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It is generally considered that photoinduced charge transfer at the organic-inorganic interfaces in hybrid
photovoltaic devices immediately results in a pair of free charge carriers. We extend a novel interface-
selective ultrafast “‘optical pump-push photocurrent probe” technique to study hybrid photovoltaic

systems and observe bound electron-hole pair states at the organic-inorganic interface formed between

electron-accepting zinc oxide and electron-donating conjugated polymers. We estimate that ~50% of
photogenerated charges stay bound and later recombine, thus hindering the photovoltaic performance of
polymer/ZnO cells. We further demonstrate that interface modification with a fullerene derivative
decreases the fraction of bound charges to ~25%, which substantially improves the device efficiency.
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Organic, hybrid, and dye-sensitized photovoltaic devices
(PVs) are an emerging technology with the potential for an
easy-to-process, low-cost, and environmentally friendly
renewable energy source [1-5]. The active layer in such
devices typically consists of an organic donor and an or-
ganic or inorganic acceptor materials. A photon absorbed
by the donor material produces a singlet exciton which,
upon reaching the donor-acceptor interface, can efficiently
dissociate into a pair of charges. It recently became gener-
ally accepted that, due to the low dielectric constant of
organic materials, the photogenerated charge carriers are
not efficiently screened from each other and their electro-
static attraction can limit the PV efficiency. For all-organic
PVs, the phenomenon of such a bound charge-transfer (CT)
state forming at the donor-acceptor interface was recently
identified and comprehensively studied [6—10]. Only in
certain material systems, like polymer-fullerene blends,
have recent experiments shown efficient and field-
independent charge separation indicating that the bound
CT states are less significant for such PV devices [11].

The higher dielectric constant of inorganic materials,
however, is considered to promote efficient decoupling of
charge carriers due to the increased screening of electron-
hole interaction. This idea inspired extensive research
and development of hybrid organic-inorganic devices
[2,3,12,13] where, upon illumination, excitons are created
in the highly absorbing organic material and efficiently
dissociated at the interface with the inorganic counterpart
of the device. However, these promising hybrid photovol-
taic devices show very moderate performance [14,15]. One
possible reason for this could be the existence of bound
charge pairs (BCP) at the organic-inorganic interfaces.
Here, we define BCP as a state comprising of a positive
charge localized on an organic molecule (polaron)
Coulombically attracted to an electron in the inorganic
material. These states may serve as a major loss mecha-
nism limiting the hybrid solar cell performance, similarly

0031-9007/12/108(24)/246605(5)

246605-1

PACS numbers: 72.40.+w, 73.61.Ph, 78.47.J—

to what has been previously demonstrated for CT states in
all-organic PVs. Despite indirect indications that such a
scenario can take place [16-22] the lack of an interface
sensitive time-resolved technique to selectively probe BCP
states at organic-inorganic interfaces has complicated the
elucidation the physical processes governing the charge
separation in hybrid photovoltaics.

Here we extend a newly developed method to selectively
study the yield and dynamics of BCP states localized at the
organic-inorganic semiconductor interface and apply it to a
set of “model” hybrid bi-layer PV devices. We demon-
strate that these states exist at the interface between a
compact layer of ZnO and two different conjugated poly-
mers. We show that the amount of BCP states can be
controlled by interfacial modification, drastically improv-
ing the device performance.

Figure 1(a) presents the schematic structure of the
hybrid photovoltaic devices examined in this study. The
device active layer consisted of a single ~200 nm layer
of poly(3-hexylthiophene) (P3HT) or poly((9,9-dioctyl-
fluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-
2,1,3-benzothiadiazole]-2’,2”-diyl) (F8TBT) polymers
deposited on top of a 40 nm thick film of ZnO. To test the
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FIG. 1 (color online). (a) Structure of hybrid bi-layered pho-
tovoltaic devices. (b) Chemical structure of organic compounds
used in the study.
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effect of organic-inorganic interface modification, similar
devices with a monolayer of phenyl-C61-butyric acid
(PCBA) between the polymer and oxide layers were fabri-
cated. The PCBA modification, in this case, has been shown
to increase the substrate work function due to an interfacial
dipole [23]. The chemical structures of the materials are
shown in Fig. 1(b).

