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Efficient energy transfer mitigates parasitic light
absorption in molecular charge-extraction layers
for perovskite solar cells
Hannah J. Eggimann 1, Jay B. Patel 1, Michael B. Johnston 1 & Laura M. Herz 1✉

Organic semiconductors are commonly used as charge-extraction layers in metal-halide

perovskite solar cells. However, parasitic light absorption in the sun-facing front molecular

layer, through which sun light must propagate before reaching the perovskite layer, may

lower the power conversion efficiency of such devices. Here, we show that such losses may

be eliminated through efficient excitation energy transfer from a photoexcited polymer layer

to the underlying perovskite. Experimentally observed energy transfer between a range of

different polymer films and a methylammonium lead iodide perovskite layer was used as

basis for modelling the efficacy of the mechanism as a function of layer thickness, photo-

luminescence quantum efficiency and absorption coefficient of the organic polymer film. Our

findings reveal that efficient energy transfer can be achieved for thin (≤10 nm) organic

charge-extraction layers exhibiting high photoluminescence quantum efficiency. We further

explore how the morphology of such thin polymer layers may be affected by interface

formation with the perovskite.
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Metal-halide perovskites (MHPs) offer great potential as
active layers in solar cells owing to favourable optoe-
lectronic properties, such as band-gap tunability1,2,

high charge-carrier mobilities3, low exciton-binding energies4 and
high defect tolerance5. Immense progress towards commerciali-
sation has been made with lab-scale perovskite solar cells pre-
sently reaching efficiencies of over 25%6. One important
challenge in this area is the optimisation of the charge-transport
layers (CTLs)7–9. CTLs have become an essential component of
perovskite device architectures because the facile migration of
mobile ions within the MHP prevents reliable doping, meaning
that the conventional p–n-junction approach may prove too
difficult to accomplish for MHP layers10,11. Current state-of-the-
art devices use organic semiconductors as CTLs that offer many
benefits such as easy tailorability, low-cost and large-scale
fabrication9,12,13 and surface passivation for significantly
improved charge extraction at the electrodes7,10. A variety of
different organic semiconductors, including π-conjugated poly-
mers, are employed, particularly in multijunction MHP devices.
Importantly, the currently common general architecture of these
solar cells means that a CTL is usually the first semiconductor in
the device to interact with light, because organic molecular CTLs
are often deposited directly onto transparent electrodes on sun-
facing substrates, followed by the light-harvesting perovskite
layer14–18. One issue that has been highlighted in this context is
parasitic absorption of light in the CTL, which can reduce device
performance19–23 by lowering the amount of light that reaches
the MHP to generate charge-separated electrons and holes, which
is graphically depicted in Supplementary Fig. 1.

Such parasitic absorption of light by a sun-facing CTL is clearly
detrimental, and may affect both front CTLs in single-junction
devices, and those embedded amidst more complex tandem
architectures. However, efforts to reduce such effects have to date
mostly focused on simply choosing CTLs with a low absorption
coefficient in the visible region of the spectrum. This approach
severely restricts the choice of semiconductors available, which is
undesirable, given that CTLs also need to comply with a large
number of other requirements, including sufficiently high charge-
carrier mobilities, and correct energetic band alignment with the
conduction or the valence band of the active MHP layer. Inter-
estingly, an additional material space may be opened if parasitic
absorption by the organic semiconductor can be counteracted by
subsequent energy transfer (ET) to the MHP. As part of this
mechanism, light first creates a bound electron–hole pair (exci-
ton) in the molecular CTL, whose oscillating electronic dipole
moment then couples with the electronic transitions available in
the MHP. Radiationless transfer may then occur from the CTL to
the MHP, converting an exciton in the CTL into an electron–hole
pair in the MHP, which is extracted as photocurrent through the
respective CTLs. Such dipole–dipole interactions between an
energy donor and an acceptor can be described within the theory
of resonant ET, which was originally developed by Theodor
Förster for ET within a molecular solution (3-dimensional space)
with uniform donor and acceptor concentrations24–26. Such
Förster-resonant ET operates over distances of up to 10–20 nm,
comparable to typical CTL thicknesses, whereas the alternative
mechanism of charge transfer is effective over much shorter
distances only, and will therefore not be included in our discus-
sions here27. It is also worth noting that in contrast to charge-
transfer mechanisms, Förster-resonant ET occurs through space
and is therefore independent of the quality of the interfaces
encountered, e.g., at the CTL-perovskite heterojunction. Förster-
resonant ET has become a widely used theory for measuring
nanoscale distances, and has been extended to a wide range of
applications and material geometries28–34. For the design of
molecular CTLs in MHP solar cells, an understanding of the ET

between the photoexcited organic semiconductor and the MHP
layer is clearly of great importance; however, an in-depth inves-
tigation is still outstanding.

An additional consideration for the design of CTLs is how their
molecular morphology is affected by a CTL:MHP interface.
Effective functioning of CTLs relies on excellent charge-carrier
transport through to the metal electrodes. In conjugated poly-
mers, charge-carrier transport occurs either between neighbour-
ing polymer chains with overlapping π orbitals (interchain) or
along the polymer backbone (intrachain)35. Both transport
pathways are sensitive to the arrangement of the polymer chains,
which differs between polymers in solution and in thin films36,
and is strongly influenced by film morphology37–41. In addition,
chain morphology affects electronic energy levels, which may
complicate their alignment with other conducting layers in the
device42. Proper understanding of polymer structures within the
transport layer, and in particular, at interfaces to other layers such
as MHP films, is therefore critical for the development of effi-
ciently working devices.

In this study, we establish the conditions required for efficient
ET to occur between a thin, light-facing organic conjugated
polymer layer and an underlying MHP film. To this end, we
deposited thin films of four conjugated polymers commonly used
in optoelectronic devices onto methylammonium lead iodide
(MAPbI3) layers that had been thermally evaporated onto quartz
substrates (MAPbI3:quartz). By contrasting photoluminescence
(PL) intensities and transient decays of these samples against
those of polymers deposited straight onto quartz, we are able to
demonstrate clear evidence of ET occurring from photoexcited
polymer films to the MAPbI3 layer. Based on these measure-
ments, we create a model that captures the ET process and its
efficiency in this geometry. First, we derive a mathematical
formalism for Förster-type ET in restricted planar geometries
between two layers of different materials under front photo-
excitation. Using PL transient-decay measurements, we calibrate
the global input parameters of the formulae and show that the
mathematical formalism well describes our data. Second, we use
these results to model the ET efficiencies as a function of different
parameters, namely polymer film thickness, L, polymer PL
quantum efficiency (PLQE), ϕd and the absorption coefficient of
the polymer at the wavelength of the incoming light, α(λexc). The
model we present is thus generally applicable to determine the
efficiency of ET between organic semiconductors and MHPs,
based on easily accessible physical quantities. We find that for
thin (≤10 nm) organic charge-extraction layers that exhibit high
PLQE, much of the absorbed energy is transferred to the MHP
layer, meaning that ET can be used as an effective tool to mitigate
absorption losses in CTLs. To explore if the morphology of such
thin polymer layers is affected by interface formation with an
MHP, we further conduct a careful analysis of the PL spectra of
P3HT (poly(3-hexylthiophene-2-5-diyl)) for a range of film
thicknesses, highlighting subtle conformational changes.

