performance of organic electronic and electrochemi-
cal devices. In particular, this is true when high or precise 

control over the electrical conductivity is required in devices based 
on intrinsic semiconducting conjugated organic materials1–5. Both 
p- and n-doping are widely used in various devices, such as in the 
charge injection/extraction layers of organic light emitting diodes 
(OLEDs), organic solar cells (OSCs) and organic field effect tran-
sistors, as well as in the active materials of thermoelectric genera-
tors and electrochemical transistors3–10. Typically, this is done by 
the addition of heterogeneous dopant molecules or polyelectro-
lytes that, once the electrical doping process is completed, not only 
become redundant but often negatively affect both the electrical  
and mechanical properties of the semiconductor through genera-
tion of non-conducting phases inside the doped bulk11,12, or reduc-
tion of the mobility due to Coulomb scattering13,14. While many 
polymer–dopant systems exist that are stable on mild thermal 
annealing, more rapid diffusion and sublimation occurs at higher 
temperatures15, which can ultimately lead to degradation of the elec-
trical properties16–20.

Intuitively, if one brings two different semiconducting poly-
mers in physical contact and if the electron affinity of one (accep-
tor, A) polymer matches the ionization energy of the other (donor, 
D) polymer at the interface21, electron transfer from D to A may 

occur spontaneously in the electronic ground state, without any 
external excitation or charge injection. By its nature, such a spon-
taneous process will create an equal number of mobile positive and 
negative charge carriers, and the process cannot be compared to 
conventional n- or p-doping where only one type of charge carrier 
can be mobile. The exclusion of immobile counter charges may be 
anticipated to solve issues related to stability, phase segregation and 
morphology perturbation, features that will negatively affect charge 
carrier mobility. In small-molecule D–A systems, this concept has 
been demonstrated in the form of charge transfer salts, resulting in 
conducting systems with metallic transport properties22. However, 
charge transfer salts either suffer from poor film forming capa-
bilities23,24, or they rely on the use of single crystals25,26, and have 
therefore limited practical applications. The use of all-polymer elec-
tron transfer heterojunctions could potentially solve these issues. 
However, while previously debated27, ground-state electron transfer 
(GSET) in all-polymer blends has not been realized.

Here, we report a systematic study of GSET in all-polymer  
D–A heterojunctions, providing an efficient approach for gener-
ating highly mobile charges in polymer semiconductors. We find  
that conducting interfaces with sheet resistances of around  
2 MΩ sq−1 are obtained when the high-electron-affinity acceptor 
(electron-transporting) polymer poly(benzimidazobenzophena
nthroline) (BBL) is combined with low-ionization-energy donor  
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(hole-transporting) polymers, namely bithiophene-thiophene 
(P(g42T-T)) or bithiophene-thienothiophene (P(g42T-TT)) copoly-
mers, carrying oligoethylene glycol side chains (Fig. 1a). Two par-
allel quasi-two-dimensional electron and hole distributions, each 
reaching a concentration of 1013 cm–2, are confined to nanometre-
thin layers and hence correspond to an electrical conductivity of 
about 2 (S cm–1). The remarkable vacuum level shift and spin signals 
observed in ultraviolet photoelectron spectroscopy (UPS) and elec-
tron paramagnetic resonance (EPR) measurements, respectively, 
are attributed to the formation of polarons induced by spontaneous 
electron transfer at the D–A heterointerfaces. Ultraviolet–visible 
(UV–vis) absorption spectra, combined with quantum-chemical 
calculations, further revealed that both negative and positive polar-
ons are present in the bilayer. It can be anticipated that our discov-
ery of all-polymer GSET will have a similar effect on the field of 
organic electronics as the discovery of all-polymer excited state 
charge transfer in the context of OLEDs and OSCs28,29.

The bilayer energetics were studied by UPS and low-energy 
inverse photoelectron spectroscopy (LEIPS)30,31. The resulting 
energy level diagrams are given in Fig. 1b. BBL films were prepared 
on a series of conducting substrates (Al, Au, ITO, PEDOT:PSS) span-
ning a range of work functions. The resulting BBL–substrate work 
function (4.50 ± 0.04 eV) and BBL ionization energy (6.33 ± 0.04 eV) 
were found to be substrate-independent (Supplementary Fig. 1). 
The substrate-independent work function suggests the existence 
of a free charge density in the as-prepared BBL films that is suf-
ficiently large to equilibrate the Fermi level (chemical potential) 
across the BBL–substrate interface. From the LEIPS measurements, 
the electron affinity of BBL was determined to be 4.15 ± 0.02 eV 
(Supplementary Fig. 2). Films of the two donors P(g42T-T) and 
P(g42T-TT), as well as of the corresponding polymers carrying alkyl 
side chains, namely poly(3-hexylthiophene) (P3HT) and poly[2,5-
bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT), 
were spin-cast on a series of high work function substrates to obtain 
their so-called pinning energies32–34. The latter can then be used to 
predict the energy level alignment, including the size and direction 
of the vacuum level shift, at weakly interacting organic semicon-
ductor interfaces35,36. A second series of films were then fabricated 
on identically prepared BBL/PEDOT:PSS/ITO substrates and the 
resulting change in work functions was measured using UPS for 
each donor polymer (Supplementary Fig. 3), thereby obtaining an 

