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Polymer Photovoltaic Cells: Enhanced Efficiencies via a
Network of Internal Donor-Acceptor Heterojunctions

G. Yu,” J. Gao, J. C. Hummelen, F. Wudl, A. J. Heeger

The carrier collection efficiency (n.) and energy conversion efficiency (n.) of polymer
photovoltaic cells were improved by blending of the semiconducting polymer with C, or
its functionalized derivatives. Composite films of poly(2-methoxy-5-(2’-ethyl-hexyloxy)-
1,4-phenylene vinylene) (MEH-PPV) and fullerenes exhibit n. of about 29 percent of
electrons per photon and m, of about 2.9 percent, efficiencies that are better by more than
two orders of magnitude than those that have been achieved with devices made with pure
MEH-PPV. The efficient charge separation results from photoinduced electron transfer
from the MEH-PPV (as donor) to C4, (as acceptor); the high collection efficiency results
from a bicontinuous network of internal donor-acceptor heterojunctions.

The need to develop inexpensive renew-
able energy sources continues to stimulate
new approaches to production of efficient,
low-cost photovoltaic devices. Although
inorganic semiconductors (silicon, amor-
phous silicon, gallium arsenide, and sulfide
salts) have been the primary focus, the pho-
tosensitivity and the photovoltaic effects in
devices made with organic materials have
also been explored, including conjugated
polymers (1), organic molecules (2),
stacked discostic liquid crystals (3), and
self-assembling organic semiconductors (4).
Because of the advantages that would be
realized with polymer-based photovoltaics
(such as low-cost fabrication in large sizes
and in desired shapes), efficient “plastic”
solar cells would have a major impact.

Energy conversion efficiencies of photo-
voltaic cells made with pure conjugated
polymers were typically 107* to 107%% (1),
too low to be used in applications. The dis-
covery of photoinduced electron transfer in
composites of conducting polymers as donors
and buckminsterfullerene (C,,) and its de-
rivatives as acceptors (5) provided a molec-
ular approach to high-efficiency photovol-
taic conversion (6, 7). Because the time
scale for photoinduced charge transfer is sub-
picosecond, more than 10? times faster than
the radiative or nonradiative decay of pho-
toexcitations (5), the quantum efficiency of
charge separation from donor to acceptor is
close to unity. Thus, photoinduced charge
transfer across a donor-acceptor (D-A) inter-
face provides an effective way to overcome
early time-carrier recombination in organic
systems and thus to enhance their optoelec-
tronic response. For example, with the addi-
tion of only 1% C,, the photoconductivity
increases by an order of magnitude over that
of pure MEH-PPV (6, 7).

Although the quantum efficiency for
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photoinduced charge separation is near uni-
ty for a D-A pair, the conversion efficiency
in a bilayer heterojunction device is limited
(8). Efficient charge separation occurs only
at the D-A interface; thus, photoexcitations
created far from the D-A junction recom-
bine before diffusing to the heterojunction.
Even if charges are separated at the D-A
interface, the conversion efficiency is lim-
ited by the carrier collection efficiency.
Consequently, interpenetrating phase-
separated D-A network composites (see Fig.
1) would appear to be ideal photovoltaic
materials (9—11). Through control of the
morphology of the phase separation into an
interpenetrating network, one can achieve
a large interfacial area within a bulk mate-
rial. Because any point in the composite is
within a few nanometers of a D-A interface,
such a composite is a “bulk D-A hetero-
junction” material. Because of the interfa-
cial potential barrier, as demonstrated by
the built-in potential in the bilayer D-A

heterojunction diode (8), ultrafast photoin--

duced charge transfer and charge separation
will occur with quantum efficiency ap-
proaching unity, leaving holes in the donor
phase and electrons in the acceptor phase.
This process is illustrated in the upper por-
tion of Fig. 1. If the network is bicontinu-
ous, the collection efficiency can, in prin-
ciple, be equally efficient.

