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a b s t r a c t

In this short review, we will give examples on how photoelectron spectroscopy (PES) assisted
by models on interface energetics can be used to study properties important to bulk heterojunc-
tion type organic photovoltaic devices focusing on the well-known bulk heterojunction blend of
poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) and its model system
P3HT:C60. We also will discuss some of the limitations of PES as applied to organic semiconductors
(OS) and photovoltaic devices and finish with reviewing recent theoretical advances that now enable
calculation of relevant parameters at (hybrid) interfaces measured by PES.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It has been demonstrated that organic semiconductors (OS)
can be used, e.g., in light emitting diodes (OLEDs) [1], photovoltaic
devices (OPV) [2] and in spintronic devices [3,4]. OS molecules
and polymers offer some attractive advantages such as solution-
based low-temperature processing (“electronic ink”), tunable light
absorption/emission from near UV into IR (optimized coverage
of the solar spectrum or visible spectrum), tunable ionization
potentials and electron affinity (optimized charge injection or
exciton dissociation at heterojunctions), and comparatively long
spin life times (important for spintronics applications). OLEDs are
now commercial and, e.g., have seized the high-end market for
cell phone displays. The field of organic photovoltaics has seen an
increased rate of development in recent years with an improved
understanding of the device physics [5–9] and improved device
efficiency. The best confirmed terrestrial cell efficiencies in fact are
now roughly on par with the more mature dye-sensitized solar cell
(DSSC) technology [10]. Results from Mitsubishi, for example, using
OS molecules and the well-established bulk-heterojunction con-
cept [11,12] demonstrated a solar cell of 10% efficiency as compared
to 11% (Sharp) and 9.9% (Sony) for dye-sensitized solar cells [10].

All organic-based electronic/spintronic devices are made
by deposition of successive layers (metal, oxide, insulating or
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semiconducting layers), and many key electronic processes (such
as charge/spin injection from metallic electrodes, charge recom-
bination into light or light conversion into charges, etc.) occur at
interfaces. In fact, as charges are localized on (parts of) molecules in
most films, even charge/spin transport can be seen as a sequence of
charge/spin injection events at organic–organic junctions. Organic
electronic device performance thus is strongly linked to the energy
level alignment at the various interfaces contained within, and
it is of great importance to understand and predict energy level
alignment at both metal–organic and organic–organic interfaces.
Photoelectron spectroscopy (PES) has been used widely to this
effect [13,14], as it offers the ability to probe the density of occupied
states (DOS) of a material, the ionization potential (IP) as well as
the work function. In particular the change in work function, if any,
at heterojunctions can be measured by PES, as can energy level
gradients over a film, i.e., “band bending” type effects. It also has
been shown that the equilibrium energetics at interfaces featuring
OS molecules to a large extent can be explained and predicted by
the integer charge transfer (ICT) model [15–19] a model that is
applicable to weakly interacting interfaces such as metal–organic
junctions prepared under ambient or high vacuum conditions
where direct overlap of the organic �-system with the metal bands
is prevented due to presence of oxides and/or hydrocarbons on the
metal substrate, as well as for organic–organic heterojunctions, i.e.,
exactly the type of interfaces present in bulk heterojunction OPVs.
Abrupt transitions between a Schottky–Mott regime and Fermi-
level pinning regimes are predicted and observed upon variations
of the work function of the substrate for both metal–organic and
organic–organic interfaces. The Schottky–Mott regime is defined
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Fig. 1. General diagram of the substrate work function (WS) dependence of the
final work function (W) for �-conjugated organic molecules and polymers films
deposited onto weakly interacting surfaces. Three distinct regimes are present:
(i) WS > EICT+: Fermi level pinning to a positive integer charge transfer state, (ii)
EICT− < WS < EICT+: vacuum level alignment, and (iii) WS < EICT−: Fermi level pinning
to a negative integer charge transfer state.

by vacuum level alignment at the interface while the Fermi-level
pinning regimes are characterized with an interface potential step
that scales with the difference between the equilibrium ionization
potential or electron affinity of the organic semiconductor at the
interface and the work function (WS) of the substrate. The origin
of the potential step (�) is explained by spontaneous charge
transfer across the interface via tunneling (integer charge transfer)
[15–17] when the substrate work function is higher than the
smallest energy required to take away one electron (lower than
the largest energy gained from adding one electron) from (to) the
molecule at an interface producing a fully relaxed state. These
energies are referred to as EICT+ and EICT−, respectively. Three
distinct energy level alignment regimes are hence predicted by
the model: (i) WS > EICT+ – Fermi level pinning to a positive integer
charge transfer state, resulting in a substrate-independent work
function; (ii) EICT− < WS < EICT+ – vacuum level alignment, giving
a substrate-dependent work function, slope = 1; (iii) WS < EICT− –
Fermi level pinning to a negative integer charge transfer state,
resulting again in a substrate-independent work function, see
Fig. 1. The importance of the physical nature of the interface in
terms of inter- and intra-molecular order was highlighted early
on in the development of the ICT model, as it was expected to
significantly affect the EICT+,− values [16].

