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The authors study exciton splitting at the interface of bilayer hybrid solar cells to better understand
the physics controlling organic-inorganic device performance. Hydrogenated amorphous silicon
(a-Si:H)/poly(3-hexylthiophene) (P3HT) and a-Si:H/poly(2-methoxy-5-(2’-ethyl-hexyloxy)-
1,4-phenylenevinylene) (MEH-PPV) solar cells show photoresponse dominated by exciton
production in the polymer. The a-Si: H/P3HT devices are nearly as efficient as titania/P3HT cells.
However, the a-Si: H/MEH-PPV system has much lower photocurrent than a-Si: H/P3HT, likely
due to inefficient hole transfer back to the MEH-PPV after energy transfer from MEH-PPV to
a-Si:H. © 2006 American Institute of Physics. [DOI: 10.1063/1.2408641]

Hybrid organic-inorganic solar cells combine the pro-
cessability and strong complementary absorption of organic
semiconductors with the higher charge carrier mobilities of
inorganic semiconductors. Nanostructured hybrids can be
made by filling nanoporous inorganic films with the organic
semiconductor. In the past, various hybrid cells of inorganic/
organic pairs have been reported, including GaAs with
thiophene derivatives,' nanorod CdSe with polz?/thiophene,2
Si with polyacetylene3 and Cu-phthalocyanine,” and titania
with conjugated polymers.5 " In this work, we use hydrogen-
ated amorphous silicon (a-Si:H) as the inorganic material
because it is an inexpensive deposited semiconductor that is
much cheaper and easier to pattern than GaAs, enables the
creation of rigid, well-controlled nanostructures,&9 and ab-
sorbs more strongly than crystalline Si or titania. Among
a-Si:H/polymer solar cells, previous work!'? reported cells
having light absorption primarily in the a-Si:H, whereas our
work is the first to report on cells having most of the light
absorption in the polymer. We report on the fabrication
and  photovoltaic  properties  of  a-Si:H/poly-(3-
hexylthiophene) (P3HT) and a-Si:H/poly(2-methoxy-3-
(2’-ethyl-hexyloxy)-1,4-phenylenevinylene)  (MEH-PPV)
bilayer solar cells. Current-voltage characteristics of these
cells are compared with titania/P3HT and titania/MEH-PPV
bilayer cells in Fig. 1. We find that the a-Si:H/P3HT de-
vices are almost as efficient as the titania/P3HT devices.
However, the a-Si:H/MEH-PPV devices exhibit much
lower efficiency than either the a-Si:H/P3HT or the titania/
MEH-PPV devices. We attribute the greatly reduced effi-
ciency of a-Si:H/MEH-PPV to a combination of the low
MEH-PPV highest occupied molecular orbital (HOMO)
level (high ionization potential) and the extended valence
bandtail states in the a-Si:H.

All four systems of P3HT and MEH-PPV on a-Si:H and
titania were bilayer devices. The 100-nm-thick films of tita-
nia, on fluorine doped tin oxide-coated glass (bottom elec-
trode), were prepared using a sol-gel route as reported
previously.11 About 20 nm of a-Si:H was deposited on flat
indium tin oxide-coated glass (bottom electrode) using the

YElectronic mail: vigneshg @stanford.edu
YElectronic mail: mmcgehee @stanford.edu

0003-6951/2006/89(25)/252102/3/$23.00

89, 252102-1

hot-wire chemical vapor deposition technique.12 The
a-Si:H surface was treated with dilute hydrofluoric acid to
remove the native oxide. All subsequent steps were per-
formed in a nitrogen atmosphere inside a glove box. The
60-nm-thick P3HT and MEH-PPV films were spin coated
onto the inorganic substrates from suitably concentrated so-
lutions in tetrahydrofuran. The a-Si:H and polymer thick-
nesses were just sufficient to prevent shorting; thicker
a-Si:H was avoided to enable maximum absorption in the
polymer (vide infra), Due to low exciton diffusion lengths
(under 10 nm'?), larger polymer thicknesses do not increase
efficiencies. Then, 70 nm of Ag was evaporated onto the
polymer layer to form the top electrode. The completed de-
vices were annealed at 135 °C for 3—10 h to obtain optimal
photovoltaic performance, as determined with a Spectra-
Physics 81150 solar simulator operated at AM 1.5
conditions.