Such a bicontinuous D-A network ma-
terial is promising for use in thin-film solar
cells. In addition to the high quantum effi-
ciency of charge separation, the electronic
structure of such a bicontinuous D-A net-
work allows one to choose contact elec-
trodes with work functions that optimize
the carrier collection efficiencies of holes
from the donor phase and electrons from
the acceptor phase. Thus, thin-film sand-
wich devices with bicontinuous D-A com-
posites as the active material promise to
function as efficient solar cells with high n_
and m,. Here, we report efficient photovol-
taic cells made with such MEH-PPV:C,
composites (see Fig. 1).
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The device structure consisted of a metal
(Caor Al) contact on the surface of a blend
film on a glass (or mylar) substrate, coated
with transparent indium-tin-oxide (ITO),
as shown in the bottom portion of Fig. 1.
The active area of the test devices was 0.1
cm? (12). Large photocells (>>15 cm?) with
similar efficiencies have also been fabricat-
ed. MEH-PPV:C,, films were spin-cast
from 0.3 to 0.5 weight % xylene solutions
prepared by mixing of two master solutions
in proper ratios. The MEH-PPV (13) was
obtained from UNIAX Corporation (Santa
Barbara, California) and the C, from MER
Corporation (Tucson, Arizona). Typical
film thicknesses were 1000 to 2000 A. The
Al or Ca electrode was vacuum evaporated
to a thickness between 1000 and 5000 A.

The limited solubility of pure C,, in or-
ganic solvents and its tendency to crystallize
during film formation limit its use in high-
concentration blends. To overcome these
problems, a series of soluble C, derivatives
has been developed (14). The molecular
structures of two Cy, derivatives, denoted as
[6,6]PCBM and [5,6]PCBM, are shown in
the top portion of Fig. 1. With these soluble
derivatives we have been able to make ho-
mogeneous stable blends containing more
than 80 weight % fullerene molecules.

Figure 2 compares the current-voltage

(I-V) characteristics of a Ca/MEH-PPV:
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Fig. 1. Schematic diagram of the photoinduced
charge transfer process in MEH-PPV:Cg, D-A
blends. The structures of the two soluble Cg, de-
rivatives used in this study (denoted as [6,6]PCBM
and [5,6]PCBM) are included. When cast as a film,
the D and A species phase-separate into a bicon-
tinuous network (bultk heterojunction material), as
shown schematically. The structure of the photo-
voltaic cell fabricated with this bulk heterojunction
material is sketched at the bottom.
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[6,6]PCBM/ITO device with 1:1 weight ra-
tio (Fig. 2A) and a Ca/MEH-PPV/ITO de-
vice (Fig. 2B) in the dark and then illumi-
nated with 20 mW/cm? at 430 nm. For pure
MEH-PPV devices, the sharp current turn-
on and the open circuit voltage V__ (the
minimum in the I-V under photoexcita-
tion) at 1.6 V are consistent with the work-
function difference between Ca and ITO.

The similar I-V characteristics of the de-
vices shown in Fig. 2 imply similar device
physics. In the Ca/MEH-PPV:[6,6]PCBM/
ITO device, the exponential current turn-on
shifts to lower voltage by ~0.8 V. Thus, the
lowest unoccupied molecular orbital of
[6,6]PCBM is ~0.8 eV below the Fermi en-
ergy of Ca. Capacitance measurements of the
blend devices yield values similar to those of
pure MEH-PPV devices (independent of
bias), implying that the energy gap remains
clean and trap-free. No indication of ground-
state charge transfer was observed.

The forward I-V characteristics of the
MEH-PPV devices (Fig. 2B) exhibit three
regions: a small shunt current (<1071°
Aflem?) for V < 1.2 V, an exponential
increase by more than four orders of mag-
nitude between 1.3 and 1.8 V, and “current
saturation” at higher voltages (the current
increases, but at a less than exponential
rate). In reverse bias, the current saturates
at approximately 1071° mA/cm? for IVl < 3
V. The I-V characteristics at high fields
have been interpreted in terms of tunneling
(15) into a thin-film semiconductor deplet-

Apr—r——T1T—"7—1—

103 0000004,
105

107 |

-

=
©

oy

-
<
W=
=4

Current (A/cm?)
)
(4]

-
2
@

107 |

109 |

101

Bias (V)

Fig. 2. (A) /-V characteristics of a Ca/MEH-PPV:
[6,6]PCBM/ITO device in the dark (open circles)
and under 20 mW/cm? of illumination at 430 nm
(solid circles ). (B) The corresponding data from a
Ca/MEH-PPV/ITO device. Currents were plotted
as absolute values.
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ed of carriers. Capacitance-voltage and al-
ternating current conductivity experiments
provide evidence in support of this model
(16). The exponential current turn-on and
the V. under strong illumination corre-
spond to the flat band condition.

