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Recombination Through Different Types of Localized States 
in Organic Solar Cells
 Recombination in bulk heterojunction solar cells is explored by observing the 
result of prolonged white light illumination, thermal annealing to high tem-
perature, and chemical doping. Measurements of the photocurrent spectral 
response, the steady state photocurrent-voltage characteristics, transient 
photoconductivity and the dark forward bias current on polymer:fullerene 
solar cells provide information about the density of states and the electronic 
properties. Illumination generates deep localized states in the interface gap, 
which act as recombination centers and also increase the diode ideality factor. 
Annealing induces both nanostructural and electronic changes. The coars-
ening of the domain structure reduces the probability that excitons reach the 
interfaces and also reduces the charge transfer absorption. At the same time 
annealing broadens the exponential band tails and increases the recombina-
tion rate. Doping introduces shallow states near the fullerene conduction 
band, which also act as recombination centers. The results show that recom-
bination is through localized states of different character, depending on the 
circumstances. 
  1. Introduction 

 Until recently it was widely thought that geminate and/or 
Langevin (bimolecular) recombination were the dominant 
mechanisms that limit the performance of organic bulk hetero-
junction (BJH) solar cells. [  1–4  ]  In 2010 we pointed out that the 
cell data for poly(carbazole-dithienyl-benzothiadiazole):phenyl 
C 70 -butyric acid methyl ester (PCDTBT:PC 70 BM) and poly(3-
hexylthiophene)(P3HT):PC 60 BM suggested the importance of 
recombination through localized states, which is a common 
mechanism in disordered materials. [  5  ]  The Shockley-Read-Hall-
type recombination model accounts for the current–voltage 
characteristics and is supported by the form of the dark forward 
bias data, having a diode ideality factor substantially greater 
than 1. Subsequently, a specifi c experimental test showed that 
geminate recombination was not a signifi cant channel in either 
type of solar cell. [  6  ]  
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 Various experiments confi rm that 
localized states within the band gap are 
present in organic solar cells, in the form 
of an exponential distribution of band tail 
states and a broader distribution of deeper 
localized states. [  7–14  ]  In particular, Beiley 
et al. [  11  ]  show evidence for an exponential 
band tail of traps in PCDTBT:PCBM and 
Shuttle et al. [  12  ]  use transient photocon-
ductivity to demonstrate the presence of 
deep traps in a different polymer. Together 
these studies lead to a description of elec-
tronic transport in which carriers move 
at a more or less well defi ned transport 
energy where the density of states is high 
enough for rapid hopping, The band tail 
and deeper localized states act as traps, in 
the sense that carriers in these states must 
be thermally excited to higher energy 
mobile states in order to move because 
the density of states is too low for signifi -
cant hopping. 
 These localized trap states are obvious candidates for recom-
bination centers. Recombination centers are of necessity 
located near the heterojunction interface so that they are acces-
sible by both holes in the donor and electrons in the acceptor. 
If the traps are located randomly within the materials then only 
a subset near the interface will be recombination centers. The 
spatial distribution of traps is discussed later in the paper. 

 This paper describes alternative techniques used to modify 
the localized trap state distribution making it possible to relate 
the changes in state density to the changes in the cell recombi-
nation and electronic transport. Our studies demonstrate a cor-
relation between the presence of localized states and the mag-
nitude of the recombination. The data also show that different 
types of localized states can be involved in recombination, 
depending on the circumstances. Three methods of changing 
the localized state distribution are studied; exposure to pro-
longed illumination, thermal annealing up to the cell melting 
temperature and chemical doping. In each case the cells are 
degraded in performance from the pristine state, in part due to 
an increase in the density of recombination centers. 

 In order to deduce the specifi c cause of the changes in the 
solar cell characteristics, it is necessary to have detailed infor-
mation about the electronic structure and about the transport 
and recombination mechanisms that apply. Our recent studies 
have shown that the measurement of the photocurrent spec-
tral response and the transient photoconductivity combine to 
characterize the density of states (DOS) distribution and the 
transport processes. [  11  ,  12  ]  These experiments together with 
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     Figure  1 .     a) Illustration of the different optical transitions that can excite photoconductive 
carriers in a BHJ solar cell. Lines indicate the HOMO and LUMO levels of the donor and 
acceptor materials and short lines represent band tail or deep localized states. b) Examples of 
the spectral response of PCDTBT:PCBM after increasing amounts of white light illumination, 
showing the increase in response between 0.8 and 1.2 eV. The four types of optical transitions 
are indicated. The inset shows the deep state density as measured by the low energy response 
versus the total white light exposure.  
theoretical calculations of the band edge 
DOS provide a quantitative measurement 
of the exponential band tails near the band 
edges and the broader distribution of deeper 
states across the band gap. Spectral response 
measurements are used in this paper to char-
acterize and quantify the density of states, 
while steady state photocurrent and dark 
forward bias current measurements pro-
vide complementary information about the 
recombination. 

 The paper has three goals. The fi rst goal 
is to explore the experimental evidence 
that localized states provide the dominant 
recombination mechanism in BJH cells. The 
second goal is to show how the various elec-
tronic measurements are all connected to the 
recombination mechanisms. The third goal 
is to use these experimental techniques to 
quantify the changes in the density and type 
of localized states as a result of the structural 
changes induced by light exposure, annealing 
environmental exposure etc.  
  2. Results 

 All the experiments are performed on PCDTBT:PCBM solar 
cells, and their fabrication is described elsewhere. [  13  ]  The doped 
samples described in Section 2.4 are fabricated with PC 60 BM, 
while the other samples are fabricated with PC 70 BM. The sam-
ples are protected with a glass cover slip secured with UV-cured 
epoxy, which slows the absorption of gases from the ambient. 
The samples were stored in nitrogen when not being measured 
or processed. 

  2.1. Experimental Methodology 

 The photocurrent spectral response is measured to observe 
changes in the optical absorption processes, the voltage depend-
ence of the dark and photocurrent to monitor charge collec-
tion, and in some cases transient photoconductivity is used to 
measure the changes in carrier mobility. 

