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I.

Introduction
Bulk hetetrojunction (BHJ) solar cells were invented at UC Santa Barbara after the
fundamental discovery of photoinduced ultrafast electron transfer from conjugated
polymers to fullerenes. Many groups in the U.S., Europe and Asia are now making
important contributions. Nevertheless, the UCSB group remains one of the leaders in the
field. Recent accomplishments in our group at UCSB of special importance include the
following:

•

Demonstration of PCDTBT:PC70BM with power conversion efficiency (PCE) of 6.5%,
PCE = 17% for monochromatic light within the absorption spectrum and internal
quantum efficiency approaching 100%. This paper is one on the most highly cited papers
in all of science since it appeared in print a little over a year ago. Even higher efficiencies
have been reported since by other groups, but our Nature Photonics paper showed the
way.

• The discovery of the utility of a class of processing additives (e.g. dithiol-alkanes, di-iodo
alkanes, chloro-naphthalene etc) enables optimization of the morphology.
• The development of Phase Contrast TEM for morphology studies. The use of Phase
Contrast TEM combined with the ability to cut thin cross-sections enable direct imaging
of the cross-sectional morphology that is critical to the collection of photogenerated
carriers at the electrodes.
•

The introduction of low band gap polymers and the discovery and creation of hybrid solar
cells in which a sol-gel processed TiOx layer serves multiple functions, including an
increase in lifetime by a factor of 100!

•

Complete analysis of recombination process in P3HT:PCBM and PCDTBT:PC70BM and
the identification of the origin of the “mysterious” loss of open circuit voltage to values
approx 0.3 V less that the energy difference between the LUMO of the acceptor and the
HOMO pf the donor.

The high charge separation efficiency, the reduced fabrication costs associated with solution
processing (printing and coating) and the implementation of this robust self-assembled
technology on flexible substrates make “plastic” solar cells a compelling option for
tomorrow’s photovoltaics.

Power Conversion Efficiency: Projected Values
Dennler, Scharber and Brabec (Adv. Mater 21, 1323, 2009) analyzed the power
conversion efficiency that can be expected from BHJ solar cells.
Fig. 1 shows the PCE as a function of the bandgap (wavelength in nm) of the semiconducting
polymer with several assumptions (for example, FF = 70%, EQE = 90% CT loss = 0.25 V). Based
upon current understanding, the middle curve is believed to be closest to reality
• FF = 70% --- demonstrated by several research groups
• EQE = 90% --- presently limited by combination of morphology and recombination;

•

EQE values > 60% have been demonstrated
CT loss ≤ 0.25 V --- demonstrated and understood in recent recombination studies at
UCSB.

Figure 1

The primary cause of the decrease in Voc is from the temperature dependence shown in Fig. 2.
The “accepted value”, Voc=ELUMO(acceptor) – EHOMO(donor) is true only at T = 0 K. At finite T,
the quasi-Fermi levels move away from ELUMO(acceptor) and EHOMO(donor) and into the gap
(Fermi statistics; see Section C of Proposed Research):
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Figure 2
Open circuit voltage as a function of temperature (at
various levels of brightness) for PCDTBT:PC70BM;
UCSB group (In Press)
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Thus, the origin of the loss in Voc has been identified with magnitude approximately 0.3 eV. This
confirms that the middle curve in Fig. 1 utilizes the correct assumptions.

