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Recombination in polymer-fullerene bulk heterojunction solar cells
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Recombination of photogenerated charge carriers in polymer bulk heterojunction (BHJ) solar cells reduces
the short circuit current (Jy.) and the fill factor (FF). Identifying the mechanism of recombination is, therefore,
fundamentally important for increasing the power conversion efficiency. Light intensity and temperature-
dependent current-voltage measurements on polymer BHJ cells made from a variety of different semiconduct-
ing polymers and fullerenes show that the recombination kinetics are voltage dependent and evolve from
first-order recombination at short circuit to bimolecular recombination at open circuit as a result of increasing
the voltage-dependent charge carrier density in the cell. The “missing 0.3 V” inferred from comparison of the
band gaps of the bulk heterojunction materials and the measured open-circuit voltage at room-temperature
results from the temperature dependence of the quasi-Fermi levels in the polymer and fullerene domains—a
conclusion based on the fundamental statistics of fermions.
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I. INTRODUCTION

The power conversion efficiency (PCE) of a solar cell is
given by the well-known relation PCE=J,.V,,.FF/P;,, where
J. 1s the short circuit current, V. is the open-circuit voltage,
FF is the fill factor, and P;,, is the incident solar power. Since
recombination results in loss of photogenerated charge carri-
ers, acquiring an understanding of the mechanisms govern-
ing recombination is critical for increasing J,. and FF and
thereby increasing the solar cell performance. Using a de-
tailed balance approach, Shockley and Queisser! 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 semi-
conducting polymers and fullerenes, the recombination
mechanisms are mostly nonradiative.> Thus, 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 poly(3-
hexylthiophene):[6,6]-phenyl C61 butyric acid methyl ester
(P3HT): (PC¢,BM) cells, contradictory explanations based
on both first-order (monomolecular)’® and bimolecular’~?
recombinations have been proposed but have met with only
limited success in explaining the current-voltage characteris-
tics. Recently, for poly(N-9”-hepta-decanyl-2,7-carbazole)
-alt-5,5-(4",7'-di-2-thienyl-2’,1',3’-benzothiadiazole):[6,6]
-phenyl C71 butyric acid methyl ester (PCDTBT) : (PC7,BM)
solar cells with power conversion efficiency greater than
6%,'° Shockley-Read-Hall (SRH) recombination at interfa-
cial traps® was proposed as the dominant mechanism.

Monomolecular and bimolecular recombination are terms
which require precise definition. Here, we use monomolecu-
lar recombination synonymously with any first-order pro-
cess. The intensity-dependent current-voltage studies de-
scribed here determine process order alone. Monomolecular
recombination historically refers to either SRH recombina-
tion or geminate recombination. Transient photoconductivity
measurements'!' carried out on operating solar cells estab-
lished that geminate recombination is not the dominant
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mechanism in P3HT:PCqBM and PCDTBT:PC;;BM solar
cells.

Shockley-Read-Hall recombination is a first-order recom-
bination process in which one electron and one hole recom-
bine through a trap state or recombination center. Impurities
in the fullerene and polymer materials and incomplete phase
separation (interfacial defects that function as traps) are
likely to contribute to a trap-based recombination. The fun-
damental assumption which makes SRH recombination first
order is the time delay between the capture of the first charge
and the second charge. The quick initial capture of electrons
(density, n,) creates a reservoir of stationary trapped electron
charge with which mobile holes, n,, can recombine. The
trap-based mechanism transforms the recombination from a
bimolecular process with incident light intensity, I, Rp;
xn,(I)-ny(I), to a first-order process, Rsppy % 1, rqp- 14 (1).

In addition to SRH recombination, first-order recombina-
tion can originate, for example, from charge-carrier-
concentration gradients set up through the depth of the bulk
heterojunction solar cell.!? Although constant charge genera-
tion throughout the bulk heterojunction material at steady
state reduces the concentration gradient, a large imbalance
can exist near the electrodes, e.g., a higher density of elec-
trons. Such an imbalance will enable mobile holes, 7, to
recombine in the presence of a significant excess of elec-
trons, n, ., via a first-order process: R gp;*n oyo- ().

Here we ask the following questions: is recombination in
polymer solar cells monomolecular, bimolecular, or a com-
bination 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 char-
acteristics over a range of different illumination intensities
and temperatures using polymer BHJ solar cells made from
three different semiconducting polymers [PCDTBT, P3HT,
and Konarka polymer (KP) (Refs. 13 and 14)] and two dif-
ferent fullerenes (PCq,BM and PC;,BM?). 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
first-order recombination from the short circuit condition to
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the maximum power point and evolve to bimolecular recom-
bination 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 (V,,) for
polymer BHJ solar cells on incident light intensity; 6V,
=(kgT/e)In(I), where I is the incident light intensity, kg is the
Boltzmann constant, 7 is the absolute temperature, and e is
the electron charge. The slope of 8V, vs In(I) demonstrates
that bimolecular recombination dominates for applied volt-
ages near V.. For comparison, we also probe the incident
light intensity dependence and temperature dependence of
the current-voltage characteristics of a p-i-n junction hydro-
genated amorphous silicon (a-Si) solar cell, where the re-
combination has been ascribed to trap sites at the p/i and i/n
interfaces. '3