 Spectral response is a measurement of the cell photocurrent 
as a function of excitation photon energy. In effect, this experi-
ment measures the optical absorption arising from those transi-
tions that create mobile carriers. The photoconductivity spectral 
response measured at a bias voltage V can be described by,

 JPC (EPH, V ) = G AB (EPH) PX PC (V )  (1)    

  G  is the incident light intensity,  A  B ( E  PH ) is the optical absorp-
tion at photon energy  E  PH ,  P  X  is the probability that an absorbed 
photon creates an electron-hole pair at the interface and each of 
these parameters are independent of the applied bias voltage  V . 
 P  C ( V ) is the probability of charge collection of the separated car-
riers, and will have a different form depending on the specifi c 
recombination mechanism. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4608–4619
 The primary interest in the spectral response is the optical 
absorption measurement and the information it provides 
about the density of states distribution. There are four regions 
of interest in the typical measurement of a BHJ cell, illus-
trated in  Figure    1  a. The highest energy region corresponds to 
bulk absorption in the polymer and fullerene, while the lower 
energy region corresponds to direct excitation from the highest 
occupied molecular orbital (HOMO) of the polymer to the 
lowest unoccupied molecular orbital (LUMO) of the fullerene 
across the interface band gap. Absorption of this type is often 
referred to as charge transfer (CT) excitation; this form of 
absorption occurs below about 1.7 eV for PCDTBT:PCBM, 
with the bulk absorption dominating at higher energy. Within 
the CT excitations there are band-to-band transitions above 
about 1.4 eV, an exponential absorption tail from about 1.1 eV 
to 1.4 eV, and deep state transitions below about 1.1 eV. [  14  ]  
Previous studies have shown that the exponential absorption 
tail provides a quantitative measurement of the corresponding 
exponential band tail of localized states in the poly mer valence 
band density of states. [  15  ]  The spectral response data there-
fore provides all of the characteristic features of the den-
sity of states distribution. Lee et al. have confi rmed that the 
spectral response is an accurate measure of the CT optical 
absorption. [  16  ]  Vandewal et al. also concluded that the spectral 
response measures the CT absorption but analyze it using a 
different model from ours. [  17  ]   

 The steady state photocurrent  J  PC ( V ) is the difference 
between the current under illumination and in the dark and 
its form directly relates to the recombination processes. Here 
 J  PC ( V ) is analyzed using the charge collection model introduced 
previously, [  5  ] 

 

JPC(V ) = JMAX S (VBI − V )

×
(

1 − exp
[
− 1

S (VBI − V )

])
; S = µτ / dd ′

  

(2)
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     Figure  2 .     Steady state photocurrent,  J  PC ( V ) measured after different 
amounts of total white light exposure. Points are data and the solid lines 
are fi ts to  Equation 2 .  
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  V  BI  is the built-in potential and  J  MAX  is the current at full 
charge collection which is expected to occur at suffi ciently large 
reverse bias; hence  P  C ( V )  =   J  PC ( V )/ J  MAX . d is the sample thick-
ness and  d  ′  ( ∼  d /2) is the average distance a carrier travels to 
the collection electrode. This expression describes the relative 
probability of charge collection at the electrode and of recom-
bination. The shape of  J  PC ( V ) depends on the mobility-lifetime 
product  μ  τ  and  Equation 2  applies to fi rst order recombina-
tion mechanisms for which  S , and hence   μ  τ  , are independent 
of illumination intensity. We refer to  S  as the charge collection 
parameter. 

 For the light-induced and thermal annealing changes,  P  C ( V ) 
and the derived value of  S  are independent of illumination 
intensity, demonstrating fi rst order recombination kinetics. 
However there is a pronounced dependence on light intensity 
for the doping-induced effects, indicating the presence of a 
higher order recombination mechanism. In this case the exten-
sion of  Equation 2  is complicated and instead we apply a sim-
pler model defi ned by, [  18  ] 

 

G = PF N + PS N2 + PT N (VBI − V ) ;

JPC (V ) = −PT N (VBI − V )/G   (3)    

  N  is the carrier concentration,  P F  ,  P S   and  P T   are the rate con-
stants for fi rst order recombination, second order recombina-
tion and charge collection, which is proportional to the internal 
voltage. The solution of  Equation 3  for fi rst order recombina-
tion is only slightly different in form from  Equation 2 . 

 The dark current is described by the diode equation, [  19  ] 

 
JD (V ) = J0

[
exp

(
e(V − JD(V )RS

nkT

)
− 1

]
+ V

RP   (4)    

  R  S  and  R  P  are the series and parallel (shunt) resistances and 
 R  S  is small enough not to need inclusion in the shunt term. 
The ideality factor n is 1.5 or larger in most organic BHJ cells. 
Theory tells us that the value of n depends on the recombina-
tion mechanism. [  20  ]  An earlier publication noted that a large 
value of  n  is evidence for localized state recombination, because 
band-to-band recombination gives  n   =  1, at least for low bias 
voltages. [  5  ]  The relation between  n  and the recombination center 
density therefore provides information about the role of traps 
in the dark current.  

  2.2. Light Exposure of PCDTBT:PCBM 

 Prolonged light exposure is known to cause degradation in 
some BHJ solar cells. Reese et al. observe light induced oxida-
tion of PCBM in P3HT:PCBM solar cells, [21  ]  and similar oxida-
tion is observed in other BHJ cells. [  22  ]  PCDTBT:PCBM solar 
cells are reported to have an initial relatively quick degradation 
under illumination followed by longer term stability. [  2  3]  Degra-
dation of the contacts and other layers of the cells, in addition 
to the active layer, is also observed. [  24  ]  

 PCDTBT:PCBM solar cells were exposed to white light for 
an extended time. Figure  1 b shows the spectral response after 
various stages of exposure. The spectra are normalized to the 
same peak response at about 2.1 eV. With increased total light 
exposure the peak in the spectral response decreases by about 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
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a factor 1.5, mainly due to the charge collection factor  P  C ( V ) in 
 Equation 1 . Since the spectral response data are measured at 
short circuit ( V   =  0), the spectral response is reduced by a factor 
 P  C (0)  =   J  PC (0)/ J  MAX  (see  Equation 2 ) and this value is obtained 
experimentally from the fi t to  J  PC ( V ). There are also smaller 
changes in the absolute magnitude of the spectral response due 
to small variations of the alignment of the sample to the mono-
chromatic light source. 