Titania is transparent in the visible region of the solar
spectrum, whereas a-Si:H is strongly absorbing in this re-
gion. Under illumination, the electron-hole pairs created in
the polymer are excitonic in nature, whereas electron-hole
pairs in the a-Si:H are probably unbound due to exciton
binding energies under 0.1 eV." As discussed below, genera-
tion in the a-Si:H is not a significant contributor to the pho-
tocurrent; most of the photocurrent arises from excitons gen-
erated in the polymer. These excitons could be separated and
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FIG. 1. Current-voltage curves of the four hybrid systems. In parentheses,
short-circuit current, open-circuit voltage, fill-factor and power-conversion
efficiency of titania/P3HT (broken: 0.53 mA/cm?, 585 mV, 0.62, 0.19 %),
a-Si:H/P3HT (solid: 0.47 mA/cm?, 555 mV, 0.59, 0.16 %), titania/ MEH-
PPV (circles: 0.27 mA/cm?2, 685 mV, 0.31, 0.06 %) & a-Si:H/MEH-PPV
(triangles: 0.03 mA/cm?, 615 mV, 0.26, 0.01 %).
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FIG. 2. (Bottom and top left) Vacuum-referenced energy levels of MEH-
PPV (Ref. 7), P3HT (Ref. 16), and a-Si:H (Ref. 17). Titania (levels not
shown) has conduction and valence band edges at ~4.2 eV and ~7.4 eV,
respectively. Energy levels of a-Si:H are approximated from the mobility
edges, but exponential tails of localized states (bandtails, in graded gray)
extend into the mobility gap (Ref. 17). Two mechanisms for exciton har-
vesting are shown: [1a] exciton diffusion followed by [1b] electron transfer,
and [2a] energy transfer (this cannot occur in titania/polymer cells) followed
by [2b] hole transfer. A hole-tunneling step detrimental to exciton harvesting
by mechanism [1] is also shown. See main text for details. (Top right)
Schematic diagrams of the bilayer devices studied.

collected by either of the two mechanisms shown schemati-
cally in Fig. 2. In the first mechanism, exciton diffusion to
the polymer-inorganic interface is followed by forward elec-
tron transfer from the polymer to the inorganic semiconduc-
tor. This mechanism is enhanced by large exciton diffusion
lengths and a suitable offset between the polymer lowest
unoccupied molecular orbital (LUMO) and the inorganic
conduction band. In the second mechanism, Forster-like'”
energy transfer occurs, wherein excitons in the donor semi-
conductor (polymer) are transferred to the acceptor semicon-
ductor (inorganic),16 prior to hole transfer from the inorganic
back to the polymer. In both mechanisms, the final state is an
electron in the inorganic semiconductor and a hole in the
polymer, and these carriers are collected at the electrodes.
For energy transfer, the donor energy gap must be larger than
the acceptor band gap, implying that energy transfer is pos-
sible from MEH-PPV and P3HT (energy gaps ~2.3 and
~2.0 eV, respectively”'®) to a-Si:H (band gap ~1.6 eV),"’
but not to titania (band gap ~3.2 eV).