Conclusion: Plastic BHJ Solar Cells can be a 15 - 20% technology
The blue star on Fig. 1, shows where the field is today; PCE = 7 – 8 % in response to
AM1.5 solar radiation: below --- but not far below --- the projected curve. But of course, the
absorption band of PCDTBT (or any of the polymers currently being used in BHJ cells) does not
extend far enough into the IR. As a result, approximately half the solar radiation is not harvested
by PCDTBT:PC70BM.
The gold star in Fig. 1, represents the 17% efficiency obtained with monochromatic green
light at wavelength within the absorption band. The implication is clear: We are basically “on
track”.
The gold arrow in Fig. 1 shows the benefit of extending the absorption band out to
approx 900 nm (keeping the FF and EQE high). By doing so, we will be able to demonstrate PCE
= 15%. Note that one can reduce the gap without reducing the open circuit voltage: For the 17%
PCE, the green light is harvested at 2.5 eV, but the energy is taken out of the solar cell after
carrier relaxation to the band edges; i.e. at the open circuit value of 0.88 V. Thus, the argument
expressed by the gold arrow on Fig. 1 is sound.
The basic device physics of BHJ solar cells is understood: It is essentially the same as
that in inorganic solar cells. By fine-tuning the energy gap and the HOMO of the semiconducting
polymer, one can achieve Voc values close to the maximum value possible; i.e. eVoc equal to the
band gap. With FF = 70%, EQE = 70% and band gap approx 900 - 1000 nm, the BHJ technology
can reach 15%. With EQE increased to 90% through morphology control even higher PCE values
can be anticipated.
II. SPECIFIC ACCOMPLISHMENTS
A. Optimization of the Bulk Heterojunction (BHJ) morphology using specifically
identified processing additives; Monitor the BHJ nano-structure with Phase Contrast TEM
Figure 3 shows that major improvements in PCE can be achieved with the use of processing
additives:
Figure 3
Factor of 2 improvement obtained by using octane-dithiol as
processing additive
Peet et al., Nature Mater. 2007, 6, 297-500
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Although it is generally agreed that the origin of this major improvement in cell performance is
the result of improved morphology, this has not been demonstrated by detailed studies of the
morphology.
Morphology of the BHJ Materials

Phase Contrast TEM






E-beam undergoes many small angle
deflections proportional to the density
of carbon nuclei
PCBM has higher density of carbon
nuclei
E-beam velocity is slower in PCBM than
in Polymer

Using Phase Contrast TEM, with
optimum defocus, we have sufficient
contrast to distinguish between “good”
and “bad” morphologies.

Result: Phase Contrast

The first example of the use of Phase Contrast TEM to monitor the change in nano-morphology
that results from the use of a processing additive is shown in Figure 4.
Si-PDTBT:PC70BM 1:1
in CB (without CN)

Figure 4

Upper: Top down and cross-sectional
images of Si-PDTBT:PC70BM 1:1
in CB (without chloro-naphthalene)
Top-down TEM
Def=-25μm

Cross-section TEM
Def=-25μm

Si-PDTBT:PC70BM 1:1
in CB with 4 % CN

Lower: Top down and cross-sectional images
of Si-PDTBT:PC70BM 1:1
in CB (processed with 4% chloronaphthalene)
Phase Contrast defocus: 25 microns
This is but one example. As part of the
Proposed Research, we will carry out
similar Phase Contrast TEM studies using
alkane dithiols and di-iodo-octane as
processing additives (see J.K. Lee et al.,
JACS, 130, 3619, 2008).

Top-down TEM
Def=-25μm

Cross-section TEM
Def=-25μm

Moreover, as shown below in Figure 5, Phase Contrast TEM with 25 m defocus can
unambiguously distinguish between “good” and “bad” morphologies.
(a) Cross-Sectional TEM image for P3HT:PCBM BHJ film post-annealed at 150℃

Figure 5a

(b) Power Spectral Density

(c) Autocorrelation Function
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Example of a “good” morphology: the
column-like quasi-periodic nanostructure of a cross-section of
P3HT:PCBM (annealed at 150C).
Note the nearly straight-line paths for
carriers to reach the electrodes. See
Moon, J. S.; Lee, J. K.; Cho, S.; Byun,
J.; Heeger, A. J., Nano. Lett. 9, 230..
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Figure 5b
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Example of a “bad” morphology--- the
horizontally striated nano-structure of
a cross-section of PCDTBT:PC70BM.
No indication of quasi-periodic nanostructure in the lateral direction. Note
the long tortuous path for carriers to
reach the electrodes.

Despite the higher PCE of PCDTBT:PC70BM, the nano-structure is far from optimized. When
we are able to convert to a “column-like”nano-structure (like that of P3HT:PCBM above), the
PCE will improve accordingly.

B. Demonstrated the importance of minimization of carrier loss thru recombination prior
to collection at the electrodes: Recombination processes were studied using Time
Resolved Photoconductivity on operating solar cells: The evolution from sweep-out near
short circuit to recombination near open circuit is directly observable.