 Figure  1 b shows that the only signifi cant change in the 
spectral response is in the energy region from 0.8 to 1.2 eV 
and here the broad low energy absorption band increases in 
strength by about a factor 10. No detectable change is observed 
in either the above gap CT absorption or the band tails. The 
inset to Figure  1 b shows that the deep state density, as meas-
ured by the strength of the spectral response at 1 eV, increases 
with total light exposure and then saturates. Since the shape 
of the deep state absorption band is unchanged within experi-
mental uncertainty, the value at 1 eV is an appropriate measure 
of the relative deep state density. Goris et al. have reported a 
similar enhancement of the low energy spectral response in 
P3HT:PCBM exposed to UV light. [  25  ]  

   Figure 2   shows examples of the bias dependence of the 
photocurrent following increasing total illumination exposure. 
The changing shape of  J  PC ( V ) clearly indicates that light expo-
sure increases recombination with a corresponding decrease 
in solar cell effi ciency. The points are the measured data and 
the lines are fi ts to the charge collection model of  Equation 2 , 
from which the charge collection parameter  S  is obtained. Fur-
thermore, the form of  J  PC ( V ) is independent of illumination 
intensity indicating fi rst order recombination. The value of  S  
obtained by fi tting the  J  PC ( V ) data changes by less than 10% 
over a factor 100 change in light intensity. After the longest 
light exposure the increased series resistance infl uences  J  PC ( V ) 
and leads to a slight reduction in  S  at high light intensity, which 
can be corrected for. [  26  ]   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4608–4619
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     Figure  3 .     Dark forward bias current-voltage characteristics measured 
after increasing total white light exposure. Points are data and the lines 
are fi ts to  Equation 4 . The inset shows the ideality factor plotted versus 
the density of deep states obtained from the spectral response data.  
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     Figure  4 .     Plot of the deep state density measured from the absorption at 
1 eV versus the recombination center parameter (1/ S ) derived from the 
fi ts of  J  PC ( V ) using  Equation 2 .  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.5 1

D
ee

p
 s

ta
te

 d
en

si
ty

 (r
el

at
iv

e)

Recombination parameter 1/S (V)
 The dark current also changes after prolonged light exposure, 
as shown in  Figure    3  . The lines are fi tted to  Equation 4  and 
the ideality factor increases from about 1.7 to above 2.5 as the 
total light exposure increases. The data also show that both the 
series resistance and the shunt resistance increase with light 
exposure. The variation in ideality factor with the deep state 
density as measured by the spectral response at 1 eV is shown 
in the inset to Figure  3 . Evidently the increase in dark ideality 
factor is correlated to the increasing deep state density.  

  2.2.1. Recombination Centers Resulting from Light Exposure 

 The white light exposure data are relatively straightforward 
to understand. There is an increase in the density of deep 
localized states and a corresponding decrease in the charge 
collection parameter S, which indicates an increase in the 
recombination centers. The spectral response shows no change 
in the bulk, the CT band-to-band transitions or the CT absorp-
tion tail regions. Hence we conclude that the only change in the 
electronic structure is the increase in the density of deep states, 
and that there is no other plausible explanation of the increased 
recombination. 

 The onset of the deep state absorption occurs at a photon 
energy of no more than 0.8 eV, compared to the interface band 
gap which is at about 1.4 eV (see Figure  1 b). Hence the states 
that correspond to the absorption must extend at least to 0.6 eV 
from the band edges. Evidently these are states that are much 
deeper than the band tails. We conclude that the recombina-
tion centers are localized states distributed near the center of 
the interface band gap. 

 The mobility-lifetime  μ  τ  product is related to the density of 
recombination centers  N  R .   μ  τ F  is the average drift distance car-
riers move before recombnation, where  F  is the electric fi eld. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4608–4619
The drift distance is inversely proportion to the recombination 
center density, [  27  ]  irrespective of whether the carriers can be 
considered ballistic or diffusive, hence

 S ∝ μτ = cons t/σ NR  (5)   

where   σ   is the capture cross section and the constant depends 
on the details of the transport process. Hence 1/ S  is propor-
tional to the recombination center density. In a situation where 
there are two (or more) different types of recombination centers, 
one of which varies with a process parameter  x , then,

 

1

S(x)
= σ1 NR1(x)

c1
+ σ2 NR2

c2   
(6)

   

where the subscripts 1 and 2 refer to the different recom-
bination centers. Recombination through states that do not 
vary with the parameter  x  provide a constant additive term in 
 Equation 6 . 

   Figure 4   is a plot of the deep trap density obtained from the 
spectral response as measured by the relative absorption at 
1 eV, versus the recombination center density as determined 
from the value of 1/ S  according to  Equation 5  or 6. A linear 
relation is observed, indicating a direct correlation between the 
two measurements. The residual value of 1/ S  when the deep 
state density is zero represents a second recombination channel 
according to  Equation 6  and is discussed further below. The 
magnitude of the capture cross section cannot be determined 
since the experiments provide relative rather than absolute 
values of the deep state density.  

 The saturation of the light-induced effect in the spectral 
response is consistent with other measurements of the life-
time of PCDTBT:PCBM solar cells which fi nd an initial drop in 
cell effi ciency followed by stabilization. [  23  ]  The data provide no 
further information about the nature of the deep states, which 
could be intrinsic to the materials, or related to impurities 
either in the starting material or atmospheric impurities that 
4611wileyonlinelibrary.commbH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

4612

www.afm-journal.de
www.MaterialsViews.com

     Figure  5 .     a) Spectral response of PCDTBT:PCBM after different annealing temperatures as 
indicated. b,c) Relative magnitude of the spectral response photocurrent for two samples, 
corresponding to b) bulk absorption at 2.1 eV and c) CT band-to-band absorption at 1.4 eV. 
d) Slope of the exponential optical absorption tail of the spectral response after different anneal 
temperatures for two PCDTBT:PCBM samples, measured from the spectral response data 
between 1.2 and 1.4 eV.  
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diffuse in during the time that the sample is 
exposed to air Also undetermined is whether 
the deep states introduced by illumination 
are at the domain interfaces or uniformly in 
one or both materials. Only those states that 
are close enough to the domain interface can 
act as recombination centers as they need to 
be accessible to both electrons in the PCBM 
and holes in the polymer. It seems to us most 
likely that the deep states are introduced 
uniformly in one or both materials, but this 
must be determined by further experiments. 