To probe the kinetics of recombination, solar cells were
fabricated with the following compositions:
PCDTBT:PC;;BM (1:4), P3HT:PC4(BM (1:0.7), and
KP:PC¢,BM (1:3); details are provided in Appendix A. In
addition, measurements were carried out on commercial a-Si
solar cells obtained from Contrel Technology Co. Ltd. (Tai-
wan) and a single crystal silicon solar cell NREL certified for
light source calibration from PV Measurements, Inc. J-V
characteristics were collected while illuminating the solar
cells over a range of intensities from 0.4 to 100 mW/cm?.
The spectrum of the incident light was adjusted for every
value of intensity to closely mimic the air mass 1.5 global
(AM 1.5G) spectrum.

II. INTENSITY DEPENDENCE OF THE CURRENT-
VOLTAGE CURVES

Figure 1(a) shows the current-voltage characteristics of
the PCDTBT:PC;,BM solar cell for incident light intensities
ranging from 0.4 to 100 mW/cm?. The total current density
flowing through the solar cell is a function of the incident
light intensity (1) and the applied voltage (V), and is given by
the sum of the dark current (J,,,,) and photogenerated cur-
rent (Jphoto)a

Jphoto([’v) =J(17V) _Jdark(v)' (1)

The photocurrent in Eq. (1) can be written as J,,,,(I,V)
=edG(I)P.(1,V), where G(I) is the photon flux absorbed by
the solar cell per unit volume, d is the distance between the
electrodes, and P.(1,V) is the charge collection probability.
As is evident from Fig. 1(a), the current becomes indepen-
dent of the applied voltage around —0.5 V (reverse bias).
Hence, assuming a reverse saturation current such that G(I)
= phozo(vz_o-s V),

Jghoto(lv V) ' (2)
Jphotol,=0.5V)

We note that for PCDTBT:PC;;BM, the internal quantum
efficiency approaches 100% so that P is known to approach
unity at short circuit.!”

Figure 1(b) shows the charge collection probability as a
function of applied voltage. The data from all the curves
shown in Fig. 1(a) collapse onto a universal voltage depen-

PAIV) =
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dence in the range of applied voltages from —0.5 to approxi-
mately 0.7 V; i.e., close to the maximum power point. Hence,
Pc(1,Vappiica) = Pc(V), independent of intensity from short
circuit to Vi, iiea=> Vipp, Where Vi pp is the voltage at the
maximum power point.

Given the linear variation in J(—0.5V) with incident light
intensity shown in the inset of Fig. 1(b) and the collapsed
collection probability curve in the range of voltages from
—-0.5 to 0.7 V, we conclude that the photocurrent in this volt-
age range is linearly dependent on intensity. Therefore in this
regime, the recombination is dominated by a first-order
(monomolecular) mechanism.

We note that because the devices reported here exhibit
relatively high efficiency, most of the charge generated at
short circuit, up to 90%, is swept out of the device prior to
recombination and collected as current in the external circuit.
Thus, measurements at short circuit, where the internal field
is high and the charge carriers are efficiently swept out, are
not ideal for the study of recombination. In reverse bias,
nearly 100% of the photogenerated carries are swept out and
recombination plays an insignificant role. Therefore, our
conclusion of first-order recombination intimately relies on
the collapse of all the data [see Fig. 1(b)] from reverse bias
to the maximum power point. Even at the maximum power
point, the probability of recombination remains independent
of intensity.

The data at short circuit show that J«[% where =1 to
high accuracy, as emphasized in Fig. 5 in Appendix B, where
the data are plotted on a log-log scale and fit to a power law.
The interpretation of the exponent « varies in literature. One
can find numerous attempts to account for « in terms of
monomolecular versus bimolecular recombination,!®~'® and
there are a number of reasons given in the literature why «
may be less than 1. Powers less than 1 could result from
bimolecular recombination,'® space charge effects,!® varia-
tions in mobility between the two carriers®® or variations in
the continuous distribution in the density of states.”> We em-
phasize, however, that «=1 when all carriers are swept out
prior to recombination.

Plots similar to Fig. 1(a) for the intensity-dependent
current-voltage characteristics of solar cells made from
P3HT:PCy,BM, KP:PC¢,BM, and the a-Si (p-i-n junction)
are shown in Fig. 6 of Appendix B.