Figure 2 shows the external quantum efficiencies (EQE) of
the polymer/ZnO and polymer/PCBA/ZnO photovoltaic
devices. Unmodified photovoltaic devices of FSTBT/ZnO
and P3HT/ZnO demonstrate a very modest peak EQE of 2%
and 3.5%, respectively. This low efficiency might be caused
by several different reasons. First, only a small fraction of
incident light is absorbed within the exciton diffusion length
from the polymer/ZnO interface, creating excitons that
can be harvested for a photocurrent. Second, electron-hole
pairs at the polymer/ZnO interface can form BCP states
and undergo geminate recombination rather than separate
into free charge carriers. Finally, poor charge transport
and extraction by the electrodes may hinder the device
performance.

Interestingly, photovoltaic devices with PCBA interfa-
cial modification demonstrate substantially higher peak
EQE values of 5% and 10%. We have previously suggested
that the relatively high EQE value of 10% for this simple bi-
layer structure results from a very efficient charge separa-
tion at the interface [22]. We note that despite the clear
increase in EQE upon PCBA modification, the performance
of the F8TBT devices is inferior to that of P3HT. This is a
result of poor charge transport in the FSTBT polymer in
comparison to P3HT, as confirmed by the increased FSTBT
EQE measured for thinner photovoltaic devices (not shown
here) and, possibly, a smaller exciton diffusion range.

To elucidate the dynamics of charge separation at the
organic-inorganic interface and to investigate the origin of
the EQE increase upon interfacial modification, we applied
the newly developed [24] ultrafast pump-push photocurrent
technique and extended this method to perform a quantita-
tive analysis of charge generation yields [Fig. 3(a)]. The
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FIG. 2 (color online). External quantum efficiency (EQE)
spectra of investigated devices based on (a) FSTBT and
(b) P3HT. For EQE measurements, a 250 W tungsten halogen
lamp and an Oriel Cornerstone 130 monochromater were used.
The measurements were performed as a function of wavelength
at intensities ~1 mW/cm?.

technique combines previous efforts in visible and UV
pump-push photocurrent experiments [25] with a gentle
and targeted control over photoconversion using low-
energy IR photons [24]. Moreover, in the current study,
the pump-push technique is applied to photovoltaic cells
with a well-controlled single heterojunction which allows a
comparison of the absolute concentration of bound states in
different devices. As shown below, this quantitative infor-
mation, together with a global analysis of the results, pro-
vides information about the exact yield of bound and free
charges in the system.

In the experiment, the photovoltaic cell is first exposed
to a 40 pJ visible-light (580 nm) 200 fs pump pulse from a
noncolinear optical parametric amplifier, mimicking sun-
light excitation; this triggers the light-to-current conver-
sion process. Holes, created in the polymer after exciton
dissociation, alter the electronic structure of the polymer
chains due to lattice relaxation, creating self-localized
positive polarons which absorb photons with an energy
~0.3-0.6 eV [26,27]. After a certain delay time, a
0.4 wJ, 2200 nm (0.56 eV), 250 fs IR push pulse from
another optical parametric amplifier (TOPAS, Light
Conversion) illuminates the PV cell. This pulse is selec-
tively absorbed by the hole polarons, as the neutral poly-
mer chains are transparent in this spectral region. Although
the concentration of polarons generated at the organic-
inorganic interface is low (less than one charge pair per
1600 nm?) the high flux of IR photons used is required to
bring some (~ 0.1%) of polarons to the “hot” excited state
[24]. In this way, the IR push photons provide the all hole
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FIG. 3 (color online). (a) The layout of pump-push photo-
current spectroscopy setup. NOPA and OPA stand for (noncol-
linear) optical parametric amplifier. (A) stands for a lock-in
amplifier in the current mode phase locked to the mechanical
modulator. The energy of the pump pulse was 40 pJ (into a
~0.2 mm diameter spot) and the energy of the IR push 0.4 uJ
(into a ~0.5 mm diameter spot). Results of pump-push photo-
current (6J) measurements on (b) FSTBT and (c) P3HT hybrid
devices. Measurements were performed in identical experimen-
tal conditions. Solid lines are fits to the data with the model
presented in the Fig. 4. The error bars reflect the typical standard
error for the corresponding transients.
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polarons with “excess” energy, allowing them to reach
otherwise energetically inaccessible configurations.
Therefore, the positive polarons in the BCP states can be
released from the electron in the ZnO and converted to free
charge carriers thus contributing to the photocurrent.
Alternatively, the push can excite the electron in ZnO
and relocalize it away from the interface; however, this
latter scenario is unlikely because charges in ZnO absorb in
the different spectral region (0.1-0.3 eV) [28]. In the
experiment, we detect the effect of the push pulse by
monitoring the increase of the photocurrent output (6J)
of the photovoltaic device. As the PCBA-modified and
unmodified devices were measured under the same con-
ditions, the absolute value 6J can be used to deduce the
change in device performance upon modification. We note
that free positive polarons contribute to the photocurrent
without the push pulse and do not affect the experimental
observable 6J, making the newly developed technique
selective solely to bound states.