Excited state
and
charge transfer

t < 200 fs

Mobile carriers sweep
out by the internal
voltage (built-in
electric field)

t < 200 fs
hν

Ground state

Interfacial traps
and
Interfacial excitons

Figure 6
Time dynamics of the operation of the
BHJ solar cell

Recombination

The time dynamics of the operation of the BHJ solar cell are summarized in Fig. 6.
• Photo-induced charge transfer takes place in the sub-picosecond time scale.
• At longer times, the mobile carriers are swept out by the internal voltage (built-in
electric field) in competition with recombination during the sweep-out transit time.
Note that not all the absorbed photons lead to mobile carriers; some of the initially
photogenerated carriers fall into interfacial traps or form bound interfacial charge transfer
excitons (see Fig 6), and some carriers are trapped in localized states deep within the π-band tail
of the donor polymer or the LUMO band tail of the acceptor.
The characteristic sweep-out time, sw, is given by the thickness (d) divided by the drift
velocity of the mobile carriers, μE, where μ is the average carrier mobility, E = V/d, and V is the
internal voltage (|V| ~ Voc at short circuit, and V → 0 as Voc → |V|):
sw = d2/2V.
(B1)
The factor of 2 arises because the carrier generation is uniform throughout the film; on average,
mobile carriers must travel through only approximately half the film thickness.
The cell photocurrent IP(V), can be expressed as follows:

I P (V )  I D (V )  ePC (V )G

(B2)

where ID(V) is the dark current, e is the electron charge, and V is the externally applied bias
voltage. PC(V) is the normalized photocurrent and is equivalent to the bias dependent probability
of collection of carriers at the electrodes prior to recombination, while G is the effective
generation rate, including any loss resulting from optical excitations that do not reach the charge
separating interface. PC(V) approaches unity in reverse bias, corresponding to complete collection
of the generated charge, and decreases in forward bias as the internal field decreases and
recombination becomes, therefore, increasingly important.
In an operating solar cell, the internal voltage (Vint) is the difference between the built-in
voltage (Vbi) across the BHJ layer and the applied voltage (V); Vint = Vbi - V. The second term in
Eq. 1 goes to zero at V = Vbi; the total current is zero at Voc , the voltage at which the
photogenerated current cancels the dark current. Voc is slightly less than Vbi (see Eq. 1). At short
circuit, the internal voltage is equal to the built-voltage, |Vint |  |Vbi|  |Voc|. As the external
applied voltage approaches Voc, however, |Vint| → 0. Under steady state irradiation at light
intensities equivalent to 1 sun, the density of mobile holes (p) in the polymer domains and mobile
electrons (n) in the fullerene domains within the BHJ material can be estimated from the short
circuit current using Jsc  neμVint/d where d is the thickness of the BHJ charge-generating film; p
= n ~ 1015 -1016 cm-3.
B1. Detailed analysis of the Transient Decay of the Photocurrent in Operating BHJ Solar Cells
To directly monitor the competition between sweep-out and recombination, we have
carried out measurements of transient photoconductivity in operating solar cells. The following
discussion provides the theoretical analysis of the experiment.
When a charge q moves a small distance dx across a parallel plate capacitor of thickness
D, the change in charge induced on the electrodes is
Q=q dx/D
(B3)
The rate of change of charge is the current (the displacement current), I
I = (q/D) dx/dt = qv/D = qE/D
(B4)
Under illumination, there is an initial charge density distribution through the sample N(x). The
current at time t is the integral of Eq. 4 over the distribution N(x). After time t, however, all the
charges have moved by a distance Et, so the integral starts from this position, hence
D

I (t ) 

 N ( x  Et )
Et

E
D

dx

(B5)

Assuming that the distribution is uniform across the thickness (the film is optically “thin”),
N(x) = N0 and

N 0 E D
N E
D  Et   N 0 E 1  Et 
I (t ) 
dx  o

D Et
D
D 


(B6)

For optically ”thick” films, where N(x) is not constant, one could insert the thickness dependence
into Eq. B5 and integrate.
Because of recombination, the carrier density, N0 decays with time and the constant
value has to be replaced by N0 exp(-t/R),

 Et 
I (t )  N 0 E exp(t /  R ) 1 
D 


(B7)

The contributions to the current from the transport of electrons and holes add (opposite charges
go in opposite directions), so the total current is the sum of the current given by Eq. B7 with
values for the two carriers.

