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Toc Blurb 
Organic semiconductors form clean interfaces with diverse materials, including metals, other 
organic semiconductors, electrolytes, dielectrics and biological organisms. In this Review, we 
discuss the properties of these interfaces and their central role in the function of organic 
electronic devices.  
  
Abstract  
Undoped conjugated organic molecules and polymers possess properties of semiconductors, 
including the electronic structure and charge transport, which can be readily tuned by chemical 
design. Moreover, organic semiconductors (OSs) can be n-doped or p-doped to become organic 
conductors (so called synthetic metals) and can exhibit mixed electronic and ionic conductivity. 
Compared with inorganic semiconductors and metals, organic (semi)conductors possess a 
unique feature: no insulating oxide forms on their surface when exposed to air. Thus, OSs form 
clean interfaces with many materials, including metals and other OSs. OS–metal and OS–OS 
interfaces have been intensely investigated over the past 30 years, from which a consistent 
theoretical description has emerged. Since the 2000s, increased attention has been paid to 
interfaces in organic electronics that involve dielectrics, electrolytes, ferroelectrics and even 
biological organisms. All these interfaces are central to the function of organic electronic 
devices, with the physico-chemical properties of the interfaces governing the interfacial 
transport of light, excitons, electrons and ions, as well as the transduction of electrons into the 
molecular language of cells. 
 
[H1] Introduction 
Organic semiconductors (OSs) can be used as the active material in diverse (opto)electronic 
devices and circuits. Compared with silicon-based electronics, organic electronics have many 
unique features, such as large optical absorption and emission, solution processability, 
mechanical flexibility and mixed ionic and electronic conduction. OSs comprise a broad family 
of semiconductors based on conjugated molecules or polymers (Fig. 1). The π electrons of OSs 
form the valence and conduction bands. Upon reduction or oxidation, the π system 
accommodates negative or positive charges, while counterions of opposite charge neutralize the 
overall material. Heavy doping leads to a dramatic change in the electronic structure, such that 
the bandgap vanishes and a Fermi level that lies between the occupied and unoccupied levels 
can be defined as in Fermi glasses1, metals2 or semimetals3. Undoped and doped OSs are 
therefore very different materials, but they share a unique feature: unlike inorganic 
semiconductors, no insulating oxide forms on their surface when exposed to air. Thus, OSs 



create clean interfaces with numerous materials, ranging from metals to biological organisms. 
The description of these interfaces is the focus of this Review.  

We begin by describing the geometric and electronic structure of OSs, before 
providing an overview of organic electronics and the varied interfaces within. The remainder 
of the Review is divided into five parts, each related to a specific interface. In the two first 
sections, we discuss OS–metal and OS–OS interfaces. Over the past 30 years, these interfaces 
have been investigated in depth with many experimental solid-state characterization tools and, 
increasingly, advanced computational methods, such that fundamental theories have emerged. 
However, the interfaces between OSs and dielectrics, electrolytes and biological organisms are 
far less understood owing to their complexity and the experimental difficulties in characterizing 
them. Hence, these latter sections are primarily discussed in terms of state-of-the-art examples. 
 
[H1] Structure of organic semiconductors  
OSs are π-conjugated organic molecules or polymers with alternating single and double bonds. 
The σ electrons form the (rather) planar skeleton, while the delocalized π electrons create a halo 
of electronic density above and below the molecular plane (Fig. 1a,b). The frontier molecular 
orbitals — that is, the lowest unoccupied molecular orbital (LUMO) and highest occupied 
molecular orbital (HOMO) — have π character (Fig. 1d). The π-electronic density of two 
adjacent molecules can interact weakly (Fig. 1e), and these π–π interactions greatly affect the 
optical properties (for example, the size of excitons and the optical gap) and transport properties 
(such as mobility and the transport gap) of OSs. In an OS crystal, the interactions between 
LUMOs (HOMOs) of adjacent molecules can lead to the formation of a narrow conduction 
(valence) band in which the electrons (holes) are transported. The width of the bands is directly 
coupled to the strength of the π–π interactions. These bands have a central role in determining 
the optical properties, oxidation and reduction potentials, chemical reactivity and electronic 
transport of OSs. In very narrow bands (<0.2 eV), charge transport occurs through temperature-
activated hopping of localized charge carriers (with mobilities of up to 0.01–0.1 cm2 V–1 s–1). 
For wider bands, the transport of charge carriers is delocalized over many molecules in the π–
π stacks and resembles that of disordered inorganic semiconductors (with mobilities of up to 
10–50 cm2 V–1 s–1). In some disordered semiconducting polymers, there is local order; a few 
molecules organize into a percolation path (Fig. 1f), which ensures a moderately high mobility 
(~1 cm2 V–1 s–1) within the solid.  
Compared with non-conjugated molecules, conjugated molecules are typically characterized by 
a low ionization potential (IP) and a high electron affinity (EA). The IP and EA (Fig. 1d) are 
often defined as IP = Evac – EHOMO and EA = Evac – ELUMO, respectively (where Evac is the 
vacuum level and EHOMO and ELUMO are the energies of the HOMO and LUMO, respectively). 
However, the oxidation and reduction energies of the solid phase of OSs are additionally 
modified by both intramolecular and intermolecular screening, which depend strongly on the 
(local) film order. Molecules with a low IP (high EA) are called electron donors (acceptors) and 
are easily oxidized (reduced) — that is, positively (negatively) doped — and thus form p-(n-
)type OSs. Typically, the excess doping charges carried on a conjugated molecule are localized 
to a specific region, which is characterized by a change in the bond length alternation compared 
with the neutral molecule. These charge defects are called (positive or negative) polarons (for 
a charge of ±1) or bipolarons (for a charge of ±2; Fig. 1c), and the associated electronic states 
are located in the bandgap of the material. As the electrical conductivity depends on the product 



of mobility and charge concentration, an OS that is heavily oxidized (with up to 30% of the 
monomers carrying a charge) can reach conductivities of up to several thousand S cm–1 (to date, 
heavily reduced OSs have reached conductivities of only a few S cm–1). Such OSs with high 
conductivities are referred to as organic conductors (or synthetic metals). To maintain 
electroneutrality, anions or cations are intercalated within the bulk of the p-doped and n-doped 
OSs, respectively. The intercalation of ions in OSs is favoured by the weak intermolecular 
interactions (van der Waals, electrostatics and π–π interactions). In a doped OS film swelled 
with solvent, both electronic and ionic charge carriers are mobile (Fig. 1g), which is crucial for 
many applications.  
 
[H1] Interfaces in organic electronics  

Organic light-emitting diodes (OLEDs) are the first products based on OSs to 
reach the market4. Within an OLED, electrons and holes are injected by metal (or metal oxide) 
electrodes, forming excitons (hole–electron pairs) in the undoped OS that recombine to emit 
light (Fig. 2a). There has been a substantial effort to understand the energetics of the interfaces 
between metals (or metal oxides) and OSs. To lower the operating voltage of OLEDs, hole-
transport layers with a low IP (or electron-transport layers with a high EA) made of either 
undoped5 or doped6 OSs are added between the emitting OS and the electrode contact (Fig. 2a). 
The energetics at the OS–OS interface between organic charge-transport layers and the organic 
emitting layer is central to achieve efficient exciton recombination. OLEDs have reached very 
high total external efficiencies (~20%) through the design of interfacial energetics and by 
finding strategies, such as phosphorescence7 and delayed fluorescence8, to create light from the 
normally non-radiative triplet excitons formed by 75% of the injected charge carriers. OLED 
devices are typically fabricated through vacuum deposition of conjugated molecules onto clean 
metal surfaces or vice versa. A possible alternative is to use printing technology to deposit thin 
films with soluble emitting polymers9. OLEDs have been explored for flexible10 and even 
stretchable11 colour displays and white-light sources12.  

 Organic photovoltaics (OPVs) are another class of devices based on OSs and are 
close to reaching the market13. The active layer is sandwiched between two electrodes and is 
composed of an interpenetrated network of two different OSs, one with electron-donor 
character (high IP) and the other with electron-acceptor character (low EA) (Fig. 2b). Photons 
that cross the transparent anode (for example, indium tin oxide) are absorbed by the active layer 
and produce excitons. Subsequent exciton dissociation produces an electron current that runs 
through the acceptor network to reach the cathode and a hole current that travels through the 
donor network to the anode. Like OLEDs, OPVs can be further optimized through the inclusion 
of charge-transporting layers to promote and filter charge collection at the two electrodes14. 
OPVs have motivated researchers to reconsider the role of the interface between two different 
OSs as efficient exciton separation occurs at the interface between nanodomains of electron-
donor and electron-acceptor molecules. The energetics of the OS–metal and OS–OS interfaces 
is crucial in achieving high efficiency, and the number of interfaces increases in state-of-the-art 
tandem solar cells that optimize the absorption of the solar spectrum. OPVs have reached power 
conversion efficiencies of up to 17.3% for solution-processed tandem solar cells15. A life-cycle 
cost analysis of OPVs indicates that this technology is economically viable and sustainable for 
achievable ratios between lifetime and power conversion efficiency16. Solution-processable 
OSs have a shorter energy payback time compared with silicon-based photovoltaics owing to 



their less energy-intensive manufacturing processes, mostly enabled by printed electronics and 
low-temperature chemical synthesis14. Advances in computational power have enabled an 
unprecedented level of description of the interfaces (OS–metal17 and OS–OS18) in OPVs, 
enabling interface modelling and engineering to progress from conceptual to quantitative.  

In addition to the fabrication of OPVs, printed electronics is emerging as a viable 
manufacturing method for diverse organic electronic devices. This manufacturing process is 
enabled by the solubility of OSs, which allows for the formulation of semiconducting inks for 
printing (opto)electronic devices on flexible substrates (such as paper, plastic and textiles)19. 
The printing machines generally operate in air, and thus the surface of any metal electrode is 
typically coated by either an oxide and/or a sub-monolayer of impurities that passivate the 
surface20. Hence, OSs interact weakly with such electrodes, typically through physisorption 
rather than chemisorption21. The technology rush on printed electronics, motivated by a huge 
emerging market for the internet of things, necessitates the rapid development of OS–electrode 
interfaces to increase device performance.  

One of the cornerstone components of organic electronics, printed22 or flexible, is 
the transistor. Organic field-effect transistors (OFETs) are needed to create logic circuits and 
also smart pixels in displays23. An OFET is a three-terminal device in which the current flowing 
between the source and drain through the OS channel is controlled by the electric potential drop 
through the dielectric layer that separates the channel and the gate contact (Fig. 2c). The nature 
of the interface between the dielectric and the OS has a key role in determining the mobility 
and electrical characteristics of the transistor24, 25. The interface between the source or drain and 
the OS layer governs the contact resistance and determines whether the current passing through 
the OFET is limited by charge injection or charge transport in the OS channel. It is imperative 
to design the materials and device architecture of an OFET to reach high field-effect mobility, 
because this is related to both the clock frequency of a circuit and to the amount of current that 
can be delivered to a pixel in a display. The interface between the OS and the dielectric is the 
most important region in an OFET. Indeed, the accumulation of charges in the channel is 
localized within approximately one monolayer of the OS thin film from the interface with the 
dielectric. This localization explains why a channel made of a single self-assembled monolayer 
(SAM) is sufficient to obtain transistor function26. Hence, the properties of the interface 
(morphology, traps and dielectric permittivity (k)) can strongly affect the charge-carrier 
mobility27. Owing to the removal of traps at the OS–dielectric interface by chemical design, 
electron and hole mobilities of the same order of magnitude are now achievable in OSs28. 
Today, high electron and hole mobilities have been obtained in both organic single crystals29 
(10–50 cm2 V–1 s–1) and solution-processed semiconducting polymers30 (up to 3 cm2 V–1 s–1). 
The small difference in charge-carrier mobility between single crystals of small organic 
molecules and semicrystalline polymers is explained by the dominant role of short-range order 
for the transport of charges31. The choice of the dielectric is not only based on the charge-carrier 
mobility in the OS, but also on the energy consumption of the device. In terms of energy 
consumption, several strategies have been proposed to reduce the operating voltage of OFETs, 
including the formation of a monolayer-thick dielectric32, the use of a high-k dielectric33 or even 
the formation of an electric double layer (EDL) upon polarization of an electrolyte34. Today, 
owing to optimization of the OS and the OS–dielectric interface, OFETs are competitive with 
amorphous silicon thin-film transistors. Functionalization of the dielectric can lead to other 



interesting features of an OFET, such as memory function originating from the bistability of 
the polarization in ferroelectric polymer dielectrics35.  

