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Abstract

The design and performance of organic photovoltaic cells is dictated in part by the magnitude of
the exciton diffusion length (LD). Despite the importance of this parameter, there have been few
investigations connecting LD and materials purity. Here, we investigate LD for the organic small
molecule N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-benzidine (α-NPD) as native impurities are
systematically removed from the material. Thin films deposited from the as-synthesized material
yield an LD, as measured by photoluminescence quenching, of (3.9 ± 0.5) nm with a
corresponding photoluminescence efficiency (ηPL) of (25 ± 1)% and thin film purity of (97.1 ±
1.2)%, measured by high performance liquid chromatography. After purification by thermal
gradient sublimation, the value of LD is increased to (4.7 ± 0.5) nm with a corresponding ηPL of
(33 ± 1)% and purity of (98.3 ± 0.8)%. Interestingly, a similar behavior is also observed as a
function of the deposition boat temperature. Films grown from the purified material at a high
temperature give LD = (5.3 ± 0.8) nm with ηPL= (37 ± 1)% for films with a purity of (99.0 ±
0.3)% purity. Using a model of diffusion by Förster energy transfer, the variation of LD with
purity is predicted as a function of ηPL and is in good agreement with measurements. The
removal of impurities acts to decrease the non-radiative exciton decay rate and increase the
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radiative decay rate, leading to increases in both the diffusivity and exciton lifetime. The results
of this work highlight the role of impurities in determining LD, while also providing insight into
the degree of materials purification necessary to achieve optimized exciton transport.
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The optical excitation of an organic semiconductor leads to the formation of tightly
bound molecular excited states termed excitons.1 Organic photovoltaic devices (OPVs) based on
these materials rely on the use of an energetic electron donor-acceptor heterojunction to
dissociate photogenerated excitons into a useable photocurrent. Device architecture is dictated in
large part by the intrinsically short exciton diffusion length (LD ~ 10 nm),2–8 which is the
characteristic distance an exciton can travel before it recombines.9 While a great deal of work has
focused on optimizing the morphology of active layer blends in bulk heterojunction devices in
order to circumvent the short LD,5,10–13 substantially less attention has been directed at
investigating the origin of the near universally short LD. As such, it remains important to
understand the mechanisms which control and ultimately limit LD in order to better inform
material and device design for longer LD and enhanced device efficiency. One aspect of exciton
diffusion that remains relatively unexplored is how material purity affects LD.7,14 While previous
work has shown how impurities affect carrier mobility and overall device performance, an
analogous understanding for the role of impurities in exciton energy transfer and diffusion is
lacking.15–19 In this work, LD and other relevant photophysical parameters are measured as native
molecular impurities are systematically removed from films of N,N′-bis(naphthalen-1-yl)-N,N′bis(phenyl)-benzidine (α-NPD). By modelling the observed trend in LD as a function of impurity
concentration, an impurity free, theoretical maximum value of LD for α-NPD is extracted.
Exciton diffusion in organic semiconductors occurs due to an ensemble of excitons
undergoing successive energy transfer hops between molecules of the same species.20

In

fluorescent materials including α-NPD, the dominant mechanism of energy transfer is Förster
transfer.3,21,22 The rate of energy transfer for this process is given by,
1 𝑅
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(1)

where d is the intermolecular spacing and Ro is the Förster radius, which is defined as the critical
distance at which the rate of Förster transfer equals the rate of all other excitonic decay
pathways.21 The exciton lifetime (τ) can be separately expressed in terms of the radiative (kR)
and non-radiative (kNR) exciton recombination rates as τ = (kR + kNR)-1.23 Additionally, Ro can be
broken down further and written in terms of physically measureable quantities as:21,23,24
9η