I Pi (t , V )  N 0 e i E exp( t /  Ri ) (1   iVt / d 2 ); i  e, h

(B8)

The limiting cases of Eq. B7 are the following:
Transit time limit near short circuit

 R1  tT  t ; I P (t , V )  N 0 e1 E (1  1Vt / d 2 )

(B9)

Recombination decay limit near open circuit

 R1  t T ; I P (t , V )  N 0 e1 E exp(t /  R1 ) )

(B10)

In the transit time limit, IP(t,V) decreases linearly with time because absorption is throughout the
thickness (unlike the usual time-of-flight case where the carriers start at one side of the sample).
The charge collection is the integral of Eq. B8 up to the transit time and is given by the sum of the
electron and hole contributions,
Fig. 7 shows the evolution from sweep out (at or near short circuit conditions where the
internal built-in voltage is large) to recombination decay near open circuit (where the internal
voltage is compensated by the external applied voltage). The data shown in Fig. 7 were obtained
from solar cells fabricated from P3HT/PCBM. The BHJ layer within the cell was about 100 nm
thick. The excitation source was a nitrogen pumped dye laser emitting a pulse of <10ns duration
at ~520nm.
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Figure 7
The evolution from sweep out (at
short circuit) to recombination at open
circuit is demonstrated through
transient photoconductivity
measurements carried out at different
external applied voltages for a
PCDTBT:PC70BM solar cell at room
temperature.
The conductance (Iph/Vint) is plotted vs
time following the light pulse where
Vint = VBI – V. The fact that all curves
start at the same conductance value
verifies the concept of well-defined
values for Vint = VBI – V in the BHJ
solar cell --- a remarkable result given
the complexity of the self-assembled
nano-structure.

In reverse bias the current transient is complete (reduced by more than an order of
magnitude in a fraction of a μs. Near open circuit, however, the current transient continues
beyond 10s. Thus, in very general terms, the sweep-out at short circuit is a order of magnitude
faster than the recombination time, consistent with the high internal quantum efficiency of
PCDTBT. The evolution from sweep out (at short circuit or in reverse bias where the internal
voltage is large) to recombination decay near open circuit (where the internal voltage is
compensated by the external applied voltage) is evident in the data.

C. Determine the recombination mechanism(s) in BHJ solar cells with the goal of
increasing the short circuit current, the Fill Factor (FF) and the open circuit voltage.
The power conversion efficiency (PCE) of a solar cell is given by the well-known
relation PCE = JscVocFF/Pin where Jsc is the short circuit current, Voc is the open circuit voltage,
FF is the Fill Factor and Pin is the incident solar power. Since recombination results in loss of
photogenerated charge carriers, acquiring an understanding of the mechanisms governing
recombination is critical for increasing Jsc and FF and thereby increasing the solar cell
performance. Using a detailed balance approach, Shockley and Queisser1 showed that the open
circuit voltage of a solar cell is maximum when the photogenerated charges recombine only
radiatively. For bulk heterojunction (BHJ) solar cells made from blends of semiconducting
polymers and fullerenes, the recombination mechanisms are mostly non-radiative.2Thus,
overcoming such recombination can, in addition, increase the open circuit voltage.
The recombination mechanisms in polymer BHJ solar cells are, however, far from clear.
For P3HT:PCBM3 cells, contradictory explanations based both on geminate (monomolecular) and
non-geminate (bimolecular) recombination have been proposed, but have met with only limited
success in explaining the current-voltage characteristics. Recently, for PCDTBT:PC71BM solar
cells with power conversion efficiency greater than 6%, Shockley-Read-Hall recombination at
interfacial traps7 was proposed as the dominant mechanism. Moreover, transient
photoconductivity measurements carried out on functional and operating solar cells comprising
P3HT:PC60BM and PCDTBT:PC71BM established that geminate recombination plays a smaller
role than previously expected.
Is recombination in polymer solar cells monomolecular, bimolecular, or a combination of
the two? What is the effect of applied voltage on the recombination kinetics? We arrive at
answers to these important questions by measuring the current-voltage characteristics over a
range of different illumination intensities and temperatures using polymer BHJ solar cells made
from three different semiconducting polymers (PCDTBT, P3HT, KP3,12) and two different
fullerenes (PC60BM and PC71BM3). Our results reveal that the kinetics of recombination for
polymer BHJ solar cells depend on the external voltage applied to the device: The current density
versus voltage (J-V) curves are limited by monomolecular recombination from the short circuit
condition to the maximum power point and evolve to bimolecular recombination in the range of
voltages from the maximum power point to the open circuit condition. Furthermore, we find a
universal dependence of the open circuit voltage (Voc) for polymer BHJ solar cells on incident
light intensity; δVoc = (kBT/e) ln(I), where I is the incident light intensity, kB is the Boltzmann
constant, T is the absolute temperature and e is the electron charge. The slope of δVoc vs ln(I)
demonstrates that bimolecular recombination dominates for applied voltages near Voc. For
comparison, we also probe the incident light intensity dependence and temperature dependence of
the current-voltage characteristics of a p-i-n junction hydrogenated amorphous silicon (a-Si) solar
cell, where the recombination has been ascribed to trap sites at the p/i and i/n interfaces.
To probe the kinetics of recombination, solar cells were fabricated with the following
compositions: PCDTBT:PC71BM (1:4), P3HT:PC60BM (1:0.7), and KP:PC60BM (1:3); details are