Figure 3 shows the photocurrent-action spectra of the
four hybrid systems, along with the measured polymer and
a-Si:H absorption spectra. In the a-Si:H/P3HT and
a-Si:H/MEH-PPV systems, a shoulder was clearly seen at
wavelengths below approximately 450 nm, coinciding quite
well with the increasing absorptivity of a-Si:H and clearly
not attributable to the polymers’ decreasing absorptivities. In
the 375-450 nm wavelength range, the photocurrent contri-
bution from a-Si:H in the a-Si:H/P3HT cell when illumi-
nated in a solar simulator was calculated by integrating (over
the range) the product of the number of photons available
from the simulated solar spectrum with the external quantum
efficiency at each wavelength. It was found to be only about
10% of the total photocurrent, mainly because of the low
number of photons in this wavelength range. Below 375 nm,
the a-Si:H contribution is insignificant due to a negligible
number of photons. The photocurrent-action spectra of the
titania/polymer systems simply tracked the absorption spec-
tra of the polymers, with no short-wavelength shoulder, al-
though they were somewhat broadened, possibly due to op-
tical interference effects."
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FIG. 3. Photocurrent-action spectra of normalized incident photon to
charge-carrier efficiency (IPCE) vs wavelength of titania/P3HT (hollow
squares), a-Si:H/P3HT (solid squares), titania/MEH-PPV (hollow tri-
angles), and a-Si:H/MEH-PPV (solid triangles) are shown. SF denotes the
scaling factors used to convert the absolute photocurrent-action spectra to
normalized ones. Absorption spectra, absorption coefficient X thickness
(proportional to optical density) vs wavelength, of P3HT (dash-dot-dash),
MEH-PPV (dotted), and a-Si:H (solid) are also shown.

We first examine the performance of a-Si:H/P3HT and
compare it with titania/P3HT. As described in more detail
elsewhere,'® we modeled the optical properties and interfer-
ence effects of the stack of materials in the devices (Fig. 2:
top right). The modeling predicted about three times more
generated excitons in the P3HT when on titania than when
on a-Si:H, mainly because of the high index mismatch in
a-Si:H/P3HT. Therefore, other parameters (e.g., exciton
diffusion length, electron transfer rate) being equal and ne-
glecting photocurrent contribution from a-Si:H, the model-
ing predicted titania/P3HT to have a short-circuit current
(Jsc) about three times higher than a-Si:H/P3HT. However,
Jgc of the two systems were roughly equal (Fig. 1) although
collection from the a-Si:H accounts for only about 10% of
the a-Si:H/P3HT current. The titania surface is hydrophilic,
whereas the a-Si:H is hydrophobic; it is thus possible that
the morphology of the P3HT is different on these surfaces,
resulting in different exciton diffusion lengths and/or elec-
tron transfer rates. The a-Si:H/P3HT and titania/P3HT have
similar Jg¢, open-circuit voltage (Vo) and fill factors mak-
ing the a-Si:H/P3HT cell almost as efficient as the titania/
P3HT cell. Preliminary modeling results indicated that by
reducing the a-Si:H thickness to 10 nm, a threefold increase
in the Jg¢, and efficiency, can be expected, provided shorting
problems due to pinholes can be avoided.

We analyzed the results of the four hybrid systems vis-
a-vis the first mechanism of exciton harvesting, viz., exciton
diffusion and electron transfer. The offsets between the poly-
mer LUMO and the inorganic conduction band were roughly
similar for all four hybrid systems (Fig. 2) and are thus not
the probable cause of either of the following observations:
(1) a-Si/MEH-PPV had a Jg¢ nine times lower than titania/
MEH-PPV. Optical interference effects alone can, at most,
account for only a threefold difference, nor can the differ-
ence be accounted for by dissimilar electronic properties of
MEH-PPV on the different inorganic semiconductors: be-
cause it is amorphous, MEH-PPV is expected to have similar
exciton diffusion lengths on and electronic interaction with
each inorganic semiconductor. (2) Though titania/MEH-PPV
has a Jgc only two times lower than titania/P3HT (probably
due to differences in exciton diffusion lengths and/or elec-
tron transfer efficiencies), a-Si:H/MEH-PPV has a Jg- 16
times lower than a-Si:H/P3HT. This difference is far greater
than the twofold difference seen with the polymers on titania.
Also, this 16-fold difference cannot be due to low hole mo-
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bility in MEH-PPV because nine times as much current flux
(mA/cm?) can pass through the same thickness of MEH-
PPV when on titania. Thus, a-Si: H/MEH-PPV contributes
much lower photocurrent than expected, and these results are
inadequately explained simply by a mechanism of exciton
diffusion and electron transfer.