 The changes in the forward diode current 
(Figure  3 ), correlate the increase in deep trap 
density to an increase in the ideality factor. 
This result confi rms that the diode dark char-
acteristics refl ect the trap density and hence 
are broadly described by the Shockley-Read 
Hall generation-recombination mechanism. 
The effect of deep states increasing the ide-
ality factor, even to values much greater 
than 2, is known from studies of hydrogen-
ated amorphous silicon which show quali-
tatively similar changes. [  28  ]  The origin of 
the increasing series resistance is less clear, 
whether it is also due to the increasing deep 
trap density in the BHJ structure or a sepa-
rate light-induced effect on one of the con-
tacts, such as the PEDOT layer. We fi nd that 
the series resistance continues to increase 
after the density of recombination centers 
has saturated, suggesting a contact effect. 
The change in series resistance with light 
exposure may indicate a contact effect but 

does not change our conclusions about increased recombina-
tion in the active layer. Both the photocurrent spectral response 
and  J  PC ( V ) are measured at suffi ciently low light intensity that 
the increased voltage drop at the contacts are negligible.   

  2.3. Thermal Annealing of PCDTBT:PCBM 

 There have been several studies of the effects of annealing BHJ 
solar cells, mostly for P3HT:PCBM. [  13  ,  29–35  ]  Solar cells are usually 
annealed to optimize the cell performance, and the optimum 
anneal temperature is typically 100–150  ° C. [  34  ]  Annealing to 
higher temperature is known to degrade the material and cell 
performance. [  32  ]  Diffusion and aggregation of the PCBM is 
observed by SEM so that the domain structure of the BHJ cell 
becomes more coarse. [  31  ,  33  ,  35  ]  An increase in the domain size 
is expected to degrade the cell performance because excitons 
created in the bulk will have a reduced probability of reaching 
the domain interface, corresponding to a reduction in  P  X  in 
 Equation 1 . 

 PCDTBT:PCBM solar cells were annealed up to 200–225  ° C 
to the point that the cells failed, presumably because they 
approach the melting point.  Figure    5  a shows examples of the 
spectral response data at various stages of annealing. There is 
little change at the lowest anneal temperature of 125  ° C, which 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
is expected since all the samples are pre-annealed after fabrica-
tion. In some cases there is a small increase in the peak spec-
tral response, which may be the result of annealing some deg-
radation mechanism that occurred during storage. Changes to 
the spectral response are observed in each of the four energy 
ranges indicated in Figure  1 .  

 In the energy range above 2 eV, which corresponds to bulk 
absorption in the polymer and PCBM, the photocurrent changes 
little up to about 180  ° C and then decreases at higher anneal 
temperatures, so that by 220C the response has decreased by 
about a factor 5. The relative change in spectral response at 
2.1 eV is shown for two different samples in Figure  5 b. In this 
and other data below, the changes are given relative to the data 
at the lowest anneal temperature of 125  ° C, to remove any extra-
neous effects of the initial state of the sample. 

 The spectral response data of Figure  5 a show that the CT 
absorption band also decreases with annealing but by a larger 
amount than the bulk absorption. The magnitude of CT band-
to-band absorption is characterized by the magnitude of the 
spectral response at 1.4 eV, which is plotted in Figure  5 c. The 
intensity has already dropped substantially after annealing at 
175C and annealing to 220C results in a decrease at 1.4 eV by 
20–50 times. 

 Changes also occur in the energy range 1.1  <   E   <  1.3 eV 
corresponding to the exponential absorption edge of the CT 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4608–4619
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     Figure  6 .     a) Bias dependence of the PCDTBT:PCBM steady state photo-
current  J  PC ( V ) after different anneal temperatures as indicated. b) Charge 
collection parameter  S  obtained from the  J  PC ( V ) measurements for the 
annealing sequence of two similar samples.  
excitations. The data in Figure  5 a indicate that the exponential 
tail becomes broader with annealing. An expanded plot of the 
spectral response data in the absorption tail region are given in 
the Supporting Information Figure S1. We fi t this region of the 
spectral response to obtain the exponential slope and the values 
are shown for the same two samples in Figure  5 d. The slope of 
the band tail increases by about 50% with annealing tempera-
ture, from 45 meV to about 70 meV. Beiley et al. observe a com-
parable increase in the band tail slope after thermal annealing 
in the same material system. [  11  ]  

 Finally, no observable changes are found in the region of the 
spectral response below 1.1 eV which corresponds to optical 
transitions involving the deep trap states. Because of the reduc-
tion of the overall intensity of the CT band in the spectral 
response, the low energy band decreased below the noise level 
of the measurement for anneal temperatures above 170  ° C. 
From the non-observation of this absorption band, we can only 
conclude that further annealing does not increase the relative 
intensity of this band more than the corresponding decrease in 
overall CT absorption strength. 

   Figure 6   shows the  J  PC ( V ) data for one of the annealed 
PCDTBT:PCBM cells. There is a small increase in photocur-
rent with the lowest temperature anneals as was evident from 
the spectral response data, with the 150  ° C anneal giving the 
highest current. At higher anneal temperatures, the  J  PC ( V ) 
curves fl atten and the reverse bias current decreases. The charge 
collection model of  Equation 2  provides a reasonable fi t to the 
most of the data, but is less good at the high anneal tempera-
tures, so the corresponding values of  S  are more approximate. 
Figure  6 b shows that the charge collection parameter decreases 
by about 10 ×  as a result of annealing for the two samples meas-
ured, indicating an increase in the density of recombination 
centers of this amount. As discussed above there is no meas-
ureable increase in the relative value of the spectral response 
at 1 eV, suggesting that deep states are not the origin of the 
additional recombination.  