Bulk heterojunction type OPV devices are based on a network
of donor–acceptor type organic–organic heterojunctions created
through blending of two (or more) organic components in a film
sandwiched between two electrodes where at least one is transpar-
ent. The excitons created upon absorption of photons in such a film
(by either the donor or acceptor molecules) should ideally be trans-
ferred to a donor–acceptor interface where they are transformed
into electron–hole charge transfer complexes. These eventually
become free negative and positive charge carriers, which are sub-
sequently transported to the electrodes, see Fig. 2 [20]. Far from all
excitons created follow this ideal path as a variety of loss mech-
anisms exist [20], as depicted in Fig. 2. The energy level off-set
at the heterojunctions, e.g., should be large enough to overcome
the exciton binding energy so as to assist the transformation of an
exciton into a charge transfer complex, but if the off-set between
the donor and acceptor levels is too large, substantial energy loss
occurs and the overall power conversion efficiency of the cell will
suffer [21]. The energetics at the OS/electrode interfaces also are
important as barriers toward hole- and/or electron-extraction will
decrease the open circuit voltage (VOC) and the overall power
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Fig. 2. Diagram describing relevant energy levels in the OPV process transforming
excitons into free charges. S0 represents the singlet ground state of the donor or the
acceptor and S1, the first singlet excited state formed by light absorption at the bulk
heterojunction, CTn represents the charge transfer complexes that can be formed
upon transfer of an electron (hole) from the donor (acceptor) to the acceptor (donor)
and CS represent the final charge separated state where the charge transfer complex
has transformed into free charge carriers, a h+-polaron and e−-polaron in the donor
and acceptor regions, respectively. The k terms represent competing transfer rates
between various electronic states. Note that the diagram is a simplified picture, e.g.,
a variety of S0, S1 and CS states exist in a D/A blend layer due to local variations in
the molecular order.

efficiency (�) of the device, as the latter depends on VOC, short cir-
cuit current (JSC), fill factor (FF) and power of the incident irradiation
(P0) as � = JSCVOC FF/P0. From this formula it is then clear that poten-
tial losses in a device should be minimized through optimization of
the energetics at all interfaces.

A number of models for estimating the VOC of an OPV has
been proposed [5–9], and it has been shown that for OPV devices
with optimized electrode interfaces (no barriers for hole and elec-
tron extraction at donor/cathode and acceptor/anode interfaces,
respectively), the VOC for a particular blend combination can be
determined from the free-energy difference between the (first)
excited charge transfer complex and the ground state charge trans-
fer complex, which in turn can be measured by optical spectroscopy
methods [8]. Though PES and inverse PES derived values for donor
h+-polarons and acceptor e−-polarons can be used in models to
predict VOC, either directly [22] or by substituting cyclic voltam-
metry based estimates [9] of the same properties, the approach
is certainly more expensive and time consuming than the optical
spectroscopy (or cyclic voltammetry) approach. Where PES mea-
surements clearly do bring an added value is in mapping out the
energy levels (EICT+,−) that determine the potential step, if any,
at interfaces [23,24]. As noted, the electrode interfaces have to
be optimized so as to minimize losses to the VOC. Furthermore, a
potential step at the bulk heterojunction donor–acceptor interface,
though decreasing the VOC, may in fact improve power efficiency
by increasing the percentage of charge transfer complexes that dis-
sociate into free charges as we will discuss in some greater detail
later in this review.

2. Experimental methodology

This review assumes that the reader is familiar with photo-
electron spectroscopy and we will not delve into the basics of
the method. We will, however, briefly discuss some (but not all)
issues particular to the study of OS and their interfaces in OPVs,
as the PES-based approach of determining the energy level align-
ment in such multi-layer organic electronic devices comes with
some weaknesses. The unoccupied density of states is not directly
accessible, for example, though the binding energy of the most
easily reduced states at an interface can be measured indirectly,
using the ICT model. Hence, estimates of the electron affinity (EA)
of an organic film are typically obtained using a combination of
PES and optical absorption data, cyclic voltammetry or inverse
photoemission. Another, perhaps less obvious problem is derived
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from the nature of the charge carrying species in OS films. In
�-conjugated molecules/polymers, charge injection (and optical
excitation) modifies both the electronic and the geometric struc-
ture of the materials: when adding an electron to the antibonding
lowest unoccupied molecular orbital (LUMO) or taking an electron
from the highest occupied molecular orbital (HOMO), the bonds
of the molecule are reorganized to minimize the energy with the
result that the IP and EA differ significantly from the HOMO and
LUMO energies, respectively. Hence, the HOMO and LUMO ener-
gies of the neutral system are not identical with the charge carrying
species (polarons) that are relevant for determining, e.g., energy
level alignment and charge injection barriers. The binding energy
measured by PES also is not equal to the binding energy of the
electrons in the neutral ground state but represents the energy
difference between the initial ground state and a final (excited) ion-
ized state. However, the PES derived ionization potential typically
is still not equal to the hole-polaron formation energy of the OS as
the electron in a photoelectron emission event leaves a molecule
typically within about 10−15 s whereas the bond relaxation time is
around 10−13 s and the corresponding electronic relaxation time is
about 10−16 s [25]. Thus, the electrons have had time to relax, i.e.,
the hole is fully screened, but the bonds (nuclei) are frozen dur-
ing the photoemission process. This means that for systems where
the ionized final state energy is significantly affected (lowered) by
geometric relaxation (i.e., polarons), which is the case for most OS
films, PES measurements will overestimate the hole-polaron for-
mation energy and binding energy in general. Nevertheless, the
PES-derived IP, representing the vertical IP and typically defined as
the binding energy vs. vacuum level of the leading edge of the fron-
tier feature in the valence region spectrum, is often (incorrectly)
equated with the binding energy of the hole-transporting species
(polarons) and the hole-injection barrier in, e.g., diodes are then
concomitantly estimated as the difference between the (effective)
work function of the electrode and the IP of the organic film. This is
problematic, not only because the PES IP does not take into account
geometrical relaxation contributions to the polaron energy, but also
because different types of devices and biasing conditions utilize dif-
ferent parts of the (polaron) DOS: e.g., a hybrid organic spin-valve is
generally operated at orders of magnitude lower current densities
than a light emitting diode, and field effect transistors (FET) oper-
ate at different fields and carrier concentrations than diode based
devices. Hence, defining the energy position of the (polaron) DOS
that is relevant to the OPV device from the PES spectrum alone is a
daunting task.