Figure 2(a) shows the linear dependence of the short cir-
cuit current of the P3HT:PC4BM, KP:PCy,BM, and a-Si
(p-i-n junction) solar cells on incident light intensity. The
collection probabilities for P3HT:PCqBM, KP:PCqBM,
and a-Si (p-i-n junction) solar cells are plotted as a function
of voltage and intensity in Figs. 2(b)-2(d). Again, the collec-
tion probability for incident light intensities that vary over an
order of magnitude collapse in the voltage range from
—0.5 V to near the maximum power point. This collapse
again indicates that throughout this voltage range, the photo-
current increases linearly with intensity and implies
intensity-independent recombination. Hence, for all these
BHJ solar cells, first-order (monomolecular) recombination
dominates for the range of applied voltages from —0.5 V to
near the maximum power point.
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FIG. 1. (Color) (a) Current-voltage characteristics of

PCDTBT:PC5BM solar cells as a function of incident light inten-
sity; (b) charge collection probability: photocurrents measured for
the various intensities in (a) have been normalized with the photo-
current at —0.5 V. The two ovals highlight voltage ranges where
monomolecular and bimolecular recombination kinetics are domi-
nant. Inset: the magnitude of current density at —0.5 V plotted
against incident light intensity.
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Beyond the maximum power point, however, the charge
collection probability becomes dependent on the incident
light intensity; see Figs. 1(b) and 2(b)-2(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 first-order (monomolecular) recombination for
voltages up to the maximum power point to bimolecular re-
combination when the external current is zero, i.e., the open-
circuit condition; see Fig. 1(b).

III. INTENSITY DEPENDENCE OF THE
OPEN-CIRCUIT VOLTAGE

The light intensity dependence of V. provides indepen-
dent and complementary information on the details of the
recombination processes from that obtained from J,. (and
FF). Under open-circuit conditions, the current is zero; all
photogenerated carriers recombine within the cell. Thus, re-
combination studies near open circuit are particularly sensi-
tive to the details of the recombination mechanism.

Figure 3(a) shows that the open-circuit voltage varies
logarithmically (In(/)) with light intensity and that all the
curves of 6V, vs In(I) for polymer:fullerene BHJ solar cells
have the same slope, (kzT/e). For the a-Si solar cell, 6V,
~ 1.7(kgT/e) In(I). An NREL certified silicon calibration cell
has slope 2(kzT/e). Figure 7 in the supplementary informa-
tion shows the variation in V,;, the voltage at which the
photocurrent is zero, with incident light intensity. Within the
margins of experimental error, the dependence of V,,; on light
intensity is identical to that of the open-circuit voltage;
8Vyi=(kgT/e)In(1).

T T

P3HT:PCe0BM

N
o
1

PCDTBT Mw = 100kDa:PC, BM
PCDTBT Mw = 58kDa:PC, BM
P3HT:PC,BM
KP:PC,BM
amorphous Si

filtered single crystal Si

RN
N A
s

N
o
n
©6 6060 @

Short circuit current (mA/cm®)

o N A O ®
P S

[3
o
Light intensity (mW/cm?2)

FIG. 2. (Color) (a) Short circuit current plot-

Normalized Photocurrent (arb. units)
\ Sy e ,
[}

05 0.0 05
Voltage (V)

0 20 40 60 8 100
Light intensity (mW/cm?)

1.0 ted against incident light intensity for different
solar cells; charge collection probability of solar

cells made from (b) P3HT:PC4BM, (c)
KP:PCy,BM, and (d) p-i-n junction amorphous
g silicon.

o i

'§ 0.0 KP:PCsoBM § 0.0 amorphous Si i
e} g

& -02 & -0.24

k= €

2 044 L -044 R
5 5

g g

5 -0.6 S -0.6 q
= =

o -0.8 o -0.84 1
s s

g -1.04 c{4 g-10 1
S T T S T T

Z 05 0.0 0.5 10 Z -0.5 0.0 0.5

Voltage (V) Voltage (V)

245207-3



COWAN, ROY, AND HEEGER

1.0

0.8+

0.6

Ve (V)

0.4+

0.2

0.0

Light intensity (mW/cmz)

)

2

c
N
®

b

] QUIP° |
avan® W@
% :0 o

)e + (k;T/e)In (v N

Polymer.
ELUMO
-
N
T

52 10} Energy -
i HOMO LUMO
L Polymer Fullerene
808 ki : :
1 10 100

Light intensity (mW/cm®)

FIG. 3. (Color) (a) Open-circuit voltage as a function of incident
light intensity; OC;C;o:PPV:DPM-10 (purple) (Ref. 21), PCDTBT
Mw=100 kDa:PC;BM  (royal  blue), PCDTBT Mw
=58 kDa:PC;BM (green), BEH:PPV:PC¢BM(tan) (Ref. 22),
MDMO: PPV :PC4,BM (yellow) (Ref. 23), P3HT:PC¢BM (black),
KP: PCBM (dark blue), amorphous silicon (red), and single-crystal
silicon (pink). (b) Universal curve showing 8V, as given by Eq.
(7). Inset: schematic of the density of states in the band “tails” and
the intensity-dependent quasi-Fermi energies (at 7=0 K) as the
tails are filled by photoexcited electrons (in the fullerene compo-
nent) and holes (in the polymer component). At finite temperatures,
the quasi-Fermi energies move into the gap [see Eq. (7)].

IV. ANALYSIS OF THE CROSSOVER FROM
MONOMOLECULAR TO BIMOLECULAR
RECOMBINATION

The internal voltage within the device, given by the dif-
ference V,,;—V, drives the carriers to the electrodes and de-
termines the time scale for the sweep-out of carriers, 7
=d?/2u(V,;—V), where u is the charge-carrier mobility, d is
the distance between the electrodes, V is the applied voltage,
and V), is the built-in potential (see Appendix C for details of
the derivation). At a given voltage, competition between
sweep out and recombination determines the carrier density
available for recombination within the device.