𝜅2

𝑃𝐿
4
(𝜆)𝜎𝐴 (𝜆)𝑑𝜆
R 0 6 = 128𝜋
5 𝑛4 ∫ 𝜆 𝐹𝐷

(2)

where FD is the area normalized fluorescence spectrum, σA is the absorption cross section, λ is
the wavelength of light, n is the refractive index at the wavelength where the overlap of the
emission and absorption are maximized and κ is the dipole orientation factor. Plots of σA(λ) and
FD(λ) for α-NPD are shown in Fig. 1; σA is calculated as 4πk/λρ where k is the extinction
coefficient, extracted from ellipsometric measurements, and ρ is the molecular density.25 The
photoluminescence (PL) efficiency (ηPL) is given by ratio of kR to the total rate of exciton
recombination and can be written as, ηPL = kRτ. The orientation factor, κ, describes the degree of
electromagnetic coupling between the transition dipoles of the two molecules involved in the
energy transfer event. For randomly oriented rigid dipoles found in amorphous materials such as
α-NPD, κ = 0.845√2/3.26
Exciton diffusion is frequently modeled as a series of self-energy transfer hops on a
simple cubic lattice.3,20 By restricting energy transfer to the six nearest neighbors, a generalized
diffusion coefficient can be written as D = d2kET, where d is the lattice constant and kET is the
energy transfer rate.20,27 Taking kET to be the rate of Förster transfer, kF from Eqn. 1, LD may be
written using Eqn. 2 and LD =√Dτ as:
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Although the role of impurities is not explicitly included in Eqn. 3, we hypothesize that
molecular impurities which quench excitons will act to reduce τ, ηPL and ultimately LD.
Photoluminescence quenching based measurements are among the most widely employed
techniques to determine LD. This type of measurement can be applied in either the transient
regime28 or the steady state regime, through spectrally resolved3 or thickness dependent PL
quenching27, as shown in this work. In thickness dependent PL quenching, a series of α-NPD
films are grown over a range of thicknesses, both with and without an adjacent quenching layer.
An

exciton

quenching

layer

of

dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-

hexacarbonitrile (HATCN) is used due to its favorable energy offset for electron transfer and
large energy gap which prevents Förster transfer from α-NPD to HATCN.24 Under optical
excitation, the PL is inversely proportional to the fraction of excitons which successfully diffuse
to the donor/quencher interface. PL ratios are constructed by dividing the integrated PL spectrum
of the quenched film by that of the unquenched film. LD is then extracted by modelling the PL
ratio as a function of donor layer thickness using a one-dimensional steady-state exciton
diffusion equation which explicitly calculates the generating optical field through the use of a
transfer matrix formalism.29 Experimentally obtained PL ratios as a function of α-NPD thin film
thickness are shown in Fig. 2. The α-NPD source material was synthesized by The Dow
Chemical Company. All samples were deposited on glass substrates by thermal vacuum
sublimation at a base pressure of 7x10-7 Torr, with deposition pressures ≤ 9x10-7 Torr.
Additionally, fresh source material was loaded for each deposition in order to assure a constant
starting source material purity for all thicknesses considered. Thin film purities were measured
using high performance liquid chromatography (HPLC). Concentrated samples were prepared by
dissolving multiple 100-nm-thick films of α-NPD in tetrahydrofuran. Purities were determined
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by HPLC area percent assay and are listed in Table 1. Additionally, a more detailed table of the
HPLC results is shown in Table S1.30 X-ray diffraction spectra were measured on 80-nm-thick αNPD films deposited on silicon substrates using a Bruker Co Kα source x-ray diffractometer.
Films made from the as-synthesized source material yield LD = (3.9 ± 0.5) nm with a
corresponding thin film organic purity of (97.1 ± 1.2)%. The source material was then purified
once via vacuum thermal gradient sublimation.31,32 Films deposited from the purified source
material show an increased value of LD = (4.7 ± 0.5) nm and purity of (98.3 ± 0.8)%.
Interestingly, it was also observed that the value of LD and thin film purity showed a dependence
on the deposition boat temperature. Initial films were grown at a deposition boat temperature of
(258 ± 10)oC, corresponding to a deposition rate of 0.3 Å/s. As the boat temperature was
increased to (324 ± 10)oC with a deposition rate of 8.8 Å/s, films deposited from the purified
source material showed an increase in LD, reaching a value of LD = (5.3 ± 0.9) nm and purity of
(99.0 ± 0.3)%. This represents at 36% increase in LD as the purity of the α-NPD films is
increased by 1.9%.
In order to further probe the role of impurities in determining LD, ηPL and τ were
measured for all samples and are listed in Table 1, additionally, lifetime decays are shown in Fig.
S1.30 It was observed that increases in LD and purity coincide with concomitant increases in both
ηPL and τ. Films with a purity of 97.1% yield values of ηPL = (25 ± 1)% and τ = (2.7 ± 0.1) ns.
These values increase to ηPL = (37 ± 1)% and τ = (3.3 ± 0.1) ns for the 99.0% pure films. Based
on the observed increases in ηPL and τ, the corresponding values of kR and kNR can be extracted.
For an increase in film purity from 97.1% to the 99.0%, kNR systematically decreases from (28 ±
2)×107 s-1 to (19 ± 1)×107 s-1, driving an increase in τ, and offering the exciton more time to
diffuse before undergoing recombination. For the same change in purity, kR increases from (9.3
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± 0.5)×107 s-1 to (11 ± 1)×107 s-1. Upon inspection of Eqns. 1 and 2 and given the relationship D
= d2kF, it is clear that D is proportional to kR. Thus, the increase in kR is also driving an increase
in D, due to an enhanced Förster radius.
Based on the observed enhancement in the photophysics, predictions of LD can be made
using a conventional model of diffusion by Förster transfer using Eqn. 3. A value of d = 0.58 nm
was calculated from the volume averaged radius using the crystal density of α-NPD.3,25 Values
of the predicted LD are listed in Table 1 and are in good agreement with the experimentally
measured values, confirming that changes in ηPL and τ are responsible for the observed trend in
LD. Additionally, x-ray diffraction spectra taken on the films revealed no scattering peaks, ruling
out crystallinity as a possible explanation of the change in the photophysics.2,33,34 Given the
correlation between the photophysics, LD and film purity, we conclude that the improvements in
performance are caused by a reduction in the concentration of exciton quenching impurities
present in the films. Furthermore, the dependence of LD on the deposition boat temperature
comes from additional material purification during the deposition process.
If a molecular impurity provides an additional non-radiative decay channel to diffusing
excitons, two of the most obvious mechanisms by which this deexcitation could occur are
exciton dissociation by charge transfer and exciton quenching by Förster transfer. A charge
transfer impurity would require a sufficient energy level offset necessary for electron or hole
transfer and would occur on a nearest neighbor length scale.23 Förster transfer impurities would
require an overlap in the absorption spectrum of the impurity molecule and the fluorescence
spectrum of α-NPD.21,24 In this scenario, a diffusing exciton may transfer to an impurity
molecule, where it would eventually decay non-radiatively. This interaction could occur over a

