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Probing the Morphology and Energy Landscape of Blends of Conjugated Polymers
with Sub-10 nm Resolution
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We have investigated the charge generation dynamics in intimately mixed blends of polyfluorene
copolymers optimized for photocurrent generation. Using femtosecond transient absorption spectroscopy,
we find that the charge generation time is limited by exciton diffusion to the interface. Combined with the
kinetics of exciton energy migration, the data reveal the blend morphology on a length scale of sub-10 nm.
Furthermore, we demonstrate that excitons are guided efficiently to the interface, which is consistent with
an accumulation of low energy sites at the heterojunction.

DOI: 10.1103/PhysRevLett.101.016102

Organic photovoltaic devices are fabricated from par-
tially demixed organic semiconducting materials, such as
conjugated polymers or fullerene derivatives [1-4]. In
these devices, light is absorbed in one or both of the active
components to form tightly bound excitons. If the offsets of
the conduction and valence band states at the heterojunc-
tion are appropriate (type II), excitons may ionize effi-
ciently. It has been proposed that unbound charge carriers
are generated [5]; however, they may be bound by their
mutual Coulomb attraction [3], or excitonic effects may
lead to even tighter binding [6]. In any case, there is a
general requirement that the light is absorbed no further
than an exciton diffusion length from the heterojunction,
which is typically assumed to be ~10 nm. This is a severe
restriction for efficient charge collection, where the poly-
mer phases have to be bicontinuous and extend over the
whole film thickness.

At present it is not possible to reliably characterize the
size of the nanoscale morphologies of plastic solar cells.
This is a major obstacle in the design of more efficient solar
cells and fundamentally limits the insight into the early
stages of the demixing process in polymer blends. Atomic
force microscopy (AFM) may be used to identify surface
features with a maximum resolution of 10 nm. The bulk
morphology of polymer-polymer blends has been mapped
with a resolution of 50 nm using x-ray microscopy [7]. In
order the break through this resolution barrier, we develop
an alternative approach which makes use of the high
mobility of singlet excitons in organic thin films [8—11].
By combining the dynamics of exciton energy migration
with a real-time observation of charge generation, we map
the morphology of binary polymer blends on a length scale
from 1 to 12 nm.

We study mixed blends poly(9, 9'-dioctylfluorene-
alt-benzothiadiazole) (F8BT) and poly(9, 9'-dioctyl-
fluorene-co-bis-N, N'-(4, butylphenyl)-bis-N, N’-phenyl-
1, 4-phenylene-diamine) (PFB) with molecular weights
M, = 135 kg/mol and M, = 150 kg/mol, respectively.
AFM cannot resolve any features for the films that were
spin cast from chloroform and we therefore expect a do-
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main size of less than 10 nm [12]. Broadband transient
optical absorption spectroscopy with ~100 fs time resolu-
tion was performed as described in Ref. [12].

Figures 1(a) and 1(b) show time-resolved transient opti-
cal absorption spectra of pure F8BT and a blend consisting
of 50% F8BT and 50% PFB, respectively. Note that we site
selectively excite F8BT at 490 nm, so that no excitons are
generated in the higher optical gap material PFB (A, =
390 nm). In pure F8BT we observe a positive differential
transmission signal (AT/T) at wavelengths shorter than
620 nm due to excitonic stimulated emission. At longer
wavelengths a negative signal due to excitonic photoin-
duced absorption is recorded [12,13]. The transient absorp-
tion spectra of the blends show the same features at early
times, which then rapidly evolve into a secondary broad
and long lived absorption. We attribute the latter band to
cations on PFB and anions on F8BT chains [12-15].
Figure 1(c) shows the time evolution of the signal, spec-
trally averaged from 530 to 600 nm. It is observed that the
time for the evolution from the positive “‘excitonic’’ to the
negative ‘“‘charge” signal increases with increasing con-
centration of F8BT, indicating that the charge generation is
limited by diffusion of excitons to the heterojunction.

To deconvolute the exciton and charge signals, we de-

velop a kinetic model based on the rate equations % =

—ky(D[Ex] — ker(D[Ex] and 90 = ker(n[Ex] for the
time derivatives of the exciton and charge concentration,
respectively. The exciton decay rate to the ground state
kx/(2) is time dependent due to exciton-exciton annihilation
[13]. The charge generation rate kcr(f) is limited by ex-
citon diffusion to the heterojunction, which is an intrinsi-
cally nonexponential process [11]. In the integrated rate
equations we represent these time dependencies as multi-
exponential functions Excr(f) = Z;Ll Acr,jexp(—kcr jt)
and Exy(1) = Y2 Ay, exp(—ky;t) so that [Ex]=
Exy(f)Excr(t) and [CT] = 1 — Excp(z). We fit the kinetics
in Fig. 1(c) globally as AT/T = N([Ex]+ rkcr/
(ker + ky)[CTY), with N as the number of excitations, k =
>, Ak, and r as the ratio of the spectrally averaged cross
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FIG. 1.