The mixed conduction of electronic and ionic charge carriers leads to a peculiar 
interface when an OS is in contact with an electrolyte. An electrolyte is a highly polarizable 
medium that can result in the formation of an EDL in the vicinity of the OS (Fig. 2c). This EDL 
creates a large local electric field that can be used for charge storage36, 37, charge transport34, 38 
or light emission39, 40. The degree of interpenetration of the OS–electrolyte interface can vary 
between two extremes. At one extreme, a well-defined interface between the two layers at the 
monolayer level can be achieved with an undoped hydrophobic OS coated by a polyanionic 
electrolyte. In this case, no anions penetrate into the positively biased OS and a well-defined 
EDL is created only at the interface41. This OS–electrolyte interface quickly charges (~10–
100 µs) an EDL, reaching ~10 µF cm–2, which is advantageous for creating low-voltage (<1 V) 
electrolyte-gated transistors42 (Fig. 2c). However, an interface between a hydrophilic electrolyte 
and an undoped hydrophobic semiconductor is challenging to fabricate because dewetting 
occurs. Other material combinations have been found to stabilize the interface, such as a 
hydrophobic ionic gel43, although ions from the gel can penetrate into the OS layer and slow 
the transistor34. At the other extreme, a diffuse interface forms between a blend of a positively 
charged conducting polymer balanced with a polyanion and a polyanionic electrolyte layer. In 
this case, anions from the electrolyte penetrate the OS, and thus the OS–electrolyte interface is 
an interpenetration of phases; this 3D bulk interface enables a large specific capacitance, which 
is advantageous for supercapacitors36. In a typical conducting-polymer supercapacitor (Fig. 2d), 
two metallic collectors inject electronic charges into the doped OS layers, while the electrolyte 
provides the ionic charges that penetrate into the OS layers to balance the electronic charge. 
Between these two extreme cases are blends of an undoped OS with an electrolyte that contains 
both mobile cations and anions. When such an ionic–electronic conductor is sandwiched 
between two electrodes, the electric polarization leads to the progressive formation of a 
negatively doped region in the material at the cathode and a positively doped region at the 
anode. The two doped regions grow and meet to form a neutral ‘insulating’ region, that is, a 
self-formed p–i–n device40. Electrons and holes are injected and light emission takes place from 
this neutral region. This phenomenon is exploited in organic electrochemical emitting cells39, 

40. An additional feature of organic mixed ionic–electronic conductors is that they can transduce 
an electrical signal into an ionic signal. Signal transduction is the key principle when interfacing 
electronics with living organisms that have organic ion pumps, as their languages are different: 
electrons on the one hand and ions44 or ionic molecules, such as neurotransmitters45, on the 
other hand. Hence, the interface between an OS and a biological organism appears to be a new 
interface with many possibilities for organic electronics.  

Finally, the development of organic electronics is moving in new directions, such 
as organic thermoelectrics46, 47, bioelectronics48, 49, electrocatalysis50, 51 and cellulose-based 
electronics52, 53. As OSs have a small CO2 footprint, largely due to their low-temperature 
processability, there is an emerging push towards ‘green electronics,’ which considers, for 
example, eco-toxicology, biocompatibility and biodegradability. The properties of organic 
interfaces will thus be of great (and likely increasing) interest in the foreseeable future. 
[H1] Semiconductor–metal interfaces 



OS–metal interfaces are ubiquitous in organic electronics, typically serving either to inject or 
extract charges from an OS film. The alignment of the charge-transporting states in the OS with 
the Fermi level of the metal is thus of key importance to device functionality. However, the 
charge-injection and charge-extraction barriers cannot typically be estimated by comparing the 
work function of the clean metal surface with the bulk EA and IP values of the OS21, 54 owing 
to several effects that arise when an OS is deposited onto a metal surface. Each of these effects 
produces an interface dipole potential step, Δint, that shifts the vacuum level at the metal contact 
(Fig. 3a). We start by using the example of an atomically clean metal surface to discuss each of 
these effects in turn. 
 
[H2] Interface dipole potential steps.  
The work functions of metals are readily available in the literature, although these are typically 
for atomically clean surfaces of a particular crystal orientation. This is important to note as the 
metal work function is derived from the bulk chemical potential and the electrostatic potential 
across the metal surface, the latter resulting from an excess of electron density outside the metal 
surface (known as dangling bonds), which is compensated by an electron density deficiency 
inside the metal surface to achieve charge neutrality55. This electrostatic potential energy step 
can be >1 eV and depends on the surface crystal orientation. The electrostatic potential energy 
(and hence the work function) is also affected by the adsorption of heteroatoms and molecules 
on the metal surface even in absence of chemisorption, as has been demonstrated using noble 
gas atoms56. Surface adsorption compresses the electron density tail that extends out of the 
metal surface and decreases the surface electrostatic potential step. This decrease in the metal 
work function upon formation of an OS film or absorption of, for example, oxygen or 
hydrocarbons, is often referred to as the push-back effect and is always present at OS–metal 
interfaces57. The push-back dipole step, Δpb, always decreases the work function and is often 
significant. For gold, a Δpb of ~0.7 eV was obtained regardless of the deposition order (that is, 
organic-on-gold or gold-on-organic), yielding an effective work function for gold of ~4.5 eV, 
which is generally unsuitable for both electron and hole injection58.  
 
The adsorption of OSs onto a clean metal surface leads to hybridization of the frontier molecular 
orbitals and partial charge transfer between those orbitals and the metal density of states 
(DOS)57, 59. This chemisorption-induced through-bond charge transfer creates an interfacial 
dipole layer and induces an additional shift of the vacuum level, Δchem, at the OS–metal 
interface. Electron transfer from the metal to the OS upshifts the vacuum level (increasing the 
effective work function), whereas electron transfer from the OS to the metal downshifts the 
vacuum level (decreasing the effective work function). The degree of orbital hybridization is 
dependent on the strength of chemisorption: for strong chemisorption, hybridization gives rise 
to completely new mixed metal–organic orbitals whereas for weak chemisorption, 
hybridization merely broadens and shifts the original molecular orbitals21, 59. OSs typically 
adsorb weakly on clean coinage metal surfaces but adsorb strongly on clean transition metal 
surfaces. 

Adsorbed molecules or polymers with intrinsic dipole moments can produce a dipole 
potential step, Δintdp, if the adsorbed layer has a preferential order, which is the case for SAMs, 
for example. If the intrinsic molecular dipole moments are oriented towards the metal surface, 



the vacuum level is upshifted, whereas a downshift results from the opposite orientation of the 
molecular dipole moments21, 57. However, owing to depolarization effects between the 
individual dipole moments in the surface layer, the effective dipole moment that each molecule 
contributes to the overall dipole potential step is reduced60. Under certain conditions, dipole 
moments can be induced in both the organic overlayer and the metal, together yielding a so-
called double-dipole potential step, Δddp (refs61, 62). If the organic layer contains charged species 
(for example, anions and cations), the metal surface is polarized by these charged species, 
forming image charges. The charged species in the organic layer are attracted to their respective 
image charges and move towards the metal surface. If one of the charged species is more 
restricted than the other in its ability to approach the metal surface, there will be a notable 
difference in the final equilibrium positions at the substrate surface. A difference in the 
equilibrium positions induces a dipole moment between the charged species in the adsorbed 
organic layer, which in turn induces a dipole moment in the metal substrate and creates a Δddp 
in the vacuum level at the OS–metal interface (Fig. 3b). If the anions are the more mobile of 
the two charged species, they will (on average) come closer to the metal surface than the cations, 
downshifting the vacuum level (Fig. 3b, right). Correspondingly, if the cations are more mobile 
than the anions, the cations form the more intimate contacts to the metal surface and the vacuum 
level is upshifted (Fig. 3b, left). As well as ions, a Δddp can also be induced by an organic layer 
containing tertiary aliphatic amines, which have a notable dipole moment owing to the lone pair 
of electrons on the nitrogen atom, and positive and negative polarons in a molecularly doped 
OS film61,62. Nevertheless, for all cases, the range of the attractive Coulomb force from the 
image charges is limited, and thus the double-dipole-step effect is significant only for the layer 
directly adsorbed on the metal surface61, 62. The induced Δddp can be quite large; for example, 
poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-fluorene)] 
(PFN) typically yields a downshift of 0.3–0.8 eV for metal contacts61, making PFN an efficient 
interlayer material for producing low-work-function electrodes in, for example, organic solar 
cells.  

So far, we have described the vacuum level shifts that can be introduced when a clean 
metal surface is covered by an OS monolayer; however, these shifts can also be induced by a 
native oxide or hydrocarbon layer. Indeed, as organic electronic devices are typically 
manufactured under ambient conditions, in a glovebox or under high vacuum (>10–7 mbar), the 
metal surfaces will generally be covered by a native oxide or hydrocarbon layer prior to the 
deposition of the OS, rendering the metal surfaces chemically inert. Hence, OS films fabricated 
under these conditions, physisorb onto a passivated metal surface that has an effective work 
function determined by the vacuum level shifts21 discussed above. For OS films fabricated 
under ultrahigh vacuum conditions (~10–9 mbar), the first layer chemisorbs, but the subsequent 
layers physisorb on the monolayer-passivated metal surface. OS–metal interfaces formed by 
physisorption can still feature large vacuum level shifts, as discussed below.  

Following deposition of an OS film on a metal surface, the chemical potential equilibrates 
throughout the multilayer structure. The equilibration results from a flow of charge across the 
OS–metal interface, leading to a potential energy gradient that shifts the vacuum level. This 
equilibration also occurs for physisorbed OS films provided that the passivating layer on the 
metal surface is not completely insulating or too thick, thus preventing tunnelling. The charge 
that equilibrates the chemical potential can come from doping or defect-induced DOSs that 



exist in the organic layer prior to contacting the metal and determine the chemical potential in 
the OS film. Alternatively, the charges can be generated upon metal contacting through 
spontaneous oxidation or reduction of the molecules or polymers in the OS. In the former case, 
the potential energy gradient follows the depletion-region model from classical semiconductor 
physics (with occasional exceptions at low doping levels). Thus, there is an extended region (a 
depletion region) in the organic film away from the interface in which the vacuum level (and 
hence also the conduction and valence bands) bends either upwards (for hole transfer to the 
metal) or downwards (for electron transfer to the metal). This bending occurs for all interfaces 
except when the initial chemical potentials of the (modified) metal and OS are equal. However, 
the DOS induced by doping an OS film does not directly correspond to a free charge density 
that can be used to equilibrate the chemical potential. The electrostatic interaction between the 
dopant charge and the corresponding charge on the organic molecule or polymer is sufficiently 
strong to ensure that a considerable portion of the doped charge density is bound and localized 
in the vicinity of the dopant molecule or ion (particularly for low doping levels)63. The depletion 
region in doped OS films thus typically extends further than would otherwise be assumed for a 
given doping concentration, permittivity and initial chemical potential difference.  