PES measurement of the work function, and in extension the
interface potential step (if any) and potential gradients over the
films (if any), is more robust than the IP and EA (h+- and e−-
polarons, respectively) determination. The PES spectra of the
valence region can provide valuable information not only about
details of the electronic structure of the studied material but also
about its work function W and the change in the work function
(�) that can occur upon (partial) coverage of the substrate surface,
as illustrated in Fig. 3. The work function can be obtained from
the measured energy of the secondary electron cutoff (Ecutoff) (see
Fig. 3) using a simple formula:

W = h� − Ecutoff. (1)

The change in work function, �, can be monitored by remea-
suring the Ecutoff after a deposition step has been carried out
(spin-coating a polymer film, in situ condensation of a molecular
(sub) monolayer, etc.). Hence, the relation between the occupied
levels at a heterojunction can be measured, both in reference to
the vacuum level and the Fermi level, though within the limitations
discussed above.

Fig. 3. Schematic figure of some of the relevant parameters derived from PES char-
acterization of surfaces and interfaces.

3. Experimental results and discussion

The field of OPV is currently pursuing the development of new
materials for more efficient bulk-heterojunction solar cells, but
the blend poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid
methyl ester (P3HT:PCBM) still provides reasonable power effi-
ciency and serves as an important model system [24,26–30]. The
P3HT:PCBM blend provides efficient charge generation and trans-
port with low recombination and understanding of the underlying
reasons for these advantageous properties aid the development of
new material systems. As noted, it is of great importance to know
the energetics at the various interfaces, in particular at the bulk
donor–acceptor heterojunction. It is not easy to prepare a mono-
layer thick film from spin-coating, however, so we will first explore
the C60/P3HT interface to gain a deeper understanding of the bulk
heterojunction energetics. C60 is a good model molecule for PCBM
and can be deposited in well-controlled (sub) monolayer steps in
situ, enabling the interface energetics to be studied in some detail.

3.1. The C60/P3HT heterojunction

In the following section, we address the energy level alignment
at the interface between regioregular poly(3-hexylthiophene), rr-
P3HT, and fullerene C60 [31]. Rr-P3HT exhibits moderate electron
donor character, due to its low vertical ionization potential (IP) of
4.5–4.6 eV as measured by PES. C60 is an electron acceptor, with
an electron affinity (EA) of 4.0 eV [32]. The EICT+ value for annealed
rr-P3HT is 4.0 eV [17] and the EICT− value for C60 is 4.5 eV [31], as
derived from the ICT model applied to PES measurements, see Fig. 4.
The C60/P3HT interface was formed by (stepwise) deposition of C60
molecules in UHV, using a simple Knudsen-cell, onto a thin film
(20 nm) of rr-P3HT. The latter was prepared by spin coating from a
solution in dichlorobenzene, onto metallic or semiconducting sub-
strates with selected work functions between 3.3 and 6.1 eV. This
large range of work functions allows for a systematic study of the
impact of the substrate work function on the energy level alignment
throughout the full layer stack. This point is addressed in detail in
Ref. [31] but will not be discussed here.

Fig. 5 shows a typical example of the evolution of the valence
band spectra recorded during stepwise C60 deposition (from 0 to
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Fig. 4. Substrate work function (WS) dependence of the final work function (W) for
C60 (triangles), PCBM (squares) and annealed rr-P3HT (circles).

11 nm C60) onto a rr-P3HT film (the same procedure was repeated
for several rr-P3HT films on different substrates, yielding similar
results). As indicated in the left panel of the figure the secondary
electron cut-off shifts toward lower binding energies as C60 is
deposited onto rr-P3HT. This corresponds to a positive vacuum
level shift �, which in turn indicates the formation of a potential
step at the interface, with its negative “pole” on the side of C60. The
vacuum level shift saturates at a value of 0.6 ± 0.1 eV after deposi-
tion of about 5 nm of C60. It should be pointed out in passing that
the effects of space charges induced by doping (impurities) can-
not account for the observed vacuum level shift. Detailed studies of
interfaces between C60 and atomically clean noble metal surfaces
showed that noticeable space charge effects require film thick-
nesses as large as 100 nm for nominally 99.9% pure C60[33] and
can hence be ruled out here. The vacuum level shift must therefore
be due to a different effect, namely the formation of an interface
dipole due to transfer of electrons from P3HT to C60 at the inter-
face. Charge transfer is indeed expected, given the values of the
pinning levels of P3HT and C60 and a 0.5 eV shift in the vacuum
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Fig. 5. UPS spectra of a C60/P3HT sample, recorded during successive steps of C60

deposition. Vacuum level shifts, �, were determined from the secondary electron
cut-off as shown in the left panel and Eq. (1). The right panel shows a zoom-in of
the frontier electronic states, i.e., those closest to the substrate Fermi level situated
at 0 eV binding energy.
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Fig. 6. Evidence of the presence of negatively charged C60 molecules is contained in
the UPS spectra obtained for the very first stages of C60/P3HT interface formation,
where spectral weight appears between 1 and 0 eV binding energy. The curves for
nominally 0.01 nm and 0.3 nm thick C60 overlayers were obtained by subtraction
of the P3HT signal from the total UPS intensity. For comparison, a spectrum of an
11 nm thick C60 film is shown as well. The spectra were scaled and aligned to match
the amplitude and position of the C60 HOMO peak (at about 2.3 eV) recorded for the
thick film.

level is predicted based on the EICT+,− values, in good agreement
with the experimental results.