7

longer length scale consistent with Eqn. 1.21 Thus, we expect Förster transfer impurities to be
more detrimental than charge transfer impurities for a given impurity concentration.
The effect impurities have on LD can be modelled through the use of a simple one
dimensional steady state diffusion equation:
𝜕2 𝑛

𝑛

0 = 𝐷 𝜕𝑥 2 − 𝜏 + 𝐺 − 𝑛𝑘𝑄
𝑜

(4)

Here, n is the exciton density, D is the diffusion coefficient, τo is the natural lifetime in the
absence of impurities, G is the optical exciton generation rate and kQ is the average rate of
exciton quenching by impurities in the steady state. Previously, it was shown that impurities
primarily affect kNR. Thus, kNR can be expressed as the sum of the component losses, kNR = (kNRo
+ kQ), where kNRo is the intrinsic non-radiative decay rate and therefore 1/τ = (kR + kNRo + kQ) =
1/τo + kQ. Here, we consider the case of exciton quenching by Förster transfer to impurities. The
transfer rate for an exciton on a single host molecule transferring to an impurity molecule is
described by Eqn 1. It has been previously argued however that for an exciton interacting with a
distribution of impurities, the quenching rate must be multiplied by the molecular density of the
impurities and integrated over all of space.35 This yields the following average quenching rate of
excitons by impurities,
𝑅 6𝑄

𝑘𝑄 = 𝑑𝐼6 𝜏

(5)

𝑜

where Q is the fraction of impurity molecules and R I is the Förster radius from the host molecule
to the impurity. Inserting Eqn. 5 into Eqn. 4 and solving yields a simple expression for the
effective LD as a function of impurity concentration:
L