estimate of the vacuum level shift (Fig. 1b). The obtained work 
functions and vacuum level shifts are in excellent agreement with 
estimates based on the measured donor polymer pinning ener-
gies. P3HT–BBL and PBTTT–BBL interfaces show almost identical  
vacuum level shifts (0.45 eV), indicating a similar amount of elec-
tron transfer from the two donors to BBL. For P(g42T-TT)–BBL and 
P(g42T-T)–BBL, the vacuum level shifts are larger than for P3HT–
BBL and PBTTT–BBL, with values of 0.50 and 0.55 eV, respectively. 
Hence, the UPS data show that GSET is stronger for P(g42T-T) fol-
lowed by P(g42T-TT), while P3HT and PBTTT yield the least GSET.

Bilayer films were prepared by spin coating the donor poly-
mers on top of BBL films from orthogonal solvents (see Methods 
for further details). This results in a two-dimensional interface 
between the donor and acceptor polymers (Supplementary Figs. 4 
and 5). Grazing-incidence wide-angle X-ray scattering shows that 
the bilayer diffraction pattern is predominantly a superposition 
of the donor and acceptor patterns (Supplementary Figs. 6 and 7). 
Figure 2a shows representative current–voltage (I–V) character-
istics of pristine BBL, P(g42T-T) and P(g42T-TT) films as well as 
P(g42T-T)–BBL and P(g42T-TT)–BBL bilayer films measured at 
room temperature in a two-terminal lateral device configuration 
(Fig. 2a, inset). We measured ten devices for each kind of pristine 
polymer and bilayer film, all exhibiting an excellent level of device-
to-device reproducibility. In all cases, the I–V curves show a lin-
ear response without any noticeable limitations from the electrical 
contacts. Moreover, the comparison of two- and four-terminal 
measurements, which show comparable resistivity values, indicates 
that the contact resistance can be neglected (Supplementary Fig. 8).  
The average sheet resistances are shown in Fig. 2b. The room-
temperature resistance measured on individual ∼20-nm-thin films 
of each polymer is typically larger than 100 GΩ sq−1. In contrast, 
when P(g42T-T) and P(g42T-TT) are spin coated on top of BBL 
to form bilayers, the resistance drops by more than five orders of 
magnitude as compared to the pristine films, now reaching a value 
of 2.3 ± 0.4 MΩ sq−1. Note that the latter value reflects the charge 
transport in a single quasi-two-dimensional interfacial layer, result-
ing in an electrical conductivity of about 2 S cm–1 as detailed next. 
This large drop in room-temperature resistance is indicative of a 
strongly enhanced conductivity due to interfacial GSET. The resis-
tance is found to be independent of the individual donor and accep-
tor polymer film thickness (Supplementary Fig. 9), suggesting that 
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Fig. 1 | Energetics of the all-polymer D–A heterojunctions. a, Chemical structures of P(g42T-T), P(g42T-TT), P3HT, PBTTT and BBL. b, Energy level diagrams 
of the all-polymer D–A heterojunctions as obtained by UPS and LEIPS (electron affinity in red and ionization energy in blue). The resulting down-shift  
(∆, in eV) of the vacuum level (VL) for P3HT–BBL, PBTTT–BBL, P(g42T-T)–BBL and P(g42T-TT)–BBL heterojunctions is reported in the diagram.
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GSET is limited to the first few molecular layers on either side of the 
interface (see Fig. 3)22. For comparison, we measured the changes 
in resistance when donor polymers with high ionization energy 
(P3HT and PBTTT) were spin coated on top of the BBL layer. The 
room-temperature resistance of the resulting bilayers varied by less 
than three orders of magnitude, reaching values in the range of  
300–3,000 MΩ sq−1 (Supplementary Fig. 10). To assess the effect of 
the dielectric environment on GSET, we used poly(3-carboxy-pen-
tyl-thiophene) (P3CPT), a conjugated polyelectrolyte having a simi-
lar dielectric constant (εe = 3.9 ± 0.1) to P(g42T-TT) (4.2 ± 0.1)37 and 
P(g42T-T) (4.4 ± 0.2) but higher ionization energy (4.84 ± 0.04 eV) 
(Supplementary Figs. 3 and 11). When P3CPT was spun on top of 
BBL, we observed no significant vacuum level shift as well as high 
resistance values (1.2 ± 0.7 GΩ sq−1) (Supplementary Fig. 12), as in 
the case of P3HT–BBL and PBTTT–BBL bilayers. In addition, pure 
tetraethylene glycol, drop-cast on top of BBL, also results in high 
resistance values (2.1 ± 0.2 GΩ sq−1, see Supplementary Fig. 12),  
indicating that a polar environment alone cannot explain the 
decrease in resistance. The temperature dependence of the resis-
tance for P(g42T-T)–BBL, P(g42T-TT)–BBL, P3HT–BBL and 
PBTTT–BBL bilayers is summarized in the Arrhenius plot of 
Fig. 2c. For a given voltage, the current in P(g42T-T)–BBL and 
P(g42T-TT)–BBL bilayers decreases as the temperature is lowered 
from 300 to 200 K. The linearity of the data for P(g42T-T)–BBL and 
P(g42T-TT)–BBL interfaces indicates that conduction at the D–A 
interface is thermally activated. Activation energies of 120 ± 15 and 
150 ± 13 meV are obtained for electron and hole transport along 
the P(g42T-T)–BBL and P(g42T-TT)–BBL interfaces, respectively, 
smaller than those extracted for P3HT–BBL (260 ± 17 meV) and 
PBTTT–BBL (235 ± 23 meV). This further supports an increase in 
the carrier density due to GSET when donor polymers with a low 
ionization energy are used38.