Figures 3(b) and 3(c) show the change in the photo-
current due to the push as a function of the pump-push
delay for the FSTBT and P3HT hybrid devices, respec-
tively. When the push pulse arrives before the pump, the
effect on the photocurrent is negligible since there are very
few charges in the cell to be influenced by the IR photons.
When the push arrives after the pump, the 6J manifestly
increases for all the PV devices. This is direct evidence of
bound positive polarons present on the polymer. The sharp
increase in the 6J signal is dominated by a prompt com-
ponent (within the system ~250 fs time resolution)
demonstrating that the majority of bound polarons are
generated on an ultrafast time scale. Since exciton disso-
ciation occurs exclusively at the organic-inorganic inter-
face and bound polarons are observed on this ultrafast time
scale, we conclude that they are of interfacial character and
belong to BCP states. This is the first selective observation
of BCP states formed across organic-inorganic interfaces.

Our observation of BCP states at a hybrid interface is
analogous to the reported observation of CT states in all-
organic photovoltaics [6,7]. However, the nature of BCP
states is not identical to that of CT states. Both comprise a
positive polaron on the organic polymer chain adjacent to
the interface, but the electron wave function is very differ-
ent. For the zinc oxide, it will be derived from a delocalized
band state, and polaronic relaxation is not expected to be
significant. Local defects at the zinc oxide surface may,
however, assist the localization of the electron state.

This pump-push optical technique allows us to monitor
the generation and recombination dynamics of BCP states
(Fig. 3). As mentioned above, the majority of BCP states
are generated instantly; however, an additional component
is observed to grow up to around 200 ps. We consider
that this component, particularly pronounced for
PCBA-modified cells, is due to the delayed arrival of
singlet excitons to the interface. The later decay of oJ is
associated with the geminate recombination of BCP states.
Although bi-molecular effects (like bound-free charge

recombination) may potentially affect the dynamics of
BCP states, the low pump fluxes used to reproduce
“sun-illumination” conditions eliminate the possibility of
substantial nongeminate contributions to the dynamics.
This was confirmed by a linear dependence of the photo-
current on the pump intensity and no change of the shape of
the dJ(¢) curve with increased intensity of the pump pulse.

The employment of this pump-push technique in con-
junction with photovoltaic characterization gives us an
opportunity to investigate the consequences of the BCP
states’ formation on the PV performance. We observe that
the initial increase in photocurrent due to the push pulse is
only ~30% lower for PCBA-modified devices. This is
qualitatively consistent with the observed threefold in-
crease in EQE when modified by PCBA [23]. To analyze
quantitatively the yield of BCP states and their effect on the
photovoltaic performance, we assume that the push pulse
has a similar effect on BCP states in PCBA-modified and
unmodified devices. Then, a large increase in the amount of
free charges (measured in EQE) caused by only a moderate
decrease in the amount of bound charges is an indicator of a
high yield of BCP states at the unmodified interface.