Results
Experimental observation of energy transfer. To explore exci-
tation ET between a conjugated polymer layer and MAPbI3, we
investigated four different polymers that have been commonly
used in optoelectronic devices, namely Super Yellow (PDY-132, a
poly(1,4-phenylenevinylene)-based light-emitting copolymer
developed by Merck Chemicals), F8BT (poly(9,9-dioctylfluorene-
alt-benzothiadiazole)), P3HT (poly(3-hexylthiophene-2,5-diyl))
and PTAA ((poly[bis(4-phenyl)(2,4,6-trimethylphenyl) amine])).
Super Yellow and F8BT are commonly used in electro-
luminescence applications such as light-emitting diodes43,44

because they exhibit high PLQE, which also makes them suitable
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reference candidates for our investigation of ET phenomena.
P3HT and PTAA are commonly included in MHP-based solar
cells as hole-transport layers8,45 and are more weakly emissive.
Supplementary Table 1 lists the relevant energy levels of the
highest-occupied and lowest-unoccupied molecular orbitals of
these polymers, in comparison with the relevant energy levels for
a range of MHPs, as extracted from the literature. As schemati-
cally indicated in Fig. 1a, we produced two types of samples

comprising either thin films of polymers deposited on MAPbI3
films on quartz (referred to as “polymer:MAPbI3:quartz” in the
following), or polymers deposited directly on quartz to serve as
references (termed “polymer:quartz”). Polymer films were fabri-
cated through dynamic spin coating from solution, with film
thickness control achieved through the adjustment of spin speed.
MAPbI3 layers were fabricated by thermal co-evaporation that is
known to yield relatively smooth MHP surfaces that benefit the
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Fig. 1 PL transients revealing energy transfer between polymer and MAPbI3 thin films. a Samples examined were either thin films of polymers deposited
on MAPbI3 films on quartz (schematic diagram on the left) or polymers deposited directly on quartz to serve as references (schematic diagram on the
right). ET may occur between the polymer and the MAPbI3 layer, leading to PL quenching, as depicted schematically in b. The left column shows time-
resolved PL transients as a function of time after excitation for polymers c Super Yellow, e F8BT and g P3HT, when deposited as films of thickness L on
either MAPbI3:quartz (orange lines) or just on quartz (red lines). The dashed lines are monoexponential fits to the data, yielding the PL lifetime of each
polymer on quartz in the absence of ET (lifetime values provided in Supplementary Table 4). The solid black lines are fits to data based on an ET model
described in the main text, with the grey shaded area indicating the error margin. The insets show equivalent data for thicker polymer films on either
MAPbI3:quartz (grey lines) or just on quartz (blue lines). The right column depicts the expected PL-decay traces for polymers d Super Yellow, f F8BT and
h P3HT for different film thickness L, as determined from the ET model. PL transients for the scarcely emitting PTAA samples are provided as
Supplementary Fig. 15.
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deposition of conformal polymer thin films46. Further details on
sample-fabrication procedures are provided in the “Methods”
section below.

The ultimate aim of our investigation is to map the parameter
space determining the efficiency of ET between a photoexcited
polymer layer and the underlying MAPbI3. For this purpose, we
begin by quantifying experimentally how much of the energy
from incoming light undesirably absorbed by the polymer is
transferred to the MAPbI3 layer underneath. In order for us to
understand and model such ET processes subsequently, we also
need to determine all relevant physical quantities for each sample.
We measured film thicknesses (Supplementary Tables 2 and 3),
absorption spectra (Supplementary Figs. 2–9), steady-state PL
(Supplementary Figs. 8–12) and PL-decay transients (Fig. 1 and
Supplementary Figs. 13–15) for all samples, and determined the
PLQE of all polymer films on quartz (Table 1 and Supplementary
Fig. 16). Experimental details for all measurements are provided
in the “Methods” section below.

In order for us to assess ET transfer experimentally, we
compared transient PL-decay dynamics following front excitation
of polymer films deposited on quartz, with those on MAPbI3:
quartz (see schematic in Fig. 1a). The left column of Fig. 1 depicts
such measured PL-decay traces for the polymers Super Yellow,
F8BT and P3HT, with data for PTAA provided in Supplementary
Fig. 15. The samples were excited with laser pulses at wavelengths
near the peak of the polymer absorption, and PL-decay traces
were recorded at wavelengths at which predominantly the
polymer emits (see Supplementary Table 4 for full details). We
find that the measured PL transients of thin (~25 nm) films of the
high-PLQE polymers Super Yellow and F8BT exhibit a faster
decay when deposited on top of MAPbI3:quartz compared with
the respective polymer:quartz reference samples. This observation
implies that an additional decay channel exists for excitations in
these samples, which is suppressed for thicker (>50 nm) polymer
layers and the more weakly emitting polymers P3HT and PTAA.
These findings are further supported by matching reductions in
the overall PL emission intensities when a thin layer of highly
emissive polymers Super Yellow and F8BT is deposited on
MAPbI3:quartz, as opposed to just quartz. Such PL-intensity
quenching is again suppressed for polymer-layer thickness greater
than 50 nm or for weakly emitting polymers (see Supplementary
Figs. 10–12). We note that only the observation of accelerated PL
decays decisively indicates the presence of ET between the
polymer layer and MAPbI3. The observed PL-intensity quench-
ing, while compatible with such ET, could also be influenced by
additional processes such as photon reabsorption.

Our observations of PL-intensity quenching and lifetime
shortening for thin polymer films deposited on MAPbI3 clearly
indicate that excitation energy is transferred from the polymer to
MAPbI3. Faster PL decay for an energy donor material in
the presence of an energy acceptor is a hallmark of resonant
ET27,47–49, as is reduced PL intensity of the donor in the
presence of an acceptor24,27. Photoexcitation of the polymer

layer will generate relatively tightly bound excitons in the
material50, whose dipole moments are associated with oscillating
electric fields that will couple to electronic transitions in the
perovskite. Such dipole–dipole resonant coupling may lead to
transfer of the originally generated exciton from the energy
donor (the polymer) to the acceptor (MAPbI3) without the need
for photon emission, provided that the donor emission and
acceptor absorption spectrally overlap. We note that an ET
process that couples to states high above the band edge of
MAPbI3 will most likely result in the generation of free
electron–hole pairs, rather than tightly bound excitons, given
the low (15 meV)51 exciton-binding energy for MAPbI3.

In addition, this ET mechanism is indeed intuitively expected
to be more prominent for thinner polymer films and higher
PLQE values, as we observe here. Such dependence of the ET
efficiency on PLQE is a characteristic feature of Förster-resonant
ET, and would not be expected to occur for charge transfer27. For
thinner films, a larger fraction of the photoexcited excitons is
created in the polymer film within close proximity of the
polymer:MAPbI3 interface. Given that the ET mechanism only
has a certain range over which it is effective (quantified by the
Förster radius52, discussed in more detail below), thinner
polymer films therefore result in a higher likelihood of excitons
being transferred to MAPbI3. This situation is further exacer-
bated when polymer layers are highly absorbing, since illumina-
tion creates an exponentially decaying excitation profile within
the film (see schematic in Fig. 2), whose penetration depth
depends inversely on the polymer-absorption coefficient53. For
high absorption coefficients at given excitation wavelengths,
excitons are thus generated close to the surface of the polymer
film, far from the polymer:MAPbI3 interface, if films are thick. In
addition, the observed strong dependence of the ET process on
the PLQE of the polymer clearly supports the presence of ET,
given that a lower PLQE may reflect a reduced oscillator strength
of the excitonic downward transition in the polymer, which will
lower the coupling strength to electronic transitions in MAPbI3.
As discussed in more detail below, P3HT has a strong tendency
for H-aggregate formation, which suppresses its PLQE and
oscillator strength for downward transitions, explaining why
even for thin P3HT films on MAPbI3 little ET occurs (see
Fig. 1g).