The Seebeck coefficients (S) of the polymer combinations also 
show a similar trend as the two-dimensional conduction and 
sheet resistance values (Fig. 2d). Because of the high resistivity of 

E
a  (m

eV
)

0

50

100

150

200

250

300

Bilayer

BBL

P(g42T-T)–BBL

P(g42T-TT)–BBL

P(g42T-T)

P(g42T-TT)

C
ur

re
nt

 (
A

)

10–15

10–12

10–9

10–6

10–3

Voltage (V)

–1.0 –0.5 0 0.5 1.0

Single-layer polymers

S
 (

µV
 K

–1
)

–1,200

–900

–600

–300

0

Single-layer polymers

R
es

is
ta

nc
e 

(Ω
 s

q–1
)

106

109

1012

1015

P(g42T-T)–BBL
P(g42T-TT)–BBL

P3HT–BBL
PBTTT–BBL

R
es

is
ta

nc
e 

(Ω
 s

q–1
)

106

107

108

109

1010

1011

1012

1,000/T (K–1)

3.0 3.5 4.0 4.5 5.0

Donor polymers
BBL (acceptor)

PBTTT–B
BL

P3H
T–B

BL

P(g 4
2T

-T
T)–

BBL

P(g 4
2T

-T
)–

BBL

PBTTT–B
BL

P3H
T–B

BL

P(g 4
2T

-T
T)–

BBL

P(g 4
2T

-T
)–

BBL

a c

b d

Fig. 2 | Electrical characterization of the all-polymer D–A heterojunctions. a, I–V curves of all-polymer-based devices. The inset shows the two-terminal 
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comparison with experiment, the charge density in c is calculated by 
assuming the total charge density sits in a single unit cell wide layer, see 
Supplementary Fig. 14. Parameters used are energetic disorder 60 meV, 
lattice constant 1.8 nm, attempt to hop frequency 3 × 1014 s–1, all typical for 
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the individual polymers, the thermovoltages of the pristine (non-
conducting) materials cannot be measured reliably, but their abso-
lute values are larger than 1,000 µV K−1. When P(g42T-T)–BBL and 
P(g42T-TT)–BBL bilayers are formed, their Seebeck coefficients drop 
to −300 ± 48 and −343 ± 67 µV K−1, respectively. These thermovolt-
age values are approximately half of those measured for P3HT–BBL 
(−625 ± 39 µV K−1) and PBTTT–BBL (−612 ± 84 µV K−1) bilayers, 
suggesting a higher charge density, which is consistent with the con-
ductivity measurements. The negative Seebeck coefficients of the 
bilayer films also suggests that the conductivity is dominated by the 
n-type BBL.

It is of particular interest to also determine to which extent the 
hole channel contributes to the conduction. The conductivity and 
Seebeck coefficient of BBL and P(g42T-T) change under oxygen 
exposure (Supplementary Fig. 13), an evolution that can consis-
tently be interpreted in terms of a two-layer system composed of 
two parallel channels for electron and hole transport, respectively. 
On exposure to oxygen, an exponential decrease in conductivity is 
observed. This decrease is entirely dominated by a reduction in con-
ductivity of the BBL phase (σBBL), such that the weight factor of the 
only linearly increasing SBBL will diminish. This shifts the balance 
towards the positive SP(g42T-T), the weight factor of which will prob-
ably increase. As this process continues, the total thermovoltage 
changes sign and the resulting conductivity starts to increase again 
when the p-doping of P(g42T-T) becomes large enough to compen-
sate for the conductivity loss in BBL (see Supplementary Fig. 13 for 
further discussion).