In addition to an increase in charge-separation efficiency,
we find that additional processes of exciton harvesting are
present in PCBA-modified devices. The evidence for this
phenomenon is clearly visible in Figs. 3(b) and 3(c)-while
the transients for polymer/ZnO devices decay nearly
monotonically, those measured on the PCBA-modified de-
vices show an additional growth component with the time
constant of ~150 ps (FSTBT) or ~60 ps (P3HT). There are
several possible contributions to the enhanced light harvest-
ing originating from the PCBA modification. First, altering
the surface energy of the substrate may cause morphologi-
cal changes in the polymer packing at the interface [13,29].
This in turn can create a favorable energetic landscape for
exciton migration to the interface. Alternatively, one can
associate enhanced harvesting with a long-range Forster
energy transfer from the polymer to the PCBA monolayer.
Recent studies by Liu et al. illustrate this possibility, as they
indicate that the range of “‘multidipole” energy transfer
may substantially exceed the exciton diffusion length
[30]. To conclude, the favorable effect of PCBA on device
performance is twofold; PCBA monolayer reduces the
amount of BCP states and causes an increase in the amount
of excitons reaching the interface.

To determine the yield of BCP states and to disentangle
the different contributions to the EQE improvement, we
developed a state model, presented in Fig. 4(a), with the
corresponding band diagrams in Figs. 4(b) and 4(c).
According to this model, charges are generated upon
exciton diffusion (A) and, additionally, in the case of
PCBA-modified devices, upon enhanced long-range ex-
citon harvesting, as discussed above (B). The fractional
contribution of the latter process is given by w =
B/(A + B). Generated charge pairs can either remain as
BCP states (and subsequently geminately recombine),
with fraction vy, or dissociate into free charge carriers to
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FIG. 4 (color online). (a) The state model of charge separation.
Dashed arrows represent optical transitions driven by pump and
push pulses. A and B are two channels of exciton transfer to the
organic-inorganic interface. A is exciton diffusion and B is
additional exciton harvesting promoted by the PCBA modifica-
tion of the interface. y and & represent the relative amount of
BCP and free charges, respectively. (b), (¢) Band diagram of
photoconversion in hybrid photovoltaic devices. Dashed arrows
illustrate the processes described by the model in (a). The
parameters of the fit with the model are shown in Table 1.

contribute to the photocurrent, with fraction 6 = 1 — .
At longer time scales (250-700 ps) the recombination
kinetics (G) are similar for both the polymer/ZnO and
the polymer/PCBA/ZnO devices, suggesting that no new
states are created in the polymer and, therefore, justifying
the assumption that both (A) and (B) share the same
prefactor y. The value of & depends on the presence of
a PCBA monolayer at the interface. The proposed model
can be described by the kinetic equation:

d[BCP(1)]
dt

where A(t), B(), and G(¢) are the (time-varying) generation
rates and recombination rates of BCP states, respectively. The
model was then incorporated in a global fitting procedure to
determine the kinetics of A(7), B(z), and G(¢). Because of the
complex nature of these processes, we chose to treat the
particularities of charge dynamics phenomenologically and
avoid relying on ungrounded assumptions about the physical
processes underlying the observed dynamics. As optimizing
this problem involves a large parameter space with many
local minima, we used a genetic algorithm instead of more
traditional gradient-based methods.

In analogy with biological evolution, the algorithm starts
with a large ensemble of randomly generated solutions and
evaluates the fitness of each of them (i.e., the inverse of
the residual between the solution and the data set) [31].
Solutions of high fitness are more likely to survive and
reproduce, leading to a new generation of ‘“‘children”
composed of linear combinations of high-fitness parents.
A small amount of mutations is randomly added to pre-
serve the diversity in the solution ensemble. As successive
generations are bred, the solution converges to an optimum
(see Supplemental Material for details [32]). The data
sets presented in Figs. 3(b) and 3(c) were fitted with this
procedure and the results are presented as solid lines. The

= y[A(t) + B(t)] — G(H)[BCP(r)], (1)

global parameters obtained by the optimization procedure
were then used in a quantitative interpretation of the ob-
tained results.

