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ABSTRACT: The singlet exciton diffusion length was measured in a small
molecule electron donor material DR3TBDTT using fluorescence quenching at a
planar interface with a cross-linked fullerene derivative. The one-dimensional exciton
diffusion length was increased from 16 to 24 nm by annealing the film in carbon
disulfide solvent vapor. Planar heterojunction solar cells were fabricated using
bilayers of these materials and it was found that solvent vapor annealing increased the
short circuit current density by 46%. This can be explained by improved exciton
harvesting in the annealed bilayer.
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1.Introduction
Organic photovoltaics (OPVs) are a promising solar technology that has attracted
considerable research interest.[1-5] OPVs have some attractive features compared to
silicon based PVs, including solution processability, compatibility with large area and
flexible substrates, low weight and low cost. In OPV devices, the generation of
photocurrent starts from the absorption of photons in the active layer, which leads to
the formation of bound electron-hole pairs (known as excitons); to split excitons into
charges, energy is needed to overcome the Coulomb potential. The energy difference
between donor and acceptor lowest unoccupied molecular orbital (LUMO) levels can
provide the energy needed. In this scenario, to undergo dissociation into charge pairs
the excitons need to travel to the donor-acceptor interface during their lifetime. The
average distance an exciton can diffuse within its lifetime known as the exciton
diffusion length (LD), and is usually much shorter than the absorption length.[6-9]
The simplest OPV structure is the planar heterojunction device, which consists of
a planar donor layer and a planar acceptor layer in contact with each other.[10] The
excitons diffuse within the film and some of them can reach the donor-acceptor
interface where dissociation occurs, and charges are generated, which then move to
the contacts and provide the photocurrent. Only the excitons that can diffuse to the
donor-acceptor interface contribute to charge generation and hence photocurrent.
Therefore, in planar heterojunction OPV devices, the diffusion length determines the
useful thickness of the light absorbing layer that contributes to photocurrent
generation. Due to the limited exciton diffusion length in organic semiconducting
materials, the efficiency of bilayer OPV devices is generally much lower than bulk
heterojunction devices. However, planar heterojunction cells would offer simpler
large-scale production and better long-term stability. Exciton harvesting in planar
heterojunction devices can be improved by increasing exciton diffusion length [11]
and introducing additional light-harvesting layers with long-range energy transfer.[12]
Most of the bi-layer OPV devices are fabricated using orthogonal solvent strategy that
still allows some inter-diffusion of the donor and acceptor molecules and formation of
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a mixed heterojunction layer at the boundary [13, 14]. In that case it is difficult to
separate the processing effects on exciton harvesting and charge separation.
In this work we investigated the effect of solvent vapour annealing (SVA) on
exciton harvesting and solar cell performance in a bilayer of a small molecule electron
donor

material

DR3TBDTT

and

a

cross-linked

fullerene

derivative,

[6,6]-phenyl-C61-butyric acid styryl dendron ester (PCBSD) (molecular structures are
shown in Figure 1). This method provided a well-defined planar donor-acceptor
interface without inter-diffusion. We found that annealing using a low boiling point
non-halide solvent, carbon disulfide (CS2) increased the exciton diffusion length in
DR3TBDTT which lead to an enhancement in short circuit current (Jsc) in planar
heterojunction OPV. The operation of the devices was analysed using a simple optical
model, and it was found that the Jsc improvement observed upon SVA was due to
increased exciton diffusion length. The improved exciton diffusion length upon SVA
is the main reason for the higher device power conversion efficiency (PCE).

Figure 1. Molecular structure of (a) DR3TBDTT and (b) PCBSD. (c) Structure
of the bilayer device used in this work.

3

2. Material and methods
DR3TBDTT was purchased from 1-Material. This molecule was previously used
to make bulk heterojunction solar cells [15, 16]. We employed time-resolved
measurements of photoluminescence surface quenching to measure exciton diffusion.
For this experiment PCBSD was synthesized as previously described and used as the
quenching layer [17]. The PCBSD layer was spin-coated from a dichlorobenzene
solution, and the films were then annealed at 170 oC for 40 minutes to realise
polymerization. The resulting films were rinsed by chlorobenzene to remove any
unpolymerized material. DR3TBDTT was then spin-coated from a chloroform
solution. We fabricated two films for each film thickness: one was on a cross-linked
PCBSD quenching layer, and the other one was on a fused silica substrate. A range of
thicknesses were made by adjusting spin-coating speed and solution concentration.
The SVA treatment was conducted by pipetting 200 μL of CS2 through the edges of a
glass petri dish (diameter was 10 cm) and the DR3TBDTT films were kept inside for
45 seconds with the lid closed. All the sample preparation was conducted inside a
nitrogen-filled glove box and the samples were transferred to a testing chamber
without exposure to air. The absorption spectra were measured using a Cary 300
UV-Vis

spectrophotometer.