 Examples of the dark forward bias current are shown in 
 Figure    7  a for one sequence of thermal annealing. The series 
resistance is unchanged until an anneal temperature of about 
200C and then increases rapidly just before the device fails. The 
ideality factor increases with the anneal temperature, as shown 
in Figure  7 b. Although the trend is the same as for the light 
exposure case, the change in n is substantially smaller than is 
observed for light exposure, for the same change in  S .  

 Since annealing changes the cell morphology, and a reduc-
tion in photogenerated carriers is observed, it is possible that 
annealing may change the structure such as to increase the 
contribution from geminate recombination. A test for geminate 
recombination was performed using a technique described pre-
viously, [  18  ]  but was found to be insignifi cant, as described in the 
Supporting Information. 

  2.3.1. Microstructure Effects of Thermal Annealing 

 The data show that a complex set of changes occurs with 
annealing. Two mechanisms can contribute to the changes 
in the magnitude of the spectral response in the bulk and CT 
band-to-band region. The coarsening of the domain structure 
reduces the number of excitons reaching the interface, and an 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4608–4619
increase in recombination can reduce the charge collection. 
The measured broadening of the band tails and associated drop 
in carrier mobility show that there are related changes in the 
electronic structure. The full set of measurements is able to 
separate out these different effects according to the following 
analysis. 

 From the discussion of  Equation 1 , the spectral response 
measured at short circuit and normalized to the incident light 
intensity is,

 JPC(EPH)/G = AB (EPH) PX JPC(0)
/

JMAX  (7)    
4613wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     a) Dark forward bias current of PCDTBT:PCBM after dif-
ferent annealing temperatures. Points are data and lines are fi ts to 
 Equation 4 . b) Ideality factor obtained from dark current measurements 
for the annealing sequence of two samples.  
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 The fi rst step in the analysis is to correct the spectral 
response data for  J  PC (0)/ J  MAX  obtained from the fi ts of  J  PC ( V ) 
to  Equation 2 , thus providing a measurement of  A  B ( E  PH ) P  X . 
 Figure    8  a shows that the corrected magnitude of the spectral 
response decreases for both the bulk absorption region above 
2 eV and interface absorption absorption region at 1.4 eV, but 
with a much larger decrease for the interface absorption.  

 The origin of the decrease in  A  B  P  X  must be different in the 
two energy regions. The bulk response ( E  PH   >  2 eV) contains the 
exciton diffusion parameter  P  X  which is expected to decrease 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
if the domain size increases. On the other hand, there is no 
reason for the overall bulk absorption to decrease, since the 
total volume of material is unchanged, and indeed the appear-
ance of the fi lms is unchanged until the device fails. Hence we 
attribute the reduction in the bulk absorption in the spectral 
response to an increase in the domain size, which is known to 
occur in annealed BHJ cells, [  31  ,  33  ]  and the associated drop in the 
probability  P  X  that the excitons reach the interface. In contrast, 
the interface absorption creates electron-hole pairs without 
requiring any exciton diffusion and so  P  X  is unity. However, 
the interface absorption depends on the fraction of the mate-
rial that makes up the interface region, and as the domain size 
increases this fraction will decrease. Ray and Alam have mod-
eled the time and temperature dependence of the domain size 
growth. [  35  ]  

 A model to estimate the relative magnitude of  A  B  P  X  for the 
bulk and interface absorption as a result of domain coarsening 
is constructed as follows. A cylindrical domain is assumed 
with radius  R  TA  at anneal temperature  T  A , and with a constant 
exciton diffusion length  R  X . We also assume that the probability 
that the exciton diffuses a distance  R  is,

 p(R) = exp (−R/RX)   (8)    

 It is well known that the domains are irregular in shape and 
so this model is highly approximate, but is useful to estimate 
the expected trends. A simplifi ed model calculates the prob-
ability of diffusing to the nearest point on the interface, which 
is  p ( R  TA – y ) for a point y from the center of the domain. There is 
a signifi cant probability of diffusion to the opposite side of the 
domain when  R  X  is large compared to the domain size, which is 
taken into account by calculating the probability of either event. 
A more accurate model would include diffusion in all direc-
tions, but the added complexity is not warranted. Integrating 
over the area of the domain cross section gives the probability 
that the exciton reaches the interface,

 

PX =
1

π R2
TA

×
RTA∫
0

[p (RTA − y) + p (RTA + y) − p (RTA − y) p (RTA + y)]

× 2πy dy  
 (9)    

 For the case of the CT transitions, the absorption decreases as 
the domain size gets larger by a factor proportional to the sur-
face to volume ratio. The same model of a cylindrical domain 
gives for the interface absorption  A  BI ( T  A ) at anneal temperature 
 T  A , normalized to the unannealed value,

 ABI(TA)/ABI (0) = R0/RTA   (10)    

 Figure  8 b compares the expected change in the magnitude 
of the photocurrent for the bulk and interface according to 
 Equation 9  and  10 .  R  X  is set to be 2.5 times the initial radius, 
chosen so that the bulk probability for excitons to reach the 
interface in the initial state ( R  TA   =   R  0 ) is about 95%, which is 
consistent with experiment in high quantum effi ciency cells. 
The model shows that the interface absorption photocurrent 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4608–4619
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     Figure  8 .     a) Magnitude of the spectral response after correction for the charge collection for 
the bulk transitions at 2 eV and the interface transitions at 1.4 eV. b) Calculated relative reponse 
of bulk and interface transitions based on the model for bulk and interface absorption with 
increasing domain size discussed in Section 2.3.1.  
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decreases much faster than the bulk absorption photocur-
rent, which agrees with the measurements in Figure  8 a. The 
model predicts that the bulk absorption drops to  ≈ 60% and the 
interface absorption to 20% of the unannealed value, when the 
domain size has increased by 5 × , and this agrees roughly with 
the spectral response measurements at an anneal temperature 
of 200C. The spectral response data therefore are consistent 
with the reported coarsening of PCBM. [  31  ,  33  ]   

  2.3.2. Recombination Centers Resulting from Thermal Annealing 

 Having separated out the effects related to the increase in 
domain size, we now consider how thermal annealing changes 
the recombination properties. Figure  6  shows a decrease in 
charge collection with annealing, from which we conclude that 
there is an increase in the density of recombination centers. 
The lack of observed intensity dependence of  J  PC ( V ) also shows 
that the recombination has fi rst order kinetics. The charge col-
lection parameter  S , derived from the measurements of  J  PC ( V ), 
decreases with annealing by about a factor 10 (Figure  6 b), sug-
gesting a corresponding increase in recombination center den-
sity. Since we do not observe additional deep traps as measured 
by the spectral response below 1.1 eV, instead we consider the 
possibility that deep band tail states act as the recombination 
centers. 