The increased carrier density with decreasing internal
voltage (decreasing carrier sweep-out) causes the transition
from monomolecular to bimolecular recombination kinetics.
At short circuit, the photocurrent, J;.=J,,,,,=edGP(V=0).
In the optimized solar cell limit, the collection probability
Pc-—1 at short circuit, and J,. is dominated by drift current
from the photogenerated carriers in the internal field,

PHYSICAL REVIEW B 82, 245207 (2010)

Jdrift = Jphoto = Q’ensclu’vbi/d = EdG, (33)

where n,, is the electron (or hole) density at short circuit.
This equation can be rewritten in terms of the time scale for
the sweep-out of carriers, 7,

G=nylT. (3b)

The recombination rate (R) at open-circuit voltage can be
written as a sum of two terms (see Appendix D for details of
the derivation),

R(V,)=G="% 1 y (4)

oc?
r

where 7, is the monomolecular recombination lifetime, n,,. is
the electron (or hole) density within the device at open cir-
cuit, and vy is the bimolecular recombination coefficient. The
ratio of the two terms summed in Eq. (4) will determine the
carrier density, n,, or alternatively, the magnitude of the bi-
molecular recombination coefficient, at which the recombi-
nation mechanism transitions from monomolecular to bimo-
lecular kinetics; this crossover is given by yn,>1/7,.

The balance of charge carriers within the device at
any voltage is determined by the continuity equation
(e=1.6X107" Q),

1a9J

~Z=G-R. 5

e dx )
At open circuit, dJ/dx=0 and Eq. (5) reduces to G=R(V,,).
From Egs. (3b) and (4), we obtain

" Lm ). ©)
T, T,
Since bimolecular recombination dominates at open circuit,
yn,.> 1/, implying that n,./n,> 7,/ 7. The ratio 7./,
> 10, as obtained from transient photoconductivity measure-
ments on operating solar cells.!!

Short circuit current, J,,., estimates the carrier density in
the device under steady-state conditions (AM 1.5G solar
spectrum); see Eq. (3a). For PCDTBT: PC,,BM solar cells,!”
Je=11 mA/cm?. Thus, n,=~10" cm™ (assuming u
=10"% cm?/V s).24» Using 7,~107® s obtained directly
from transient photoconductivity measurements carried out
on operating solar cells'' and assuming that yn,./n,.>1/7,,
we find y=10"'2 cm?/s. The inferred value for 7y is signifi-
cantly smaller than the magnitude obtained from the Lange-
vin expression,’* 28 y=eu/¢.

Many measurement methods have been utilized to study
recombination, including steady-state photocurrent,’ integral
mode time of flight,?’ transient photovoltage (TPV), transient
absorption spectroscopy,”® and photocharge extraction with
linearly increasing voltage*® measurements. Street® has noted
that near short circuit, bimolecular recombination is sup-
pressed relative to monomolecular (trap-induced) recombina-
tion by the low density of carriers. In the BHJ nanostructure,
the polymer and fullerene domains have dimensions of ap-
proximately 2 X 10 cm, and the Coulomb escape radius is
also of this order. Thus, the domain size is of order
10-'7 ecm™3. Bimolecular recombination is suppressed near
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short circuit because the number of electrons or holes per
domain is <1 (and often zero). Recent papers on recombi-
nation at open circuit have attempted to explain the orders of
magnitude discrepancy between experimental measurements
and the Langevin model. Szmytkowski*® proposed that an
effective medium approximation of the dielectric permittivity
of the bulk heterojunction blend may reduce the effective
recombination coefficient by orders of magnitude, and
Groves and Greenham® conclude from Monte Carlo simula-
tions that the effects of energetic disorder, domain sizes, and
the electron-hole mobility mismatch are not enough to de-
scribe the reduction, and that deep carrier trapping may ex-
plain the magnitude of the recombination rate. In contradic-
tion to steady-state experiments, a charge-density-dependent
bimolecular recombination rate is necessary to fit experimen-
tal TPV and charge extraction data obtained from the
P3HT:PCBM donor-acceptor system.’! Deibel et al.'? offer
an explanation of the apparent contradiction in the literature
between the charge-density-dependent recombination rate in
transient experiments and a charge-density-independent re-
combination rate in steady-state experiments due to charge-
carrier-concentration gradients.

V. 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 be-
tween the quasi-Fermi levels within the polymer and
fullerene phase separated domains. From this observation,
we obtain the following expression for the open-circuit volt-
age:

Vi = LS~ B ) - "—Tl(—) ™)
e e N,

where n, and n; are the electron and hole densities in the
fullerene and polymer domains at open circuit, and N, is the
density of conduction states at the band edge of the polymer
and fullerene, assumed here for the purpose of argument to
be equal. The energy shift, A, in the first term of Eq. (7)
originates from disorder within the solution cast and phase
separated polymer and fullerene regions as sketched in the
inset to Fig. 3(b).*

The commonly accepted value, V,, =~ Ef(5hi" — Epoer s
obtained from Eq. (7) only at T=0 K. The validity of the
first term in Eq. (7) has been verified for a number of poly-
mer:fullerene BHJ systems but with a reduction of 0.3 V of
previously unknown origin.?* At finite 7, because of the fun-
damental statistics of Fermions, the quasi-Fermi levels move
away from E;{o" and Epenao, respectively, and into the
gap above the polymer highest occupied molecular orbital
(HOMO) energy level and below the fullerene lowest unoc-
cupied molecular orbital (LUMO) energy level. The resulting
reduction in V,, is given by the second term in Eq. (7) and is
the origin of the “missing 0.3 V.”