Time-resolved

fluorescence

measurements

were

conducted in vacuum. The samples were excited using 200 fs light pulses at 515 nm
with 80 MHz repetition rate and fluorescence was detected using a Hamamatsu
synchroscan streak camera.
We fabricated planar heterojunction OPV devices using an inverted structure of
ITO/ZnO (35 nm)/PCBSD (20 nm)/DR3TBDTT (30 nm) /MoO3 (10 nm)/Al (100 nm),
as shown in Figure 1(c). Here the zinc oxide electron transport layer was fabricated
using a sol-gel [18] method and processed in air. The PCBSD and DR3TBDTT layers
were prepared in the same way as the films used for surface quenching samples.
MoO3 and Al were evaporated through a shadow mask by a thermal evaporator under
a vacuum of 2× 10-6 mbar. The devices were finished by encapsulating them using
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UV-cured epoxy glue and a glass cover slip. The photovoltaic properties were
characterised by illuminating with a Sciencetech solar simulator and measuring JV
properties with a Keithley 2400 source-measure unit. The irradiance was calibrated
using a silicon detector and a KG-5 filter. The external quantum efficiency (EQE) was
measured by exposing the device to monochromatic light supplied from a Xenon arc
lamp and a monochromator.

3. Results and discussion
As can be seen in Figure 2(a) the absorption coefficient of DR3TBDTT film is
slightly enhanced by SVA, which we attribute to the molecules in the film orienting
closer to parallel to the substrate. The photoluminescence spectra showed no obvious
shift after SVA. The roughness of the film was measured by atomic force microscope
(AFM) over an area of 1 μm2 and found to decrease from 4.1 to 3.0 nm after SVA.
(See Figure S1) The absorption coefficient of PCBSD layer before and after SVA is
shown in Figure 2(b). Absorption mainly occurs at wavelengths shorter than 500 nm
and almost did not change upon SVA.

Figure 2. (a) Absorption coefficient / photoluminescence spectra of DR3TBDTT films and (b)
absorption coefficient of PCBSD films with and without SVA.

Fluorescence decays of DR3TBDTT films on top of quencher (PCBSD) and on
non-quenching fused silica substrate are shown in Figure 3. We observe faster
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quenching in thinner DR3TBDTT films because excitons diffuse a shorter distance to
the quenching surface. Exciton diffusion can be described by the diffusion equation:
[19, 20]

∂n
∂2n
= D 2 − k (t )n − k F n + G ( x)
∂t
∂x

(1)

where n is the exciton density, D is the diffusion coefficient, k(t) is the decay rate
of excitons, kF is quenching rate due to Förster resonance energy transfer (FRET) to
the quencher, G(x) is the exciton generation rate as a function of position.
In the present study, to solve the diffusion equation, the instantaneous generation
assumption was applied as our excitation light pulse is short; and no FRET is
considered as the absorption wavelength of PCBSD is much shorter than the emission
of DR3TBDTT.[21] For the PL quenching at the DR3TBDTT/PCBSD interface, a
boundary condition of n x =0 = 0 was applied; which means no exciton exists at the
fullerene quencher surface and we assumed that no quenching occurs at the top
surface, which gave the second boundary condition of ∂n

∂x x = d

= 0 , where d is the

thickness of the DR3TBDTT film. By fitting the fluorescence decay of the reference
sample and solving the diffusion equation numerically under the assumptions
presented above, the additional decay due to exciton diffusion to the quenching layer
can be obtained. For all the three thicknesses, the experimental data were fitted
globally with the diffusion coefficient as the only parameter. We obtained the
diffusion coefficient of (1.5 ± 0.2) × 10-3 cm2 s-1 in the as-spin-coated samples, whilst
for CS2 SVA treated samples, the diffusion coefficient increased to (3.5 ± 0.5) × 10-3
cm2 s-1, which is more than double the diffusion coefficient of films without CS2 SVA
treatment.
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Figure 3. Photoluminescence decays for three thicknesses of DR3TBDTT films on fused
silica (blue dots) and PCBSD substrates (black dots). Solid lines represent fits to the data with the
diffusion equation (Equation 2). After SVA, the quenching at the PCBSD surface was enhanced
which is reflected by faster PL decay of DR3TBDTT films on PCBSD compared to the untreated
counterparts.