For the high-quality purified OS materials used in organic electronic devices, however, 
the more relevant scenario is the absence of notable doping or defect-induced free charge DOS. 
In this case, the chemical potential is equilibrated by spontaneous oxidation or reduction of 
molecules to form polaronic states at the interface and subsequent integer charge transfer (ICT) 
across the interface via tunnelling; thus, pre-existing free charges do not have a major role21, 64-

67. As oxidation and reduction energies (that is, the formation energies of positive and negative 
polarons, respectively) are highly dependent on local intermolecular and intramolecular order68, 

69, the occupied and unoccupied DOS at the interface will typically differ from that of the bulk, 
as interface formation often affects film order. Furthermore, owing to the generally low relative 
permittivity of OS films, there is a strong electrostatic interaction between the interfacial 
polarons created upon equilibration of the chemical potential and the image charges in the metal 
substrate, and thus there is a significant Coulombic contribution to the energies of the ICT states 
(that is, interfacial polarons electrostatically coupled to the substrate image charges). Hence, 
the distributions of oxidation and reduction energies are shifted into the energy gap in the OS 
layers near the metal interface (Fig. 3a). As a consequence, the Fermi level becomes pinned 
above (below) the bulk IP (EA), which often limits the depletion region to 1–2 layers70. The 
resulting energy level alignment for this type of interface can be divided into three general 
cases: a downshift, ΔICT, of the vacuum level as the chemical potential in the OS film becomes 
pinned to a value, EICT+, located at the edge of the ICT+ DOS and hence above the bulk valence-
band edge when the passivated metal work function Φmet > EICT+; vacuum level alignment 
(ΔICT = 0) for EICT– < Φmet < EICT+; and an upshift, ΔICT, of the vacuum level as the chemical 
potential in the OS film becomes pinned to a value, EICT–, located at the edge of the ICT– DOS 
and hence below the bulk conduction-band edge when EICT– < Φmet (ref.21). As the pinning 
energies, EICT+ and EICT–, and the ICT DOS that they are derived from are highly dependent on 
the Coulomb energy contribution, they can be tuned by manipulating the electrostatic 
interaction between the induced charges in the organic interface layer and the image charges on 
the metal surface (Fig. 3c). By inserting SAMs with thicknesses of up to 3 nm, the EICT– of an 
OS, and hence the electron-injection barrier, can be decreased by 0.3 eV compared with the 



corresponding intimate OS–metal contact71. Polyelectrolyte cathode interlayers also decrease 
EICT– in addition to inducing a Δddp of the cathode work function. This electrostatic decoupling 
has more recently been demonstrated in devices in which wide bandgap and high IP anode 
interlayers, tris(4-carbazoyl-9-ylphenyl)amine and (4,4′-bis(N-carbazolyl)-1,1′-biphenyl), with 
thicknesses of ~3–5 nm were used to increase EICT+ for a series of OSs, bringing EICT+ closer 
to the bulk IP values and thereby improving the hole-injection efficiency by more than an order 
of magnitude72.  

 
[H2] Computational modelling.  
Computational methods are increasingly used to calculate and model the properties of 

OS–metal interfaces and are highly useful for the design of OSs and devices. Density functional 
theory (DFT) is the main approach for determining the ground-state electronic structure of OS 
molecules as well as the hybridized states and partial charge transfer resulting from metal–OS 
chemisorption. The hybridized states created by chemisorption depend on the bonding site(s) 
of the metal surface and the orientation of the molecules. These parameters can be obtained 
from experiment or through modelling, although the latter can be demanding in terms of 
computational effort. For weak chemisorption, the DFT-calculated DOS is typically broadened 
with a Lorentzian function to simulate the hybridization of the frontier orbitals rather than 
performing a complete calculation of the metal–organic interaction for all molecules in the film. 
This broadened DOS together with the metal work function is then used to determine the degree 
of charge transfer and the resulting vacuum-level shift at the interface59, 67.  

The energy level alignment of films at physisorbed OS–metal interfaces are controlled 
by their ionized (or excited) states, which are in turn dependent on the intermolecular and 
intramolecular order that typically varies both laterally and vertically in an OS film. Multiscale 
modelling approaches can be used to obtain the film morphology and the corresponding DOS 
starting from calculated properties (such as molecular geometries and partial charges) of the 
individual molecules73 but are computationally very demanding. Thus, film disorder and related 
effects are often modelled using a Gaussian broadening of the DOS. Moreover, many 
computational approaches make use of the fact that the strong electrostatic interaction between 
the charged molecules and metal image charges typically confines the charge transfer to the 
first OS layer so that an EDL is formed. Hence, the interface can be approximated as a plane 
capacitor from which the interface potential step is readily calculated64-66. Potential gradients 
that extend several layers into the organic film can be treated using a similar approach, in which 
the layer thickness and DOS are introduced individually for each layer. Using this approach, it 
is possible to vary both the position and width of the DOS depending on the distance between 
the organic layer and the substrate, enabling effects such as image–charge interaction and 
intralayer order variations to be simulated67. The occupied (unoccupied) DOS is obtained from 
calculated IP (EA) energies that are broadened using a Gaussian function of a chosen width for 
physisorbed interfaces or a Lorentizan function when simulating weakly chemisorbed layers. 
The layer-by-layer potential gradient in the OS film is then obtained using Poisson’s equation67.  

The recent advances in computational methods now enable accurate calculations of 
the energy level alignment for OS–metal systems in which the intermolecular order is well 
defined and known, owing to the interdependence between intermolecular (and intramolecular) 
order and the oxidation and reduction energies. For true predictive power and the in silico 



design of OS films and OS–metal interfaces, a key remaining challenge is the continued 
development of cost-effective multiscale modelling methods for the determination of the 
properties of film formation and the resulting interfacial and bulk DOS for a given OS and metal 
surface, as well as for large (polymeric) materials. 
 
[H1] Semiconductor–semiconductor interfaces 

As the surfaces of OS films are largely non-reactive, chemisorption with bond 
formation and partial charge transfer is usually absent from OS–OS interfaces (with some 
exceptions, discussed below). Weak (van der Waals) interactions typically dominate at OS 
heterojunctions, and the chemical potential is thus equilibrated by the ∆ICT induced by the 
oxidation of molecules on one side of the interface and the reduction of molecules on the other. 
Just as for the OS–metal interfaces, the strong electrostatic interactions between the, here, 
oppositely charged molecules across the heterojunction limits the ∆ICT potential energy gradient 
to 1–2 layers on either side of the interface but can extend further owing to, for example, depth-
dependent variations in intermolecular order and a high concentration of (defect or doping-
induced) free charges in the layer(s). Intermolecular order is of particular importance for OS–
OS heterojunctions featuring small molecules, as these can form highly ordered films. For 
example, a layer (or part of a layer) in which the molecules lie flat with respect to the substrate 
can have very different oxidation and reduction energies compared with a layer in which the 
same molecules are oriented perpendicular to the substrate69, 74, considerably affecting the 
values of EICT+ and EICT– and hence the energy level alignment74. For the same reasons, local 
defects in the order of a crystalline film can also influence the energy level alignment75.  
ICT is the main, but not the only, factor that determines the energy level alignment at OS–OS 
heterojunctions. Highly ordered (crystalline) layers of OSs with molecular quadrupole moments 
will not only have different oxidation and reduction energies (and hence different EICT+ and 
EICT–) depending on the crystal orientation, but if interfaced with a layer of an OS that lacks 
molecular quadrupole moments (for example, a pentacene–C60 interface), the resulting 
discontinuity of the quadrupole field at the heterojunction can produce an additional interface 
dipole step (Δintdp) that shifts the vacuum level76. Moreover, for small-molecule OS–OS 
heterojunctions, orbital hybridization can have a notable role in determining the energy level 
alignment. For example, a molecular dipole moment is created by the partial charge transfer 
between the donor and acceptor, introducing an interface dipole potential step (∆chem). Weak 
hybridization is typically modelled computationally using a Lorentzian broadening of the 
frontier density of states, similar to the modelling of weak hybridization at OS–metal 
interfaces59, 67. Additionally, donor (such as quaterthiophene) and acceptor (such as 
tetracyanoquinodimethane) molecules can form charge-transfer complexes in which strong 
electronic coupling leads to orbital hybridization and partial (rather than integer) charge 
transfer77, 78. For strong hybridization, a ground-state charge-transfer complex is formed, 
resulting in a supramolecule with a new set of frontier orbitals77-79. Hybridization requires 
specific spatial overlap between the orbitals of the participating molecules and is thus typically 
restricted to well-ordered small-molecule films and heterojunctions. Other forms of strongly 
interacting OS–OS interfaces also exist. For example, hydrogen bonding between molecules at 
an interface can affect the energy level alignment both directly through modification of the 
DOS and indirectly by modifying the intermolecular order. For the particular case of interfaces 
between fullerenes and acenes, bond-forming chemisorption can occur (through Diels–Alder 
cycloaddition reactions), as recently demonstrated for pentacene–C60 (ref.80).  

Organic electronic devices often contain several thin-film layers to provide 
various functionalities, and the chemical potential must then be equilibrated across the whole 
multilayer stack, including each interface. We illustrate this using trilayer structures (metal–



OS–OS) and assume physisorbed interfaces81-83. First, we consider a metal–donor–acceptor 
trilayer, in which the metal–donor interface is in vacuum level alignment (Fig. 4a). To 
equilibrate the chemical potential, charge is transferred across the donor–acceptor interface, 
building up an interface potential step. The maximum potential step at this interface (given by 
the energy difference between EICT– of the acceptor and EICT+ of the donor, EICT–,A – EICT+,D) is 
not sufficiently large to cause equilibration, so additional charge is transferred from the metal 
to the acceptor layer, contributing to a linear potential gradient over the donor layer; this has 
been experimentally demonstrated for aluminium–tetrathiafulvane–tetracyanoquinodimethane 
multilayer stacks81. By contrast, for a metal–donor interface that is pinned to EICT+,D, the 
equilibration of the chemical potential is facilitated by charge transfer at the donor–acceptor 
interface, and hence there is not a significant potential gradient over the donor layer (Fig. 4b). 
We now reverse the situation and consider metal–acceptor–donor trilayers and again assume 
physisorbed interfaces. When the metal–acceptor interface is vacuum level aligned, the addition 
of the donor layer induces charge transfer across the acceptor–donor interface, downshifting 
the vacuum level (Fig. 4c). Again, the maximum potential step at this interface (EICT–,A –
 EICT+,D) is not sufficiently large to cause equilibration, so additional charge is transferred from 
the donor layer to the metal, contributing to a linear potential gradient over the acceptor layer. 
Finally, for a metal–acceptor layer for which the Fermi level is pinned to EICT–,A, the 
introduction of the donor layer equilibrates the chemical potential across the stack by charge 
transfer across the acceptor–donor interface (Fig. 4d). These cases illustrate that the energy 
level alignment at OS–OS (and OS–metal) interfaces depend on the position of the chemical 
potential and thus is not solely determined by the relationship between the donor IP and 
acceptor EA at the OS–OS heterojunction.  

The nature of the interface and energy level alignment at OS–OS heterojunctions 
have notable effects on the performance of organic electronic devices. For light-emitting 
devices, organic heterojunctions can be used to create exciplexes with tuned effective bandgaps 
and minimized singlet–triplet energy splitting (realized through the physical separation of donor 
and acceptor molecules across the interface), suitable for either direct thermally activated 
delayed fluorescence or as triplet-harvesters for embedded fluorescent emitters84. For OPV 
devices, the OS–OS heterojunction is of great importance, as the open circuit voltage, Voc, 
correlates with the effective energy gap of the donor–acceptor interface85-87. Thus, the absence 
or presence of an interface dipole potential step and the mechanisms through which the dipole 
step was created have key roles in determining device performance.  

A monolayer of molecules with intrinsic dipole moments can be inserted between 
donor and acceptor layers that would otherwise have vacuum level alignment. When the 
orientation of the molecules in the dipole layer is such that the collective dipole field upshifts 
the vacuum level88 (Fig. 5a),  the LUMO of the acceptor is shifted upwards relative to the donor 
HOMO, increasing the effective donor–acceptor bandgap and by extension the Voc. 
Furthermore, it has been shown theoretically and experimentally that a dipole layer at a donor–
acceptor interface with the negative charge facing the acceptor and positive charge facing the 
donor increases the dissociation of photogenerated charge-transfer excitons89, 90, which is of 
benefit to photovoltaic devices. By contrast, for a donor–acceptor interface for which chemical 
equilibration and upshift of the vacuum level occurs by an ∆ICT that arises from oxidation of 
donor molecules and the corresponding reduction of acceptor molecules, there is a density of 
interfacial ICT states (these are acceptor negative (n) polarons electrostatically bound to donor 
positive (p) polarons) even under dark conditions91 (Fig. 5b). Again, the vacuum level shift 
increases the effective bandgap compared with vacuum level alignment, and the dipole layer is 
directed such that photogenerated charge-transfer exciton dissociation is enhanced. The ∆ICT 
case differs from the ∆intdp case, however, in that the ICT DOS can act as charge recombination 
sites for photogenerated free p-polarons and n-polarons and decrease the Voc through trap-



assisted recombination91. This effect can be large in bulk heterojunction structures, as has been 
experimentally demonstrated for a series of poly(3-hexylthiophene) (P3HT)–fullerene 
combinations in which EICT+,P3HT ≤ EICT–,fullerene. For these systems, the interface ∆ICT creates a 
nearly constant effective bandgap across the series. However, there is a large variation in the 
Voc owing to an increase in the density of ICT states, and hence the trap-assisted recombination, 
as ∆ICT increases91. The effective bandgap can also be increased when a dipole step is 
introduced by a discontinuity of a quadrupole field at a donor–acceptor interface, as has been 
calculated for interfaces between face-on lying pentacene and C60 (ref.76). Within pentacene–
C60, a dipole potential step is introduced at the interface, with the C60 molecules being 
negatively polarized and the pentacene molecules positively polarized. The potential step thus 
causes an upshift of the vacuum level and an increase in the effective bandgap, which should 
facilitate dissociation of photogenerated charge-transfer excitons. Finally, although the focus 
here has been on physisorbed interfaces, effects from chemisorption at OS–OS interfaces, albeit 
rare, do occur. For example, the defects introduced by bond formation at fullerene–acene 
interfaces substantially modify the photovoltaic performance92.  