Dτ
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Here, LD,0 represents the diffusion length in the absence of impurities. Using Eqn. 6, the
experimental values of LD are well fit as a function of the impurity fraction determined from
HPLC, as shown in Fig. 3. This yields a Förster radius of RI = (1.3 ± 0.1) nm and LD,0 = (7.0 ±
1.0) nm. From Fig. 3, it can be seen that dramatic improvements in LD can be made as the film
purity is increased beyond 99%, stressing the importance of attaining high materials purity in
achieving a maximum LD.
While this model fits the data well, it is not without its limitations. With multiple
impurity species present in the films, the extracted value of RI represents an average Förster
radius for all impurities within the film, when in actuality each separate impurity would have its
own characteristic Förster radius. Furthermore, there is no way to distinguish between Förster
and charge transfer impurities with the data set of Fig. 3. Following the procedure outlined in
Eqns. 4-6 and instead inserting a charge transfer rate would produce the same dependence on Q
and the same fit. In order to definitively distinguish the mechanism by which these impurities are
reducing LD, the native impurities would need to be chemically identified and synthesized in
order to determine their absorption spectra and energy levels. These molecules could then be
controllably doped back into ultra-pure films of α-NPD in order to attain a more accurate and
quantitative understanding of which impurities are reducing LD and by what mechanism.
In summary, we have demonstrated that native molecular impurities present in organic
semiconductors can impede exciton diffusion by measuring LD as native molecular impurities are
systematically removed from films of α-NPD. In this work, LD was increased from (3.9 ± 0.5)
nm to (5.3 ± 0.9) nm as the thin film HPLC purity increased from 97.1% to 99.0%. Increases in
LD are caused by a reduction in the concentration of exciton quenching impurities, which acts to
reduce kNR and increase kR, τ and D. Experimentally measured values of LD agree with predicted
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values calculated as a function of ηPL, using a diffusion model based on Förster energy transfer.
Furthermore, the trend of LD as a function of impurity concentration is well-fit using a model
which assumes exciton quenching by Förster transfer. This work provides insight into role of
molecular impurities in determining LD and a reference for what degree of material purification
is necessary to achieve optimized exciton transport.
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Figure captions:
Figure 1: Absorption cross section (σA) and area normalized fluorescence spectrum (FD) of αNPD. The absorption cross section was calculated using the α-NPD crystal density and the
extinction coefficient, extracted from ellipsometric measurements on a 40-nm-thick film
deposited on silicon. The fluorescence spectrum was measured from a 40-nm-thick film
deposited on glass. Inset displays the molecular structure of α-NPD.

Figure 2: Photoluminescence ratios versus film thickness for α-NPD films with organic purities
of (a) 97.1% (b) 98.3% (c) 98.8% (d) 99.0% along with the corresponding exciton diffusion
lengths (LD). Solid lines represent fits based on a one-dimensional steady state exciton diffusion
model at the given values of LD.

Figure 3: Exciton diffusion length (LD) of α-NPD as a function of thin film purity as measured
by high performance liquid chromatography (HPLC). Solid line represents a fit of LD as a
function of impurity concentration assuming exciton quenching by impurities via a Förster
mechanism. The fit yields a Förster radius from α-NPD to the impurity of RI = 1.3 nm and an
impurity free, maximum LD value of LD,0 = 7.0 nm, represented by the dashed line.
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Table:
Organic Purity (%)

LD (nm)

ηPL (%)

τ (ns)

Predicted LD (nm)

97.1 ± 1.2
98.3 ± 0.8
98.8 ± 0.2
99.0 ± 0.3

3.9 ± 0.5
4.7 ± 0.6
5.1 ± 0.6
5.3 ± 0.9

25 ± 1
33 ± 1
34 ± 1
37 ± 1

2.7 ± 0.1
3.1 ± 0.1
3.2 ± 0.1
3.3 ± 0.1

4.3 ± 0.6
4.8 ± 0.7
4.9 ± 0.7
5.1 ± 0.7

Table 1: Experimentally determined values of the thin film purity, exciton diffusion length (LD),
photoluminescence efficiency (ηPL), exciton lifetime (τ), and predicted LD calculated using an
exciton diffusion model based on Förster theory.
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