 The data of Figure  5 d and S1 (Supporting Information) show 
that the band tails do become increasingly broad with annealing 
and therefore there is an increase in the density of deep tail 
states. For example, an increase in the band tail slope from 
45 meV to 60 meV results in a 15-fold increase in the density 
of states at a trap depth of 0.5 eV. The observed change in band 
tail slope is therefore consistent with the recombination centers 
being deep band tail states. 

 One expected consequence of the increased band tail slope 
is a decrease in the carrier mobility. Although the mobility 
cannot be measured over the full range of thermal anneal tem-
perature because recombination increasingly dominates, the 
data in Figure S2 of the Supporting Information is suffi cient to 
show that the mobility does decrease with annealing, consistent 
with the wider band tails. Another expected consequence of 
an increasing width of the band tails is an increase in the 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 4608–4619
ideality factor which is also observed from 
the data in Figure  7 . Modeling by Kirchartz 
et al. show that tail state recombination is 
consistent with both the illuminated and 
dark characteristics of P3HT:PCBM. [  36  ]  Gie-
bink et al. also show that the ideality factor 
increases with band tail slope. [  37  ]  Hence both 
the mobility and dark current data support 
the evidence of a broadening band tail slope. 

 The measurement and analysis of thermal 
annealing therefore show that there are 
two distinct mechanisms involved in the 
solar cell response. Annealing increases the 
domain size such that the probability that 
excitons reach the interface decreases signif-
icantly, reducing the cell effi ciency. A second 
effect is that for those excitons that split at 
the interface to create mobile carriers, the 
recombination rate increases and so the cell fi ll factor and effi -
ciency are further reduced. Section 3 describes a specifi c model 
relating the band tail slope to the recombination.   

  2.4. PCDTBT:PCBM with Doped Fullerenes 

 Samples of PCDTBT:PCBM were fabricated doped with the 
different fullerene PC 84 BM which is known to have a lower 
LUMO level than PCBM and therefore is expected to introduce 
dopant states in the PCBM band gap, below the LUMO level. 
Cowan et al. showed an increase in recombination in this mate-
rial system, [  38  ]  and earlier Mandoc et al. reported similar effects 
with a different acceptor dopant. [  39  ]  Samples were studied with 
doping levels of 1.8%, 6% and 12% of PC 84 BM. The data for the 
spectral response and  J  PC ( V ) are shown in  Figure    9   and com-
pared to an undoped control sample. The spectral response data 
is normalized to the peak value and the normalization factor 
is consistent with the estimated  J  PC (0)/ J  MAX  obtained from the 
 J  PC ( V ) measurements (see  Equation 7 ). After scaling, the above 
gap absorption is unchanged and the interface absorption above 
1.4 eV is only slightly modifi ed, indicating that there is min-
imal change in the morphology of the fi lms with doping. The 
primary change is an additional optical transition in the energy 
range 1.0  <   E   <  1.4 eV which evidently originates from the 
doping. The inset to Figure  9 a shows that the strength of this 
signal in the spectral response increases proportionally with 
the doping level. The exponential absorption edge is shifted to 
lower energy, but there is no signifi cant change in the slope of 
the exponential absorption tail. The low energy absorption is 
weak and shows no sign of a signifi cant increase with doping.  

 The  J  PC ( V ) data in Figure  9 b shows a clear signature of 
increased recombination with increased doping, as previously 
reported. [  38  ]  With 1.8% doping, the charge collection parameter 
 S  decreases by about a factor 5 and continues to decrease fur-
ther at higher doping levels, although it is unchanged between 
6 and 12% dopant. Evidently the doping introduces additional 
recombination centers. However, the shape of  J  PC ( V ) also 
changes with light intensity, more so than in the two previous 
cases of increased recombination. Figure  9 c shows  J  PC ( V ) data 
for the 1.8% doping level for a variation of approximately 100 ×  
4615wileyonlinelibrary.comeim
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     Figure  9 .     a) Spectral response data for undoped PCDTBT:PCBM and solar cells doped with 
PC 84 BM. The inset plots the relative magnitude of the spectral response at 1.2 eV versus doping 
level. b) Steady state photocurrent measurements of  J  PC ( V ) for the doped and undoped sam-
ples at a fi xed illumination level. c)  J  PC ( V ) data for the 1.8% sample at different illumination 
levels,  G , with relative intensity as shown. The solid lines are a model based on a combination 
of fi rst and second order recombination according to  Equation 3 .  
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     Figure  10 .     a) Proposed density of states model for the interface of the doped solar cell, indi-
cating the dopant states near the PCBM LUMO, and the CT excitations. b) Calculated joint 
density of states (open circles) using the density of states model for the PCBM LUMO shown 
in the inset, compared to the measured spectral response for 12% doping. Square data points 
are the calculated joint density of states in the absence of doping.  
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in light intensity. The data for the lower light 
levels are scaled vertically and the change 
of shape is obvious, indicating a signifi cant 
component of higher order (i.e., bimolecular) 
recombination. 

 The  J  PC ( V ) data also show that the built-in 
potential drops from 0.85 eV at zero doping to 
0.55 eV at the higher doping levels, presum-
ably because the presence of the doping level 
below the PCBM LUMO reduces the built-in 
potential. From the evidence of the spectral 
response that the dopant states are the only 
new states introduced in the density of states 
distribution, these states must therefore be 
responsible for the additional recombination 
centers and the change in  J  PC ( V ). 