To gain further insight into the fraction of charges that con-
tribute to transport, we paired temperature-dependent resis-
tance measurements with kinetic Monte Carlo (kMC) modelling. 

kMC simulations are a powerful tool to obtain detailed insight 
into charge and energy transport in disordered media39–42.  
Figure 3 shows the result of such simulations tailored to the descrip-
tion of GSET in a bilayer geometry. In short, the model describes 
the stochastic motion of discrete electrons and holes on a simple 
cubic lattice using Miller–Abrahams hopping rates. The simula-
tion box includes the bilayer interface in the xy plane and is chosen  
sufficiently large to reach flat-band conditions at the boundaries  
at z = 0 and z = 36 nm. All Coulomb interactions between charge 
carriers are explicitly accounted for and updated after each  
hopping event. There are no traps or static charges, corresponding 
to for example dopant ions, in the simulations. For simplicity, equal 
disorder and hopping parameters are used for electrons and holes. 
The simulations indicate that the charges are confined to a narrow, 
essentially single unit cell wide bilayer with equal densities of elec-
trons and holes (see the concentration profiles in Supplementary 
Fig. 14). The latter is a direct consequence of charge conservation 
and the nature of the electron transfer process. Despite their rela-
tive simplicity, the simulations also quasi-quantitatively reproduce 
the experimentally observed trends in sheet resistance (Fig. 3a) 
and activation energy (Fig. 3b) as a function of the vacuum level 
shift. Specifically, a simulated activation energy of ∼100 meV 
(Supplementary Fig. 15) for vacuum level shifts around 0.5 eV agrees 
well with the values of 120 ± 15 meV measured for P(g42T-T)–BBL 
interfaces. Note also that for smaller shifts of the vacuum level 
(<0.4 eV), the activation energy exceeds 150 meV, which is in agree-
ment with the larger activation energies measured for P3HT–BBL 
and PBTTT–BBL systems. Likewise, the range of sheet resistances 
obtained in kMC simulations matches very well with the values in 
Fig. 2b, running from ∼4 MΩ sq−1 for the most conductive bilayer 
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Fig. 4 | GSET confirmed by EPR and UV–vis–NIR spectroscopies. a, Volume-normalized EPR signal of all-polymer films, where a 2-nm-thick interfacial 
layer is assumed in the bilayer films, that is, 1 nm on either side of the interface. b, Absorption spectra of BBL, P(g42T-T) and P(g42T-T)–BBL films.  
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(highest vacuum level shift), to ∼500 MΩ sq−1 for the least conduc-
tive bilayer.

EPR spectroscopy was performed to confirm the existence of 
polarons in the bilayer films and to determine their density. All 
samples were sealed in EPR tubes inside a nitrogen-filled glovebox 
to avoid oxygen exposure. The volume-normalized EPR data are 
reported in Fig. 4a. Separate single-layer polymers show weak EPR 
signals (Supplementary Fig. 16 and Supplementary Table 1), whereas 
a stronger EPR signal intensity is observed for the P(g42T-T)–BBL 
and P(g42T-TT)–BBL bilayers, consistent with the presence of 
GSET-induced polarons that have a density of 4–5 × 1019 cm–3 (con-
sidering a 2-nm-thin interfacial layer as inferred from kMC simula-
tions). This charge density corresponds well to the outcome of the 
kMC simulations reported above and with what is observed from 
impedance measurements (Supplementary Fig. 17), giving values 
of 7.5 × 1019 cm–3 for the P(g42T-T)–BBL sample. For comparison, 
P3HT–BBL bilayers only give a carrier density of 3.5 × 1018 cm–3, 
which is in line with the roughly exponential relationship between 
vacuum level shift and charge carrier density predicted by kMC.

The absorption spectra of BBL, P(g42T-T) and P(g42T-T)–BBL, 
measured in nitrogen atmosphere, are shown in Fig. 4b,c together 
with the computed (density functional theory, DFT, and time-
dependent DFT, TDDFT) vertical electronic transitions and spectra 
for the neutral and single charged states (polaron) of the corre-
sponding oligomers shown in Fig. 4d. P(g42T-TT) and P(g42T-TT)–
BBL absorption spectra are qualitatively similar to P(g42T-T) and 
P(g42T-T)–BBL, and for this reason are reported in Supplementary 
Fig. 18. The sum of the pristine BBL and P(g42T-T) absorptions 
matches the absorption of the bilayer film with respect to the π–π* 
transition regions of the individual polymers located around 600 nm 
(refs. 37,43). The optical absorption of polaronic species formed in 
the bilayer sample was obtained by subtracting the sum of the pris-
tine BBL and P(g42T-T) absorptions from the absorption of the 
P(g42T-T)–BBL bilayer and is given as the blue curve in Fig. 4c. The 
absorption of the polarons in the bilayer has two sub-bandgap peaks 
at 800 and 1,030 nm, respectively, with a minor absorption compo-
nent extending into the mid-infrared region, along with a bleaching 
of the ground-state absorption at shorter wavelengths. These two 

3.3 %

5 %
C

on
du

ct
iv

ity
 (

S
 c

m
–1

)

10–6

10–5

10–4

10–3

10–2

10–1

1

S
 (µV

 K
–1)

–400

–300

–200

–100

0

100

BBL (wt-%)

0 10 20 30 40 50 60 70 80 90 100

ITO–BBL:P(g42T-T)