provided in the Supplementary Information (S1). In addition, measurements were carried out on
commercial amorphous silicon (a-Si) solar cell samples obtained from Contrel Technology Co.
Ltd. (Taiwan). J–V characteristics were collected while illuminating the solar cells over a range
of intensities from 0.4 mW/cm2 to 100 mW/cm2. The spectrum of the incident light was adjusted
for every value of intensity to closely mimic the AM1.5G spectrum.
C1. Intensity Dependence of the Current-Voltage Curves
Fig. 8(a) shows the current-voltage characteristics of the PCDTBT:PC71BM solar cell for
incident light intensities ranging from 0.4 to 100 mW/cm2. The total current density flowing
through the solar cell is a function of the incident light intensity (I) and the applied voltage (V),
and is given by the sum of the dark current (Jdark) and photogenerated current (Jphoto):

J photo I ,V   J I ,V   J dark V 

(C1)
The photocurrent in Eq. 1 can be written as Jphoto(I,V) = G(I)Pc(I,V), where G(I) is the photon flux
absorbed by the solar cell and PC(I,V) is the charge collection probability. As is evident from Fig.
8(a), the current becomes independent of the applied voltage around -0.5 volts (reverse bias).
Hence, assuming a reverse saturation current such that G(I) = Jphoto(V = -0.5 volts):

PC I , V  

J photo I , V 

J photo I ,0.5V 

.

(C2)
We note that for PCDTBT: PC71BM, the internal quantum efficiency approaches 100% so that PC
is known to approach unity at short circuit.10
Fig. 8(b) shows the charge collection probability (or the normalized photocurrent for
PCDTBT:PC71BM solar cell) as a function of applied voltage for all the intensity dependent
curves shown in Fig. 8(a). The data collapse onto a universal curve in the range of applied
voltages from -0.5 volts to approximately 0.7V, or close to the maximum power point. Hence,
PC(I, Vapplied) ≈ PC(V), independent of intensity, I, from short circuit to Vapplied > VMPP where VMPP
is the voltage at the maximum power point.
Given the linear variation of J(-0.5V) with incident light intensity shown in the inset of
Fig. 8(b) and the collapsed collection probability curve in the range of voltages from -0.5 to 0.7
volts, we conclude that the photocurrent in this voltage range is linearly dependent on intensity.
Therefore in this regime, the recombination is dominated by a monomolecular mechanism.

Figure 8:
(a) Current-voltage characteristics of PCDTBT:PC71BM solar cells as a function of
incident light intensity;
(b) Charge collection probability: Photocurrents measured for the various intensities in
(a) have been normalized with the photocurrent at -0.5 volts. The two ovals highlight
voltage ranges where monomolecular and bimolecular recombination kinetics are
dominant. Inset: The magnitude of current density at -0.5 volts plotted against incident
light intensity.