In the limit where bimolecular recombination is dominant
[y>1/(n,.1,)], nn,=(n,)*=G/y. When substituted into
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Eq. (7), this results in 6V, .=(kzT/e)In(I)+constant, where [
is the incident light intensity. In Fig. 3(a), we plot the light
intensity dependence of the open-circuit voltage for all the
polymer:fullerene BHJ solar cells described in Figs. 1 and 2.
The data demonstrate that the slope is of 6V, vs In(l) is
equal to kzT/e within the measurement error. In addition, we
include in Fig. 3(a) the light intensity dependence of V,. as
reported by others obtained using different semiconducting
polymers in the BHJ material.>'~>* We find that for all these
different polymer-fullerene systems, the slope is equal to
kgT/e. This universality highlights the generality of bimo-
lecular recombination kinetics at open circuit in polymer
BHIJ solar cells.

If first-order (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. 1(b).
However, for monomolecular recombination n, and n;, (at
open circuit) would each be proportional to the intensity, and
the slope of 8V, vs In(I) would be 2(kzT/e). In Fig. 3(a), the
slope for the amorphous silicon solar cell is 1.7(kgT/e),
suggesting that recombination at open circuit is a combina-
tion of monomolecular and bimolecular processes. As also
shown in Fig. 3(a), the slope for the crystalline silicon solar
cell is 2(kgT/e), implying that monomolecular (Shockley-
Read-Hall) recombination is dominant even at open circuit.
Thus, the slope of 8V, vs In(I) provides a straightforward
method for distinguishing monomolecular and bimolecular
recombination.

Using the bimolecular limit of Eq. (7), with n,n;, propor-
tional to intensity, the data in Fig. 3(a) can be collapsed onto
the universal curve shown in Fig. 3(b). All the polymer BHJ
cells show identical intensity dependence, 6V,
=(kgT/e)In(I). To obtain this universal curve, we calculated
the magnitude of carrier generation rate for each of our solar
cells using measured absorption coefficient spectra gathered
from ellipsometry. Because the precise value for the disorder
induced shift, A, is expected to be different for each polymer,
there is uncertainty in the precise values for y(N,)?; for ex-
ample, a shift of A=0.1 eV along the ordinate of Fig. 3(b)
corresponds to a decrease in N, by an order of magnitude.
Nevertheless, ignoring the A shift and using vy
~10"'2 c¢m?/s, reasonable values for N, are obtained for the
different polymers (~10"-10% cm™).

The temperature dependence of V, for
PCDTBT:PC,,BM solar cells is plotted in Fig. 4. Figure 4(a)
shows V,. vs light intensity at different temperatures (the
temperature of the cell was controlled during measurement
using a Peltier cooler/heater). The lines overlaid on the data
are not fits to the data but are lines predicted by Eq. (7) from
the measured temperatures.

In Fig. 4(b), we replot the data from Fig. 4(a) to show the
linear dependence of V,. with temperature at various light
intensities. The dashed lines, predicted by Eq. (7), fit well to
the data and predict an interfacial band offset V,.
=i(Ef{3’ﬁg”e—Eﬁ‘gﬁ'g’—A)=1.25 V. Best linear fits to the
V,. Vs temperature data at varying intensities [not shown in
Fig. 4(b)] give V,.(T=0 K)=1.27+0.02 V. This value is in
agreement with cyclic voltammetry measurements of the
HOMO energy of PCDTBT (Ref. 34) (5.5 eV) and of the
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FIG. 4. (Color) (a) Logarithmic dependence of V,. with incident
light intensity with slope kgT/e, cell temperature modulated. (b)
Linear dependence of V. with temperature in a PCDTBT: PC;;BM
solar cell.

LUMO energy of PCBM (Ref. 35) (-4.3 eV). The differ-
ence provides a value for the interfacial band gap. Figure
4(b) provides an independent measure of the electronic struc-
ture obtained in situ, with an accuracy of 0.02 eV. Similar
measurements and analysis for four other polymer systems
verify the validity of this analytic method as shown in Fig. 8
in Appendix B.

The temperature-dependent measurements indicate that
for these BHJ solar cells, under the incident light intensities
in this experiment, the quasi-Fermi levels are not pinned at
the interfacial band gap. The voltage difference between the
interfacial band gap and the V,. measured at room-
temperature results from thermal shifts in the quasi-Fermi
levels [see Eq. (7)]. Figure 4(b) suggests that it would be
possible to measure the full interfacial gap at low tempera-
tures. However, in practice, reduced mobility at low tempera-
tures will localize the photogenerated carriers and result in a
nonlinear reduction in the current and the open-circuit volt-
age.