In recent years, there have been great advances in the measurement and 
understanding of the time-dependent formation and evolution of (photo)excited states at OS–
OS heterojunctions as well as their effect on the performance of OPVs93-97, seemingly 
overturning long-held beliefs, such as the need for a substantial driving force to achieve 
efficient free-charge generation93, 97,98. In comparison, understanding of the precise relationship 
between effects such as exciton-to-free-charge generation and energy loss and the ground-state 
electronic structure and energy level alignment at OS–OS heterojunctions is lacking, and a 
challenge is to obtain accurate measurements of the EA of OS materials. Inverse photoemission 
spectroscopy (IPES) provides a direct measurement of the EAs of both OS monolayers and 
films, but the radiation-sensitive nature of the OS materials and limitations in IPES energy 
resolution have greatly hindered research efforts. Recent advances in instrumentation and 
methodology for high-resolution and low-radiation-dose IPES show great promise for solving 
these problems99, which would greatly aid both model development and device design. 
 
[H1] Semiconductor–dielectric interfaces 
The interface between an OS and a dielectric has a fundamental role in the operation of 
OFETs100. The central processes in these devices, such as charge accumulation and transport, 
occur near the interface between the OS and the gate dielectric layer. Thus, understanding how 
the physico-chemical properties of the insulator affect the structural and energetic disorder of 
OSs at the interface is vital for maximizing the figures of merit of the devices101.  
 
[H2] Surface energy and morphology. 
The surface chemistry and texture of the dielectric can affect the molecular order and thin-film 
morphology of the OS, causing severe degradation of the transport properties102, 103. As the OS 
layers are typically deposited under non-equilibrium conditions, the resulting film morphology 
is the outcome of non-equilibrium processes104, such as nucleation, growth, wetting and 
crystallization105-107, that take place at the interface between the OS and the dielectric layer. The 
surface energy and morphology of the dielectric layer influence the diffusion, aggregation and 
crystallization of the organic (macro-)molecules on top of the dielectric surface, thus affecting 
the structural quality of the OS layer108-110. Adjusting the surface tension of the insulator layer 
by grafting, for example, a SAM onto the dielectric surface111, is an effective route to control 
the molecular orientation112, 113, grain size and grain boundary density114, 115 and 



polymorphism116-118 of both solution-processed and vacuum-deposited OSs, resulting nearly 
always in improved OFET performance (Fig. 6a).  
In addition to the chemical interactions, the texture and dynamics of the underlying substrate 
also greatly affect the assembly of OSs. Smooth, defect-free dielectric surfaces typically lead 
to large grain sizes and reduced grain boundaries, which thus result in a low trap density and 
increased mobility119-121. By contrast, mechanically rubbed substrates featuring grooved 
patterns in the direction of transport can guide the alignment of subsequently grown polymer 
thin films, yielding thin-film anisotropy and enhanced charge transport122-124. The 
viscoelasticity of the dielectric surface also has a large impact on the assembly of vapour-
deposited and solution-processed OSs, influencing the OS film growth and microstructure 
across different length scales and increasing charge-carrier mobilities along both the π–π 
stacking and polymer backbone directions125, 126. When the dielectric layer is deposited on the 
OS film by wet processes, as in a top-gated OFET architecture, other effects need to be taken 
into account. For example, chemical and physical deterioration of the active materials by the 
dielectric solvent and the conditions for the process may result in chemical doping or 
degradation of the underlying semiconductor film127, 128. Comprehensive reviews on gate 
dielectric materials and their impact on the semiconductor morphology in OFETs can be found 
elsewhere129-131. 
 
[H2] Dipolar electrostatic disorder. 
The polarity of the insulating layer not only affects the structural quality of the OS, in which 
the charge carriers are transported, but also influences its electronic structure and the DOS. 
Varying the dielectric permittivity of the gate insulator can result in mobilities that differ by 
more than one order of magnitude. Although the use of highly polarizable gate dielectrics, such 
as those based on high-k oxides132, allows for low-voltage operation133, it also promotes strong 
charge–dipole coupling, which induces the localization of charge carriers and the formation of 
interfacial Fröhlich polarons27. As a result of charge localization, the charge-carrier mobility 
decreases upon increasing the dielectric permittivity of the gate insulator and has a temperature 
dependence that evolves from metallic-like to insulating-like as the dielectric permittivity 
increases. When polymeric insulators with a permittivity in the range 2–4 are instead used as 
the dielectric materials, the charge–dipole coupling is not strong enough for interfacial polarons 
to form. In this case, the charge-transport mechanisms are dominated by so-called dipolar 
(energetic) disorder, which originates from the randomly oriented dipole moments in the gate 
dielectric134. These dipoles generate potential fluctuations in the channel material that broaden 
the DOS of the OS. As the OS–dielectric interface becomes more polar, the broadening of the 
DOS becomes more severe, increasing the localization of carriers at the interface135. The degree 
of energetic disorder induced by the charge–dipole interaction varies strongly with distance 
from the interface136, and charge modulation spectroscopy measurements reveal that dipolar 
disorder in high-k insulators enhances the localization of polarons at the interface more than 
those in the bulk137 (Fig. 6b). By contrast, in low-k polymeric dielectrics, the polarons at 
interfaces have a similar degree of localization to those in the bulk137. For disordered 
(amorphous) OSs, the broadening results in a decreased DOS at the Fermi energy, a reduced 
hopping probability and thus a decrease in charge-carrier mobility138. Similar observations have 
been reported for highly ordered OSs that display band-like transport, suggesting that dipolar 



disorder affects the DOS of OSs even when charge transport is not mediated by hopping139. 
Note that the molecular structure of the OS has a large effect on suppressing the coupling 
between the charge carriers in the channel and the electrical polarization in the gate dielectric. 
For example, fluorocarbon chains linked to a π-conjugated core screen the electrons that 
accumulate in the first layer from the gate insulator and from the nearby π-conjugated layers 
within the crystal, which both influence the dielectric environment through their polarizability, 
resulting in band-like transport140. 
 
[H2] Charge trapping.  
The OS–dielectric interface can also influence the operational stability of the OS by providing 
sites for charge trapping141. The commonly used silicon oxide dielectric, for example, is both a 
homogeneous passive substrate and an active surface at which electroactive sites, such as 
hydroxyl groups, can act as traps and hinder electron transport142. Nonpolar SAMs or polymeric 
coatings can be used to modify the dielectric surface and minimize the density of surface trap 
sites, thereby increasing mobility and even enabling ambipolar operation143. Similar 
observations have also been reported for gate polymeric insulators that contain hydroxyl 
groups, such as polyvinylphenol, indicating that the presence of acidic functional groups in the 
insulating material can chemically trap mobile electrons at the interface144 (Fig. 6c). Decreasing 
organic contamination at the OS–insulator interface by means of surface treatment, such as with 
oxygen plasma145, decreases the number of interfacial trap sites, thus yielding superior device 
performance. Water molecules physisorbed to the dielectric surface can also trigger charge 
trapping, thereby inducing bias-stress instability146,147 (Fig. 6d). Treatment of the dielectric 
surface with hydrophobic SAMs can be an effective way to passivate these electrochemically 
active defects and to hinder the physisorption of water or other contaminants, thus reducing 
bias-stress instability148-150. However, it is necessary to be cautious with the choice of SAM and 
especially the polarity of their end groups, which influences the ability of the SAM to trap 
charges in the channel region. Polar SAMs carrying electron-withdrawing (such as fluorine) or 
electron-donating (such as NH2) end groups can permanently trap charges, as demonstrated by 
measurements of surface potential with scanning Kelvin probe microscopy151. Exposure of 
polymer-based gate dielectrics to humidity results in increased ion migration in the gate 
dielectric, causing the threshold voltage to shift. Polar polymer gate dielectrics, such as 
poly(vinylphenol)152, poly(vinyl alcohol)153 and poly(styrenesulfonic acid)154, are particularly 
prone to this effect owing to their hygroscopic character and high concentration of ions, whereas 
nonpolar low-k polymer dielectrics, such as Cytop (a fluoropolymer)155, do not usually exhibit 
this behaviour.  
 
[H2] Surface dipole potential. 
In addition to charge trapping, interface dipoles in the gate dielectric and/or SAMs on the 
dielectric surface can also modify the charge-carrier density in the semiconductor channel, 
inducing appreciable shifts in the threshold voltage and increasing carrier mobility156-158. For 
instance, fluorinated SAMs grafted onto a SiO2 dielectric surface typically enhance the hole-
carrier density in the channel of pentacene-based OFETs156, thus shifting the threshold voltage 
to more positive values and increasing the field-effect mobility (Fig. 6e). The opposite trend is 
observed for n-type fullerene-based transistors. These properties can be understood in terms of 



electrostatic charge–dipole interactions and weak charge transfer between the OS and the SAM 
molecules. Note that in top-gated OFETs, chemical functionalization of the bottom substrate 
also influences charge transport, leading to variation in the threshold voltage and surface carrier 
density159. Moreover, hole transport and injection in a predominantly n-type semiconducting 
polymer can be dramatically increased by using a fluorinated high-k insulating polymer as the 
gate dielectric material160. The increase in p-channel characteristics originates from the C–F 
dipoles at the dielectric surface and not from bulk effects. Therefore, the OS–dielectric interface 
can effectively modulate channel polarity in OFETs, thus leading to efficient complementary 
electronic circuits161. 
 
[H2] Functional interfaces. 
As discussed so far, small changes at the OS–insulator interface causes dramatic changes in the 
electrical properties of OFETs. Thus, functionalization of this interface can provide an effective 
way to improve device performance and, most importantly, to introduce new functionalities162. 
For example, reversible changes in the dipole moment of photoactive SAMs, triggered by light 
of different wavelengths, produce two distinct built-in electric fields at the OS–insulator 
interface that can modulate the channel conductance and consequently the threshold voltage, 
thus leading to functional memory devices163. However, charges that accumulate at this 
interface are essentially volatile, that is, they are only present as long as an external gate voltage 
is applied. Reversible trapping–de-trapping of charges in the gate dielectric or at its interface 
with the OS can promote non-volatile memory functionalities. For example, electrons 
transferred from pentacene to a polymeric gate dielectric can yield excellent non-volatile 
memory characteristics, such as large memory windows, reversible and fast switching and long 
retention times164. The magnitude of the memory window is strongly affected by the 
hydrophilicity and dielectric polarity of the polymeric gate insulator165. Charge-trapping can be 
optimized by introducing specific trap sites, such as metal nanoparticles or charge-accepting 
(and typically π-conjugated) molecules, into the dielectic166. Organic ferroelectric gate 
insulators with permanent and/or switchable electrical dipoles offer another approach to 
introduce non-volatile charge transport in OSs167. Because of the inductive effect of fluorine 
atoms, a large dipole moment exists in fluorinated polymers such as poly(vinylidene fluoride) 
and its derivatives. These dipole moments collectively align under the influence of an electric 
field through rotation of the monomer groups within the crystalline domains, giving rise to a 
ferroelectric response. The surface dipole density of the ferroelectric layer subsequently induces 
a large and permanent accumulation of charges in the semiconductor channel. Polarizing the 
ferroelectric dipoles in the opposite direction depletes the channel of charges (for unipolar 
semiconductors)168 or accumulates charges of opposite sign (for ambipolar semiconductors)169, 

170. The result is a sharp change of the OFET channel conductance at the coercive field of the 
ferroelectric gate (Fig. 6f). The ferroelectric polarization can also be transferred to an 
electrolyte171, which in turn induces electrostatic charge accumulation and/or electrochemical 
doping in an organic (semi-)conductor placed in contact with it, enabling passive matrix 
addressing of electrochromic displays172 and advanced memory functionalities in artificial 
synapses173. 
 