The resulting charge transfer states, which appear in the energy
gap of the organic semiconductors, generally are difficult to detect,
especially for heterojunctions featuring a polymer overlayer, as
(sub) monolayer deposition of polymers from spin coating is rarely
achievable, as noted above. Furthermore, typically only a small frac-
tion of charged species are involved in establishing equilibrium
of the chemical potential across the interface, so even for a (sub)
monolayer the signal from the charge transfer states may be hard to
discern. Indeed, the raw UPS spectra shown in Fig. 5 do not reveal
the presence of any charged C60 species (e−-polarons). Nonethe-
less, by subtracting the signal of P3HT from the total UPS intensity
in the spectra with nominal C60overlayer thicknesses of 0.01 nm
and 0.3 nm (note that the fraction of charged molecules is expected
to be highest for low C60 coverage), clear evidence for the existence
of negatively charged C60 molecules at the interface is found. This
is demonstrated in Fig. 6, where a peak that corresponds to nega-
tively charged C60 molecules, derived from the now singly occupied
former LUMO, appears at 2.0 eV above the HOMO of neutral C60. In
addition, a broadening of C60 levels, as compared to the case of
“bulk” C60, is observed in the very first stages of interface forma-
tion: The full width at half maximum (FWHM) of the C60 HOMO
level changes from approximately 0.7 eV at the first deposition step
to 0.5 eV for a thick C60 overlayer. This may be attributed to lateral
dipole field inhomogeneties, which are indeed expected for a low
charge density (a small fraction of charged/neutral molecules).

Hence, by using the C60/P3HT model system, we have demon-
strated that the interface energetics can be predicted from the
EICT+,− values determined by PES, which in turn enables choice of
electrodes that minimize losses due to barriers. We further demon-
strated that the formation of a ground state charge transfer complex
can be predicted as well as verified by PES measurements. In the
case of the C60/P3HT interface, the formation of a ground state
charge transfer complex induces an 0.6 eV vacuum level shift at
the heterojunction. We can thus expect a similar ground state
charge transfer complex to form at the PCBM/P3HT heterojunc-
tion. This particular study focused on annealed rr-P3HT as the
P3HT:PCBM blends are typically annealed in OPV devices in order
to improve power efficiency. We will in the next section show how
PES can be used to probe annealing-related effects on IP and EICT
values, and in extension, shed light on the positive effects a charge
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Table 1
Results from PES measurements (hv = 21.2 eV) on rr-P3HT. The positive integer charge transfer energy (EICT+) and vertical ionization potential (IP), measured for pristine films
at RT, at elevated temperatures and after cooling to RT, all done in situ. Experimental error ± 0.05 eV.

rr-P3HT Pristine sample, RT 50 ◦C 80 ◦C 110 ◦C 150 ◦C RT

EICT+ (eV) 4.40 4.40 4.35 4.25 4.05 4.00
IP (eV) 4.50 4.50 4.50 4.50 4.50 4.45

transfer complex induced potential step at the bulk heterojunction
may provide.

3.2. The PCBM/P3HT heterojunction

To show how PES can be used to clarify the effect of annealing
on the electronic structure and film morphology in OPV devices,
and in turn how these properties may affect interface energetics
and device efficiency, we describe PES measurements using HeI
light performed on rr-P3HT thin films on Au [34], and again we
interpret the results using the ICT model. As previously described,
the vertical ionization potential obtained by the PES technique
includes the inter- and intra-molecular electronic relaxation that
occurs in response to the creation of a hole in a molecular orbital
and thus captures the electronic part of the polaronic relaxation
energy in �-conjugated materials as well as the screening of the
surrounding medium. Tracking changes in film morphology by fol-
lowing the evolution of the PES-derived IP is thus a viable method
that has been employed previously on alkyl substituted polythio-
phenes [35–37], where, e.g., improved order in the polythiophene
films will lead to better intermolecular screening and hence lower
IP. Note that the PES-derived IP represents the vertical ionization
potential of the material in the probed surface region and hence
does not yield information on the local order at a buried inter-
face, nor does it represent the true polaronic formation energy. The
ICT model can be used in combination with PES data, however, to
determine the energy of the integer charge transfer states EICT+,−
[15–17], defined as the lowest energy required to take away one
electron (highest energy gained from adding one electron) from
(to) the molecule/polymer at an interface producing a fully relaxed
polaron. Note that both electronic and geometrical relaxation are
included in the EICT+ and EICT−, as well as effects from inter- and
intra-molecular order at the interface [15–17,23,34], which may
differ from the bulk and surface as shown below.

The annealing-induced evolution of the IP and EICT+ of rr-P3HT
films is listed in Table 1 [34]. For the pristine rr-P3HT films, we
see a low IP of 4.5 eV and an EICT+ of 4.4 eV. The IP is significantly
lower than that of regiorandom (rra-)P3HT, 4.65 eV [34], indicating
comparatively well delocalized polarons [34,38,39] due to longer
intrachain �-conjugation lengths and better screening from neigh-
boring chains as the interchain order is superior in the case of
rr-P3HT. The PES data are thus in agreement with literature where
pristine rr-P3HT films are defined by excellent inter- and intra-
chain order (2D lamellar structure) [38,40–43]. Upon annealing,
we see no increase in IP, in stark contrast to the behavior of rra-
P3HT where increased temperature induces significant interring
torsion and increases the IP and band gap [34,35]. This suggests
that the crystallinity of the rr-P3HT films prevents the chains inside
of the grains from undergoing interring torsion as it would dis-
rupt the tight �–� packing of the polymer chains: the chains are
collectively locked in place. The chains at the edges of the grains,
however, are comparatively free to move, and some of these chains
undergo thermal-induced increases in inter-ring torsion and hence
decreases in the �-conjugation length, modification of the inter-
chain order as well as their orientation in respect to the interface:
all of which affects the EICT+ value. These chains dominate the inter-
face energetics with the substrate and again the Fermi level gets
pinned to their EICT+ states of around 4.05 eV. Such a decrease of