For the past 5 years, the reduction in V. (the “missing 0.3
V” described by Brabec et al.?*) compared to the value esti-
mated by the interfacial gap has remained a mystery. In Figs.
4(b) and 8, we demonstrate that this loss is the result of the
temperature dependence of the quasi-Fermi levels in the
polymer and fullerene domains—a conclusion based on the
fundamental statistics of fermions.
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VI. SUMMARY AND CONCLUSIONS

To summarize, experiments on polymer BHJ solar cells
made from a variety of different materials reveal that
voltage-dependent charge carrier recombination evolves
from being first order (monomolecular) in carrier density at
short circuit to being second order (bimolecular) at open cir-
cuit. Interfacial trap states between the polymer and fullerene
domains likely determine the first-order (monomolecular) re-
combination that is dominant from the short circuit condition
to the maximum power point. For the polymer BHJ solar
cells, the densities of electrons and holes at 100 mW/cm?
(AM1.5G solar spectrum) and the magnitude of the bimo-
lecular recombination coefficient lead to the crossover from
monomolecular recombination at short circuit to bimolecular
recombination at open circuit. We expect that for higher trap
densities, the fill factor would decrease and the recombina-
tion kinetics would remain monomolecular over the full
range of applied voltages (even at open circuit).

The temperature/intensity dependence of V,. shown in
Fig. 4(b) demonstrates that the intrinsic open-circuit voltage
is reduced significantly from the commonly accepted value
by temperature-dependent shifts in the energies of the quasi-
Fermi levels.

Reducing the trap density through control of the phase
separated morphology and the composition of the interface is
a major opportunity for the science of BHJ materials. By
reducing the interfacial trap density, it should be possible to
increase the charge extraction (sweep-out) efficiency, en-
abling an increase in the thickness of the photoactive layer
and thereby further increasing the short circuit current with-
out negatively affecting the fill factor, all steps toward poly-
mer BHJ solar cells with power conversion efficiency be-
yond 10%.
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APPENDIX A: SOLAR CELL FABRICATION AND
INTENSITY MEASUREMENTS

Polymer-fullerene solar cells were fabricated using blends
of four polymers and two fullerene derivatives, PC¢,BM and
PC;,BM. Devices using P3HT, the copolymer PCDTBT, and
the KP. Devices of reproducible quality were fabricated on
indium tin oxide (ITO) coated substrate with the following
structure: ITO-coated glass substrate/poly(3,4 ethylenediox-
ythiophene): poly(styrenesulfonate)/polymer:fullerene blend/
TiO /Al
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TABLE 1. Initial device efficiencies for devices used in this
study.

S Ve PCE
Material (mA/cm?) (V) FF (%)
P3HT:PC¢(BM 7.3 0.64 0.58 2.70
KP:PCq,BM 92 0.63 058 3.33
PCDTBT Mw=100 kDa:PC;;BM 10.6 0.88 0.68 6.28
PCDTBT Mw=58 kDa:PC;BM 10.7 0.86 0.61 5.55

P3HT:PC4q,BM films were cast from a solution of
P3HT:PC4BM (1:0.7) in chlorobenzene solvent with a
polymer concentration of 10 mg/mL and 3 vol % of the ad-
ditive (1,8 diiodooctane). BHJ films were annealed after
casting at 70 °C for 10 min to drive out excess solvent.
Devices were not annealed after deposition of the aluminum
electrode. PCDTBT:PC,;,BM blend films were cast from a
solution of PCDTBT:PC;;BM (1:4) in a 1,2 dichloroben-
zene:chlorobenzene solvent mixture (3:1) with a polymer
concentration of 7 mg/mL. BHJ films were annealed after
casting at 60 °C for 1 h to drive out excess solvent. Devices
were not annealed after deposition of the aluminum elec-
trode. KP:PCqBM films were cast from a solution of
KP:PC¢BM (1:3) in a dichlorobenzene: chlorobenzene sol-
vent mixture (3:1) with a polymer concentration of 10 mg/
mL. BHJ films were annealed after casting at 60 °C for 1 h
to drive out excess solvent. Devices were not annealed after
deposition of the aluminum electrode. An amorphous solu-
tion processable TiO, layer was cast from solution onto all
the devices as a buffer layer and an optical spacer.’® The
TiO, film was annealed for 10 min at 80 °C in air to oxidize
the film and evaporate solvent. A 100 nm aluminum elec-
trode was vacuum deposited. Devices were encapsulated for
testing in air.