Taken together, these considerations provide strong evidence
for ET occurring between a thin layer of highly emissive polymer
and an underlying MAPbI3 layer. To capture such processes
quantitatively, we proceed by creating a model that accurately
reproduces the experimentally measured PL decays. Based on this
model, we are able to determine how properties of CTLs, such as
PLQE and lifetimes, layer thickness and the absorption spectrum
links with ET efficiency. This approach will provide design
criteria for CTLs exhibiting efficient ET from the photoexcited
CTL to the MHP, opening a pathway towards reduced parasitic
absorption losses in CTLs and improved performance of
perovskite-based solar cells.

Table 1 Förster radius and energy-transfer efficiencies for a range of polymers on MAPbI3. For each polymer type (Super Yellow,
F8BT, P3HT and PTAA) deposited on MAPbI3:quartz, the extracted Förster radius is provided, giving a measure of the distance
over which ET is effective for each polymer:MAPbI3 material pair. The stated overall efficiency of ET is specific to the polymer
film thickness and PLQE stated.

Polymer PLQE (%) Thickness (nm) Förster radius (nm) ET efficiency (%)

Super Yellow 26 23 8.5 ± 0.6 28
F8BT 71 25 10 ± 0.9 38
P3HT 1 40 4.9 ± 0.7 3
PTAA 0.5 35 4.4 ± 0.5 2
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FRET in two-layer structures. A correct model of any ET process
always has to take account of the layer geometry, which in our
present case, comprises a two-layer structure photoexcited from
the front surface (see schematic in Fig. 2). A variety of theoretical
approaches have been applied to adapt Förster’s theory of reso-
nant ET to consider the effect of varying spatial dimensions28–32.
Yekta et al.54 derived analytic expressions for the PL decay of an
energy donor in the presence of an energy acceptor for systems
with planar symmetry, such as for the case of “parallel slabs of
donor and acceptor touching at a sharp interface”, which applies
to the situation of a polymer film deposited on a MAPbI3 layer.
We adapted their approach to introduce a non-uniform donor
concentration Cd(z), accounting for the fact that the number of
initially photoexcited donors as a function of film depth z is
proportional to a Beer–Lambert profile53. We thus find the fol-
lowing expression for the donor decay Id(t):

IdðtÞ ¼ e�t=τd Cd

Z L

0
e�αðL�zÞ φðz; tÞ dz; ð1Þ

with

φðz; tÞ ¼ exp � π

3
Ca R

3
0

t
τd

� �1
2

½T�1
2ð1� e�TÞ þ 2γð1

2
;TÞ � 3T�1

6 γð2
3
;TÞ�

 !
;

ð2Þ
where the substitution

T ¼ t
τd

R0

z

� �6

; ð3Þ

has been made and γ(n, T) is the incomplete gamma function,

defined as

γðn;TÞ ¼
Z T

0
un�1 e�u du: ð4Þ

R0 denotes the Förster radius, which is the characteristic
distance between a donor and an acceptor at which any other
pathway of donor de-excitation is as likely to occur as de-
excitation via ET

R0 ¼ 9ln ð10Þκ2ϕd
128π5NAn4

J

� �1=6

; ð5Þ

where κ2 accounts for the geometric orientation of the donor and
acceptor dipoles (here, κ ¼ 0:845

ffiffiffiffiffiffiffiffi
2=3

p
, assuming random but

fixed relative orientations of donor and acceptor dipoles within a
solid film55), ϕd is the PLQE of the polymer:quartz samples in the
absence of MAPbI3, NA denotes the Avogadro constant, n is the
refractive index and J is the overlap integral between donor
emission and acceptor absorption24,27. The other parameters in
Eqs. (1)–(3) are the donor (polymer) lifetime τd, donor (polymer)
and acceptor (MAPbI3) concentrations, Cd and Ca respectively
and the polymer film thickness L and absorption coefficient α at
the wavelength of photoexcitation, λexc. Eqs. (1)–(4) thus provide
a framework for modelling the PL-decay data of the polymers on
MAPbI3:quartz. An in-depth discussion of the approach is
provided in Supplementary Note 1, which includes a full
analytical derivation as well as discussion of parameter choices
and modelling.

PL-decay modelling. Modelling of the PL-decay data was per-
formed in two steps, based on the expression for Id(t) in Eq. (1).
As the first step, we modelled the data set associated with the
polymer Super Yellow, because it showed sufficiently strong ET
effects. From these fits to data, we determined a value for the
nominal acceptor concentration Ca that applies to MAPbI3 and is
therefore set to remain unchanged from here onwards. We fur-
ther determined the associated Förster radius RSY

0 for ET between
Super Yellow and MAPbI3. In the second step, we model the PL
transients for the remaining polymer:MAPbI3 samples, assuming
that any differences in R0 between the polymers result from
changes in the PLQE of polymer, ϕd, only (see Eq. (5), and Eq.
S26 in Supplementary Note 1). We then use the measured PLQE
values to calculate the expected PL transients Id(t) for the poly-
mers F8BT, P3HT and PTAA on MAPbI3 through Eq. (1). A
schematic overview of the modelling process is depicted in Fig. 2,
and a detailed assessment of the input parameters is outlined in
Supplementary Note 1. Our modelling reveals that there is a
limited set of CTL properties that are decisive to the ET process.
These polymer-specific input parameters are polymer film
thickness L, PL lifetime τd of the polymer in the absence of
MAPbI3, polymer PLQE ϕd and polymer-absorption coefficient at
the wavelength of excitation α(λexc). Having determined the
cornerstones of the ET process, we are thus in a position to
calculate the efficiency of the ET for a range of different scenarios,
as detailed further below.

We find excellent agreement between the measured and
modelled PL-decay traces, which confirms our methodological
approach. Figure 1 shows modelled PL-decay traces for polymer:
MAPbI3:quartz samples as black lines superimposed on the
experimental data (orange) in the left column, with errors (grey
shaded areas) deduced from measurement uncertainties. We are
also able to extrapolate from such models how PL-decay traces
would be expected to change for different polymer-layer
thicknesses L, as shown in the right column of Fig. 1. Trends
are in agreement with what would intuitively be expected, i.e., the
modelled PL transients decay faster for thinner polymer films on
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Fig. 2 Schematic representation of the model describing ET in polymer:
MAPbI3 two-layer films. The top right shows the two-layer sample
architecture on quartz substrates and the typical excitation geometry.
Polymer excitation from the front surface causes an exponentially decaying
profile in the polymer layer. ET between the polymer and the underlying
MAPbI3 results in accelerated PL decays (top right). The bottom graphic
shows the hierarchy of the modelling and its dependence on input
parameters: polymer film thickness L, PL lifetime τd of the polymer in the
absence of MAPbI3, polymer PLQE and polymerabsorption coefficient at
the wavelength of excitation α(λexc). The Förster radius RSY0 for ET between
Super Yellow and MAPbI3, and the nominal acceptor concentration Ca that
applies to MAPbI3, are first determined from fits to PL-decay transients for
Super Yellow:MAPbI3 samples, and used to calibrate modelled transients
for samples involving the other polymers.
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MAPbI3:quartz because ET is more efficient if excitations are
created in these polymer films closer to the interface with
MAPbI3. In addition, the experimental and modelled trends
confirm that a high polymer PLQE ϕd enlarges the dipole–dipole
coupling between donor and acceptor, represented by the Förster
radius R0 (c.f. Eq. (5)). Both experimental and modelled PL
transients of polymer:MAPbI3:quartz samples show most clearly
accelerated decays for F8BT, which has the highest PLQE (see
Table 1) and indiscernible effects for the low-PLQE polymers
P3HT and PTAA.