EICT+ is likely due to a change in the orientation of (part of) the
chains at the interface. The same value, EICT+ = 4.05 eV, is achieved
for thermally treated rra-P3HT, which is expected as the interface
energetics is dominated by the chains with orientations that give
the lowest pinning level. Cooling to room temperature does not
return all of these chains to their pristine conformation, so the
Fermi level remains pinned to the lower value, even though the
bulk (and surface) polarons retain their delocalized nature, which
is possibly even improved by an annealing-induced increase of the
macroscopic order in the films as the IP is slightly lowered. Trans-
lating these results to P3HT:PCBM blends, we see that annealing in
the rr-P3HT case creates a ground state charge transfer complex at
the P3HT:PCBM interface with the negative side of the dipole point-
ing into the PCBM acceptor layer, as annealing at 110 ◦C or above
introduces chains at the interface with EICT+ values low enough to
promote spontaneous charge transfer to the PCBM (EICT− = 4.2 eV
[23], see Fig. 4), which is not the case for the as prepared RT case
(rr-P3HT EICT+ = 4.4 eV > 4.2 eV, hence vacuum level alignment).

Theoretical models predict that an interface dipole with the
negative pole in the acceptor layer will enhance dissociation of
charge transfer complexes into free charge carriers, significantly
decreasing the chance that the electron and hole states become
trapped at the interface by Coulomb forces where they eventually
would recombine resulting in a loss of photocurrent [44,45]. Fur-
thermore, the charge transfer process described by the ICT model
will sample the most easily oxidized polymer chains or chain seg-
ments on the P3HT side of the heterojunction, and the most easily
reduced PCBM molecules at the other side. In this way, the most
tightly bound charge transfer complexes that can be created at the
interface are already occupied in the (dark) ground state and are
consequently not available to participate in the exciton dissociation
process following a photon absorption event [23].

Photoinduced absorption spectroscopy carried out by the Öster-
backa group of Åbo Akademi, see Table 2 [34], tested these
predictions by following two different routes to charge transfer
complex generation at rr-P3HT:PCBM bulk heterojunctions: above-
band gap excitation (514 nm) where the exciton migrates to a
donor–acceptor interface and minimizes its energy by transforming
in to a charge transfer complex or sub-band gap excitation (785 nm)
where the charge transfer complex is formed from direct excitation
at the interface. For above-band gap excitation, the concentration
of free charges was found to increase significantly after heat treat-
ment, and at the same time the lifetimes are significantly reduced.
The results indicate that in rr-P3HT the well-ordered (lamellar)
structure produces efficient delocalization and high mobility of the
polarons. Charges can escape fairly well from the interfaces already

Table 2
Lifetime and charge concentration extracted from photoinduced absorption spec-
troscopy data. Values for the lifetime (�) and charge concentration (n) are given for
785 and 514 nm excitation wavelengths. The values are measured at a 1.25 eV probe
energy. The error margins given are estimated from the noise in the data.

rr-P3HT

Pristine Annealed

�785 (�s) 90 ± 30 60 ± 20
�514 (�s) 70 ± 10 35 ± 5
n785 (1016 cm−3) 0.46 ± 0.01 0.90 ± 0.01
n514 (1016 cm−3) 14.9 ± 0.02 25.5 ± 0.02
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before heat treatment, but the introduction of the interface dipole
after heat treatment makes this escape process much more effi-
cient resulting in higher charge concentration [34]. The relative
increase in charge concentration is even bigger for sub-band gap
excitation, which may seem counterintuitive given that sub-band
gap excitation can only occur at the donor/acceptor interface and
heat treatment of rr-P3HT:PCBM blends promote de-mixing and
hence a significantly decreased interface area. However, as the most
tightly bound charge transfer complexes available are already pop-
ulated in the (dark) ground state after heat treatment according to
the PES results and ICT-based interpretation thereof, generating the
advantageous interface dipole, the direct excitation now produces
charge transfer complexes with a significantly greater chance of
dissociating, producing a net increase of free charges.

4. Theoretical modeling

As earlier alluded to, PES is an expensive technique and like all
experimental techniques requires synthesis of the materials to be
tested/screened for suitability in OPV devices, adding further cost
and complexity. It would thus be desirable to replace some if not all
PES-based measurements of the interface energetics phenomena
described so far in this review with calculations, the latter being
generally cheaper and do not require actual (time consuming) syn-
thesis of the molecules/polymers to be tested. Recent advances in
theory in fact show the promise of doing just that, as the EICT values
and in extension potential steps (if any) at (hybrid) organic inter-
faces now can calculated and reproduced to within the error margin
of the PES experiments. Below we describe in some detail the den-
sity functional theory (DFT) based model [46–48], first for metal/OS
then for OS heterojunctions and finally review some recent results.

Following the ICT model, we assume that the contact between
the metallic electrode and the organic material is weak, imply-
ing that the electronic states of the organic molecules do not
hybridize notably with those of the electrode. Electrochemical
equilibrium between the electrode and the organic material is then
attained by transferring (an integer number of) electrons across the
metal–organic interface [15,16]. Electrostatic interactions keep the
transferred charges, and their image charges in the metal, close
to the interface. A “double layer” is formed at the interface, sim-
ilar to those found at electrodes in electrochemical devices. The
double layer leads to a potential step � across the metal–organic
interface. In experiment such a potential step is often extracted
as � = W − WS, where WS is the work function of the electrode, in
absence of the organic material, and W is the work function of the
total system after deposition of the organic layer on the electrode.