[H2] From 2D to 3D interfaces. 



Blending OSs with polymeric insulators has emerged as a general strategy to improve their 
optoelectronic performance174, processability175 and mechanical176 and environmental177 
stability. In addition to tuning the viscoelastic175 and optical178 properties of the semiconducting 
ink, the insulating medium confines the semiconducting phase to nanometre-scale dimensions, 
enabling effective control of long-range (crystallinity) and short-range (aggregation) order179 to 
achieve efficient charge transport. The dilution of OSs in wide-bandgap insulators also 
decreases the number of transport sites and traps, yielding single-crystal-like performance in 
solution-coated OFETs180 and balanced electron and hole transport as well as reduced non-
radiative trap-assisted recombination in OLEDs181. The confinement also affects the 
mechanical stretchability of otherwise brittle polymeric semiconductors. Owing to a finite-size 
effect and interface effect, confining a polymer into an insulating medium enhances polymer 
chain dynamics in the amorphous regions182, and the restricted growth of large crystallites183 
enables high stretchability in semiconducting materials184. Interpenetrating networks 
comprising semicrystalline conjugated polymers and insulating polymers with a high glass-
transition temperature can also confine conformational changes of the semiconducting polymer 
chains at elevated temperatures, resulting in semiconducting active layers that display 
temperature-insensitive charge-transport behaviour up to 220 °C in OFETs185. Another 
important aspect of blending OSs with an insulator is that this can lead to self-encapsulation of 
the resulting active layer, increasing air stability compared with neat semiconductors186, 187. To 
exploit the beneficial effect of blending an OS with an insulating polymer, various aspects need 
to be considered, such as the molecular weight of the materials, the degree of crystallinity of 
the insulating polymer, the crystallization sequence and crystallization kinetics. This strategy 
is not limited to polymer:polymer blends and can also be used for insulating polymer:small-
molecule semiconductor188, 189 blends or copolymers comprising semiconducting and insulating 
moieties190, 191. 
 
[H1] Semiconductor–electrolyte  
Owing to the initial focus on the changes resulting from carrier injection into the polymer chains 
of OSs, the presence of counterions (that is, ions of opposite charge to the OS molecules) was 
ignored in early theoretical models. However, electroneutrality cannot be bypassed, and the 
discovery of the electroactivity of OS polymers192, 193 placed the OS–electrolyte interface in the 
spotlight. Indeed, doping–dedoping is accompanied by the movement of counterions in the 
vicinity and through the OS–electrolyte interface. The electrochemical doping–dedoping of 
OSs involves bulk as well as surface processes, and their interplay affects the kinetics and 
reversibility of changes, both crucial for the operation of electronic devices.  
 
Depending on the method of preparation, the initial state of an OS can be either undoped (that 
is, neutral, pristine and semiconducting) or doped (that is, charged, containing counterions and 
conducting). Small-molecule OSs (such as rubrene) and many conducting polymers (for 
example, P3HT) are prepared in the neutral state and are then chemically or electrochemically 
doped194. However, conducting polymers synthesized by oxidative polymerization (chemical 
or electrochemical) are intrinsically p-doped during the synthesis. The mode of operation of an 
OS in a device comprising an electrolyte depends on the initial state of doping and on the 
possibility of ion exchange between the electrolyte and the OS bulk. Injection of ions through 



the interface depends on the accessibility of the OS bulk to species from the solution, which in 
turn depends on the size of the ions and on the morphology of the OS. If the ions from solution 
do not cross the phase boundary with the polymer, their action is limited to the EDL at the 
interface. By contrast, if the polymer bulk is accessible to the ions (Fig. 7), changes in the charge 
state of the OS upon doping or dedoping are compensated by absorption or expulsion of 
counterions (Fig. 7a,b), or by expulsion or absorption of co-ions (that is, ions of the same charge 
as the OS; Fig. 7c,d); in both cases, the ions are accompanied by solvent molecules. The latter 
process, that is, co-ion movement, is particularly relevant when bulky counterions incorporated 
into a doped conducting polymer remain immobilized upon charge–discharge. This is the case 
for one of the most popular and commercially successful conducting polymers, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), which is synthesized by 
oxidative polymerization and is thus prepared in a p-doped form with the polyelectrolyte PSS 
providing charge-compensating immobile anions. Upon electrochemical activity of 
PEDOT:PSS, charge neutrality is achieved exclusively by the movement of cations across the 
OS–electrolyte interface. 
 
As immobile ions are usually present in the charged OS, the so-called Donnan phenomenon 
manifests at the OS–electrolyte interface195: the immobile ions prevent the penetration of 
mobile co-ions from the electrolyte, and a potential difference is established at the interface 
(known as the Donnan potential). Although the Donnan phenomenon in the OS context was 
recognized in the 1990s (for example, ref.196), a complete understanding of the effect has only 
been achieved in the past few years197. In practice, the Donnan phenomenon manifests as a 
dependence of the electrochemical response of an OS on the ionic strength of the electrolyte as 
well as the concentration of active ions and can cause a potential drop of up to 100 mV across 
the OS–electrolyte interface at low electrolyte concentrations. 
 
Experimentally, the properties of OS–electrolyte interfaces and changes during doping–
dedoping can, in principle, be determined using electrochemical impedance spectroscopy (EIS). 
However, meaningful physical interpretation of the data relies on fitting to the behaviour of 
model electrical circuits, the choice of which is not unique198. The study of OSs using EIS is 
further complicated by the roughness, porosity and semiconducting character of the surfaces199. 
Thus, it is encouraging that in the case of PEDOT:PSS dedoping, a physical picture of a cation 
front advancing into the polymer and the hole front consequently receding offers a satisfactory 
explanation of the EIS data200. Another approach to understand the phenomenon taking place 
upon electrochemical activity of an OS is optical tracking of the kinetics of the moving front of 
ions inside of an OS. This approach is possible because of the difference in optical properties 
of the doped and dedoped forms201. It was noted recently that EIS in conjunction with 
photoelectrochemistry can provide an experimental platform for efficient studies of OS–
electrolyte interfaces; however, such data are scarce202.  
 
Electrochemically induced doping–dedoping has been extensively exploited to create new 
technological opportunities. For example, it is possible to go beyond traditional electronic 
devices by exploiting ionic–electronic mixed conduction, such as in electrochromic displays203, 
light electrochemical cells39, 40 and electrokinetic devices204. However, the role of the OS–



electrolyte interface has not been the main focus in these areas. By contrast, the OS–electrolyte 
interface has been studied more intensively for electroactuators, wettability switches, charge 
storage and electrochemical transistors, as discussed below. 
 
[H2] Electroactuation. 
Ion and solvent absorption or expulsion cause changes in the OS volume (Fig. 7), an effect that 
has led to the development the field of actuators and artificial muscles205 206. Purely 
electrochemical data cannot discriminate counterion and co-ion transport through the interface. 
However, powerful techniques, such as the electrochemical crystal microbalance (EQCM), 
enable material flow through OS–electrolyte interfaces to be followed. EQCM is sensitive to 
mass changes of the electrode with nanogram precision, which, together with electrochemistry, 
can reveal the charge of compensating ions and their overall quantity, corresponding to the 
passing charge, as well as the quantity of accompanying solvent. EQCM was applied early in 
the study of conducting polymer electrochemistry207 and has become a standard tool. In situ 
atomic force microscopy enables the swelling of an organic layer on an electrode to be 
monitored, revealing local inhomogeneities that occur during the process208. More recently, 
similar capabilities were demonstrated by electrochemical strain microscopy, and it was shown 
that amorphous regions of an OS polymer swell owing to the penetration of counterions, 
whereas the stiffer, more crystalline domains do not expand209. 
  
[H2] Surface switch.  
The surface wettability of the conducting polymer PEDOT:PSS can be tuned by dipping the 
polymer surface in an ionic liquid. The change in wettability (from an initial wetting contact 
angle of 48° to a contact angle of 100°) is due to the exchange of surface protons with the large 
hydrophobic organic cations of the ionic liquid210. An interesting yet understudied effect in the 
context of ion and solvent penetration into the OS bulk is the change in hydrophilicity during 
electrochemical doping at the OS–electrolyte interface. Indeed, an undoped organic material is 
often hydrophobic, but its hydrophilicity can increase when it becomes charged. Thus, a poly(3-
alkylthiophene) layer in an electrolyte can be reversibly electrochemically switched between a 
dedoped hydrophobic state (with a contact angle of 105.9°) and a doped hydrophilic state (with 
a contact angle of 76.7°)211, and this phenomenon has been reviewed elsewhere212. Therefore, 
in an aqueous solvent, the accessibility of the bulk to solvated ions can be, in principle, 
increased through doping. The electrochemical switching of wettability at the OS–electrolyte 
interface can be implemented in microfluidic devices to control the wettability of the walls of 
the microfluidic channels and thus the flow of liquids213. A metallic mesh functionalized with 
an OS layer can act as a valve that controls whether a liquid can pass depending on the voltage 
applied to the mesh214. Besides wettability, some reports point to the possibility of triggering 
the dissolution of OS layers upon electrochemical oxidation or reduction, although the 
mechanisms are not fully understood215 216. 
 
[H2] Charge storage. 
The coexistence of the interfacial and bulk charge–discharge phenomena of OSs is the apparent 
origin of their complex electrochemical characteristics, which evade simple classification into 
battery-like (Faradaic) or capacitive behaviour (Fig. 8). A cyclic voltammogram (CV) is the 



trace of current, I, recorded as a function of voltage, V, linearly changing with time, t. The 
current response owing to capacitive charging at the interface in cyclic voltammetry is 
featureless, potential independent (I = CdV/dt, where C is the capacitance) and box-like (Fig. 
8a). A redox reaction manifests in a CV as a pair of peaks, an anodic peak (oxidation) and a 
cathodic peak (reduction) (Fig. 8b), the positions of which are determined by the reversible 
potential of the reaction and other factors (such as reversibility and the mass transport regime). 
A typical CV of an OS resembles a superposition of both types of response, with Faradaic-like 
peaks, which are often rather wide, superimposed on capacitive-like boxes (Fig. 8c).  
 
The relative contribution of the Faradaic and capacitive response of an OS polymer can be 
related to its porosity. Through nanopores, small ions insert between the polymer chains, so that 
the OS film with ions constitutes a homogeneous thermodynamic phase217; therefore, the OS–
electrolyte interface is situated at the outer OS surface. In the framework of this single-phase 
model, the equilibrium potential drop is predicted to be distributed between both the metal–OS 
and OS–electrolyte interfaces. In the case of low doping, the potential drop is also distributed 
through the OS film (as the doping level decreases from the OS–electrolyte towards the metal–
OS interface). Therefore, only a fraction of the applied polarization is translated into a potential 
drop at the OS–electrolyte interface, where many of the important phenomena occur. For 
macropores, which are typically larger than 10 nm, small ions form a macroscopic OS–
electrolyte interface; in this case, the OS film can be considered as a two-phase system with a 
very large specific surface. The formation of an EDL at the 3D bulk OS–electrolyte interface 
enables a large specific capacitance, which is advantageous for supercapacitors36. 
 
For the complex case of PEDOT:PSS, the traditional view relating charge storage in an OS 
polymer to a sum of Faradaic and capacitive processes was challenged in a recent theoretical 
study218. The electrochemical response of this polymer in a wide potential range was accounted 
for by pure capacitance, originating from the EDLs formed along the interfaces between 
nanoscale PEDOT-rich and PSS-rich grains that constitute the two phases of bulk PEDOT:PSS. 
The entire system, when including solvent inside the polymer film, therefore comprises three 
phases. However, nanoscale systems can be said to exhibit Faradaic pseudocapacitance, 
because a Faradaic (redox) reaction of the redox centres located near the surface, that is at a 
distance l ≪ (2Dt)1/2 (where D is the diffusion coefficient for charge-compensating ions), is 
electrochemically indistinguishable from purely capacitive, double-layer charging219. 
Furthermore, this behaviour, along with the data accumulated from various other solid-state 
battery and capacitor electrodes, led to the development of the ‘supercapattery’ concept, 
marrying the traditional supercapacitor and battery220. 
 