We further examine the magnitude of the Förster radius, which
is a distance measure for ET and thus provides the first
benchmark on the CTL thickness required to achieve efficient
ET. R0 values were determined for each polymer:MAPbI3 pair as
part of the modelling process and are listed in Table 1. The
observed variations in R0 reflect the changes in PLQE of the

polymer layers, given that R0 � ϕ1=6d (Eq. (5)). Thus, for the most
emissive polymers Super Yellow and F8BT, a Förster radius in the
range of 8.5–10 nm is determined, but this value drops to
4.4–4.9 nm for the weakly emitting PTAA and P3HT. These
trends clearly demonstrate that the more weakly emissive the
CTL material is, the thinner this layer must be in order for ET to
remain effective. However, we note that R0 values are relatively
high for all polymers, which results from the complete spectral
overlap between the polymer emission and MAPbI3 absorption
(c.f. Supplementary Figs. 8–12), thereby fulfilling the resonance
condition for ET over a wide range of wavelengths52. This
scenario will generally apply to single-junction solar cells based
on MHP materials, because they absorb through the full visible
range, typically up to ~1.6 eV, while any CTL emission will fall
into the UV–visible range by design. Therefore, such ET
processes have great potential to ameliorate parasitic light-
absorption losses in the CTL. In addition to such resonance
effects, exciton diffusion within the donor material prior to the
ET event has been observed to enhance the Förster radius
deduced from PL-decay dynamics47,56,57, and may also be at
play here.

Assessing the efficiency of the energy transfer. Our model
allows us to develop design criteria for efficient ET, by assessing
how CTL properties such as layer thickness, PLQE and absorp-
tion coefficient must be optimised. Such an approach is generally
applicable to semiconducting CTLs deposited on MAPbI3,
depending only on easily accessible material parameters. Here we
focus in particular on calculating the absolute ET efficiency for a
particular parameter space, which is the fraction of excitons
created in the CTL layer that subsequently undertakes ET to the
underlying MAPbI3. Such efficiency calculations enable a clear
assessment of the extent to which such parasitic light-absorption
losses in CTLs can be mitigated by ET, and are therefore the best
metric to feed into any device-efficiency analysis and modelling.
We first determine ET efficiencies for the specific cases of poly-
mers Super Yellow, F8BT, P3HT and PTAA on MAPbI3, and
then generalise the results for CTLs as a function of their
properties.

We may relate the ET efficiency to the decay of photoexcitation
inside a CTL material in the absence and presence of the MAPbI3
film. By integrating the PL-decay transients over time after
excitation, we obtain a measure of the residual population decay
in either case. While in the absence of MAPbI3, the time integral
scales with the total density of excitations generated in the CTL;
in the presence of MAPbI3, it only yields the number density for
which ET has failed to occur. Therefore, the difference in the time
integral over the appropriately scaled monoexponential PL decay
in the absence of MAPbI3 and the time integral over the donor

(CTL) PL decay represented by Eq. (1) determines the transfer
efficiency ηET, as follows:

ηET ¼ Fsc

R
expð�t=tdÞ dt �

R
IdðtÞ dt

Fsc

R
expð�t=tdÞ dt

: ð6Þ

Here, the scaling factor Fsc= Id(t0) was introduced to normalise
the PL decays for the CTL in the presence and absence of MAPbI3
at the time t0 of excitation, by which no significant ET had yet
occurred. Input parameters specific to the CTL are its film
thickness L, PL lifetime τd, PLQE ϕd and the absorption
coefficient α(λexc) at the wavelength of excitation. Full details
on the calculation of the ET efficiency are provided in
Supplementary Note 1.3. We note that while Eq. (6) is formulated
in terms of pulsed photoexcitation, the calculated efficiency values
will also hold under continuous-wave illumination, given that
photophysical processes in such CTLs are typically excitonic and
monomolecular for excitation densities that easily encompass
typical solar illumination conditions.

Using the curves and parameters determined earlier when
modelling ET for our specific polymer:MAPbI3 samples, we
proceed to calculate the ET transfer efficiency for each
combination, based on Eq. (6), with the resulting values listed
in Table 1. For the high-PLQE polymers Super Yellow and F8BT,
good ET efficiencies of 28–38% are determined for ~25-nm
layers, highlighting excellent potential of these mechanisms for
reducing parasitic light-absorption losses. However, for P3HT
and PTAA, the combination of low-PLQE values (≤1%) and
somewhat larger layer thicknesses results in low ET efficiencies of
only 2–3%. As our further analysis indicates below, all of these
ET efficiency values could be boosted significantly if thinner
polymer films were employed.

By modelling the ET efficiency more generally as a function of
CTL film thickness, PLQE and absorption coefficient at the
excitation wavelength, we are able to develop design criteria for
mitigating parasitic light absorption through ET. Figure 3
illustrates in a number of different graphs how the ET efficiency
varies with these parameters. We find three key trends that
indicate how efficient ET from front-facing CTL to an underlying
MAPbI3 layer can be achieved: (i) the higher the PLQE of the
CTL, the more efficient the ET. (ii) Thin (L ≤ 10 nm) CTLs are
beneficial for efficient ET. (iii) A high (≫1 × 105 cm−1) absorp-
tion coefficient of the organic semiconductor at the wavelength of
the absorbed light impedes ET. The underlying reasons for these
observations relate to both the nature of resonant ET and the
dual-layer geometry. As elucidated previously, high PLQE leads
to stronger dipole–dipole coupling between downward transitions
in the photoexcited CTL and upward transitions responsible for
absorption in MAPbI3. CTLs whose thickness is comparable with
the Förster radius R0 that captures the range over which
dipole–dipole interactions are effective, will also show enhanced
chance of ET events. A high absorption coefficient α(λexc) at the
excitation wavelength, on the other hand, is detrimental, because
it results in a short penetration depth of incoming light, with
more photoexcitations being created in the CTL closer to its front
surface and therefore further away from the MAPbI3 layer,
reducing ET efficiency. Such uneven excitation profiles will
become prominent when α(λexc)≫ L−1, which, for CTL-layer
thicknesses of a few tens of nanometres, means a threshold
condition of α(λexc) ~105 cm−1 above which ET efficiency
deteriorates, as shown in Fig. 3c (and Supplementary Fig. 17).
For smaller values of α(λexc), the penetration depth is longer than
the layer thickness L, and more excitations are likely to be created
within the capture radius of the MAPbI3 acceptor layer. We note
that commonly employed CTL materials are likely to meet this
criterion as they are generally chosen to have minimised
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absorption of sunlight58. We further found that the PL lifetime τd
does not substantially influence the ET efficiency, within the wide
range of lifetimes (0.1–1000 ns) and PLQE values (0.1–80%) we
modelled.

Morphology of P3HT thin films at the perovskite interface. As
a final part of our investigation, we explore whether changes in
the thickness of a polymer CTL might influence film morphology
and thereby the electronic configuration of the material, which
could in turn affect device performance. In addition, the precise
nature of the interface formed between a polymer CTL and an
MHP may influence chain conformation near such an interface.
These effects may be particularly prominent for CTLs designed
for high ET efficiencies to the underlying MHP, given that our
previous examination of these processes suggested that they
require very thin CTLs. P3HT offers an ideal system to study in
this context, as this polymer is known to exhibit large spectral
changes with differences in chain arrangement41,59–65.