ITOLu
m

in
an

ce
 (

cd
 m

–2
)

1

101

102

103

E
Q

E
 (%

)

0

0.3

0.6

0.9

1.2

1.5

Current density (A cm–2)

0 0.02 0.04 0.06

Ca/Al
Al
Au
PEDOT:PSS
Linear fit

Top electrode:

C
ur

re
nt

 (
A

)

10–7

10–6

10–5

10–4

10–3

10–2

Voltage (V)

–0.9 –0.6 –0.3 0 0.3 0.6 0.9

Au

BBL:P(g42T-T)
(1:1) blend

Top electrode

BBL:P(g42T-T) 1:1 blend
TDAE-doped BBL
F4TCNQ-doped P(g42T-T)

σ/
σ 0

10–8

10–6

10–4

10–2

1

Time (min)

0 200 400 600 800 1,000 1,200

ITO
ITO–BBL:P(g42T-T)

Bottom electrode:

C
ur

re
nt

 (
A

)

10–9

10–8

10–7

10–6

10–5

10–4

10–3

Voltage (V)

–5 –4 –3 –2 –1 0 1 2 3 4 5

Bottom electrode

H2Pc

Ca/Al

LED

Paper

BBL:P(g42T-T)
conductive wires

a b

dc

e f

Fig. 5 | Electrical characterization of BBL:P(g42T-T) blend films. a, Conductivity and Seebeck coefficient of BBL:P(g42T-T) blend films at different BBL 
content; error bars represent standard deviation. b, Normalized electrical conductivity of P(g42T-T):BBL (1:1) blend, TDAE-doped BBL and F4TCNQ-
doped P(g42T-T) films on continuous thermal annealing at 200 °C for 20 h inside a N2-filled glovebox. c, I–V characteristics of BBL:P(g42T-T) (1:1) BHJs 
sandwiched between Au and various metal electrodes with work functions ranging from 5.1 eV (PEDOT:PSS) to 2.8 eV (Ca/Al). d, I–V characteristics of  
a typical diode using ITO with and without BBL:P(g42T-T) (1:1) BHJs as the bottom electrode. e, Luminance and external quantum efficiency (EQE)  
as a function of current density for inverted OLEDs using ITO with and without BBL:P(g42T-T) (1:1) BHJs as the bottom electrode. f, Photograph of a  
folded paper circuit with BBL:P(g42T-T) BHJ conductive wires lighting up a LED. The paper circuit functions even after being aggressively crumpled.  
Scale bar, 8 mm.

Nature Materials | www.nature.com/naturematerials

http://www.nature.com/naturematerials


Articles Nature Materials

peaks originate from the negative (800 nm) and positive (1,030 nm) 
polarons (Supplementary Fig. 19). The energetics of the polarons 
are in agreement with the DFT/TDDFT computed spectra of elec-
tronically neutral and charged oligomer chains (Fig. 4d). For BBL, 
one intense transition is computed for the n-polaron species (nega-
tively charged state, q = −1, doublet) and appears at around 800 nm 
(Fig. 4d)44. For both P(g42T-T) and P(g42T-TT) (see Supplementary 
Fig. 19c for the latter), two main intense transitions are computed 
for the p-polaron species (positive charged state, q = 1, doublet), 
namely at about 1,000 nm and 1,600–1,700 nm. The n-polaron tran-
sition (800 nm) and the two p-polaron transitions (1,000 nm and 
1,600–1,700 nm) match well with the observed polaron absorption 
bands in the bilayer structure. Details concerning the nature of the 
electronic transitions and the polarons’ molecular structure are 
reported in the Supplementary Information.