[H2] Electrolyte-gated transistors.  
Electrolyte-gated transistors are not only technologically relevant, but are also the devices that 
reveal the most about the properties and influence of the OS–electrolyte interface. Indeed, an 
electrochemical transistor with an OS as active layer of the transistor channel was invented just 
a few years after the discovery of these materials221. 
 



In an OFET (Fig. 2c), the electronic current passing through the OS channel between the source 
and the drain electrodes typically depends on the gate voltage, which is established between the 
channel and the gate electrode. The gate/electrolyte/OS channel has a capacitor-like structure, 
and the gate bias triggers the doping–dedoping of the OS channel and thus modulates the 
electrical conductivity. The gate electrode is not in direct contact with the channel, but exerts 
its influence through an electrolyte. The role of the electrolyte is two-fold: it is necessary for 
driving electrochemical reactions that involve the OS channel, and it forms EDLs at the 
interfaces with the channel and the gate with an extraordinarily high capacitance of up to 
500 µF cm–2 (ref.41). 
 
Depending on whether ions from the electrolyte can penetrate into the OS film, two limiting 
types of OFETs can be discerned: organic electrochemical transistors (OECTs) and electrolyte-
gated organic field-effect transistors (EGOFETs). Within an OECT, the interface is ion-
permeable, and the operation relies on the exchange of ions between the electrolyte and the bulk 
of the OS and thus on its electrochemical doping–dedoping, which requires charge 
compensation222. If the OS channel is initially in a doped state, the transistor is in its ON state 
without applying a gate voltage and will operate in depletion mode, in which it is gradually 
switched OFF (dedoped) as the gate voltage increases. The entire thickness of the OS channel 
is accessible for doping–dedoping reactions, as has been shown for PEDOT:PSS through the 
linear scaling of the transconductance and capacitance with volume223. If the pristine state of 
the OS channel is undoped, the transistor is in its OFF state and will function in the 
accumulation mode (that is, the gate voltage will accumulate charge carriers in the channel)224. 
OECTs can operate as n-type and p-type transistors with small ions penetrating a pristine neutral 
semiconductor225. 
  
When the interface is ion-blocking, either because the channel material is dense and non-
porous, or because the electrolyte contains only bulky or chemically incompatible ions, the 
device is called a EGOFET, and it is more similar to an ion-sensitive FET or even a traditional 
FET than to an OECT. The use of an ion-blocking interface limits the operation of the transistor 
to the accumulation mode. The penetration of ions from the electrolyte into the OS phase can 
be prevented by using a solid-state polyanionic proton-conducting electrolyte in a p-type 
EGOFET41 and a solid-state polycationic layer in a n-type EGOFET226. 
 
For both types of transistor, the changes in channel conductivity are triggered by the 
polarization of the electrolyte. Three distinct electrolyte polarization mechanisms can be 
discerned at different timescales: dipolar relaxation at high frequencies, ionic relaxation 
(migration) at intermediate frequencies and EDL formation at the electrolyte interface at low 
frequencies. The ideal electrolytes for achieving a quick and intense response are a solid 
electrolyte with high ionic mobility and fast polarization even in a dry environment or a 
polymeric ionic liquid227. Upon polarization of the electrolyte, the response of the OS, that is, 
electric-field tuning of the charge density, should be considerable. The highest charge 
accumulation in an EGOFET, on the order of 1013 cm–2 without breakdown, was reported not 
for an OS polymer, but for single crystals of rubrene at low temperatures that had a large surface 
capacity at the electrolyte (an ionic liquid in this case) interface. The large surface capacity 



enables control of the surface conductivity over many orders of magnitude228. Among the 
electrolytes that provide very high capacitances, ion-gel gate dielectrics (which are triblock 
copolymers swollen with ionic liquids) stand out. Ion gels have achieved capacitances of up to 
100 μF cm–2 due to a high concentration of mobile ions that assures the formation of an EDL 
only nanometres in thickness229. 
 
In general, an EGOFET is characterized by fast response times owing to rapid restructuring of 
the EDL, while an OECT enables high currents and transconductance (defined as gm = ∂ID/∂VG, 
where ID is the drain current and VG is the gate voltage), as the channel material is doped–
dedoped in the OS bulk and not only at the OS–electrolyte interface223. The mode of operation 
(OECT or EGOFET) is not determined solely by the properties of the materials but also depends 
on the operation parameters. For example, timescales (that is, for how long the gate voltage is 
applied) can also be crucial for determining the mechanism of operation as they determine 
whether counterions from the electrolyte have sufficient time to penetrate into the 
semiconductor229; in some cases, the penetrability can be controlled by the chemistry of the 
interface230. The operation mode of an organic transistor can also be determined by controlling 
the penetrability of small ions into the OS film; this can be achieved by engineering the 
hydrophilicity or hydrophobicity of the OS through the OS molecule or polymer side chains. 
For example, a thiophene-based polymer with hydrophobic side chains is impenetrable to 
chloride in aqueous solution, whereas its close analogue with a similar morphology but with 
more hydrophilic chains manifests reversible electrochromism and a large modulation in 
capacitance owing to the increased accessibility of the bulk for ion exchange.  
 
The interface between the gate electrode and the electrolyte should not be forgotten. Indeed, 
the gate electrode also functions as the counter electrode, leading to the division of the applied 
gate-voltage drop between both the OS–electrolyte and gate–electrolyte interfaces. When the 
charge compensated at the OS–electrolyte interface is not high, a Faradaic reaction at the 
counter (gate) electrode is not necessary and can be replaced by a capacitive polarization. 
However, if the capacity at the gate electrode is low, the major part of the gate potential drops 
at its interface with the electrolyte rather than at the OS–electrolyte interface. This situation can 
be remedied by ensuring that the Faradaic reaction at the gate electrode is highly reversible and 
thus non-polarizable, such as is the case for silver cations in an aqueous solution that contains 
chloride231, 232. Another way to influence the performance of the OS–electrolyte interface is to 
tune the capacity of the gate (counter) electrode by modifying its morphology. With a 
nanoporous high-capacity gate, the entire electroactive OS film in the channel can be oxidized 
without the need of a second half-reaction at the counter electrode. By contrast, a flat counter 
electrode limits the electrochemical reaction of the OS to the interface with the electrolyte, thus 
creating a confined EDL. Thus, by gate engineering, the behaviour of the transistor is switched 
between the OECT mode (for a high-capacity gate) and the EGOFET mode (when limited by a 
low gate capacity)233 . 
 
 
[H1] Semiconductor–biological organisms  



Ions (including metal ions, Cl– and H+) have an important role in the communication 
between cells and their environment. Biomolecules and transmembrane proteins serve as charge 
carriers and enable selective signal recognition and amplification. Furthermore, cells release 
adhesion-promoting proteins, such as fibronectin, that contain signalling sequences (such as 
arginine–glycine–aspartate (RGD)). These sequences support or suppress integration and 
connectivity by providing attachment sites to other cells and the extracellular matrix. The 
surface and bulk of organic electronic materials not only transport electronic charge carriers, 
but can also express, transport and even release ions and charged biomolecules. This ability is 
central to the function of interfaces between OSs and biological organisms (that is, OS–bio 
interfaces). Moreover, through covalent and ionic interactions, proteins and other bioactive 
species can be immobilized along the bare surface of an OS. Together, these features make OS–
bio interfaces a unique and particularly important asset in bridging the signalling gap between 
biology and technology. Importantly, although the adhesion between OSs and biological 
systems can be controlled by various chemical and physical interactions, there is generally an 
electrolytic phase between the OS and biological system. Hence, OS–bio interfaces typically 
include both OS–electrolyte and electrolyte–biological interfaces. 

 
[H2] Cell and tissue adhesion along organic semiconductor surfaces.  

Chemically or electrochemically polymerized conducting polymers, such as PEDOT and 
PPy, have been explored for direct interfacing with cells, such as neurons, and  whole neural 
tissues, such as the brain. Although pristine films of PPy234-236 and PEDOT237-239 have good 
biocompatibility, there are several strategies to further improve surface biocompatibility or to 
make the electronic interface preferential for specific cell types. CDPGYIGSR is a nine-amino-
acid fragment of laminin (an extracellular matrix protein) that promotes the attachment of 
neurons. This signal sequence has been co-deposited with both PEDOT240 and PPy236 onto 
electrode surfaces, resulting in the favourable growth of neuroblastoma cells on sites 
functionalized with CDPGYIGSR. In comparison, sites coated with PPy doped with CH3COO– 
showed no specific preference for cell growth. The electropolymerization of 
ethylenedioxythiophenes with different functional groups (such as alcohol, carboxylic acid and 
activated N-hydroxysuccinimidyl esters) in aqueous microemulsions (Fig. 9a) has been 
explored to fabricate functionalized PEDOT films for bioconjugation241. This approach 
facilitates the orthogonal growth of thin (<100 nm) and very smooth (roughness <5 nm) films. 
Moreover, by varying the composition of monomers, the surface properties of the films can be 
tuned for bioconjugation, and the surfaces exhibit low intrinsic cytotoxicity and little 
inflammatory response upon implantation. More recent strategies to increase the 
biocompatibility of organic electronic surfaces include the development of composites 
containing, for instance, chitosan234 or polydopamine242, the fine-tuning of the elasticity243 (0.3–
2.2 kPa), inclusion of RGD peptides244 and the incorporation of lysine side chains245. 
 
[H2] Organic bioelectronic electrode surfaces. 

A biocompatible organic electronic surface could be included in an array of electrodes 
and devices to record and regulate biological processes. The electrode surface is the simplest 
device structure, and several early experiments were conducted to explore organic electrodes 
for intimate contact with biological systems and biomolecules. In 1996, researchers seeded 



aortic endothelial cells on bare PPy electrode surfaces that were switched between the oxidized 
and neutral states235. Regardless of the oxidation state of the surface, a high degree of protein 
adsorption was observed; however, along the oxidized PPy surface, cells adhered and spread 
normally, whereas along the neutral PPy surface, both cell extension and DNA synthesis were 
suppressed. It was hypothesized that upon redox switching, the release of dopant ions from the 
PPy surface generates an osmotic shock that affects cell-growth processes. In 2009, similar 
experiments were reported in which PEDOT–tosylate surfaces were shown to regulate the 
adhesion and growth of epithelial cells on electrodes239. The origin of electroactive control over 
cell growth was found to stem from redox-induced changes in the conformation of fibronectin 
(Fig. 9b), which adsorbs along the surface. Along the reduced surface, fibronectin adopts a 
favourable conformation that exposes the RGD sequence, promoting integrin coupling and 
resulting in cell binding and the formation of polarized monolayers. Conversely, along the 
oxidized surface, the fibronectin conformation buries the RGD motif; thus, only a few cells 
adhere and no proliferation is observed239. As organic electrodes are being explored to record 
and initiate signalling in neuronal cells, there is a great need to improve the organic electronic–
cell interface with respect to biocompatibility and impedance matching. 
 
[H2] Volumetric organic bioelectronic surfaces. 

The planar 2D surface of organic electronics is very different from the natural geometry 
of (neuronal) cells. Several strategies have been applied to promote better interfacing by 
developing various 3D structures or scaffolds that provide a non-stratified, non-planar interface 
with biological organisms. PPy has been electrochemically grown into and through hydrogel 
layers deposited on top of microelectrodes to form volumetric electrodes (that is, 3D structured 
porous electrodes) with improved impedance characteristics for neuronal recordings246. 
Conducting polymer electrodes that exhibit mixed ion–electron charge transport, such as PPy 
and PEDOT electrodes, are typically nanostructured or microstructured and have a large 
volumetric capacitance218, 223, 247 (Fig. 9c). The large volumetric capacitance results from the 
formation of ion–electron double layers throughout the entire volume of the electrode and 
enables the impedance of the electrode to be matched to that of cell surfaces, for example, of 
depolarized neurons. By altering the thickness of the electrode, the real and imaginary parts of 
the impedance can be tailored for a specific signal transduction, an approach that has been used 
to optimize both electrode recording248-251 and stimulation251, 252 of neuronal cells operating up 
to and beyond 1 kHz (which corresponds to the approximate speed of synaptic signalling), and 
to control the development253 of, and differentiation254 into, neural cells. More recent advances 
in this area include short-term and long-term evaluation of PEDOT-based microelectrodes for 
chronic neural prostheses and therapy applications255, 256.  