In order to determine any dependencies of P3HT chain
conformation on film thickness and interfaces, we examine PL
spectra for P3HT films deposited either directly on quartz, or on
MAPbI3:quartz substrates, as shown in Fig. 4. A variation in film
thickness was achieved by tuning the spin speed, with faster spin
speed resulting in thinner polymer films. We find that for
deposition of P3HT films on MAPbI3:quartz (solid lines),
significant modification of the vibronic peak structure occurs
when the film thickness is altered. P3HT PL spectra in Fig. 4

display vibronic peaks at 655 nm (0–0), 725 nm (0–1) and 810 nm
(0–2) (spectra are normalised to the 0–1 transition), whose
relative amplitudes clearly change as film thickness is decreased
from 92 to 40 nm. Such spectral transformations have been
widely researched for P3HT41,59–65, and are well understood to
arise from morphological changes associated with polymer
aggregation through inter- (through space) and intrachain
(through polymer bond) interactions (for a more in-depth
discussion see Supplementary Note 2). We note that if P3HT
films are instead deposited directly on quartz, variations in film
thickness have little effect, although all of these films show a
reduced ratio of the 0–0:0–1 peaks compared to films on MAPbI3:
quartz (the very slight shifts near the high-energy end of the 0–0
feature around 650 nm are likely caused by self-absorption). We
therefore propose that the interactions at the polymer:MAPbI3
interface have a significant effect on the resulting polymer chain
morphology.

Discussion
Overall, we highlight that it is the combination of CTL thickness,
PLQE and absorption coefficient that is decisive for determining
the attainable efficiency of ET. In particular, stronger parasitic
light-absorption coefficients may still be tolerated for CTLs, if
these layers are thin and exhibit high PLQE. This finding is
important, given that exploration of sun-facing front CTL
materials so far has concentrated exclusively on materials that are
transparent (i.e., absorb as little as possible across the sun
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spectrum) to avoid parasitic absorption in the CTL58. Our find-
ings suggest that less transparent materials with high PLQE may
be equally tolerable as CTL materials for MHP-based solar cells
because absorbed energy is efficiently transferred to the MHP.
This approach opens up a larger material space suitable for CTLs,
allowing selection of previously unexplored candidates that share
further positive characteristics, such as higher charge-carrier
mobilities or more optimised energy-level alignment, which can
reduce charge-extraction losses. Regardless of the specific selec-
tion, any efficient ET process between the front-facing CTL and
the active MHP layer will enhance device performance, as it
mitigates parasitic light absorption by transferring excitations to
the MHP, from where they can be harvested as photocurrent.

We discuss the observed spectral changes of the P3HT films at
the perovskite interface in terms of the well-understood frame-
work of inter- and intrachain interaction strengths. The observed
trends upon switching substrate for P3HT deposition from quartz
to MAPbI3:quartz, i.e., the blueshift and an increase in 0–0–0–1
PL peak ratio, correspond to a decrease in interchain coupling
(weaker H-aggregate signature)41,66. In addition, comparing the
P3HT:MAPbI3:quartz films of different thicknesses/spin speed,
interchain coupling strengthens (the 0–0–0–1 PL ratio decreases)
and intrachain coupling weakens (the 0–2–0–1 PL ratio increases)
for the two thinnest films spun at thr highest spin speeds (solid
red and yellow lines in Fig. 4)66,67.

Such changes in interaction strengths can be explained by
differences in film morphology, resulting from variations in
interface interactions and spin speeds. For example, weaker
interchain (through-space) interactions and stronger intrachain
(through-bond) interactions have been observed when P3HT
forms a two-phase morphology of interconnected crystalline
and amorphous phases, compared with films comprising a

chain-extended morphology of layered stacks exhibiting high
torsional disorder66,67. The evolution of the PL lineshape we
observe for P3HT films on MAPbI3:quartz thus most likely
derives from the presence of an amorphous phase formed under
some conditions near the interface to MAPbI3, which causes a
decrease in interchain interaction compared to the films depos-
ited on a smoother quartz substrate42,68. As Ehrenreich et al.42

pointed out, such amorphous polymer structure may energetically
enhance the HOMO (highest-occupied molecular orbital) level
near the interface69, which can affect charge transport and
injection70. We observe here that such an amorphous phase
seems less prominent for the thinnest polymer films (~40 nm) on
MAPbI3, which are produced at higher spin speeds. This effect
could potentially derive from a higher spin speed causing more
torsional disorder in the films, in particular when a substrate less
smooth than quartz is used. Overall, these observations suggest
that ultra-thin polymer films of desired chain morphology should
be readily available through careful tuning of processing para-
meters. In addition, when aiming for ultra-thin polymer CTLs
exhibiting efficient ET from the CTL to a MHP layer, the specific
energetics of such polymer layers will have to be considered when
favourable-level alignment across the interface is pursued.

In conclusion, we have demonstrated that efficient energy
transfer may occur between a photoexcited organic semi-
conductor and a MHP layer. This mechanism is shown to have
excellent potential for mitigating parasitic absorption of light that
occurs in sun-facing charge-transport layers incorporated in
perovskite solar cells. Significant energy transfer will reduce
photocurrent losses in these devices, allowing them to approach
their intrinsic limits. By modelling the experimentally observed
energy-transfer process between a range of photoexcited polymer
CTLs and an underlying MAPbI3 layer, we showed that high
transfer efficiencies can be achieved for CTLs that are very thin
(≤10 nm) and/or exhibit high PLQE. Importantly, semiconduct-
ing CTLs fulfilling these characteristics do not need to be fully
transparent at the wavelengths of MHP absorption, which con-
siderably widens the field of possible candidates for charge-
extraction layers. Finally, we showed that when thin layers of
P3HT are deposited on MAPbI3, spin speed during the fabrica-
tion and the resulting film thickness influence chain conforma-
tion and aggregation, which may in turn affect electronic energy
levels. The deposition of ultra-thin CTLs on MHPs exhibiting
optimised ET will therefore need to be tuned to take full account
of any interaction prevalent at the CTL:MHP interface. Overall,
our discovery that efficient ET can compensate for parasitic
absorption losses in sun-facing CTLs will allow for a much wider
range of organic CTLs to be explored in future perovskite solar
cell architectures.

Methods
Sample preparation. Substrate cleaning: The z-cut quartz substrates were cleaned
with Hellmanex solution followed by a thorough rinse with deionised water. The
substrates were then washed with acetone, isopropanol and ethanol. In the last
cleaning step, the substrates were plasma-etched in O2 for 10 min.

Polymer films: These were prepared by dynamic spin coating from solution. For
each sample, 40 μL of the polymer solution were deposited on pre-cleaned quartz
substrates for the polymer-only films and on evaporated MAPbI3 for the polymer:
MAPbI3 films. The spin speed was varied for each polymer film deposition in order
to achieve a difference in thickness (see further details for each polymer below),
while the duration of the spinning process was kept at 45 s for all samples. All steps
apart from the cleaning of the substrates were carried out under nitrogen
atmosphere. The films were kept in a nitrogen glovebox before and in-between
measurements.