Finally, we demonstrate GSET in D–A bulk heterojunctions 
(BHJs) by blending P(g42T-T) with BBL in a common solvent. 
The resulting all-polymer D–A BHJs have appreciable conductiv-
ity without the need of heterogeneous dopants. The conductivity 
of the BHJ layer at different polymer weight ratios is reported in  
Fig. 5a. A BBL:P(g42T-T) blend with 1:1 weight ratio shows the high-
est bulk conductivity of 0.23 ± 0.02 S cm–1, which is four to five orders 
of magnitude higher than that of the pure polymers. The Seebeck 
coefficient for these blends varies from −430 µV K−1 at 90 wt% BBL 
to 80 µV K–1 at 3.3 wt% BBL, indicating that P(g42T-T) starts to dom-
inate the conduction only at very low BBL concentrations (Fig. 5a). 
A plateau in the Seebeck coefficient value at around −260 μV K−1 is 
found for BBL:P(g42T-T) blend ratios ranging from 10 to 50 wt%, 
which is comparable to the thermovoltage of a bilayer made from 
the same material combination (Fig. 2d). A similar trend is observed 
for BBL:P(g42T-TT) (Supplementary Fig. 20). This suggests that the 
interfacial regions at these compositions of the BHJ behave simi-
larly to a bilayer, indicating that the balance of p- and n-transport 
of charge and energy is similar to the bilayer. Weakly diffracting 
domains with a typical phase-separation length scale of 40–60 nm 
are observed for 50–70 wt% BBL content (Supplementary Figs. 21 
and 22). In the BHJ case, the larger interfacial area per unit volume 
not only increases the bulk conductivity but also affects the Seebeck 
coefficient. A maximum power factor of 2.2 ± 0.2 μW m−1 K−2 was 
obtained for the BHJs with a BBL content of 70 wt% (Supplementary 
Fig. 23), which is among the highest power factors reported for 
solution processed films of n-type polymers45. Since the thermo-
power values in the electron- and hole-carrying phases counteract 
each other, the measured high thermopower is not a trivial result. It 
reflects that, at least for the present material combination, at equal 
electron and hole densities, the electron charge and energy transport 
dominate over the hole transport41. The all-polymer D–A BHJs show 
also superior thermal stability as compared to the equivalent single 
polymer films doped by molecular dopants (Fig. 5b). The electri-
cal conductivity of the BBL:P(g42T-T) (1:1) blend decreases by less 
than one order of magnitude on continuous thermal annealing at 
200 °C for 20 h, while for TDAE-doped BBL the conductivity drops 
by more than four orders of magnitude under the same stressing 
conditions. The conductivity of F4TCNQ-doped P(g42T-T) vanishes 
below detection limits after only 4 h of annealing at 200 °C, which we 
ascribe to sublimation of the dopant (Supplementary Fig. 24).

Last, we investigated the ability of all-polymer D–A BHJs to func-
tion as universal interface/transport layers. The BBL:P(g42T-T) (1:1) 
blend forms an ohmic contact to various metal electrodes with work 
functions ranging from 5.1 eV (PEDOT:PSS) to 2.8 eV (Ca/Al), as 
indicated by the linear I–V characteristics shown in Fig. 5c. When 
coated onto ITO substrates, BBL:P(g42T-T) BHJs can effectively 
inject electrons into a 100-nm-thick layer of phthalocyanine (H2Pc, 
electron affinity of 2.7 eV), yielding a ten-fold higher current level 
as compared to identical devices with bare ITO electrodes (Fig. 5d). 
We then tested these all-polymer D–A BHJs as injecting electrodes 

in proof-of-concept OLEDs. Inverted OLEDs with BBL:P(g42T-T)-
coated ITO electrodes (see Methods for detailed information) yield 
a higher luminance and external quantum efficiency as compared to 
identical devices without BBL:P(g42T-T) BHJs (Fig. 5e). Because of 
their appreciable conductivity and ability to make ohmic contacts, 
these all-polymer D–A BHJs can be printed on paper to form con-
ductive lines and used to light up an inorganic LED, even after being 
crumpled (Fig. 5f).

In summary, we report GSET in all-polymer D–A heterojunc-
tions. We find that placing low-ionization-energy conjugated poly-
mers into contact with a high-electron-affinity counterpart enables 
the formation of conducting interfaces with resistivity values that 
are five to six orders of magnitude lower than those of the separate 
single-layer polymers. The increased electrical conductivity origi-
nates from two parallel quasi-two-dimensional electron and hole 
sheet distributions reaching a charge concentration per unit area 
of ∼1013 cm–2. UPS, EPR and UV–vis–near infrared (–NIR) mea-
surements, combined with DFT calculations and kMC simulations, 
reveal the formation of p/n-polarons induced by a spontaneous 
electron transfer at the D–A heterointerfaces. We further trans-
ferred the concept of GSET to three-dimensional all-polymer BHJs, 
displaying superior thermal stability as compared to the equivalent 
single polymer films doped by molecular dopants. We anticipate 
that our discovery of all-polymer GSET will have a similar effect as 
the discovery of excited state charge transfer in the field of OLEDs 
and OSCs. As no mobile dopant molecules are used to dope the 
system, we envisage that our findings will inspire the development 
of next-generation biocompatible conductors for bioelectronics and 
wearable (e-textile/e-skin) devices.
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Methods
Materials. High-molecular-weight BBL (η = 11.6 dl g−1 in methanesulfonic acid 
(MSA) at 30 °C, Mw = 60.5 kDa), was synthesized following the procedure reported 
previously46. P(g42T-T) and P(g42T-TT) were synthesized following the procedure 
reported in refs. 19,37. RR-P3HT (Sigma-Aldrich), PBTTT-C14 (Merck Chemicals) 
and P3CPT (Sigma-Aldrich) were used as received.