Consider an interface between a metallic substrate and an
organic layer of N acceptor molecules, and allow for transferring
a number of electrons from the substrate to the acceptor layer. A
particular configuration of the charges at the interface has the total
energy

E(n1, n2, . . . , nN) =
N∑

i=1

[niE1,i + (1 − ni)E0,i] + EC(n1, n2, . . . , nN),

(2)

where i labels the molecules, ni = 0, 1 is the occupation number
of the molecular acceptor state, E0,i (E1,i) is the total energy of a
neutral (charged) molecule, and EC is the electrostatic energy of
the interfacial arrangement of the charged molecules, all image
charges in the substrate and polarization effects included. EC does
not generally have a form that yields simple analytical expressions
for configurational averages.

A simple model is obtained by assuming that the electrostatic
energy of the interface can be described by a parallel plate capaci-
tor:

Ec(n1, n2, . . . , nN) ≈ EC(N1) = N2
1e2

2C
− N1B−, (3)

with

N1 =
N∑

i=1

ni, (4)

the total number of charged molecules at the interface, e the ele-
mentary charge, and C the capacitance of the interface. B− is the
Coulomb energy associated with charging a single molecule with
an electron. It is subtracted from the capacitor charging energy to
avoid double counting, as per definition B− is already included in
the total energy E1,i of a charged molecule.

To simplify the discussion, we have assumed that B− is indepen-
dent of the molecule i. If we also suppose that the electron affinity
(A) is independent of the molecule i

Ai = E0,i − E1,i = A (5)

then the total energy is a function of the total number of charged
molecules N1, rather than a function of the occupation numbers ni
of the individual molecules:

E(N1) = −N1A + EC (N1) + E0, (6)

with E0 =
∑N

i=1E0,i the ground state energy of the molecular layer.
We assume that the organic layer and the metallic substrate are

in equilibrium, with the substrate acting as an electron reservoir at
a chemical potential �. The average number of charged molecules
at temperature T is then given by the standard expression

N̄1 =
∑N

N1=1N1g(N1)e−ˇ[E(N1)−�N1]∑N
N1=1g(N1)e−ˇ[E(N1)−�N1]

, (7)

with ˇ = 1/kBT, and g(N1) the degeneracy of the energy level E(N1).
The latter is a quadratic expression in N1, so the Gibbs factor
exp {ˇ[E(N1) − �N1]} is a Gaussian function. If we assume that the
energy levels are non-degenerate, i.e., g(N1) = 1, then the average
N̄1 is derived from E(N̄1) − �N̄1 = 0, giving

� ≡ N̄1e2

C
= W−

ICT + �, (8)

with

W−
ICT ≡ A + B−. (9)

The schematic energy level diagram is given in Fig. 1, where the
WICT are equivalent to the corresponding experimentally derived
EICT. Clearly � is the potential step across the interface, derived
from the charges in the molecular layer and the screening charges
in the substrate, as modeled by a parallel plate capacitor. As the
work function of the clean substrate without the molecular layer
is WS = −�, the work function of the total system, including the
molecular layer, is given by

W = WS + � = W−
ICT, (10)

The work function is fixed by the molecular layer and is inde-
pendent of the work function of the substrate, which is called
work function pinning, or Fermi level pinning. Note that by con-
struction N̄1 ≥ 0 and thus � ≥ 0. It also follows that, if WS > W−

ICT,
then N̄1 = 0 and thus � = 0. In that case W = WS, which is the
Schottky–Mott limit. Upon increasing the substrate work func-
tion WS, one observes a transition from pinning to Schottky–Mott
behavior, the transition point being at WS = W−

ICT.
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The assumption of non-degenerate energy levels leads to
a temperature independent work function W. Non-degeneracy
occurs if strong correlations between the charges in the molecular
layer force these charges to assume a single particular geometric
arrangement, which may not be an entirely realistic assumption.
An opposing starting-point is to assume that the charges within the
layer are completely uncorrelated, i.e., that every configuration of
N1 charges within the layer of N molecules yields the same energy.
The degeneracy of the energy levels is then given by

g(N1) = N!
N1!(N − N1)!

2N1 , (11)

where the factor 2N1 accounts for the spin degeneracy. An expres-
sion for N̄1, and thus for � follows from the standard procedure of
statistical physics, assuming that both N and N1 are large [49],

� = W−
ICT + � + kBT ln

⌈
2(�M − �)

�

⌉
, (12)

where

�M = Ne2

C
, (13)

is the maximal potential step at the interface, when all molecules
are charged. The last term on the right-hand side represents the
effect of temperature. We estimate �M to be typically in the range
10–20 eV for organic layers adsorbed on metallic substrates. As a
typical value of an interface potential step � is 1 eV, this means
that at room temperature � is increased by ∼0.1 eV, as compared
to its zero temperature value. Such a change is close to the error
bar in photoemission experiments, and will be difficult to measure.
Moreover, the assumption of completely uncorrelated charges may
also not be entirely realistic, so the effect of temperature may be
smaller than this.

Eq. (12) can be rewritten in a form that expresses the
Fermi–Dirac statistics of the electrons more explicitly [50]

n̄ = �

�M
= 1

(1/2)eˇ(�−W−
ICT

−�) + 1
, (14)

with n̄ the average occupation number of each molecule. This
expression also demonstrates the weak temperature dependence
more explicitly; if � − W−

ICT − � � kBT , then the function at right-
hand side is close to the step function 1 − �(� − W−

ICT − �), and
the solution to this equation is given by Eq. (10).