F8BT: (Poly(9,9-dioctylfluorene-alt-benzothiadiazole)) with an average
molecular weight of Mw > 20,000 (CAS number 210347-52-7) was purchased from
Sigma-Aldrich. The “thick” F8BT films used for this study were spin-coated from a
solution of F8BT in anhydrous toluene with a concentration of 10 mgmL−1 at a
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Fig. 4 Changes in PL spectral shape when P3HT films of different
thicknesses are deposited on MAPbI3 or quartz. Normalised PL intensity
from P3HT films deposited through spin coating from solution with varying
spin speeds onto either quartz (dashed lines) or MAPbI3:quartz (solid lines)
substrates. The line colours indicate spin speeds that anti-correlate with the
P3HT film thicknesses achieved. Spin speed was increased from 2000 to
6000 rpm in steps of 1000 rpm, yielding P3HT film thicknesses from 92 to
40 nm for the films on MAPbI3:quartz and 77 to 42 nm for the P3HT films
on quartz (film thickness does not scale linearly with spin speed; the full list
of values is provided in Supplementary Table 3). In addition, the normalised
PL spectrum of a MAPbI3 film on quartz is shown as a dotted brown line.
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spin speed of 2000 rpm, the “thin” films from a solution with a concentration of
5 mgmL−1 of F8BT in anhydrous toluene at 5000 rpm.

Super Yellow: (Merck poly(1,4-phenylenevinylene)-based copolymer) with
Mw ≥ 1,300,000 (CAS number 26009-24-5) was purchased from Sigma-Aldrich.
The Super Yellow films were spin-coated from a solution of 5 mgmL−1 of the
polymer in anhydrous toluene, the “thick” films at a spin speed of 1000 rpm and
the “thin” films at 3000 rpm. An additional film was spin-coated at 4000 rpm,
which was of comparable thickness to that of the films spin-coated at 3000 rpm,
and all measurements from this film were in excellent agreement with the data
collected for the 3000-rpm film sample.

P3HT: (Poly(3-hexylthiophene-2-5-diyl)) was purchased from Sigma-Aldrich
(CAS number 104934-50-1) and dissolved in anhydrous toluene at a concentration
of 15 mgmL−1. The solution was then deposited onto either quartz substrates, or
onto the MAPbI3 thin film on quartz by dynamic spin coating with rotation speeds
of 2000, 3000, 4000, 5000 and 6000 rpm, to vary the thickness (see Supplementary
Table 3) of the P3HT layers. For films termed “thick” and “thin”, the spin speeds
2000 rpm and 6000 rpm were used. The films were prepared on a thin MAPbI3
(65-nm) layer on a z-cut quartz substrate in order to allow for the separation of
absorption components arising from the polymer and the MAPbI3. In addition,
two control samples of different P3HT thickness were prepared on a 260-nm
MAPbI3 film, showing the same photophysical behaviour, compared to those of the
films on the thinner MAPbI3 layers on quartz.

PTAA: (Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]) was purchased from
LUMTEC (CAS number 1333317-99-9) and dissolved in anhydrous toluene at a
concentration of 15 mgmL−1. The solution was then deposited by dynamic spin
coating with different spin speeds. The spin speeds used were 2000 and 6000 rpm
for the “thick” and “thin” films, respectively.

MAPbI3: (Methylammonium lead iodide) layers were fabricated using thermal
evaporation71. In brief, MAI and PbI2 were placed in separate crucibles, and the
substrates were mounted on a rotating substrate holder to ensure that a uniform
film was deposited. The temperature of the substrates was kept at 21 °C throughout
the deposition. The chamber was evacuated to reach a high vacuum (~10−6 mbar),
before heating of the PbI2 and the MAI. The substrates were then exposed to the
vapour with an average deposition rate of 0.4Å s−1. The rates of both the MAI and
PbI2 deposition were monitored using quartz-crystal microbalances. The thickness
of the MAPbI3 thin film was set by controlling the exposure time of the substrates
to MAPbI3 precursor vapour. Three film thicknesses of MAPbI3 were used in this
work: 450 nm (F8BT and Super Yellow samples), 260 nm (PTAA and P3HT
control samples) and 65 nm (P3HT samples). Since all of these thicknesses
significantly exceed the Förster radii determined for ET in polymer:MAPbI3 dual
layers, the thickness of the MAPbI3 layer has no effect on the ET dynamics or
efficiency.

Film thicknesses: These were measured using a Veeco 150 Dektak profilometer
and were cross-checked with the respective absorption data. All samples were
scratched with a sharp razor blade down to the z-cut quartz substrate, and the
total thickness of each sample was determined. For the polymer:MAPbI3:quartz
samples, the known thickness of the MAPbI3 layer was subtracted to obtain the
polymer film thickness. The relative error in the determined film thickness value is
estimated from repeated Dektak measurements on different spots on the films to
be of the order of 10%. Full listing of values of the thicknesses of all polymer films
fabricated for different substrates and spin speeds is provided in Supplementary
Tables 2 and 3.

Optical measurements. Absorption measurements: Reflection and transmission of
samples were measured with a Bruker Vertex 80v Fourier-Transform Infrared
(FTIR) spectrometer. As light sources, a tungsten halogen lamp (NIR source) and a
deuterium lamp were used, and different spectral ranges were detected with a
gallium phosphide (GaP) and a silicon (Si) diode detector. Absorption spectra were
calculated from background light-corrected reflection (R) and transmission (T) as
�ln ð T

1�RÞ and the spectra were baseline-corrected for scattering. The absorption
spectra for all samples investigated are provided in Supplementary Figs. 2–9 and
more details are given in Supplementary Methods for P3HT.

Steady-state PL spectra: The samples were excited with a mode-locked Ti:
Sapphire laser at a repetition rate of 80 MHz and a pulse duration of 80 fs for all PL
measurements (steady-state spectra, transients and PLQE). PL spectra were
recorded using a Jobin Yvon Triax 190 monochromator and a nitrogen-cooled
charge- coupled device Jobin Yvon Symphony silicon detector. All PL spectra are
corrected for spectral response with a known lamp spectrum, also accounting for
any filter used. Details of the excitation specific to each polymer are given in the
Supplementary Methods. PL spectra for all samples are shown as Supplementary
Figs. 8–12.

PL-decay measurements: The PL decays following pulsed photoexcitation were
measured by time-correlated single-photon counting (TCSPC) using a PicoQuant
PDM Series single-photon avalanche diode detector, which allows for a time
resolution of 40 ps72. The samples were kept under vacuum during the experiment.
Supplementary Table 4 provides an overview of excitation and detection
wavelengths used for each polymer type, together with the absorption coefficient α
at the excitation wavelength. In addition, decay lifetimes for the different polymers
on quartz are listed, as obtained from monoexponential fits to the data in the time

ranges 0.1–3 ns (F8BT and Super Yellow) and 0.1–1.5 ns (P3HT and PTAA). PL
transients for all samples are shown in Fig. 1 and Supplementary Figs. 13–15.

Photoluminescence quantum efficiency: PLQE was determined for all polymer
films on quartz by comparison of the integrated PL intensities with that for a
sample of known PLQE standard, taking into account the difference in absorption
at the excitation wavelength, as described in detail in Supplementary Methods.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 7 July 2020; Accepted: 5 October 2020;

References
1. Park, B. W. et al. Chemical engineering of methylammonium lead iodide/

bromide perovskites: tuning of opto-electronic properties and photovoltaic
performance. J. Mater. Chem. A 3, 21760–21771 (2015).

2. Saliba, M., Correa-Baena, J.-P., Grätzel, M., Hagfeldt, A. & Abate, A.
Perowskit-Solarzellen: atomare Ebene, Schichtqualität und Leistungsfähigkeit
der Zellen. Angew. Chem. 130, 2582–2598 (2018).

