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transient spectroscopy, [ 16,17 ]  transient photocurrent, [ 18 ]  and ther-
mally stimulated current. [ 19,20 ]  It has been found that trapping 
is strongly dependent on the particular combination of D–A 
molecules and illumination conditions employed. However, 
the important problem of the dependence of charge trapping 
on the content and concentration of D–A mixtures and on fi lm 
morphology has not yet been thoroughly investigated. Indeed, 
previous investigations have provided the density of gap states 
and/or trap site densities; [ 15–20 ]  but, to our knowledge, a quan-
titative determination of the relationship between OPV per-
formance and the density of trapped charges has not been 
reported. 

 Using the experimental set up in  Figure    1  , we illuminate the 
sample under investigation by a relatively intense, high-energy 
optical pump that generates excitons that subsequently disso-
ciate into free charges (i.e., polarons). These charges result in 
a photocurrent ( I  p ), while a small fraction populate trap states 
within the organic energy gap. The trapped charges are subse-
quently depopulated by a delayed, low-energy pulse that induces 
an incremental increase in photocurrent due to traps ( I  trap ). [ 21,22 ]  
To quantitatively determine the free and trapped charge densi-
ties, their respective generation rates are given by:

 g nHOMO HOMO HOMO pumpσ Γ=   (1)  

 g ntrap trap trap probeσ Γ=   (2) 

 where  n  is the density of electrons in the highest occupied 
molecular orbital (HOMO) and in traps, denoted by the sub-
scripts, HOMO and trap, respectively. Also,  σ  is the photo-
absorption cross-section, and  Γ  pump,probe  are the single pass 
photon fl ux generation effi ciency of the pump and probe, 
respectively. The relative absorption effi ciency by traps vs at the 
HOMO is given by the ratio,  σ  HOMO / σ  trap . The loss of polarons 
is dominated by trap mediated Shockley–Read–Hall recombina-
tion, where the loss rate is determined by the charge lifetime, 
 τ r  . In steady state, the electron–polaron density in the lowest 
unoccupied MO (LUMO),  n  LUMO , is then:

 τ=n gLUMO HOMO,trap r   (3)    

 Using Equation   1  –  3  , the currents,  I  p  and  I  trap , induced by 
pump and probe illumination are:

 η τ=I e g vp CC HOMO r d   (4)  

 η τ=I e g vtrap CC trap r d   (5) 

  Charge trapping is an important factor that often limits the per-
formance of optoelectronic devices. Specifi cally, accumulation 
of trapped charges in the active layer of organic photovoltaic 
(OPV) cells impacts charge transport by inducing band bending, 
and reduces the charge carrier lifetime and density by acceler-
ating recombination. [ 1–5 ]  Among the various origins of trapped 
charges, [ 6–8 ]  those associated with fi lm morphology are particu-
larly important for small-molecule organic semiconductors. [ 8 ]  
This class of materials can form self-organized nanostructures 
in neat fi lms, [ 9–11 ]  and often domains or amorphous morpholo-
gies are found in blends of more than one molecule, as in the 
case of high performance mixed donor (D)–acceptor (A) hetero-
junctions. [ 12,13 ]  In such mixtures, charges can be trapped at grain 
boundaries [ 6 ]  or at the interfaces between D and A domains. [ 14 ]  
Thus, characterization of trapped charges is important for under-
standing charge transport and improving device performance. 
Here we describe a simple pump-probe method whereby trapped 
charges are optically induced to contribute to the total photocur-
rent. Measurement of the incremental trap current thereby pro-
vides an accurate and quantitative determination of the trapped 
charge density in organic semiconductor thin fi lms, and in par-
ticular donor–acceptor blends [ 12 ]  commonly used in high effi -
ciency and high reliability OPVs. The technique is applied to neat 
small-molecule fi lms as well as D–A mixtures comprised of com-
pounds used in high performance OPV cells. The trapped charge 
density is correlated to the performance of cells made from these 
same materials, and the correlation is discussed in terms of the 
charge transport dependence on thin fi lm morphology. 