As the effect of temperature is not very large, we can to a good
approximation replace � on the right-hand side of Eq. (12) by
W−

ICT + �. For the work function of the total system we then obtain

W ≈ W−
ICT + kBT ln

[
2(�M − W−

ICT + WS)

W−
ICT − WS

]
, (15)

using � = −WS as before. The work function W is not completely
pinned, i.e., independent of WS. However, using a typical value
�M = 15 eV and decreasing W−

ICT − WS from 2 to 1 eV, increases W by
∼0.05 eV at room temperature. This indicates that within the error
bar of photoemission experiments, the work function can be con-
sidered as pinned. The main effect of temperature is to round off the
transition from work function pinning to Schottky–Mott behavior
for small values of W−

ICT − WS, upon increasing WS.
So far we discussed electron transfer to acceptor molecules. A

model for electron transfer from a layer of donor molecules to a
metallic substrate can be developed in an analogous way. The total
energy of Eq. (2) is then

E(N1) = N1I + N2
1e2

2C
− N1B+ + E0, (16)

with I the ionization potential of the molecules, and B+ the Coulomb
energy associated with charging a single molecule with a hole.

Assuming completely uncorrelated electrons, leading to a degen-
eracy as in Eq. (11), and following the procedure outlined above,
then yields for the work function of the total system

W ≈ W+
ICT − kBT ln

[
2(�M + W+

ICT − WS)

WS − W+
ICT

]
, (17)

with

W+
ICT = I − B+, (18)

the pinning level for holes. The resulting schematic energy level
diagram is the same as in Fig. 1, with the theoretical WICT corre-
sponding to the respective measured EICT. The potential step at the
interface � = W − WS going from the metal to the organic layer, is
negative, as the charges on the molecules are positive. So by con-
struction � ≤ 0, and pinning to W+

ICT occurs for substrates with a
work function WS > W+

ICT. As discussed above, we expect the tem-
perature dependence of the work function W to be small, e.g., using
VM = 15 eV, room temperature, and increasing WS − W−

ICT from 1 to
2 eV increases W by ∼0.05 eV. The main effect of temperature is
to round off the transition from Schottky–Mott behavior to work
function pinning for small values of WS − W+

ICT upon increasing WS.
Following the experimentally derived ICT-model, the work

function pinning levels W−
ICT,A, obtained for an individual layer of

acceptor molecules, and W+
ICT,D, obtained for an individual layer

of donor molecules, can be used to predict the potential step �DA
found at the interface between the donor layer and the acceptor
layer:

�DA ≈ W−
ICT,A − W+

ICT,D, (19)

if W−
ICT,A > W+

ICT,D, and �DA ≈ 0, if W−
ICT,A < W+

ICT,D. It seems reason-
able to assume that this potential step is caused by the transfer
of electrons across the interface from the donor molecules to the
acceptor molecules, for which we can use essentially the same
approach as discussed above. The total energy is described by

E(N1) = N1ID − N1AA + N2
1e2

2C
− N1B+

D − N1B−
A + E′

0, (20)

where ID (AA) is the ionization potential (electron affinity) of the
donor (acceptor) molecule, B+

D(B−
A ) is the Coulomb energy associ-

ated with charging a single donor (acceptor) molecule with a hole
(electron), and E′

0 the ground state energy of the neutral layers of
donor and acceptor molecules. If we assume that the charges are
strongly correlated, leading to non-degenerate energy levels, then
the potential step is given by Eq. (19) and is temperature indepen-
dent. For uncorrelated charges the degeneracy of the energy levels
is given by

g(N1) =
[

N!
N1!(N − N1)!

]ge

g2N1
e . (21)

Here ge = 1 if we assume that an electron transferred from a donor
to an acceptor molecule stays close to the hole left on the donor
molecule, and the two form a singlet state. Alternatively, ge = 2 if we
assume that the holes and the electrons in the donor and acceptor
layers are completely uncorrelated, and both have spin degeneracy.
Following the procedure outlined above, we then find

�DA ≈ W−
ICT,A − W+

ICT,D + gekBT ln

[
g2

e (�M − W−
ICT,A + W+

ICT,D)

W−
ICT,A − W+

ICT,D

]
,

(22)

if W−
ICT,A > W+

ICT,D, and �DA ≈ 0, if W−
ICT,A < W+

ICT,D. Measuring the
temperature dependence of �DA might be a way to characterize
the degree of correlation of the charges at the interface.

To calculate the pinning levels for electrons and holes in molec-
ular layers (Eqs. (10) and (18)), we need the electron affinity
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A, the ionization potential I, and the molecular charging ener-
gies B−/+. All these quantities can in principle be obtained from
first-principles calculations, but some care must be taken, as they
all depend strongly on the environment of the molecule. The
charge on a molecule is screened by polarization of the molecules
surrounding the charged molecule or image charges in the sub-
strate. Screening stabilizes the charged molecule by an energy
P−/+ for a negatively/positively charged molecule, which increases
the electron affinity to A′ = A + P−, and decreases the ionization
potential to I′ = I − P+. The molecular charging energies decrease to
B′−/+ = B−/+ − P−/+ for the same reason, i.e., charged molecules are
stabilized by screening.

This reasoning leads to the remarkable conclusion that the pin-
ning levels W−/+

ICT do not depend on screening by the environment.
They are independent of the dielectric properties of the environ-
ment, including those of the substrate. That does not mean that
the pinning levels are pure molecular properties, however, as argu-
ments similar to those applied for screening (the effects resulting
from an induced charge distribution) cannot be made for the effects
that result from the static charge distribution of the environment.
The fields originating from the multipoles of the molecules sur-
rounding a particular donor or acceptor molecule affect the energy
levels of that molecule. It is, for instance, well-known that these
energy levels depend on the orientation of the molecule within
a molecular layer [51,52]. Varying the packing and orientation of
molecules within a layer can easily change the molecular ionization
potential by �0.5 eV. These static effects affect the energy levels of
both the neutral and the charged molecule, and they will in general
not cancel out.