3. Herz, L. M. Charge-carrier mobilities in metal halide perovskites: fundamental
mechanisms and limits. ACS Energy Lett. 2, 1539–1548 (2017).

4. Herz, L. M. Charge-carrier dynamics in organic-inorganic metal halide
perovskites. Annu. Rev. Phys. 67, 65–89 (2016).

5. Meggiolaro, D. et al. Iodine chemistry determines the defect tolerance of lead-
halide perovskites. Energy Environ. Sci. 11, 702–713 (2018).

6. NREL. Best Research-Cell Efficiency Chart. https://www.nrel.gov/pv/cell-
efficiency.html. Accessed 26.05.2020.

7. Fang, Y., Bi, C., Wang, D. & Huang, J. The functions of fullerenes in hybrid
perovskite solar cells. ACS Energy Lett. 2, 782–794 (2017).

8. Jung, E. H. et al. Efficient, stable and scalable perovskite solar cells using poly
(3-hexylthiophene). Nature 567, 511–515 (2019).

9. Schloemer, T. H., Christians, J. A., Luther, J. M. & Sellinger, A. Doping
strategies for small molecule organic hole-transport materials: impacts on
perovskite solar cell performance and stability. Chem. Sci. 10, 1904–1935
(2019).

10. Zhang, Y. et al. Charge selective contacts, mobile ions and anomalous
hysteresis in organic-inorganic perovskite solar cells. Mater. Horiz. 2, 315–322
(2015).

11. Eames, C. et al. Ionic transport in hybrid lead iodide perovskite solar cells.
Nat. Commun. 6, 7495 (2015).

12. Facchetti, A. π-Conjugated polymers for organic electronics and photovoltaic
cell applications. Chem. Mater. 23, 733–758 (2011).

13. Guo, X., Baumgarten, M. & Müllen, K. Designing π-conjugated polymers for
organic electronics. Prog. Polym. Sci. 38, 1832–1908 (2013).

14. Lin, R. et al. Monolithic all-perovskite tandem solar cells with 24.8% efficiency
exploiting comproportionation to suppress Sn(ii) oxidation in precursor ink.
Nat. Energy 4, 864–873 (2019).

15. Palmstrom, A. F. et al. Enabling flexible all-perovskite tandem solar cells. Joule
3, 2193–2204 (2019).

16. Lin, Y. H. et al. A piperidinium salt stabilizes efficient metal-halide perovskite
solar cells. Science 369, 96–102 (2020).

17. Chen, Z. et al. Single-crystal MAPbI3 perovskite solar cells exceeding 21%
power conversion efficiency. ACS Energy Lett. 4, 1258–1259 (2019).

18. Xiao, K. et al. Solution-processed monolithic all-perovskite triple-junction
solar cells with efficiency exceeding 20%. ACS Energy Lett. 5, 2819–2826
(2020).

19. Jiang, Y. et al. Optical analysis of perovskite/silicon tandem solar cells. J.
Mater. Chem. C 4, 5679–5689 (2016).

20. Kirchartz, T., Staub, F. & Rau, U. Impact of photon recycling on the open-
circuit voltage of metal halide perovskite solar cells. ACS Energy Lett. 1,
731–739 (2016).

21. Filipič, M. et al. CH3NH3PbI3 perovskite/silicon tandem solar cells:
characterization based optical simulations. Opt. Express 23, A263 (2015).

22. Ball, J. M. et al. Optical properties and limiting photocurrent of thin-film
perovskite solar cells. Energy Environ. Sci. 8, 602–609 (2015).

23. Albrecht, S. et al. Towards optical optimization of planar monolithic
perovskite/silicon-heterojunction tandem solar cells. J. Opt. 18, 064012
(2016).

24. Förster, T. Energiewanderung und fluoreszenz. Sci. Nat. 6, 166–175 (1946).
25. Förster, T. Experimentelle und theoretische untersuchung des

zwischenmolekularen übergangs von elektroneneanregungsenergie. Z.
Naturforsch. 4a, 321–327 (1949).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19268-w ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:5525 | https://doi.org/10.1038/s41467-020-19268-w |www.nature.com/naturecommunications 9

https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
www.nature.com/naturecommunications
www.nature.com/naturecommunications


26. Förster, T. 10th Spiers memorial lecture. Transfer mechanisms of electronic
excitation. Discuss. Faraday Soc. 27, 7–17 (1959).

27. Medintz, I. & Hildebrandt, N. (eds.) FRET—Förster Resonance Energy
Transfer (Wiley-VCH Verlag GmbH & Co, Weinheim, 2014).

28. Hauser, M., Klein, U. K. A. & Gösele, U. Extension of Försters theory of long-
range energy transfer to donor-acceptor pairs in systems of molecular
dimensions. Z. Phys. Chem. 101, 255–266 (1976).

29. Huber, D. L., Hamilton, D. S. & Barnett, B. Time-dependent effects in
fluorescent line narrowing. Phys. Rev. B 16, 4642–4650 (1977).

30. Blumen, A. & Manz, J. On the concentration and time dependence of the
energy transfer to randomly distributed acceptors. J. Chem. Phys. 71,
4694–4702 (1979).

31. Wolber, P. K. & Hudson, B. S. An analytic solution to the Förster energy
transfer problem in two dimensions. Biophys. J. 28, 197–210 (1979).

32. Klafter, J. & Blumen, A. Fractal behavior in trapping and reaction. J. Chem.
Phys. 80, 875–877 (1984).

33. Baumann, J. & Fayer, M. D. Excitation transfer in disordered two-dimensional
and anisotropic three-dimensional systems: effects of spatial geometry on
time-resolved observables. J. Chem. Phys. 85, 4087–4107 (1986).

34. Farinha, J. P. & Martinho, J. M. Resonance energy transfer in polymer
interfaces. in 4th Springer Series on Fluorescence Methods and Applications,
21–256 (Springer Verlag Berlin Heidelberg, 2008).

35. Hertel, D., Bässler, H., Scherf, U. & Hörhold, H. H. Charge carrier transport in
conjugated polymers. J. Chem. Phys. 110, 9214–9222 (1999).

36. Cook, S., Furube, A. & Katoh, R. Analysis of the excited states of regioregular
polythiophene P3HT. Energy Environ. Sci. 1, 294–299 (2008).

37. Kline, R. J. & McGehee, M. D. Morphology and charge transport in
conjugated polymers. Polym. Rev. 46, 27–45 (2006).

38. Joshi, S. et al. Thickness dependence of the crystalline structure and hole
mobility in thin films of low molecular weight poly(3-hexylthiophene).
Macromolecules 41, 6800–6808 (2008).

39. Brinkmann, M. Structure and morphology control in thin films of regioregular
poly(3-hexylthiophene). J. Polym. Sci. Pol. Phys. 49, 1218–1233 (2011).

40. O’Connor, B. et al. Anisotropic structure and charge transport in highly
strain-aligned regioregular poly(3-hexylthiophene). Adv. Funct. Mater. 21,
3697–3705 (2011).

41. Yamagata, H. & Spano, F. C. Interplay between intrachain and interchain
interactions in semiconducting polymer assemblies: the HJ-aggregate model. J.
Chem. Phys. 136, 184901 (2012).

42. Ehrenreich, P. et al. H-aggregate analysis of P3HT thin films-Capability and
limitation of photoluminescence and UV/Vis spectroscopy. Sci. Rep. 6, 32434
(2016).

43. Yambem, S. D., Ullah, M., Tandy, K., Burn, P. L. & Namdas, E. B. ITO-free
top emitting organic light emitting diodes with enhanced light out-coupling.
Laser Photonics Rev. 8, 165–171 (2014).