Panels (a) and (b) show differential transmission spectra of F8BT and a 50%:50% F8BT:PFB blend, respectively, at delay

times as indicated in the figure. The markers in panel (c) show the kinetics spectrally integrated from 530 to 600 nm. The F8BT content
is indicated and was controlled by manipulating the ratio of FSBT and PFB in solution. The traces are normalized to the number of
absorbed photons. The excitation photon flux was <1 X 10'* photons/cm? for all samples and low enough to avoid charge generation
by multiphoton interaction [13]. The lines are a global fit as discussed in the text. Panel (d) shows the concentration of charges

reconstructed from the fits.

sections of the charge transfer absorption and the stimu-
lated emission. Y ,,A,, = 1 was required during fitting and
Exy/(7) was determined from the Kinetics of the pure FSBT
and held constant when fitting the blends [16].

In the best fit, the largest charge generation rate, ket | =
9.17 ps~ ', is an order of magnitude faster than the charac-
teristic exciton energy transfer rate (see below) and similar
to the inverse of the time resolution of the spectroscope
(100 fs). We therefore interpret this to be due to excitons
that are created at the heterojunction and undergo charge
generation during the excitation pulse [17]. Figure 1(d)
plots the charge concentration generated from excitons
which are created in the bulk (2 = j = 4). It is clearly
seen that for increasing concentrations of FS§BT the charge
generation time increases. This is because exciton diffu-
sion to the interface takes longer when the size of F§BT
domains increases. The amplitude at 0.1 ps corresponds to
the fraction of charges that are generated from excitons,
which are created directly at the heterojunction. The frac-
tion increases with decreasing FSBT concentration. This is
because as the domain size decreases, the ratio of interface
to bulk sites increases. Thus, the data contain information
about the size of the domains in which the excitons mi-
grate. We now seek to determine this by accounting for the
time dependence of the exciton diffusion length.

To determine the exciton diffusion length, we have
measured and modeled exciton diffusion in F8BT films.
In Fig. 2 the energy relaxation of the peak of the stimulated
emission of a F8BT film is plotted. This excitonic Stokes
shift is caused by exciton energy transfer [11]. To simulate

the random walk of excitons, the film is represented by a
cubic grid and the site energy (E;) are randomly assigned
from a Gaussian density of states with width oy, =
0.06 eV [10]. In the Monte Carlo simulation the micro-
scopic energy transfer rates are calculated as

k . kET exp(—(Ej - El)/kBT) for E] - Ei >0
=j for E]_EISO’

D

with kg7 as the characteristic exciton hopping rate, and kg
and T = 300 K as the Boltzmann constant and the tem-
perature, respectively. A range from kzr = 1/4 ps™! to
kgr = 1/2 ps~! reproduces the experimental Stokes shift
well [18]. The root-mean-square (rms) exciton diffusion
length (R,,.c) is shown in Fig. 2. Assuming an average
chromophore length of [, = 3 monomeric units, a rms
exciton displacement of 16 nm is yielded at the lifetime of
F8BT (1.6 ns), which is a reasonable value for disordered
conjugated polymers.

To determine the domain size from the charge gen-
eration time [see Fig. 1(d)] and the exciton diffusion
length (see Fig. 2) we first plot the former as a function
of the latter to yield the cumulative distribution function of
exciton diffusion length prior to charge generation [see
Fig. 3(a)]. By computing d[Charges]/dR,,, the proba-
bility density function of the exciton diffusion length
prior to charge generation is obtained. These data, shown
in Fig. 3(b) for FSBT:PFB blends, are a direct measure
of the size of FSBT domains within the blends. It can be
seen that the domain size increases with increasing con-
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FIG. 2. The symbols show the redshift of the stimulated emis-
sion of a film of F8BT. The data were obtained by fitting two
Gaussians representing the excitonic photoinduced absorption
and stimulated emission to each time-resolved spectrum. Here
the center energy of the latter Gaussian is plotted. The line is the
simulated average energy of excitons (see text). The right-hand
axis is the rms exciton diffusion length, defined here as
R (t) = +/(max(s(#' = £)?)), with s(¢) as the displacement of
each exciton from its origin, and the brackets () denoting an
ensemble average. Taking the maximum of s reflects that the
excitons will not back-transfer once they arrive at the hetero-
junction. The distance between grid points was calculated as
lys = [(Mrsprlseg)/(Nayprspr) 13, with prgpr = 1 g/cm® for
the density of the films, Mgggr = 945 g/mol as the molecular
weight of a FSBT monomer, N, as Avogadro’s number, and /.,
as the number of monomers in a chromophore. For [, = 3,
which is a typical value for conjugated polymers [9,22], [, =
1.68 nm is yielded.

tent of F8BT. The largest domains of the blend containing
10% F8BT have a characteristic length of only ~2 nm,
whereas for the blend containing 50% F8BT diffusion
lengths as large as ~12 nm are detected, indicating
much larger F8BT domains. For 80% F8BT content the
weight of the distribution is shifted to higher diffusion
length, which is consistent with an inverted morphology.
We have found that the error in the x direction introduced
by the choice of kgy and [, in the energy transfer model is
~2 nm for large distances and significantly smaller for
decreasing x values [16]. The same analysis for blends
containing F8BT and poly(9,9-dioctylfluorene-co-N-(4-
butylphenyl)diphenylamine) (TFB) showed qualitatively
the same behavior [16].