Mixed ion–electron conductivity is fundamental to the mode of operation of OECTs222. 
These devices257, especially those based on PEDOT:PSS, are heavily explored in bioelectronics 
applications such as sensing258-260, controlling and/or monitoring cell growth and tissue 
formation261-263, neuro-recording223, 264 and circuit applications265 of relevance for OS–cell 
interfacing.  

In addition to impedance matching, volumetric organic electronic surfaces also provide a 
better morphology than flat surfaces for bio-interfacing as cell networks and tissues typically 
grow and are configured in 3D. Electropolymerization generates polymers with inherently open 



structures and has been explored as an approach to achieve highly porous polymers for neuro-
interfacing266; even dendritic and fibrillar-structured interfaces can be fabricated using this 
approach267 (Fig. 9d). Alone, or in combination with other approaches (such as peptide 
coatings), 3D microstructured and nanostructured electrodes improve neuronal attachment and 
reduce gliosis (that is, the response of glia cells to damage of the neuronal system)267. 
Electropolymerization, however, typically results in surfaces with a wide distribution of pore 
sizes and varied morphology. Increased control over the size distribution of fibrillar and porous 
structures within the organic electronic material can lead to more defined and overall improved 
OS–bio interfacing. One approach in this regard is to form a composite of carbon nanotubes 
with PEDOT, a strategy that results in highly porous and stable electrodes with increased 
signal:noise ratios while recording and stimulating cardiac electrophysiological signalling268. 
To further decrease the size distribution of the pores, various sacrificial templating approaches 
have been used. In one study, polystyrene beads (with diameters of 200 nm and 1 µm) were 
close-packed on electrodes to form 2D and 3D sacrificial templates for the formation of PPy 
electrodes loaded with a nerve growth factor269. PPy was electropolymerized in the presence of 
the nerve growth factor to form a homogenous phase encompassing the densely packed 
polystyrene beads. Dissolution of the polystyrene phase in tetrahydrofuran generated a well-
ordered porous surface with voids of 200 nm and 1 µm (Fig. 9d). The behaviour of PC12 cells 
seeded on top of these electrodes indicates that electrical, chemical and structural cues have a 
great effect on cell responses269. 
 
[H2] Biosensors based on electric double layers. 

In contrast to electropolymerized PPy and PEDOT, which form porous 3D structured 
films, many other organic electronic polymers, such as spin-coated P3HT (a p-type 
semiconductor), typically form dense films and are thus relatively impermeable to ions. When 
these dense films are applied in biological or electrolytic media, coupling between electronic 
charges and ions occurs only along the planar OS–electrolyte interface, forming and EDL (Fig. 
9e). This EDL, composed of negative ions and holes (or positive ions and electrons for an n-
type OS) is crucial in EGOFETs38, 41, 270, 271. A key feature of this interface is the direct coupling 
of ions from the electrolyte with the holes or electrons of the OS as they are not separated by 
an oxide layer, which is the case when inorganic semiconductors are interfaced with electrolytes 
and living cells. This direct coupling enables various reactions, polarizations and couplings of 
biological systems and processes occurring along the OS–bio interface to be recorded and 
monitored using different types of EGOFET-based sensor.  

A DNA sensor, for example, was constructed by covalently grafting probes onto a 
carboxypentyl-substituted polythiophene channel of an EGOFET272. The ionic strength of the 
analyte solution was varied to change the effective Debye length at the OS interface, 
highlighting the importance of the Debye length in screening negative DNA charges and 
affecting the signal transduction of the sensor. The difference in transfer curve, while operating 
in water and upon introducing a complementary target, was primarily observed as a shift in off-
currents (Fig. 9f). An alternative EGOFET approach is to locate the sensor functionality at the 
gate electrode, which can then be remotely positioned with respect to the transistor channel, 
drain and source (Fig. 9g). This approach was used to construct a sensor for the detection of 
dopamine273. In this example, a gold gate electrode coated in a SAM, composed of cysteamine 



and 4-formylphenyl boronic acid, was immersed in aqueous solution. Selective adsorption of 
dopamine along the gate electrode induces a dipole along the gate–water interface that 
modulates the energetics of the EDL. This modulation is then transduced as a change in drain 
current of a transistor channel composed of P3HT, operating in the EGOFET mode (Fig. 9f). 
Using this general and versatile approach, devices in which the gate and/or OS surfaces have 
been modified with various probes, receptors, enzymes, phospholipids274 and ion-selective 
membranes275 have enabled EGOFET sensing and detection of penicillin276, pH277, electrolyte 
components275, DNA278, 1-butanol279 and blood gases280 at nanomolar to millimolar 
concentrations.  
 
[H2] Ion and drug delivery. 

Systems based on organic electronic materials can transport and release biologically 
relevant ions (for example, H+, Na+, Cl–, K+ and Ca2+) and charged substances (such as 
neurotransmitters and hormones) (Fig. 9h). The goal of many of these systems has been to 
deliver small amounts of a substance to a specific location to minimize the side effects and 
toxicity associated with standard drug delivery methods (such as bolus injections and the oral 
administration of systemic doses) and to increase the efficacy of treatments. The capability of 
organic electronics to act as delivery vehicles is based primarily on the electrical switching of 
the redox states of the conducting polymers: in the oxidized state, the counterions are ionically 
bound within the polymer film, whereas in the neutral state, these ions are free to diffuse into a 
surrounding electrolyte. Thus, electronically addressing the polymer film, usually through an 
electrode underneath it, triggers the release (delivery) of the charged substances bound 
within281. This form of controlled delivery has been explored since the mid-1980s282. Generally, 
PPy or a polythiophene derivative, with some exceptions283, is electropolymerized in the 
presence of the substance to be delivered, including neurotransmitters282, anti-inflammatory 
compounds284, 285, oligonucleotides286 and ATP287. Similar work, based on the volume-actuation 
properties of conducting polymers288, 289, was used to deliver the corticosteroid dexamethasone 
from drug-loaded fibres290.  

A second approach to transport and release biologically relevant ions from organic 
electronics is based on the mixed ion–electron conductivity of these materials. In particular, the 
model system PEDOT:PSS exhibits electronic conductivity in the PEDOT phase and ionic 
conductivity in the polyelectrolyte PSS phase, which can be hydrated to further enhance ionic 
transport. PEDOT:PSS has been studied extensively for electrophoretic transport systems, 
exemplified by the organic electronic ion pump (OEIP)44, 291, 292. The original OEIPs comprised 
a single film of PEDOT:PSS with an electrode at either end; a region in the middle of the film 
is chemically overoxidized293, rendering the PEDOT phase electrically insulating but leaving 
the ionically conducting PSS phase intact. As PSS is a polyanion, this central region is thus a 
cation-exchange membrane294, enabling selective electrophoretic transport of cations (while 
excluding anions) between the electrolytes in contact with the PEDOT:PSS electrodes at either 
end. In this way, OEIPs and other such electrophoretic delivery devices exhibit two important 
features: first, they do not require liquid flow as only ions are transported, resulting in a 
diffusive delivery that poses minimal risk of damaging fragile biochemical environments; and 
second, a direct relationship between electrical current and ion flow can be established, enabling 
precise doses to be administered. Planar OEIPs have been used to deliver ions (for example, H+ 



and metal ions44) as well as cationic neurotransmitters291, 292, such as glutamate, γ-aminobutyric 
acid and acetylcholine, to neurons and neuron-like cells in vitro. The cellular response to 
neurotransmitter–receptor binding was tracked through live imaging of the flux through Ca2+ 
channels by using a Ca2+-sensitive dye. As OEIPs and other such drug delivery technologies 
are developed for therapeutic applications it is often necessary to encapsulate the devices. 
Devices can be encapsulated by enclosing the electrolyte reservoirs in tubing or fluidic 
channels. Such devices have been demonstrated for the in vivo delivery of neurotransmitters to 
guinea pig cochlea291 (to modulate hearing sensitivity) and the spinal cord of rats45 (to alleviate 
pain), as well as for the delivery of plant hormones to root tips295 (to modulate growth). The 
OEIP concept has been expanded to encompass a broader array of both cation-exchange 
membrane and anion-exchange membrane materials, enabling selective transport of either 
cations or anions296. These complementary materials, analogous to p-type and n-type 
semiconductors, have been used to develop ionic diodes297, 298, transistors299, 300 and circuits301, 

302, and to enable high-speed vertical OEIP structures303. More recently, implantable devices 
that incorporate the OEIP concept into the lid of a microfluidic channel have been demonstrated 
in vivo for epilepsy treatment304, 305. 

 
[H1] Conclusion and future perspectives 

Organic electronics is now a mature research field, and the importance of OS interfaces 
has been recognized since the pioneering work on OLEDs and OPVs. Electrode interface 
engineering has been an important factor in the development of OLEDs, and recent advances 
in the understanding of free-charge generation at OS–OS heterojunctions coupled with new 
non-fullerene acceptor materials is driving the rapid increase in the power conversion efficiency 
of OPVs. The physics of energy level alignment at OS–metal and OS–OS interfaces under 
equilibrium conditions is now well established, and numerous computational approaches are 
available for the prediction and modelling of these systems depending on the type of interface 
(for example, the strength of interaction and the materials involved). For true predictive power 
and the in silico design of the ground-state properties of OS–metal and OS–OS interfaces, the 
main remaining challenge is probably the development of cost-effective multiscale modelling 
approaches to determine the properties of film formation and the resulting interfacial and bulk 
DOS. Arguably, an even greater challenge is the development of models for determining the 
properties of dynamic processes, such as charge injection and the generation of free charges 
from excitons via exciplexes, from the ground-state electronic structure and energy level 
alignment at OS–metal and OS–OS interfaces. The physical understanding of these dynamic 
processes is increasing rapidly, to a large extent driven by OPV research. However, establishing 
the relationship between dynamic processes and ground-state properties is hindered by 
limitations in the measurement of EAs, although developments building on recent 
breakthroughs in IPES instrumentation will likely lead to progress in the upcoming years. 

The impact of physico-chemical properties of the insulator on the structural and 
energetic disorder of OSs at the OS–insulator interface is already well established, enabling 
these properties to be modulated to optimize OFET performance. Recent advances in flexible 
and stretchable electronics, however, have stimulated a revival in research efforts aimed at the 
development of novel OS–dielectric interfaces and combinations for OFETs with high electrical 
and mechanical performance. Blending various OSs with soft organic matrix materials is a 



simple approach that provides numerous opportunities for the introduction of desirable features 
into stretchable or flexible structures. Lowering the energy consumption by decreasing the 
operating voltage and increasing the operational stability of OFETs, while maintaining high 
mechanical stretchability and conformability of otherwise brittle polymer semiconductors, will 
continue to be crucial to the development of flexible, stretchable and wearable circuits. In 
addition, blending approaches that increase air and operational stability could lead to OSs for, 
as of yet, almost unexplored extreme-temperature electronics. Confinement effects could be 
exploited to introduce flexibility and stretchability into thermoelectric devices or for 3D 
synaptic-like memory functionalities. 