In principle the same argument can be made for the influence of
the static fields originating from the substrate. One would however
expect that a metallic substrate does not give rise to strong local
fields, as these will be screened by the metal. In conclusion, the
pinning levels are expected to be a property of the molecular layers,
and can be obtained from first-principles calculations on individual
layers of donor or acceptor molecules.

If we use density functional theory (DFT) with common local, or
semi-local functionals, i.e., the local density approximation (LDA),
or the generalized gradient approximation (GGA), further simplify-
ing approximations can be made. Such functionals allow for partial
occupation numbers nk of the Kohn–Sham energy levels �k, and
yield an expression for the total energy of a molecule Emol that
is analytical in these occupation numbers. Janak’s theorem holds
for such functionals, which expresses the energy levels as deriva-
tives of the total energy with respect to the occupation numbers,
�k = ∂Emol/∂nk [53,54]. The vertical electron affinity (Av) can then be
found by occupying the Kohn–Sham LUMO level at fixed molecular
geometry

Av = −
∫ 1

0

�LUMO(n) dn. (23)

Assuming that �LUMO(n) is described well by a linear function
εLUMO + U−n, with εLUMO = �k(0) the empty Kohn–Sham LUMO level
of a neutral molecule, one obtains

Av = −εLUMO − 1
2

U−. (24)

The physical meaning of the parameter U− can be clarified by
integrating Janak’s expression for a molecule with a partially occu-
pied LUMO within the same approximation

Emol(n) = Emol(0) + εLUMOn + 1
2

U−n2. (25)

Table 3
Calculated pinning levels W−

ICT, Eq. (29), for acceptor molecules, and W+
ICT, Eq. (30),

for donor molecules, versus experimental pinning levels.

Molecule W−
ICT (eV) W+

ICT (eV) Exp. (eV)

C60 4.44 4.5 [31]
PTCDA(l) 4.74 4.7 [60]
F16CuPc(s) 5.21 5.25 [61]
CuPc(s) 4.41 4.35, 4.4 [62]
TTF(s) 4.2 4.2 [63]

The quadratic term on the right-hand side can be associated
with a molecular charging energy for an electron. Applying this
approximation it means

B− = 1
2

U−. (26)

By the same reasoning it follows that the vertical ionization
potential is given by

Iv = εHOMO + 1
2

U+, (27)

with εHOMO the filled Kohn–Sham HOMO level of a neutral
molecule, and

B+ = 1
2

U+, (28)

the molecular charging energy for a hole.
In calculating the pinning levels one needs the adiabatic electron

affinity and ionization potential, as we assume that the system is
in equilibrium, where the charged molecules are relaxed. Indicat-
ing the relaxation energies of the charged molecules by E−,+

rel , the
pinning level for electrons becomes

W−
ICT = −εLUMO + E−

rel, (29)

and the pinning level for holes is

W+
ICT = −εHOMO − E+

rel (30)

Note that both εHOMO and εLUMO can be obtained from a DFT cal-
culation on a layer of neutral molecules. Only the calculation of E−,+

rel
involves charged molecules. These relaxation energies are however
not very sensitive to the environment of a molecule. Moreover, for
most molecules the relaxation energies are small, E−,+

rel � 0.1 eV,
unless the HOMO or LUMO state is very localized (as in a small
molecule, for instance), or the molecule is exceptionally floppy.

We finish this section by presenting some results where the pin-
ning levels according to Eqs. (29) and (30) were calculated using the
Vienna Ab Initio Simulation Package (VASP) [55,56] with projector
augmented waves (PAW) [56,57] and the PW91 GGA functional
[58,59]. We used close-packed molecular monolayers with peri-
odic boundary conditions and chose the unit cell in the direction
perpendicular to the layers sufficiently large, so that the poten-
tial in the middle of the cell represents the vacuum level. The
Kohn–Sham energy levels are calculated with respect to this energy
level. Many planar conjugated molecules have crystal structures
that are naturally comprised of molecular layers. The preferential
growth direction in such crystals is along a layer, with the molecules
�-stacked along the layer and the molecular planes making a small
angle with the normal to the layer. It is reasonable to assume that
molecules deposited on a substrate adapt a similar growth pattern
as in a crystal, if the interaction of molecules with a substrate is
smaller than the interaction between the molecules. We refer to
the molecules in such layers as “standing” (s). Alternatively, if the
interaction with the substrate dominates, the adsorbed molecules
are expected to form a close-packed structure with the molecular
planes parallel to the molecular layer and to the substrate. We refer
to such molecules as “lying” (l). The results on some typical donor
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and acceptor molecules relevant to OPV devices are given in Table 3
[46,48], showing excellent agreement with experimental results.

5. Summary

We have discussed the advantages and limitations of using
photoelectron spectroscopy to measure properties relevant to bulk
heterojunction organic photovoltaic devices. Though photoelec-
tron spectroscopy can at best only provide the vertical ionization
potential of the donor material and indirectly using either modeling
or other experimental techniques the acceptor electron affinity, the
method is excellent for determining vacuum level offsets (potential
steps) at interfaces and can when assisted by models also predict
such offsets through the use of so-called integer charge transfer
states (pinning energies), thus aiding in the design of loss-less
electrode contacts and optimized bulk heterojunctions. We fur-
ther showed that the existence of a ground state charge transfer
complex at the bulk heterojunction can in fact improve device
properties by enhancing the transformation of excitons into free
charge carriers. Finally, we described a recently developed theoret-
ical technique for calculating the pinning energies that enables the
enables mapping out of the potential land scape across a multilayer
stack in silico.
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