 Thus, the addition of PC 84 BM dopants 
to the PCDTBT:PCBM cell shows a clear 
change in both the spectral response and 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
www.MaterialsViews.com

the recombination properties. The spectral 
response has a shoulder at about 1.25 eV 
which is evidently due to transitions to dopant 
states. Since the transition energy is below 
that of the 1.4 eV interface band gap, the 
transition is most likely also at the domain 
interface, and is from the polymer HOMO to 
the dopant state. It seems unlikely that such 
a low energy transition within the bulk of the 
PCBM would generate photocurrent. The 
proposed density of states is therefore illus-
trated in  Figure    10  . The low energy exponen-
tial region of the additional spectral response 
component has about the same shape as the 
undoped material, from which we conclude 
that the dopant level is reasonably narrow in 
energy, as drawn in the inset to Figure  10 b 
with a gaussian width of 40 meV. The optical 
absorption transition was modeled as the 
joint density of states of the polymer HOMO 
and the fullerene LUMO, as described previ-
ously. [  14]  Figure  10 b shows the dopant distri-
bution used in the model and the fi t to the 
spectral response. The fi t parameters can be 
varied slightly, but the result confi rms that 
the dopant band is narrow and is 0.2–0.25 eV 
below the PCBM LUMO level, which is a bit 
smaller than the energy difference obtained 
from measurements of the LUMO for the 
two types of PCBM. [  38  ]   

 The measurement of  J  PC ( V ) show that 
recombination increases, with a decrease 
in  S  by 5 ×  with the 1.8% doping level and a 
further decrease at the higher doping levels, 
as observed previously. [  38  ]  The exponen-
tial absorption tail to low energy is hardly 
changed by doping (Figure  9 a), suggesting 
that there is no change in the polymer 
nheim Adv. Funct. Mater. 2012, 22, 4608–4619
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disorder, as expected since only the PCBM is modifi ed. We 
therefore conclude that the dopant states are the recombina-
tion centers. Absorption into the dopant band evidently excites 
photoconduction, otherwise it would not be observed in the 
spectral response. Excitation from the polymer LUMO to the 
dopant states creates a mobile hole which will contribute to the 
photocurrent. The electronic properties of these doped samples 
are described by Leong et al. [  40  ]  

 The intensity dependence of the  J  PC ( V ) data (Figure  9 c) sug-
gest that the recombination has a signifi cant component of 
second order recombination. This conclusion is confi rmed by 
modeling based on  Equation 3 . The solid lines in Figure  9 c 
show that the model provides a reasonably good fi t to the data 
and certainly reproduces the change in shape of  J  PC ( V ). The 
fi t required an increase in the fi rst order recombination rate 
compared to the undoped control sample, as well as the intro-
duction of the second order term. In general, recombination 
between the shallow dopant state and the polymer LUMO is 
expected to have more of a bimolecular character than a tran-
sition involving deep states, because the occupancy of the 
shallow states depends more on light intensity than does the 
occupancy of deep states below the quasi-Fermi energy. Hence 
the increased role of second order recombination is expected 
     Figure  11 .     a) Plot of 1 / S versus 1/ E  0  for the two thermally annealed samples showing the rela-
tion described by  Equation 12 . b) Plot of ideality factor versus recombination state parameter 
1/ S  for prolonged illumination (solid symbols) and the two thermal annealed samples (open 
symbols). c) Separate bulk and CT absorption bands derived from the spectral response data 
of thermally annealed PCDTBT:PCBM, assuming that the measurements are the superposition 
of two bands of fi xed spectral shape.  
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when the shallow dopants act as recombina-
tion centers. Previous measurements of this 
material system also shows a mixed recom-
bination order in the doped cells for meas-
urements made at open circuit. [  38  ]    

  3. Discussion 

 The results described in this paper confi rm 
that recombination occurs through localized 
trap states within the interface band gap. 
This adds to other evidence that relates the 
solar cell properties to Shockley-Read-Hall-
type recombination. [  5  ,  41  ,  42  ]  Furthermore, the 
three different cases that are studied show 
that recombination can occur through dif-
ferent types of localized states depending on 
the circumstances. Thus light illumination 
induces states near the middle of the band 
gap, while thermal annealing broadens the 
band tails apparently without the additional 
midgap states, but both types of localized 
states act as recombination centers. A deep 
localized state of any origin has the poten-
tial to be a recombination center, depending 
mostly on the density and the capture cross-
section. The doping study shows that more 
shallow states, only 0.2–0.25 eV from the 
valence band of the PCBM also increases the 
recombination. While the deeper recombi-
nation states have fi rst order kinetics for our 
experimental conditions, the shallow dopant 
states show a contribution from second 
order recombination, as expected for states 
at or above the quasi-Fermi energies. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4608–4619
 In each of the studies, recombination centers are added. 
Hence there remains a question of whether recombination in 
the pristine solar cells is also limited by localized states and 
if so, of which type. The spectral response measurements of 
Figure  1 b show that the pristine cell (subjected to only limited 
illumination) has a measurable density of deep states, as meas-
ured by the low energy spectral response. However, the relation 
between 1/S and the deep state density in Figure  4  suggest that 
a component of recombination remains even if the deep states 
are absent. 

 For recombination through low energy states of an expo-
nential band tail, the density of tail states with larger binding 
energy than  E  B  is,

 NT (E > EB) = No E0 exp (−EB/E0)  (11)    

 Assuming that these tail states are the recombination centers, 
we set  N  T  proportional to 1/ S  according to  Equation 5 , so that,

 ln (1/S) = const−EB/E0   (12)    

   Figure 11  a replots the thermal annealing data of Figure  5 a 
and  6 b in this form. Although there is considerable scatter 
in the data, the trend is consistent with  Equation 12  and the 
4617wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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slope indicates that the active band tails states are deeper than 
 E  B   ≈  0.3 eV. The initial cell data are included in Figure  11  and 
hence suggest that band tail states are the main recombina-
tion center in pristine PCDTBT:PCBM with deeper mid-gap 
states being a secondary component. We therefore conclude 
that the as-received cells operate with the same recombination 
processes as the degraded cells. The relative contribution of 
band tail and deep states is presumably specifi c to the par-
ticular type of cell and perhaps to the specifi c details of the 
fabrication.  