For reasons described below, the second mechanism of
exciton harvesting, energy transfer from the polymer to
a-Si:H followed by hole transfer back to the polymer, occur-
ring independently of and along with the first mechanism,
adequately explains the results. Using a framework based on
Forster energy transfer,” it is seen that energy transfer de-
pends, among other factors, on the photoluminescence effi-
ciency (Qp) of the donor (polymer). Depending on the batch
of MEH-PPV used, its Qp is between 0.10 and 0.15,'%
whereas Qp of P3HT is 0.02."® Uncertainties in other param-
eters involved in the Forster framework, such as the refrac-
tive index, rendered us unable to calculate a definitive rate
and probability of energy transfer in the a-Si:H/polymer
systems. MEH-PPV, by virtue of its higher Qp, is expected to
exhibit stronger Forster-like energy transfer to a-Si: H than is
P3HT. Excitons can thus be transferred from MEH-PPV to
a-Si:H (where they become unbound), and to a far lesser
extent from P3HT to a-Si:H. The holes in the a-Si:H need
then to jump back to the polymer HOMO for collection. The
schematic diagram shown in Fig. 2 (top left) suggests that
hole transfer from a-Si:H to P3HT will have a much faster
rate than from a-Si:H to MEH-PPV. This is consistent with
the absolute photocurrent-action spectra of a-Si:H/P3HT
and a-Si:H/MEH-PPV (Fig. 3); a-Si:H contributes eight
times lower current with MEH-PPV than with P3HT. The
a-Si:H has an exponential bandtail of localized states ex-
tending into the band gap from the valence band edge, which
can trap injected or photoexcited holes. Under 1 sun illumi-
nation there is significant hole occupation only above the
hole quasi-Fermi level, which is about 0.5 eV above the
a-Si:H valence band edge.'9 To cross from a-Si:H to the
polymer, these holes deep in the valence bandtail need to
jump to the polymer HOMO. The number of bandtail holes
for which a jump to the HOMO is energetically favorable
depends on the HOMO level. The reported vacuum-
referenced HOMO values for MEH-PPV and P3HT are
~5.3 eV (Ref. 7) and ~5.0 eV,'® respectively. These values
are also supported by the larger observed Voo in
a-Si:H/MEH-PPV than in a-Si:H/P3HT. Since the MEH-
PPV HOMO is closer to the a-Si:H valence band edge than
is the P3HT HOMO, hole transfer from a-Si:H to MEH-
PPV is far slower than to P3HT. Stronger energy transfer
from MEH-PPV (than from P3HT) to a-Si:H, followed by
poorer hole transfer back to MEH-PPV (than to P3HT) thus
predicts lower Jgc in a-Si:H/MEH-PPV, as was observed.
Alternatively, the mechanism of exciton diffusion followed
by electron transfer could also explain the low
a-Si:H/MEH-PPV Jgc, but only if we include the possibility
of deleterious hole tunneling from the polymer to the
a-Si:H (Fig. 2). With the HOMO levels and a-Si:H bandtail
hole occupation as described above, it is easier for holes to
tunnel into electron-occupied a-Si:H valence bandtail states
from MEH-PPV than from P3HT. The tunneling rate may be
increased by the Coulombic attraction from trapped electrons
in the a-Si:H, near the interface (after electron transfer from
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the polymer). Thus greater hole tunneling, likely in conjunc-
tion with stronger energy transfer, to a-Si:H from MEH-
PPV (than from P3HT), together with poorer hole transfer
back to MEH-PPV (than to P3HT), could also explain the
lower Jgc in a-Si: H/MEH-PPV.

In conclusion, we have demonstrated that the
a-Si:H/P3HT bilayer devices are almost as efficient as the
titania/P3HT devices, while the a-Si:H/MEH-PPV system
exhibits much lower efficiency. The use of a-Si:H with
P3HT offers the possibility of significant efficiency improve-
ments via nanostructuring of the a-Si:H. In general, when
considering suitability of an organic/inorganic pair of mate-
rials for heterojunction solar cells, if exciton diffusion and
forward electron transfer is dominant, conduction band
(LUMO) offset will be critical, but the valence band
(HOMO) offset must also be suitable. If energy transfer is
strong and dominant, then backward hole transfer efficiency,
controlled by the valence band (HOMO) offset, will be the
most important factor. The relative positions of the polymer
HOMO and the hole quasi-Fermi level in the a-Si:H thus
play a key role in determining the critical hole transfer rates.
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