Sample preparation. High-molecular-weight BBL was dissolved in MSA at room 
temperature at a concentration of 2 mg ml−1. BBL films were fabricated by spin 
coating on glass at 3,000 r.p.m. for 1 min, immediately followed by immersion 
into (1) isopropanol and (2) deionized water to remove any residual MSA from 
the film, as confirmed by Fourier transform-infrared (FTIR) (Supplementary 
Fig. 25). P(g42T-T) and P(g42T-TT) were dissolved in anhydrous chloroform at a 
concentration of 5 mg ml−1 inside an N2-filled glovebox, whereas P3HT and PBTTT 
were dissolved in anhydrous chlorobenzene at a concentration of 5 mg ml−1 inside 
the glovebox. Note that chloroform does not dissolve the underneath BBL layer 
(Supplementary Fig. 26). The PBTTT solution was heated on 150 °C hotplate before 
use to completely dissolve the polymer. The donor polymers were spin coated 
inside the glovebox at 1,000 r.p.m. for 1 min. The as-prepared films were thermally 
annealed on a hotplate at 120 °C for 0.5 h inside the glovebox. For preparation of 
the blend films, P(g42T-T) was dissolved in MSA at a concentration of 2 mg ml−1 
under an ambient environment, then blended with BBL solutions at different ratios, 
followed by stirring at ~200 r.p.m. (room temperature) for one night to allow proper 
mixing. The blend films were prepared by spin coating at 1,500–3,000 r.p.m. for 
1 min to get a final film thickness of around 20 nm. Finally, the blend films were 
transferred to the glovebox and annealed on a hotplate at 120 °C for 20 min to get 
rid of residual MSA and oxygen in the film. A clear conductivity increase could 
be observed after the annealing process. For the metal–insulator–metal diodes, 
30-nm-thick BBL:P(g42T-T) (1:1) films were spin coated on top of prepatterned 
gold electrodes (3 nm Cr as adhesion layer). Top metal electrodes were thermally 
evaporated through a shadow mask, yielding a device with an active area of 
0.25 mm2. The PEDOT:PSS (Clevios PH1000) top electrode was spin coated on 
top of the BHJ films. Electron-only diodes were fabricated by evaporating H2PC 
(100 nm) onto ITO and ITO coated with a 10-nm-thick BBL:P(g42T-T) (1:1) layer, 
followed by thermal evaporation of Ca (10 nm) and Al (100 nm) as the top electrode. 
The device area was 4 mm2. Inverted OLEDs were fabricated by thermal evaporation 
and had the following structure: ITO (or ITO–BBL:P(g42T-T) (1:1) (10 nm))/ 
4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (60 nm)/coumarin 545T 
doped in tris-(8-hydroxyquinoline)aluminium 3 wt% (20 nm)/N,N’-di(1-naphthyl)-
N,N’-diphenyl-(1,1′-biphenyl)-4,4′-diamine (70 nm)/MoO3 (5 nm)/Al. The device 
area was 8 mm2. The paper circuit was fabricated by drop casting BBL:P(g42T-T) 
(1:1) from MSA solution (8 mg ml−1) on tracing papers through a shadow mask.  
The MSA was washed with deionized water and dried before use.

Electrical characterization. Electrical conductivity and the Seebeck coefficients 
were measured inside the glovebox using a semiconductor characterization system 
(Keithley 4200-SCS). For the conductivity measurements, prepatterned substrates 
were prepared by thermally evaporating 3 nm of chromium and 20 nm of gold on 
clean glass substrates with a shadow mask. The substrates had a channel length of 
30 μm and a channel width of 1,000 μm was used. A pair of Peltier elements were 
used to provide a temperature difference for Seebeck coefficient measurements. For 
these measurements, a different shadow mask was used, with a channel length of 
0.5 mm and a channel width of 15 mm. The temperature difference was monitored 
using thermocouples. Electrical characterization of the metal–insulator–metal and 
electron-only diodes was performed with Keithley 4200-SCS inside a nitrogen-
filled glovebox. The OLED electrical characterization was carried out using a 
Keithley 2400 source meter, while spectra and brightness properties were measured 
with a HORIBA PR-650 SpectraScan, controlled by the Labview program.

UPS. UPS experiments were carried out using a Scienta ESCA 200 spectrometer 
in an ultrahigh vacuum (1 × 10–10 mbar) with a standard helium-discharge lamp 
with photon energy of 21.22 eV (He I). The total energy resolution of the UPS 
measurement was about 80 meV as estimated from the width of the Fermi level 
of clean gold foil. All spectra were collected at a photoelectron takeoff angle of 
0° (normal emission) at room temperature. The work function of the films was 
extracted from the determination of the high binding-energy cutoff of the UPS 
spectrum by applying a bias of −3 V to the sample.

LEIPS. For the LEIPS measurements, high-molecular-weight BBL was spin coated 
at rates of 3,000 and 4,000 r.p.m. from a 2 mg ml−1 solution. Since the obtained 
electron affinities are sensitive to the film thickness, we examined two different 
films to confirm the results. The specimen was introduced into the vacuum 
chamber evacuated to 3 × 10–7 Pa. The details of the LEIPS apparatus are described 
elsewhere47. An electron beam was introduced to the sample surface and the 
emitted photons were observed by a photon detector consisting of a bandpass filter 
and photomultiplier (Hamamatsu R585s). The electron energy was swept in the 
range of 0–5 eV. The overall resolution was between 0.3 and 0.4 eV. No discernible 
change due to sample damage was observed. The vacuum level was obtained from 
the inflection point of the sample current.