Current density-voltage (J-V) characteristics of the de-
vices were measured using a Keithley 236 source measure
unit. Solar cell performance used a Newport AM 1.5G full
spectrum solar simulator with an irradiation intensity of
100 mW/cm?. The 100 mW/cm? spectrum of incident light
was spectrum and intensity matched with an Ocean Optics
USB4000 spectrometer calibrated for absolute intensity via a
deuterium tungsten halogen calibration standard lamp with
NIST-traceable calibration from 350 to 1000 nm. Initial de-
vice performance is listed in Table I. Over the 2-month pe-
riod of device testing, the devices degraded a maximum of
10% from their initial efficiency. The intensity of the lamp
was modulated with a series of two neutral density filters
wheels of six filters apiece, allowing for 35 steps in intensity
from 100 to 0.4 mW/cm?’. Intensity of light transmitted
through the filter was independently measured via a power
meter. Error is introduced while modulating the full solar
spectrum with “gray” filters, which nonlinearly reduce the
solar spectrum, especially at high filter optical densities.
Scatter in the data specific to the density filters result in error
in the fit of V,. vs In(Z) of £0.001—equivalent to an uncer-
tainty of *£12° in temperature or *+0.04 in the “slope.”
Therefore, external temperature measurement is necessary to
reduce experimental error in the fitting—as implemented be-
low.
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Solar illumination increases the temperature of the device
while under illumination. We carefully measure the device
temperature after allowing the device to come to equilibrium
temperature under full illumination. The area of a large metal
heat sink (optical table) is illuminated by the solar simulator
(illumination area=232 cm?). By allowing the solar simula-
tor to heat this large volume heat sink to an equilibrium
temperature, adjusting the intensity incident on the device
via neutral density filters becomes a relatively small pertur-
bation on the equilibrium temperature. The light intensity on
the solar cell (substrate area=2.25 cm? and active area
=0.15 cm?) is varied by inserting a neutral density filter
(area=3.1 cm?) during J-V testing. Thus, the total power
absorbed by the heat sink does not change by the temporary
insertion of the neutral density filter. The device is thermally
anchored directly to the metal heat sink, and the actual tem-
perature is measured in situ by a thermocouple. Equilibrium
temperature of ~35 °C is reached after approximately 30
min under the solar simulator under 1 sun illumination. The
dark current is determined at approximately the same tem-
perature by measurement immediately after device testing
while the cell is still hot. In situ thermocouple measurements
indicate the temperature difference to be at most a few de-
grees (2-3 °C) between the 1 sun illuminated measurement
and the dark current measurement.

APPENDIX B: SUPPLEMENTAL DATA

Figure 5 shows the data from Fig. 2(a) plotted on a log-
log scale. The data are fitted with a power law. The linear
least-squares errors to the fit are given in the Inset. The BHJ
data at short circuit show that Jo/% where a=1 to high
accuracy. Figures 6(a)-6(d) show the intensity-dependent
current-voltage characteristics of (a) the PCDTBT Mw
=100 kDa:PC;,BM solar cell, (b) the P3HT:PCyBM solar
cell, (¢) the KP:PCxBM solar cell, and (d) the a-Si p-i-n
junction solar cell for incident light intensities ranging from
0.4 to 100 mW/cm?.

The intensity dependence of V,,, the voltage where the
photocurrent=0, is plotted in Fig. 7. The photocurrent was
calculated by subtracting the diode dark current from the

PCDTBT Mw = 100kDa:PC, BM
PCDTBT Mw = 58kDa:PC, BM
P3HT:PC, BM
KP:PC, BM

amorphous Si
filtered single crystal Si

N
o
L

©e & © © @

-
1

Short circuit current (mA/cm?)

@ o=1.00+0.02
@ o=1.00+001
4 @ ¢=1.00+0.02
% @ o=1.00+0.01
y @ ¢=098+003
° 9 =0.96+0.01
T T
10 100

Light intensity (mW/cm?)

FIG. 5. (Color) Short circuit current plotted against incident
light intensity for different solar cells [Fig. 2(a)] on a logarithmic
scale. Data are fit to a power law, with fit powers and linear least-
squares error inset.
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measured device current. V,; was found by linearly interpo-
lating the photocurrent data near the x axis. Data are the
colored circles and modeled lines are overlaid. Modeled lines
account for the offset from V,. and use the same slope as
those obtained from the V,, fits: (kzT/e) for the polymers,
1.7 (kgT/e) for a-Si, and 2 (kzT/e) for single-crystal Si.

The temperature dependence of V,,. for several polymer-
:fullerene solar cells is plotted in Fig. 8(a)-8(d). Figure 8
shows the linear dependence of V,,. with temperature at vari-
ous light intensities. The dashed lines, predicted by Eq. (7),
fit well to the data. Data in Figs. 8(c) and 8(d) on the PPV
materials from Refs. 21-23.

APPENDIX C: DERIVATION OF THE SWEEP-OUT TIME

Carrier mobility is defined by the relationship between the
drift velocity of carriers in an electric field by the formula,

v;=uE. (C1)

We relate the drift velocity to the distance charge travels in
the electric field, x, and the characteristic sweep-out time, 7,
by the relation,

| &=

vy = (C2)

By

We assume a uniform electric field, and that the average
collection length is half that of the cell thickness assuming
charge is generated uniformly throughout the sample. A
modification of this simple model could incorporate both the
charge generation profile and dispersive transport. Therefore,
within the model

NSRS

x==, (C3)

where d is the thickness of the bulk heterojunction layer.
Under the same uniform electric field approximation, E

=Vi./d. The internal potential due to band bending (V},;) and
the external electric field (V) is Vi, =V,;—V. Therefore, Eq.
(C3) can be solved for the characteristic sweepout time,
d2
T = .
) 2/-LVint

(C4)

APPENDIX D: DERIVATION OF THE RECOMBINATION
RATE DUE TO SHOCKLEY-READ-HALL
RECOMBINATION AND LANGEVIN
RECOMBINATION

At open circuit, J=dJ/dx=0—i.e., the net current and the
current flux are both equal to zero. Hence, at steady state, we
can eliminate the current flux as well as time-dependent
terms from the electron and hole continuity equations, and
consider both interfacial recombination mediated by traps
along with bimolecular recombination at steady state to ob-
tain

@ PCDTBT - Mw = 100 kDa
@ PCDTBT - Mw = 58 kDa
@ P3HT:PC60BM

@ KP:PC60BM

@ amorphous Si

@ single crystal Si

1 10 100

Light intensity (mW/cm?)