 The relation between the ideality factor and the density of 
recombination centers for prolonged illumination and thermal 
annealing can be extracted from Figure  3 ,  4 ,  6 b, and  7 b, and 
the result is shown in Figure  11 b. The data lie on two different 
trend lines, with the mid-gap states corresponding to a larger 
change in ideality factor than the band tail states for the same 
value of 1/ S . It is reasonable to expect that band tails states and 
deep traps will have a different infl uence on the recombination 
rates and the dark forward current. Such relationships might 
prove useful in the future to identify the character of unknown 
recombination centers. 

 Although we can determine the character of the recombina-
tion centers, these experiments provide no defi nitive informa-
tion about their origin. It seems likely that the broader band 
tails induced by thermal annealing are the result of increased 
disorder of the materials, but since the annealing is done in 
air, impurities cannot be ruled out. Similarly the light induced 
states, and particularly the observed saturation, suggest an 
impurity effect, but intrinsic states also cannot be ruled out. 
Recent studies of X-ray radiation damage using the same 
methodology leads to specifi c proposals for the recombination 
centers. [  43  ]  

 Finally the data provide an additional insight into the optical 
absorption of the component materials of the BHJ cell. Thermal 
annealing changes the relative contribution of the bulk and the 
CT absorption and allows a deconvoution of the two bands. A 
simple model assumes that the two bands do not change their 
spectral shape with annealing and only the intensity changes, 
so that the spectrum is a superposition of the two components. 
Two measurements at different anneal temperatures there-
fore allows the bands to be separated and the result is shown 
in Figure  11 c. The bulk absorption band drops off relatively 
steeply at low energy and has an approximately exponential 
slope of about 30 meV. This result is consistent with lowest 
energy bulk absorption being attributed to PCBM, and PCBM 
has been measured to have a band tail slope of about 30 meV. [  44  ]  
Obtaining the high energy region of the CT absorption band 
is more challenging because it is masked by the much more 
absorbing bulk. To the extent that the separation can be made, 
the CT band fl attens above the CT energy gap as expected from 
the joint density of states model.  

  6. Conclusions 

 These studies show that the localized state distribution of 
PCDTBT:PCBM solar cells can be modifi ed by prolonged 
illumination, thermal annealing or doping. In each case 
localized states of a different character are introduced and 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
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can be quatifi ed by measurements of the spectral response. 
Photoconductivity and dark conductivity show that the addi-
tional localized states act as recombination centers. In each 
case the measurements show a direct correlation between the 
introduction of localized states and the presence of recombi-
nation centers. We therefore confi rm that localized band gap 
states are the dominant recombination center in BHJ solar 
cells. 

 Prolonged illumination introduces localized states near the 
middle of the interface band gap while thermal annealing intro-
duces additional band tails states and fullerene doping causes 
shallow states near the fullerene LUMO. Each of these different 
types of state act as recombination centers with slightly dif-
ferent properties.  

  7. Experimental Section 
  Spectral Response : The photoconductivity spectral response 

experiment used a 0.25 m grating spectrometer with a halogen light 
source. The measurements were performed with zero bias voltage 
(i.e., short circuit conditions) with a 9 kohm load resistor, which was 
increased to 30 kohm for some weak signals. The voltage across the 
load was measured with a lock-in amplifi er with the monochromatic 
illumination source chopped at 230 Hz. Cut-off fi lters at 450, 715 and 
850 nm reduce the scattered light suffi ciently to measure signals with 
magnitude  ∼ 10  − 7  of the peak signal, and the suppression of scattered 
light was confi rmed by measurements with an infrared absorbing 
fi lter. The incident light power was measured with a calibrated silicon 
photodiode for data at wavelengths below 1100 nm and a Ge photodiode 
for the longer wavelengths, and the spectrum was normalized to the 
power. 

  Dark and Photocurrent : The voltage dependence of the photocurrent 
was measured using a white light source from a fi ber-optic 
microscope illuminator chopped at 70 Hz and the current across 
an 11 ohm load resistor was measured with a lock-in amplifi er. The 
use of lock-in techniques automatically subtracted the dark current. 
Neutral density fi lters in the optical path provided illumination levels 
differening by about a factor 100. The highest light intensity was 
signifi cantly below 1-sun equivalent so that contributions from second 
order recombination processes were reduced. The dark current was 
measured with a Keithley 6487 picoammeter, which also provided the 
source voltage. 

  Transient Photoconductivity : A nitrogen pulsed dye laser operating at 
520 nm with a repetition rate of about 1 Hz was used for the transient 
photocurrent measurements. The photocurrent was measured on a 
Tektronix digital oscilloscope from the voltage across a 11 ohm load 
resistor, and averaged over up to 128 repetitions. The excitation was kept 
suffi ciently small that the charge extracted is much less than  CV , where 
 C  is the device capacitance, and the voltage across the load resistor was 
less than 100 mV. 

  Light Exposure and Thermal Annealing : Extended light exposure used a 
fi ber-optic microscope illuminator with a halogen light source and a lens 
to focus the light. No attempt was made to quantify and characterize the 
illumination accurately. The measurements were initially made at a light 
intensity of about 200 mW/cm 2  and the intensity was later increased to 
about 600 mW/cm 2  to accelerate the changes. The total illumination 
time was about 6 days. The illuminated area was kept small ( ≈ 0.2 cm 2 ) 
to minimize heating. Moderate heating of the substrate occurred, but 
was not measured. 

 For thermal annealing experiments, the solar cells were annealed 
in an ambient atmosphere oven for 1 h and cooled in ambient before 
measuring. The cells were initially fabricated and annealed to give the 
optimum solar cell response, and were subsequently stored in a nitrogen 
atmosphere for several months. Some of the devices were used in earlier 
experimental measurements.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4608–4619
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