Because photoinduced electrons in
MEH-PPV will lower their energy by trans-
ferring to the Cgp, and photoinduced holes
in Cq, will lower their energy by transfer-
ring to the MEH-PPV, the photosensitivity
(PS) is substantially enhanced in the phase-
separated composite (as shown in Fig. 2).
The short-circuit current (I) in the MEH-
PPV:[6,6]PCBM device is I, = 0.5 mA/
cm?; under 20 mW/cm?, corresponding to
PS = 25 mA/W and m_ = 7.4% electrons
per photon (e/ph), both of which are ap-
proximately two orders of magnitude higher
than those of MEH-PPV devices (Fig. 2B).

The electroluminescence quantum efficien-

" ¢y of the blend device was ~3 X 1077%

photons per electron, 10> to 10* times less
than in pure MEH-PPV devices, which is
consistent with ultrafast photoinduced
charge separation (5).

The carrier collection and energy con-
version efficiencies of the bicontinuous
D-A network material are critically depen-
dent on the network’s morphology and
chemical composition. By changing the sol-
vent from xylene to 1,2-dichlorobenzene we
have been able to cast high-quality MEH-
PPV:[6,6]PCBM films with methano-

fullerene compositions up to 1:4 weight
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Fig. 3. m_ (A) and m, (B) of Ca/MEH-PPV:

[6,6]PCBM(1:4)/ITO (solid squares); Ca/MEH- ‘

PPV:[6,6]PCBM(1:1)/ITO (open squares); Al/
MEH-PPV:[6,6]PCBM(1:1)/ITO (diamonds); Ca/
MEH-PPV:[5,6]PCBM(1:1)/ITO (open circles); Ca/
MEH-PPV:C,(3:1)/ITO (triangles); and Ca/MEH-
PPV/ITO (solid circles).
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ratio (approximately one acceptor for every
polymer repeat unit). For devices made
from this blend, I, = 2 mA/cm?, PS = 100
mA/W, and m_ ~29% e/ph under 20 mW/
cm? at 430 nm.

Figure 3 shows m_ (Fig. 3A) and m, (Fig.
3B) as a function of illumination intensity
for several blend devices and for pure MEH-
PPV devices. The blend weight ratios are
3:1 for the MEH-PPV:C, device, and 1:1
and 1:4 for the devices using the function-
alized  fullerenes. For Ca/MEH-PPV:
[6,6]PCBM (1:4)/ITO devices, the photo-
sensitivity is slightly sublinear with light in-
tensity (I°%%): m_ = 29% e/ph and m, =
2.9% at 20 mW/cm?; m_ = 45% e/ph and m,
= 3.2% at 10 wW/cm? (17). In reverse bias,
these devices are excellent photodetectors;
for example, at —2 V, PS > 200 mA/W and
M. > 60% e/ph at 20 mW/cm?, a substantial
improvement over earlier results and better
than ultraviolet-enhanced silicon photo-
diodes at 430 nm (7).

The spectral response of these photovol-
taic devices is similar to that obtained from
photoconductive cells made from MEH-
PPV:Cq, blends (6). The photovoltaic re-
sponse turns on at approximately 1.5 eV and
is relatively flat for photon energy >2.5 eV.

The PS and the m_ are nearly the same
when Al is substituted for Ca as the cathode,
although V_ decreases slightly from 0.82 V
to 0.68 V at 20 mW/cm?. Typical data from
Al/MEH-PPV:[6,6]PCBM/ITO deyiges are
also included in Fig. 3. Thus, stable metals
with work functions as high'as 4.3 eV can be
used as the cathode electrode to collect elec-
trons effectively from the acceptor phase.

Ideally, the work function of the anode
metal should be close to the donor highest
occupied molecular orbital (HOMO) and
the work function of the cathode should be
close to the acceptor lowest unoccupied
molecular orbital (LUMO). An “ohmic”
contact would then form selectively at each
interface, being ohmic for holes at the in-
terface between the donor and the high-
work-function metal contact but blocking
for electrons at the same interface, and vice
versa. The built-in potential would be the
difference between the acceptor LUMO
and the donor HOMO.

The bulk D-A heterojunction material
provides an automatic selection of electrons
from the acceptor component and holes
from the donor component. The use of Ca
(or Al) as the cathode and ITO as the
anode creates a large internal field (for a
given film thickness, the internal field is
larger with Ca). These two contact materi-
als automatically extract electrons from Cg,
and holes from MEH-PPV. Even though
the low-work-function metal is in direct
contact with the donor, holes will not be
extracted at this interface, because the in-
ternal field forces the holes toward the
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high-work-function contact. For the same
reason, electrons are extracted from Cg, at
the Ca/MEH-PPV:C, interface. The re-
sult, then, is that separated carriers are not
“wasted”; they are automatically collected
by the proper electrode so that external
work can be done.