44. Suh, M. et al. High-efficiency polymer LEDs with fast response times
fabricated via selection of electron-injecting conjugated polyelectrolyte
backbone structure. ACS Appl. Mater. Inter. 7, 26566–26571 (2015).

45. Zhao, Q. et al. Achieving efficient inverted planar perovskite solar cells with
nondoped PTAA as a hole transport layer. Org. Electron. 71, 106–112
(2019).

46. Patel, J. B. et al. Light absorption and recycling in hybrid metal halide
perovskite photovoltaic devices. Adv. Energy Mater. 10, 1903653 (2020).

47. Eggimann, H. J., Le Roux, F. & Herz, L. M. How β-phase content moderates
chain conjugation and energy transfer in polyfluorene films. J. Phys. Chem.
Lett. 10, 1729–1736 (2019).

48. Cho, I. W. & Ryu, M. Y. Effect of energy transfer on the optical properties of
surface-passivated perovskite films with CdSe/ZnS quantum dots. Sci. Rep. 9,
18433 (2019).

49. Rabouw, F. T., Den Hartog, S. A., Senden, T. & Meijerink, A. Photonic effects
on the Förster resonance energy transfer efficiency. Nat. Commun. 5, 3610
(2014).

50. Brédas, J. L., Cornil, J. & Heeger, A. J. The exciton binding energy in
luminescent conjugated polymers. Adv. Mater. 8, 447–452 (1996).

51. Galkowski, K. et al. Determination of the exciton binding energy and effective
masses for methylammonium and formamidinium lead tri-halide perovskite
semiconductors. Energy Environ. Sci. 9, 962–970 (2016).

52. Förster, T. Zwischenmolekulare energiewanderung und fluoreszenz. Ann.
Phys. 2, 55–75 (1948).

53. Valeur, B. & Berberan-Santos, M. N. Molecular Fluorescence: Principles and
Applications. (Wiley-VCH Verlag GmbH & Co, Weinheim, 2012).

54. Yekta, A., Duhamel, J. & Winnik, M. A. Dipole-dipole electronic energy
transfer. Fluorescence decay functions for arbitrary distributions of donors
and acceptors: systems with planar geometry. Chem. Phys. Lett. 235, 119–125
(1995).

55. Maksimov, M. & Rozman, I. On energy transfer in solid solutions. Opt.
Spectrosc. USSR 12, 337–338 (1961).

56. Lyons, B. P. & Monkman, A. P. The role of exciton diffusion in energy transfer
between polyfluorene and tetraphenyl porphyrin. Phys. Rev. B 71, 235201
(2005).

57. Stryer, L., Thomas, D. D. & Meares, C. F. Diffusion-enhanced fluorescence
energy transfer. Ann. Rev. Biophys. Bioeng. 11, 203–222 (1982).

58. Calió, L., Kazim, S., Grätzel, M. & Ahmad, S. Hole-transport materials for
perovskite solar cells. Angew. Chem. Int. Ed. 55, 14522–14545 (2016).

59. Sakurai, K. et al. Experimental determination of excitonic structure in
polythiophene. Phys. Rev. B 56, 9552–9556 (1997).

60. Jiang, X. M. et al. Spectroscopic studies of photoexcitations in regioregular and
regiorandom polythiophene films. Adv. Funct. Mater. 12, 587–597 (2002).

61. Brown, P. J. et al. Effect of interchain interactions on the absorption and
emission of poly(3-hexylthiophene). Phys. Rev. B 67, 064203 (2003).

62. Koren, A. B., Curtis, M. D., Francis, A. H. & Kampf, J. W. Intermolecular
interactions in π-stacked conjugated molecules. synthesis, structure, and
spectral characterization of alkyl bithiazole oligomers. J. Am. Chem. Soc. 125,
5040–5050 (2003).

63. Kobayashi, T. et al. Coexistence of photoluminescence from two intrachain
states in polythiophene films. Phys. Rev. B 67, 205214 (2003).

64. Spano, F. C. Modeling disorder in polymer aggregates: the optical
spectroscopy of regioregular poly(3-hexylthiophene) thin films. J. Chem. Phys.
122, 234701 (2005).

65. Clark, J., Silva, C., Friend, R. H. & Spano, F. C. Role of intermolecular coupling
in the photophysics of disordered organic semiconductors: aggregate emission
in regioregular polythiophene. Phys. Rev. Lett. 98, 206406 (2007).

66. Paquin, F. et al. Two-dimensional spatial coherence of excitons in
semicrystalline polymeric semiconductors: effect of molecular weight. Phys.
Rev. B 88, 155202 (2013).

67. Pereira, V. S., Leal, L. A., Ribeiro Junior, L. A. & Blawid, S. Inferring changes
in π-stack mobility induced by aging from vibronic transitions in poly(3-
hexylthiophene-2,5-diyl) films. Synth. Met. 247, 276–284 (2019).

68. Halászová, S., Váry, T., Nádašdy, V., Chlpík, J. & Cirák, J. Effect of substrate
roughness on photoluminescence of poly(3-hexylthiophene). in AIP
Conference Proceedings, vol. 1996, 20051 (2018).

69. Tsoi, W. C. et al. Effect of crystallization on the electronic energy levels and
thin film morphology of P3HT:PCBM Blends. Macromolecules 44, 2944–2952
(2011).

70. Herrmann, D. et al. Role of structural order and excess energy on ultrafast free
charge generation in hybrid polythiophene/Si photovoltaics probed in real
time by near-infrared broadband transient absorption. J. Am. Chem. Soc. 133,
18220–18233 (2011).

71. Patel, J. B. et al. Influence of interface morphology on hysteresis in vapor-
deposited perovskite solar cells. Adv. Electron. Mater. 3, 1600470 (2017).

72. Gong, J. Q. et al. Structure-directed exciton dynamics in templated molecular
nanorings. J. Phys. Chem. C 119, 6414–6420 (2015).

Acknowledgements
The authors acknowledge support by the U.K. Engineering and Physical Sciences
Research Council. H.J.E. thanks the Fondation Zdenek and Michaela Bakala for support
through their scholarship. L.M.H. and M.B.J. thank the Alexander-von-Humboldt
Foundation for support through Research Awards.

Author contributions
H.J.E. prepared the Super Yellow and F8BT layers and performed the experiments, data
analysis and modelling. J.B.P. prepared the MAPbI3, P3HT and PTAA layers. The project
was conceived, planned and supervised by L.M.H. and M.B.J.. H.J.E. wrote the first
version of the paper, and all authors contributed to the discussion and preparation of the
final version of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-19268-w.

Correspondence and requests for materials should be addressed to L.M.H.

Peer review information Nature Communications thanks Guichuan Xing and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19268-w

10 NATURE COMMUNICATIONS |         (2020) 11:5525 | https://doi.org/10.1038/s41467-020-19268-w |www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-19268-w
https://doi.org/10.1038/s41467-020-19268-w
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19268-w ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:5525 | https://doi.org/10.1038/s41467-020-19268-w |www.nature.com/naturecommunications 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Efficient energy transfer mitigates parasitic light absorption in molecular charge-extraction layers for perovskite solar cells
	Results
	Experimental observation of energy transfer
	FRET in two-layer structures
	PL-decay modelling
	Assessing the efficiency of the energy transfer
	Morphology of P3HT thin films at the perovskite interface

	Discussion
	Methods
	Sample preparation
	Optical measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