In Fig. 3(b) we also show the distribution of exciton
diffusion length expected for a sphere with radius R =
5 nm (dashed line) and R = 2 nm (solid line). The theo-
retical probability density was calculated as the distribu-
tion of distances of all sites within the sphere from a point
at the interface. It can be seen that while the blend with
25% F8BT concentration overlaps well with the theoretical
curve for R = 2 nm (except for small distances <2 nm,
see below), a single spherical phase does not approximate
the measurements for the blend containing 50% F8BT
well. This indicates that either a distribution of domain
sizes is present or that a different morphology, such as
bicontinuous phases, is dominant.
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FIG. 3. Panels (a) and (b) are the cumulative distribution and
probability density of the rms exciton diffusion length for
PFB:F8BT blends, respectively. The dashed and solid lines
show the theoretical distribution of exciton diffusion length for
a sphere with R = 5 nm and R = 2 nm, respectively.

The data in Fig. 3(b) furthermore reveal that the experi-
mental probability densities increase for all blend ratios,
when the rms diffusion length becomes 0. The modeled
curves approach O and this limiting behavior should be
independent of domain size and shape. Thus, at early times
our exciton energy transfer model underestimates the ex-
citon transfer rates. We investigate this issue in the time
domain and numerically solve the Fokker-Planck equation
for exciton diffusion in spherical symmetry

LEx] = H(r— R+ a)D, iz W
ot r or
1 0 (r?[Ex](r, 1) 1
+Dy(0) 5 5( F ) ) [Ex], (2)

with D as a drift constant, and D,(7) as the time-dependent
diffusion coefficient calculated as D,(f) = Ry,,/6t [see
Fig. 2] [19], and 75() as the time-dependent average life-
time [20], calculated as 7y(r) = > ,;Ay;exp(—ky 1)/
> Ay ikn;exp(—ky;t). H is the Heaviside step function
and depends on the radius of the domain R and the size of
an interface region a. Equation (2) is constructed so that
excitons undergo diffusion inside the domain and an ad-
ditional drift component towards the heterojunction is
active in the interface region (see inset of Fig. 4). The
boundary conditions are [ Ex](r = R) = 0, which imposes
fast charge generation at the domain boundary, and
d[Ex](r = 0)/dr = 0, which is required by the spherical
symmetry.
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FIG. 4. Experimental (symbols) and modeled (lines) diffusion
limited exciton decays are compared. The experimental data are
the exciton decay (Ex) reconstructed from the numerical fit
presented in Fig. 1(c). Here we consider the exponential terms
2 =< j =4 in Ecr(f), which ensures that only excitons that are
generated in the bulk are treated. The modeled data are a fit using
Eq. (2), with (dashed line) and without (solid line) the drift
component close to the interface (see text). The inset shows a
cartoon of the diffusion (D) in the bulk of the domain and the
additional drift towards the heterojunction (D) in the interface
region.

The symbols in Fig. 4 show the exciton decay due to
natural recombination and quenching at the heterojunction
for a FEBT:PFB blend with 50% F8BT content. We have
solved Eq. (2) numerically for the range a =0 to a =
1.7nm, D; =0 to D; = —2 nm/ps, and R =2 nm to
R = 10 nm and determine the best fit from the minimum
SSR. When the drift is switched off (i.e., a set to 0) the
initial fast exciton decay is not reproduced by the model
(dashed line). The best fit is for R = 3.6 = 0.12 nm [18],
which also underestimates the domain size as determined
in Fig. 3(b). Solving Eq. (2) with the drift component at the
interface region shows significantly better agreement with
the experimental data (solid line). The best fit is for a =
0.78 =0.17 nm, D, = —09 *0.4 nm/ps, and R =
4.75 £ 0.25 nm [18], with the latter parameter now in
agreement with the domain size as determined in
Fig. 3(b). The existence of a drift component close to the
heterojunction is consistent with excitons funneled effi-
ciently to a potential energy minimum at the interface.
Recently, it was predicted that the ground state potential
energy is significantly reduced for certain chain segments
at the phase boundary [17]. This is due to attractive
Coulombic interaction with chromophores across the het-
erojunction. These sites also facilitate efficient exciton
ionization [21]. Our finding here suggests that excitons
transfer preferentially to these low-energy polymer seg-

ments, which is consistent with the high efficiency of
exciton ionization observed in many binary blends for solar
cell applications.

Finally, we note that by solving the diffusion equation
[Eq. (2)] only the average domain size may be determined.
It testifies to the strength of the previous approach leading
to Fig. 3(b) that the distribution of phase sizes is resolved.
This confirms that exciton diffusion is a powerful probe of
nanoscale morphology that cannot be assessed by other
techniques.
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