EPR. Quantitative EPR experiments were performed at the Swedish 
Interdisciplinary Magnetic Resonance Centre at Linköping University, using a 
Bruker Elexsys E500 spectrometer operating at about 9.8 GHz (X-band). EPR 
spectra were recorded in dark at room temperature. The films were prepared by 
spin coating on quartz glass as mentioned previously, followed by annealing on a 
hotplate at 150 °C for 20 min. All samples were encapsulated in an EPR tube with 
photoactive glues inside a glovebox to avoid oxygen exposure.

Thin-film morphology characterization. Atomic force microscopy (Digital 
Instruments) was performed in tapping mode using a silicon cantilever having 
a spring constant of 40 N m−1. Grazing-incidence wide-angle X-ray scattering 
measurements were performed at Beamline 8-ID-E48 at the Advanced Photon 
Source at the Argonne National Laboratory. Samples were irradiated with a 
10.9-keV X-ray beam at an incidence angle of 0.125–0.135° in a vacuum for 
two summed exposures of 2.5 s (totalling 5 s of exposure), and scattered X-rays 
were recorded by a Pilatus 1 M detector located 228.16 mm from the sample at 
two different heights. The collected images were then processed by using the 
GIXGUI49 software written for MATLAB and combined to eliminate gaps due to 
rows of inactive pixels, which also demonstrated that scattering was not changed 
by the X-ray exposure. All the films used for grazing-incidence wide-angle X-ray 
scattering characterization had the same thickness of roughly 25 nm. The data 
with incident angle 0.135° was judged to have the best signal and was selected for 
further analysis. Transmission electron microscope (TEM) lamellas were prepared 
using a combined focused ion beam—scanning electron microscope (Tescan 
GAIA3, FEI Versa). A representative area was selected and an initial protective 
layer of Pt was deposited on top of the region using electron beam-induced 
deposition with an electron beam of 3 kV. This was followed by ion beam-induced 
deposition to further increase the thickness of the Pt protection layer using a 30 kV 
Ga+ ion beam with a current of 153 pA. A lamella was subsequently milled out and 
lifted to a TEM half-grid50. TEM analysis was performed using a FEI Titan 80–300 
operated in scanning TEM mode at 300 kV and a JEOL NeoARM200F-Mono  
40–200 operated in scanning TEM mode at 60 and 200 kV acceleration voltages. 
Energy dispersive X-ray spectroscopy and electron energy-loss spectroscopy 
spectral images were acquired to study the spatial distribution oxygen and 
nitrogen. These signals carried information about the location of BBL and 
P(g42T-T). The signal was accumulated over multiple scan cycles to reduce damage 
to the sample.

UV–vis–NIR and FTIR absorption spectroscopy. Absorption spectra of the 
films were measured using a UV–vis–NIR spectrophotometer (PerkinElmer 
Lambda 900) inside an airtight sample holder. The films were prepared on calcium 
fluoride windows by spin coating following this procedure. The FTIR spectra were 
measured in transmission mode inside an airtight sample holder with a Bruker 
Equinox 55 spectrometer averaging 200 scans with a resolution of 4 cm–1 and a 
zero-filling factor of 2.

Thermogravimetric analysis. Thermal stability measurements were performed 
by TGA with a Mettler Toledo TGA/DSC 3+ under a 20 ml min–1 nitrogen flow. A 
drying step was performed at 50 °C for 10 min, after which the weight loss of each 
sample was recorded from 25 to 600 °C with a scan rate of 10 °C min–1.

First principles calculations. Oligomers of different lengths were considered. For 
the case of BBL, eight repeat units were considered. For the cases of P(g42T-T) and 
P(g42T-TT), three repeat units were computed. Each structure was optimized by 
using the hybrid range-separated-corrected DFT functional, namely ωB97X-D3, 
combined with double-zeta split valence polarized Pope’s basis set 6–31G*. 
Neutral and charged (positive q = + 1 and negative q = −1) electronic states were 
considered. Charged states (polarons) were initially described using the spin 
polarized unrestricted DFT (UDFT) approach. For each case, a wavefunction 
stability check was run using the broken-symmetry (BS)-UDFT scheme. If 
an instability in the wavefunction was found, both the electronic and nuclear 
structures were re-optimized following the BS-UDFT potential energy profile. For 
the case of BBL, an instability in the negatively charged state was found43,44, while 
for P(g42T-T) and P(g42T-TT) the unrestricted DFT wavefunction does not show 
any broken-symmetry behaviour. Vertical transition energies were computed for 
both neutral (TDDFT method) and charged (TDUDFT) states. For BBL, TD-BS-
UDFT method was applied. All calculations were performed with the program 
package Gaussian16 B.01 (ref. 51).

Data availability
The authors declare that the main data supporting the findings of this study are 
available within the paper and its Supplementary Information files. Source data for 
Figs. 2–5 are provided with the paper.
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