The substantial enhancement in m_
achieved with the bicontinuous D-A net-
work material results from the large increase
in the interfacial area over that in a D-A
bilayer and from the relatively short dis-
tance from any point in the polymer to a
charge-separating interface. Moreover, the
internal D-A junctions inhibit carrier re-
combination and thereby improve the life-
time of the photoinduced carriers (6), so
that the separated charge carriers can be
efficiently collected by the built-in field
from the asymmetric electrodes. Similar ef-
fects have been observed in MEH-PPV:
Cyano-PPV polymer blends (10, 11).

The device efficiencies are not yet opti-
mized. Because only ~60% of the incident
power was absorbed at 430 nm in the thin-
film devices used for obtaining the data in
Fig. 3, the internal carrier collection effi-
ciency and energy conversion efficiency are
approximately 1.7 times larger; that is, n_ =~
90% e/ph and m,.~ 5.5% at 10 pW/cm?®.
Although nearly 100% absorption can be
achieved’by using thicker films, m_ is cur-
rently limited in thick-film devices by in-
ternal resistive losses. Further improve-
ments in device efficiencies are expected
when the blend composition and the net-
work morphology are optimized.
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Solution-Liquid-Solid Growth of Crystalline
IlI-V Semiconductors: An Analogy to
Vapor-Liquid-Solid Growth

Timothy J. Trentler, Kathleen M. Hickman, Subhash C. Goel,
Ann M. Viano, Patrick C. Gibbons, William E. Buhro*

Until now, micrometer-scale or larger crystals of the IlI-V semiconductors have not been
grown at low temperatures for lack of suitable crystallization mechanisms for highly
covalent nonmolecular solids. A solution-liquid-solid mechanism for the growth of InP,
InAs, and GaAs is described that uses simple, low-temperature (=203°C), solution-phase
reactions. The materials are produced as polycrystalline fibers or near-single-crystal
whiskers having widths of 10 to 150 nanometers and lengths of up to several micrometers.
This mechanism shows that processes analogous to vapor-liquid-solid growth can op-
erate at low temperatures; similar synthesis routes for other covalent solids may be

possible.

Crystal growth requires either (i) a reversible
pathway between a fluid phase (solution,
melt, or vapor) and the solid phase or (ii) high
surface or bulk mobilities in the solid phase
(Fig.. 1) (I). These conditions allow atoms,
ions, or molecules to adopt correct positions
in developing crystal lattices. lonic and mo-
lecular solids can be crystallized from solution
at low temperatures (=200°C) because their
constituent ions or molecules are solvated by
conventional aqueous or organic solvents, and
thus, condition (i) is met. In contrast, cova-
lent nonmolecular solids such as the III-V
semiconductors typically cannot be crystal-
lized from solution at low temperatures be-
cause conventional solvents are unable to sol-
vate atoms or cluster fragments from their
solid structures, and therefore, covalent non-
molecular solids are generally insoluble. Con-
sequently, III-V semiconductor crystals are
grown at higher temperatures, typically either
from the melt [condition (i), =1000°C] (2) or
by organometallic chemical vapor deposition
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(OMCVD) [condition (ii), =500°C] (3).
We report a method for crystallizing the
III-V compounds InP, InAs, and GaAs us-
ing simple organometallic reactions con-
ducted at low temperatures in hydrocarbon
solvents. We used well-studied chemical re-
actions (3-5), but with two conditions that
support low-temperature crystal growth: ca-
talysis by protic reagents and the participa-
tion of metallic flux particles. Our results
are consistent with a solution-liquid-solid
(SLS) crystal-growth mechanism, which is
analogous to the vapor-liquid-solid (VLS)
mechanism discovered by Wagner and Ellis
30 years ago (6). The III-V materials are
produced in unusual polycrystalline fiber
and whisker morphologies (7) with small
crystal dimensions. The temperatures used
are to our knowledge the lowest at which
I1I-V compounds have been crystallized and
the lowest at which VLS or analogous pro-
cesses have been shown to operate.
Solution-phase syntheses have produced
amorphous semiconductors [GaAs (8, 9),
InP (9, 10), and Cd,P, (11)] and nanocrys-
talline semiconductors [GaAs (12), InP
(13), InAs (14), CdS (15), CdSe (15, 16),
and CdTe (15)] with crystallite sizes in the
range of 1 to 12 nm. The nanocrystalline
semiconductors were produced under cir-
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