In the case of one-dimensional diffusion, the diffusion length can be obtained
from LD = 2 Dτ ,[7, 22] where τ is the lifetime of the exciton and can be obtained
from the PL decay measurement of neat films. We took the time decay to 1/e of its
initial intensity as the lifetime, being (840 ± 10) and (850 ± 10) ps for as spin-coated
and solvent vapor annealed films respectively, indicating that SVA does not
significantly affect the PL decay. The exciton diffusion length in as spin-coated and
SVA treated samples were determined to be (15.7 ± 1.0) nm and (24.3 ± 1.7) nm
respectively.
We have considered possible reasons for the increase in exciton diffusion length.
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It has been shown theoretically that [23] the exciton diffusion length increases with
the photoluminescence quantum yield (PLQY) and decreases with the refractive index.
However, in our case, the PLQY showed only a slight decrease upon SVA from 5.9%
to 5.8%, and the index of refraction determined from ellipsometry measurements only
increased very slightly, as shown in Figure S2. As the changes in PLQY and refractive
index are very small, they cannot account for the large change in exciton diffusion
length.
A more likely explanation for the increase in exciton diffusion length is a change
in the film morphology. We explored this using atomic force microscopy (AFM) and
found that the crystallite size increases after SVA. This is further supported by
previous XRD observation, [16] in which SVA led to difference in the (100)
diffraction peak indicating different crystallite structure due to different tilting angles
of alkyl chains. Hence, we consider that the increase in exciton diffusion length after
SVA is likely due to the molecules packing after SVA is favourable for exciton
diffusion.
As shown in Figure 4 and Table 1, the PCE of the bilayer device was enhanced
from 0.57% to 0.98% upon CS2 SVA. The enhancement of PCE can be attributed to
an improvement in Jsc, which increased from 2.4 to 3.5 mA/cm2 after SVA, and an
enhancement in FF from 0.36 to 0.43. The enhancement in Jsc can also be seen from
the external quantum efficiency (EQE), as shown in Figure 4(b), the peak value of
EQE increased from 15.3% for the untreated devices to 22.1% for the solvent vapor
annealed devices.

Figure 4. J-V curves (a) and EQE (b) of bilayer planar heterojunction devices with/without
CS2 SVA.
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Table 1 Device performance before and after solvent vapor annealing with CS2.
Device
PCE (%)

Voc (V)

FF

Jsc (mA/cm2)

type

(%)

As spincoated

Peak EQE

0.64

0.67

0.38

(0.57±0.05)* (0.65±0.01) (0.36±0.019)

CS2

1.1

0.64

SVA

(0.98±0.04)

0.45

2.5
15.3
(2.4±0.07)
3.7
22.1

(0.64±0.01) (0.43±0.013)

(3.5±0.11)

*The values in the brackets are the average and standard deviation of 8 devices.

We calculated the electric field distribution through the bilayer OPV device
structure as a function of position using the transfer matrix method. [24-26] The
distribution of the optical field is shown in Figure S3. The exciton generation density
is proportional to the squared electrical field strength and can be determined
accordingly, which is shown in Figure S4.
In this scenario, the photocurrent originates from the flux of excitons diffusing to
the donor/acceptor interface, it can be expressed as:

j = eη D

∂n( x)
∂x

(2)

x=d

Here, η is the charge collection efficiency, e is charge on an electron and d is the
thickness of DR3TBDTT film.
We then solve the diffusion equation (Equation (1)) at steady state taking the
exciton generation into consideration. The steady state diffusion equation can be
expressed as:
=
G ( x) D(

1
∂2
−
) n( x )
LD 2 ∂x 2

(3)

Here we choose a parabolic format to fitting the exciton generation profile,
which has been used by Siegmund et al. [27] and it is reasonable in our case,
supporting by the shape of optical field distribution in Figure S3 and good fitting
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quality in Figure S4. The exciton generation can be expressed as:

G ( x) = ax 2 + bx + c

(4)

Applying the boundary conditions of complete exciton quenching at the
DR3TBDTT/PCBSD

interface

and

complete

exciton

reflection

at

the

DR3TBDTT/MoO3 interface, the diffusion equation can be solved analytically. Hence
the resulting current density (j) can be written as:[27]




d
1
=
− 1) − 2adLD 
j eη LD  tanh
(G (d ) + 2aLD 2 ) + bLD (
d
LD


cosh


LD

(5)

Here, η is assumed to be 100%. According to Equation (5) and the exciton
generation profile in our case, the current density for bilayer devices can be plotted
versus the exciton diffusion length, as shown in Figure 5. The photo current density
for bilayer devices with/without SVA in this study were indicated in Figure 5.
The model predicts an increase of the photo current density in the bilayer device
structure by increasing the exciton diffusion length. For the measured values of LD the
current density enhancement predicted by the model was ~40%, which is close to the
experimental results (Jsc enhanced by ~46%). Therefore, the increased Jsc and EQE in
solvent vapor annealed devices is mainly or entirely caused by the enhanced exciton
diffusion length. A further benefit of SVA is that it enhances the FF from 0.36 to 0.43,
which also contribute to the PCE of the bilayer devices.
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Figure 5. Calculated short circuit current as a function of exciton diffusion length of DR3TBDTT.
The red and blue dashed lines indicate the exciton diffusion length of DR3TBDTT films before
and after solvent vapor annealing.

4.Conclusion
In summary, we explored the effect of SVA treatment using CS2 in a highly
efficient small molecule donor material. We observed an enhancement (more than two
times) in exciton diffusion coefficient, leading to a 46% increase in exciton diffusion
length upon SVA. We then fabricated bilayer heterojunction OPV devices and
observed the enhancement in Jsc and PCE. From the calculation based on an optical
model, the enhanced exciton diffusion length was found to be the main reason for the
better device performance. These results indicate that exciton diffusion length is
directly related to the exciton harvesting and device performance of planar
heterojunction OPV devices.
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