Fig. 9(a) shows the linear dependence of the short circuit current of the P3HT:PC60BM,
KP:PC60BM, and a-Si (p-i-n junction) solar cells on incident light intensity; the dominant
recombination mechanism at short circuit is monomolecular. The collection probability for the
different BHJ solar cells is plotted as a function of voltage and intensity in Figs. 9(b)-(d). Again,
the collection probability for incident light intensities that vary over an order of magnitude
collapse in the voltage range from -0.5 volts to near the maximum power point. This collapse
indicates that throughout this voltage range, the photocurrent increases linearly with intensity and
implies intensity-independent recombination. Hence, for all these BHJ solar cells, monomolecular
recombination dominates for the range of applied voltages from -0.5 volts to near the maximum
power point.
Beyond the maximum power point, however, the charge collection probability becomes
dependent on the incident light intensity; see Fig. 8(b) and Figs. 9(b)-(d). The spread in the
collection probability curves for various incident light intensities is most evident at the open
circuit voltage, the externally applied voltage at which the total current is zero. As we show

below, this variation with light intensity arises from a change in the recombination kinetics with
voltage, evolving from monomolecular recombination for voltages up to the maximum power
point to bimolecular recombination in the open circuit condition; see Fig. 8(b).

Figure 9:(a) Short circuit current plotted against incident light intensity for different
solar cells; Charge collection probability of solar cells made from (b)
P3HT:PC60BM (c) KP:PC60BM (d) p-i-n junction amorphous silicon.

C2. Intensity Dependence of the Open Circuit Voltage
Fig. 10(a) shows that Voc varies logarithmically with light intensity and that all the curves
of Voc vs ln(I) for polymer:fullerene BHJ solar cells have the same slope, (kBT/e).
Figure 10: Universal curve showing
δVoc as given by Eq. (C9).
Inset: Schematic diagram of the
density of states in the band “tails”.
The “accepted value”,
Voc=ELUMO(acceptor) – EHOMO(donor)
is true only at T=0 K. At finite T, the
quasi-Fermi levels move away from
ELUMO(acceptor) and EHOMO(donor)
and into the gap (see Fig 2,
Introduction).

C3. Analysis of the Cross-over from Monomolecular to Bimolecular Recombination
The internal voltage within the device, given by the difference Vbi – V, drives the carriers
to the electrodes and determines the timescale for the sweep-out of carriers,  s w = d 2 /2μ(V b i V), where μ is the charge carrier mobility, d is the distance between the electrodes, and Vbi is the
built-in potential. At a given voltage, competition between sweep out and recombination will
determine the carrier density available for recombination within the device.
The increased carrier density with decreasing internal voltage (decreasing carrier sweepout) causes the transition from monomolecular to bimolecular recombination kinetics. The charge
recombination rate (R) at open circuit voltage can be written as a sum of two terms

RVoc   G Voc  

n oc

r

 n oc2

(C3)

where r is the monomolecular recombination lifetime, noc is the charge carrier density within the
device at open circuit, γ is the bimolecular recombination coefficient, and G is the rate of
generation of electrons and holes. The ratio of the two terms summed in Eq. (C3) will determine
the carrier density, or alternatively, the magnitude of the bimolecular recombination coefficient,
at which the recombination mechanism transitions from monomolecular to bimolecular kinetics;
this cross-over is given by γne > 1/τr.
The balance of charge carriers within the device at any voltage is determined by

1 J
 G  R.
e x

(C4)

At short circuit, the current is dominated by drift and sweep-out, i.e., J  nsceVbi/d. Hence, in the
absence of recombination (1/e) dJ/dx ≈ G in Eq. (C4), and the short circuit carrier density is given
by:
(C5)
n sc  G s
2
where s = d /2Vbi is the charge sweep out time at short circuit, d is the BHJ thickness,  is the
average carrier mobility and Vbi is the built-in potential.
At open circuit, dJ/dx = 0 and Eq. (C4) reduces to G = R, where R is a sum of
monomolecular and bimolecular recombination terms. From Eqs. (C3) and (C5), we obtain:

n sc

s


1
 noc   noc 

 r

(C6)
Since bimolecular recombination dominates at open circuit, γnoc > 1/τr, implying that noc / nsc >
r/s. The ratio r/s  10, as obtained from transient photoconductivity measurements on
operating solar cells.11 However, the precise agreement of the slope of Voc vs ln(I) with (kBT/e)
implies that noc >> 1/r. Thus, we estimate that noc is at least a factor of 100 larger than nsc.
Assuming that the carriers are uniformly distributed through the bulk of the cell, Jsc is
determined by the drift current, Jsc =Jdrift = enscμE. One can therefore use Jsc to estimate the
carrier density in the device under steady state conditions (AM1.5 solar spectrum). For
PCDTBT:PC71BM solar cells10, Jsc = 11 mA/cm2. Thus, nsc 1015 cm-3 (assuming μ =10-3
cm2/V-s)14-15. Using r  10-6 s obtained directly from transient photoconductivity measurements
carried out on operating solar cells11 and noc/nsc > 100, we find
10 - 1 1 -10 - 1 2 cm 3 /s. Note that the inferred value for  is significantly smaller than the
magnitude obtained from the Langevin expression16-17,  = e/, possibly because the BHJ phase
separation assures that the electrons (in the fullerene domains) are spatially separated from the
holes (in the semiconducting polymer).
C4. Effect of Recombination on the Open Circuit Voltage