New challenges are arising from the emerging field of organic bioelectronics and the 
use of ion-containing layers, such as cathode interlayers (in OPVs), gate dielectrics (in OECTs 
and EGOFETs) and light-emitting layers (in light-emitting electrochemical cells) in 
‘traditional’ organic electronics. First, the ground-state electronic structure of the OS and 
equilibrium energy level alignment with the interfacing materials are greatly affected by ion 
size, charge and spatial distribution. Second, the dynamic processes in these systems involve 
not only the motion of electrons and holes, but also ions. The physical processes of charge 
transport and transfer across interfaces, as well as the timescales, differ substantially between 
the types of charges, making the theoretical modelling of these interfaces much more 
complicated. Advanced in operandi methods are required to provide more insight into the OS–
electrolyte interface, including the structure of the EDL, the impact of the Donnan potential, 
the diffusion of (macro)molecular species under ion exchange or the swelling effect of solvents 
and the formation porous structures when a material is hydrated (which differs from dry 
porosity). The phenomenon of electron transfer at the OS–electrolyte interface and the 
adsorption of reactants at the OS surface are today scrutinized in electrocatalysis but have not 
yet been much explored to introduce new functions in organic electronics. 
OS–bio interfaces are being developed to enable signal transfer from the OS surface across a 
cell membrane to sense or actuate functions inside the cell. Organic bioelectronic drug delivery 
provides a route to interacting with cells and tissues using the same signalling substances and 
spatiotemporal signalling patterns used by a healthy biological system. So far, expression and 
release of biomolecules and receptors have typically been limited to small molecules. Future 
organic bioelectronic interfaces could express and release larger molecules, such as peptides 
and proteins. Biochemical signalling technology will provide deeper insight into signalling in 
normal and diseased states and provide a route to new therapies. Finally, it has proved difficult 
to establish organic bioelectronic surfaces that promote the formation of lipid bilayers directly 
onto an organic electronic surface. With careful design and superior composite materials, it may 
be possible to establish a host surface that enables a phospholipid double-layer–OS interface 
for a wide range of sensors, drug screening and fundamental research. 
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Fig. 1 | Structure of organic semiconductors. a | The chemical structure of a conjugated 
molecule (an oligothiophene); alternating single and double bonds form a conjugated path. b | 
Side view of a conjugated molecule; the σ skeleton is planar, and the π-electronic density 
(originating from the interaction of the 2pz atomic orbitals) is perpendicular to the plane of the 
molecule. c | Chemical structure of a charged conjugated molecule, known as a bipolaron, in 
which the 2+ charge is localized on three monomers and is charge-balanced by two anions. The 
charge localization changes the bond length alternation. d | Electronic structure of a conjugated 
molecule with occupied π and σ orbitals and unoccupied π* and σ* orbitals. The energy of the 
frontier orbitals (the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO)) define the ionization potential (IP) and electron affinity (EA). e | 
The π–π interactions within organic semiconductor crystals can promote fast, thermally 
activated hopping transport (shown here for holes). f | Within disordered organic 
semiconductors, local ordering of molecules creates a percolation path. g | For a positively 
doped organic semiconductor charge-balanced with counter anions, both types of charge 
carriers — that is, electronic and ionic charges — are mobile. This is an example of a mixed 
ion–electron conductor. Evac, vacuum level. 
 
Fig. 2 | Interfaces in organic electronic devices. Examples of organic electronic devices 
illustrating the roles and variety of interfaces. The left part of each panel shows the layers within 
the device, whereas the right part of each panel is an energy level diagram that indicates the 
roles of the interfaces within the device (note that the energy level diagrams are rotated by 90° 
with respect to the device layers). a | An organic light-emitting diode (OLED) based on undoped 
organic semiconductors (OSs) with OS–metal and OS–OS interfaces. b | An organic 
photovoltaic (OPV) solar cell based on a binary OS blend of an acceptor (A) and donor (D), 
featuring OS–OS and OS–metal interfaces. c | An organic field-effect transistor (OFET); this 
system features OS–metal and OS–electrolyte interfaces. d | A supercapacitor based on doped 
OSs with OS–metal and OS–electrolyte interfaces. hν, photon energy; CB, conduction band; 
HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; VB, 
valence band; WF, work function. 
 
Fig. 3 | Organic semiconductor–metal interfaces. a | Energy level alignment at an initially 
clean metal surface, showing the vacuum level (VL) shifts attributed to the chemisorbed surface 
layer (Δʹ) and subsequent physisorbed layers (Δʹʹ). Δʹ is the sum of contributions from the push-
back dipole potential step (Δpb), the dipole potential step due to hybridization of the frontier 
molecular orbitals of the organic semiconductor and partial charge transfer (Δchem), the dipole 
potential step induced by absorbed molecules with an intrinsic dipole moment (Δintdp) and the 
double-dipole potential step (Δddp). Δʹʹ is equal to the dipole potential step created by integer charge 
transfer (ICT) between a physisorbed OS layer and a metal contact (Δ ICT). The polaron density of 
states (DOS) is dependent on the distance from the interface; the bulk ionization potential (IP) 
and electron affinity (EA) are assigned to the edges of the polaron DOS. EICT+ and EICT– 
correspond to the edges of the oxidation and reduction energy distributions at the interface, 
respectively. In this example, the Fermi level (EF) is pinned to EICT+, causing a downshift of 
the vacuum level. b | A Δddp forms when the range of mobility of the two charged species in a 
polyelectrolyte monolayer on a metal surface differ (for example, owing to the size of the ions). 
When the negatively charged species are more mobile than the positively charged species, the 
Δddp that forms downshifts the vacuum level (right). By contrast, when the positively charged 
species are more mobile than the negatively charged species, the Δddp upshifts the vacuum level 
(left). c | A spacer layer can be inserted between an organic semiconductor film and a metal 
electrode to modify the energy level alignment. The spacer layer increases the distance between 



the charges in the organic semiconductor layer(s) and the image charges on the metal, thereby 
decreasing the electrostatic energy and shifting the polaron energies towards those in the bulk. 
μ, dipole moment; Φmet, metal work function; E, energy; Eg, energy gap. Figure adapted with 
permission from ref.306, Wiley-VCH. 
 
Fig. 4 | Multilayer organic semiconductor interfaces. The diagrams show the energy level 
alignment for trilayers with physisorbed metal–organic semiconductor (OS) and OS–OS 
interfaces. Four different cases are shown: a metal–donor–acceptor trilayer for which 
Φmet < EICT+,D < EICT–,A (panel a), a metal–donor–acceptor trilayer for which EICT+,D < EICT–,A 
and EICT+,D < Φmet (panel b), a metal–acceptor–donor trilayer for which EICT+,D <  EICT–,A< Φmet 
and a metal–acceptor–donor trilayer for which EICT+,D < EICT–,A and EICT–,A >  Φmet. Φmet is the 
metal work function, and EICT+,D and EICT–,A correspond to the edges of the donor oxidation 
and acceptor reduction energy distributions at the interface, respectively. EF, Fermi level; 
HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; VL, 
vacuum level.  
 
Fig. 5 | Dipole potential steps at organic semiconductor–organic semiconductor interfaces. 
The diagrams show the energy level alignment of two different physisorbed donor–acceptor 
interfaces. a | When an initially vacuum aligned donor–acceptor interface is modified by an 
interlayer, it leads to the formation of an intrinsic dipole potential step (Δintdp). b | Donor–
acceptor interface for which EICT+,D < EICT–,A, such that electron transfer from the donor to the 
acceptor occurs at the interface, equilibrating the chemical potential by inducing a dipole 
potential step (Δ ICT). The induced integer charge transfer (ICT) density of states are depicted in 
relation to the bulk oxidation and reduction energy distributions (that is, n-polaron and p-
polaron density of states, respectively). EF, Fermi level. 
 
Fig. 6 | Organic semiconductor–dielectric interfaces. a | A self-assembled monolayer (SAM) 
can be introduced between the dielectric and organic semiconductor (OS) layers in an organic 
field-effect transistor (OFET). The order in the SAM affects the organization of the OS 
deposited on top of it. b | The random orientation of the dipole moments in the gate dielectric 
leads to broadening of the density of states (N(E), where E is energy) in the OS and the 
localization of polarons; this effect is stronger at the interface than in the bulk. c | Functional 
groups at the surface of the gate dielectric can trap electrons from the OS. The efficiency of this 
process increases with increasing polarity of the dielectric surface. d | Plot showing the 
threshold voltage shift in a polytriarylamine OFET owing to charge trapping. The drain current 
of the OFET decreases over time The arrows indicate transfer curves measured after certain 
time periods (between 1 min and 2 weeks). e | Threshold voltage shift induced by the surface 
dipole potential at the OS–dielectric interface in pentacene OFETs grown on various SAMs. f | 
Hysteresis induced by the bistable polarization of the ferroelectric dielectric layer within an 
OFET. HMDS, hexamethyldisilazane; PSn; polystyrene; PS-Ox, O2-plasma treated polystyrene; 
PVA, polyvinyl alcohol. Panel b is adapted with permission from ref.134, Wiley-VCH, and ref.138, 
ACS. Panel c is adapted with permission from ref.142, ACS. Panel d is adapted with permission from 
ref.147, Wiley-VCH. Panel e is adapted from ref.156, Springer Nature Limited. Panel f is adapted with 
permission from ref.168, Springer Nature Limited. 
 
Fig. 8 | Electrochemical processes in organic semiconductors. a | Capacitive (electrical 
double layer) charge–discharge (top) is characterized by a potential (V)-independent current (I) 
in cyclic voltammetry, producing a characteristic box-like cyclic voltammogram (middle). The 
corresponding galvanostatic (constant current) charge–discharge curves show a linear 



dependence of the potential on time (bottom). b | An idealized Faradaic (redox, battery-like) 
charge–discharge (top) features an anodic peak (corresponding to oxidation, Red – e– → Ox, 
where ‘Red’ and ‘Ox’ are the reduced and oxidized form of a species, respectively) and a 
cathodic peak (corresponding to reduction, Ox + e– → Red) around the standard redox potential 
Eo of the redox couple in cyclic voltammetry (middle). Under galvanostatic conditions, charge–
discharge occurs at a nearly constant potential Eo (bottom). c | An idealized conducting polymer 
combines both capacitive and Faradaic charge–discharge regimes. However, this is not a simple 
sum, as the capacitive process necessitates a sufficiently conducting substrate, which is not the 
case for the undoped state (top). Yellow indicates a poorly conductive state and green a highly 
conductive one.  
 
Fig. 7 | Organic semiconductor–electrolyte interfaces. The illustrations show the limiting 
cases of ion movement at the organic semiconductor (OS)–electrolyte interface that accompany 
redox processes in the OS. Capacitive (electrical double layer) charges and solvent molecules 
are not shown for clarity. a | When a pristine (undoped) OS is p-doped in the presence of a 
solution containing mobile anions, the subsequent absorption of solvated counterions results in 
an increase in mass and swelling. b | Upon dedoping of a p-doped OS that contains immobile 
counterions, the absorption of solvated co-ions leads to mass increase and swelling. Yellow 
indicates a poorly conductive state and green a highly conductive one.  
 
Fig. 9 | Communication between biological organisms and organic electronics. Cells 
communicate with each other and the outside world predominantly through membrane-bound 
proteins and receptors. Cells also express adhesion-promoting proteins that enhance adhesion 
to surfaces and the formation of 3D-structured tissues. Organic electronic surfaces can be 
chemically modified (panel a) with, for example, –COOH ligands, to promote the adhesion of 
biological material. Organic electronic surfaces can also be modified with adhesion-promoting 
proteins, such as fibronectin, to enhance coupling between cells and the electronic interface. 
More recent strategies include the formation of composites of organic electronic materials and 
adhesion-promoting compounds such as lysine or RGD peptides. Dynamic control of adhesion 
can be achieved through a redox-switching mechanism (panel b), whereby surface-bound 
proteins are reoriented based on the redox state of the organic (semi)conductor. Beyond control 
of adhesion, organic electronic surfaces can also control cell and tissue function. A fundamental 
aspect of this control is the large volumetric capacitance of nano- or microstructured electrodes 
(panel c), enabling impedance tuning and bulk conductivity dependence on ion concentration. 
These structures can be tailored to achieve porous, dendritic or even ordered porous (templated) 
(panel d) films and surfaces. Denser films, such as poly(3-hexylthiophene) , are not porous, 
leading to well-defined electric double layers (EDLs, panel e) that can be used to precisely 
control cells or tissue by manipulating local ionic strength. This EDL can be further used by a 
functionalized (semi)conductor surface with recognition elements, such as DNA probes (panel 
f), which subtly change the EDL capacitance upon binding of specific nucleic acid targets, 
enabling precise sensing. Likewise, the gate electrode in transistor devices can be modified with 
recognition elements (panel g). Finally, many organic (semi)conductors have mixed ionic and 
electronic conductivity, which enables the transport and delivery of charged species (including 
metal ions and neurotransmitters (such as acetylcholine, ACh+)) into and through the electrode 
material (panel h). SAM, self-assembled monolayer.  
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