FIG. 7. (Color) Intensity dependence of V,;, the voltage where
the photocurrent=0.
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an, not capture a second electron higher order terms would be
o =G = (Resrap = Gerap) — Ry =0, (D1) required to describe this process, which we consider unnec-
essary at this point. Moreover, the electron-electron Coulomb
p repulsion would inhibit double occupancy,
My
? =G- (Rh,trap - Gh,trap) - Rb =0, (Dz) Re,trap = a'eve(n,mp - ne,trap)ne’ (D4)
J Rh,trap =0y the,zmpnhs (DS)
n
2" = (R, 1rap = Gesrap) = Risrap = Ghrsrap) =0 (D3)
- e,trap e,trap h,trap h,trap) — V> 2
at R, = ¥(n.n, —n;), (D6)

where, n, is the density of electrons in the LUMO of
fullerene and n;, is the density of holes in the HOMO of
polymer, G=G,=G, is the generation rate of excited
electron-hole pairs due to the absorption of incident photons,
R, is the rate of bimolecular recombination, R, ., is the rate
at which electrons fall into (interfacial) traps from the
LUMO of fullerene, G, ,,, is the rate at which trapped elec-
trons are thermally ejected form a trap into the LUMO of
fullerene, R, is the rate at which holes are lost to traps,
and Gy, 4y 1s the rate at which trapped holes are ejected from
traps into the HOMO of polymer. We assume that all excited
electron-hole pairs diffuse to the polymer-fullerene interface
and dissociate into electrons in the LUMO of fullerene and
holes in the HOMO of polymer. This is a reasonable assump-
tion for at least some polymer solar cells
(PCDTBT:PC,BM and P3HT:PCBM) where the IQE at
short circuit has been found to approach 100%.°

Additional assumptions: (1) the traps are located prima-
rily at the interface of polymer and fullerene domains. (2)
Electrons fall into interfacial traps from the LUMO of
fullerene. Similarly, holes from the HOMO of polymer re-
combine with electrons in occupied interfacial traps. (3)
Traps are neutral when unoccupied and negatively charged
when occupied by electrons—important for the sign conven-
tion used in the above equations. (4) An electron moving at
its thermal velocity, v,, and hovering inside the capture cross
section of a trap, o,, will get trapped. (5) Occupied traps do

where n?=nn and n, is the intrinsic carrier density at equi-
librium, n is the density of electrons in the LUMO of
fullerene, and n2 is the density of holes in the HOMO of
polymer at equilibrium.

We can write the following rate expressions for the ejec-
tion rates of trapped electrons and holes into the LUMO
(fullerene) and HOMO (polymer) as

(D7)

Ge,trap = :Bene,trap

Gh,lmp = Bh(nlmp - ne,trap) (DS)

The coefficients 8, and S, determine the extent of thermal
carrier ejection from traps. We assume that the magnitudes of
these coefficients are independent of applied voltage and re-
main unchanged with illumination. To determine B3, and 3,
we go to Egs. (D1) and (D2) and set (i.e., dark state when
nezng and nhzng) under steady state and at equilibrium. We
note that the bimolecular recombination term drops out and
we obtain

1 1
ne,trap = ntrap = nirap N
E,.,—E
LO +1 exp<ﬂu> +1
oVn, kT

(DY)

The above equation assumes that at equilibrium, the density
of trapped electrons is given by the Fermi distribution con-
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tained in the second equality above. Also, at equilibrium the
density of electrons in the LUMO of fullerene is given by

(D10)

E -E
n(e) — Nc exp(— LUM(];T trag) )

Substituting Eq. (D9) into Eq. (D10), we can obtain expres-
sions for B, and B,. We can then use Eq. (D3) to obtain an
expression for the density of electrons in traps at steady state,
e raps UpON plugging this expression into the steady state
form of either Eq. (D1) or Eq. (D2), we obtain

1 }
Te(ne + ne,trap) + 7-h(nh + nh,trap) |
(D11)

R:G:(nenh—n?)[y+

where
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”te =N, exp[- (Etrap — Eyomo)/kT],

n;l = Nc exp[— (ELUMO - Etrap)/kT] . (D 1 2)

The thermal charge densities and the thermal population of
traps can be assumed to be small, such that n;<n,(n,) and
e trap(Mpirap) <e(ny). Thus at open circuit, defining 7,=7,
+ Ths

nOC
R(Vo) = G(Vy) =~ + yn (D13)

oc*
r
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