The recombination mechanism governs the extent to which the incident light intensity
modulates the open circuit voltage. When a polymer solar cell is under illumination at open
circuit, the applied voltage equals the difference between the quasi-Fermi levels of polymer and
fullerene. From this observation, we obtain the following expression for the open circuit voltage
(see discussion in the Introduction Section):

Voc 

kT  ne nh 
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e
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(C7)

where ne and nh are the electron and hole densities in the fullerene and polymer domains at open
circuit. To leading order, the interfacial band offset associated with the heterojunction (the
difference between the HOMO level of polymer and the LUMO level of the fullerene) determines
the Voc of polymer BHJ solar cells. The energy shift, , in the first term of Eq. C7 originates from
disorder within the solution cast and phase separated polymer and fullerene regions. As sketched
in the inset to Fig. 10, due to the disorder, the density of states in both phases is expected to have
a “tail” with localized energy levels higher/lower than the polymer HOMO/fullerene LUMO
levels. As a result, the first term in Eq. 7 is reduced by   0.1-0.3 eV Under AM1.5 solar
illumination, the quasi-Fermi levels within the polymer and fullerene will split from a common
value in the dark and re-set, respectively, in the band tails just above the polymer HOMO energy
and just below the fullerene LUMO energy level. The validity of the first term in Eq. 7 has been
verified for a number of polymer:fullerene BHJ systems. The photo-generated carrier densities
determine the quasi-Fermi energies inside the band “tails” and, consequently, increase Voc toward
the intrinsic value expected from the heterojunction interfacial band off-set; i.e. toward

Voc 





1 Fullerene
Polymer
.
E LUMO  E HOMO
e

In the limit where bimolecular recombination is dominant, nenh = (noc)2 = G/, which
when substituted into Eq. C7 results in δVoc = (kBT/e) ln(I) + constant, where I is the incident light
intensity. If monomolecular recombination were the dominant mechanism over the full range of
applied voltages from short circuit to open circuit, the “collapsed” J-V curve would look
qualitatively the same as that shown in Fig. 8(b). However, for monomolecular recombination ne
and nh (at open circuit) would each be proportional to the intensity, and the slope of δVoc vs ln(I)
would be 2(kBT/e).
In Fig. 10, we plot the light intensity dependence of the open circuit voltage for all the
polymer:fullerene BHJ solar cells described in Fig. 8 and Fig. 9. The data demonstrate that the
slope is of δVoc vs ln(I) is equal to kBT/e within the measurement error. In addition, we include in
Fig. 3(a) the light intensity dependence of Voc as reported by others obtained using different
semiconducting polymers in the BHJ material. We find that for all these different polymerfullerene systems, the slope remains equal to kBT/e. This universality highlights the generality of
bimolecular recombination kinetics at open circuit in polymer BHJ solar cells.
The temperature dependence of Voc for PCDTBT:PC71BM solar cells is plotted in Fig. 1
in the Introduction. Fig. 1 shows the linear dependence of Voc with temperature at various light
intensities. The dashed lines, predicted by Eq. C7, fit well to the data and predict an interfacial
band offset, to within the limit of the -shift, Voc T  0 K  
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This result agrees well with cyclic voltammetry measurements of the HOMO energy of
PCDTBT23 (-5.5 eV) and of the LUMO energy of PCBM24 (-4.3 eV), such that interfacial band
offset is measured to be 1.2 eV. Fig. 4(b) provides an independent measure of the electronic
structure obtained in situ, with an accuracy of 0.05 eV. Finally, the temperature dependence of
the Voc is the result of thermal excitations. At finite temperatures the qusi-Fermi-levels move
away from the PCBM LUMO and from the polymer HOMO and drop into the gap. This is quite

simply the result of the Fermi statistics. The effect is profound, the “missing” loss in Voc is now
understood.
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