Knowing the EQEs as well as relative amplitudes of A(r)
and B(r) measured for both with- and without-PCBA de-
vices (Ano_pcBA> Bno_pcea = 0, Ayitn_pcBa Bwith_pcBa)
we obtain a quantitative measure of the absolute yields of
all processes involved in photoconversion by solving the
following equations:

A X Yo pcBA = Ano_pcBAs A X Vwith_PCBA = Awith_PCBA

B X Vit pcBa = Buwih_pcBa-

(A+0)(1 = ¥no_pcpa) _ EQE pcBa
(A+ B)(1 — Yyin_pcea)  EQEyim pcpa

The resulting parameters (8, y and w) are summarized
in Table I while further details of the fitting are presented in
the Supplemental Material [32].

In the case of the unmodified P3HT/ZnO devices, we
find that y = 52% of photoinduced charges remain in BCP
states. Similarly, in the case of the FSTBT/ZnO devices,
the amount of BCP states (+y) is calculated to be 54%. This
demonstrates that over half of the photoinduced charges
remain in BCP states at the unmodified organic-inorganic
interface, making it a major loss mechanism in hybrid
photovoltaics.

The PCBA modification approximately halves the yield
of BCP states for both polymers. Additionally, the 35%
(P3HT) or 45% (F8TBT) enhanced exciton harvesting
contributes to the increased photovoltaic performance.
Together both contributions result in a 300% improve-
ment in efficiency, which is consistent with the EQE
measurements. Therefore, the beneficial effect of the
PCBA is twofold: improved exciton harvesting and
decreased number of BCP states.

It is remarkable that the percentage of BCP states deter-
mined from the genetic-algorithm modeling is so high. This
indicates that the effect of the high dielectric constant of the
oxide is not facilitating the BCP state dissociation process.
We speculate that the nature of BCP states is related to the
existence of defect states on the surface of the ZnO [33].
Upon exciton dissociation at the polymer-oxide interface,
the electron might be localized in a surface defect state,
Coulombically attracting the hole polaron on the polymer

TABLE I. Parameters of the fit [Fig. 3(b) and 3(c)] with the
model presented in Fig. 4. y and & are the relative amounts of
BCP and free charges formed after exciton dissociation. o is the
fractional contribution of PCBA-enhanced light harvesting to
charge generation. Error values reflect the spread over different
samples.

v o o
F8TBT/ZnO 54 + 5% 46 = 5% s
FSTBT/PCBA/ZnO  24+3%  76+3% 35+ 10%
P3HT/ZnO 52+ 5% 48 = 5% ce
P3HT/PCBA/ZnO 28 £ 3% 72 = 3% 45 = 10%
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chain, resulting in a BCP state formation. Arguably, a
similar effect could hinder the efficiency of dye-sensitized
solar cells [34]. In these cells, back recombination of
electron-hole pairs across the hybrid interface is a major
loss mechanism [35]. This suggests the existence of local-
ized electrons at the surface of the inorganic layer resulting
in the formation of BCP states. Modifying the interface with
a PCBA monolayer changes not only the energy level align-
ment at the interface with ZnQO, but also increases electron-
hole separation, promoting BCP dissociation.

In conclusion, we report the first direct observation of
the presence of bound charge-pair states and demonstrate
their detrimental effect on the charge-separation dynamics
at the organic-inorganic interface. The yield of such states
is unexpectedly high, ~55%, despite the high dielectric
constant of the inorganic material, which is believed to
reduce Coulombic attraction between the electron and hole
at the interface. We show that the efficiency of exciton
harvesting and disassociation to free charge carriers
strongly depends on the properties of the interface, and
can be substantially enhanced by an organic monolayer
modification of the inorganic surface. The current results
are of fundamental importance for an understanding of the
photo-physical processes taking place in organic-inorganic
hybrid photovoltaic cells.
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