 Charge trapping in the active layer of OPVs has previously 
been studied using impedance spectroscopy, [ 15 ]  deep-level 
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 Here,  e  and  v  d  are the elementary charge and its drift velocity, 
respectively, and  η CC   is the charge collection effi ciency. Taking 

the ratio of  I  trap  to  I  p , we obtain the trapped-to-HOMO charge 
density ratio:
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 The surface morphology and nanostructure of the organic 
fi lms are shown in  Figure    2  . The neat C 60  fi lm is character-
ized by grains separated by sharp boundaries (dark regions, 
Figure  2 a), resulting in a root mean square ( rms ) roughness of 
2.2 ± 0.2 nm. The grain sizes range from several to a few tens 
of nanometers. The fi lm is a polycrystalline, face centered cubic 
structure, as indicated by SAED patterns in Figure  2 b. The dif-
fraction rings, corresponding to the (111) and (220) planes are 
labeled. In contrast, the D–A mixed fi lms are comparatively 
smooth, with  rms  roughness = 0.5 ± 0.05 nm at the donor con-
centration of  n  D  = 50% (Figure  2 c). Such surface smoothness is 
observed for  n  D  between 20% and 80%. The SAED patterns for 
the mixtures in Figure  2 d are diffuse, indicating a more disor-
dered, isotropic morphology.  

  Figure    3   shows the time evolution of  I  p  and  I  trap  for a neat C 60  
fi lm. With the exception of the brief parasitic transient due to 
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 Figure 1.    Schematic of the measurement and sample confi gurations. The 
organic semiconductor fi lm is illuminated with both the short wavelength 
pump and long wavelength probe illumination. The pump induces the 
photocurrent in the fi lm while the probe beam induces a smaller current 
via depopulation of traps. The currents are collected at the interdigitated 
contacts on the substrate. The fi lm is packaged to prevent exposure to 
the environment.

(a) neat C60 film (nD=0%)

(c) D-A mixed film (nD=50%)
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 Figure 2.    Film morphological analysis. a) Atomic force microscopy (AFM) image, and b) selected area electron diffraction (SAED) pattern of a neat 
C 60  fi lm. c) AFM image and d) SAED pattern of a 1:1 DTDCTB:C 60  mixed fi lm. The neat fi lm is characterized by a granular morphology with a root 
mean square roughness of  rms  roughness = 2.2 ± 0.2 nm, whereas the mixed fi lm surface is relatively smooth with  rms  roughness = 0.5 ± 0.05 nm. The 
nanostructure changes from polycrystalline (face-centered cubic structure) for the C 60  to less-ordered for the mixed fi lms.
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saturation of the lock-in amplifi er at the onset of the pump,  I  trap  
is signifi cant only when the pump is present, between  t  = 60 s 
and 90 s. Once the pump illumination is terminated, →I 0trap , 
indicating that  I  trap  is due only to carriers excited from trapping 
sites. An offset in  I  trap  observed following the pump illumi-
nation ( t  = 90–120 s) is due to thermal emission of residual 
trapped charge that vanishes once the probe is turned off.  

 In  Figure    4  , we fi nd that  I  trap  saturates at high pump power 
( P  pump ), whereas  I  p  increases linearly with  P  pump , i.e.,  I  p  ∝  P  pump , 
suggesting an intensity-independent photogeneration effi ciency. 
Correspondingly,  n  trap / n  HOMO  determined from Equation   6   
also saturates at high  P  pump  due to nearly complete occupa-
tion of the trap sites. That is, at high  P  pump ,  n  trap / n  HOMO  ≈ 10 −4 . 

By assuming  σ  HOMO / σ  trap  = 1 (i.e., the donors, and the species 
or defects acting as traps have nearly equal cross sections) and 
 n  HOMO  = 10 21  cm −3  corresponding to the approximate acceptor 
molecular density, then  n t   ≈ 10 17  cm −3 .  

 To ensure that the trap current provides a quantitative meas-
urement of the density of trapped charges, we need to deter-
mine the signifi cance of other possible current sources. These 
might include the current due to charge retrapping, the effects 
of free-carrier absorption, and the generation of charge due to 
low energy triplet and/or charge-transfer exciton dissociation. 
To estimate the importance of charge retrapping, in  Figure    5  a 
we plot  I  trap  vs  P  probe  and fi nd that the trap current is linear over 
the entire range of probe powers tested. Since the experiments 
are performed in steady state, retrapping would be detected by 
a reduction from the linear trend as power is decreased, which 
is clearly not observed. In addition, free-carrier absorption can 
be discounted due to the low charge density (ca. 10 12 –10 13  cm −3  
under AM1.5 1-sun illumination) compared to that of the meas-
ured trapped charge density (10 15 –10 17  cm −3 , see below). Finally, 
the existence of low energy triplet or charge transfer excitons in 
the blends is not apparent from the near infrared absorption 
spectrum between the wavelengths of 800 nm and 2 µm shown 
on a logarithmic scale in Figure  5 b. Note that the sensitivity of 
the absorption data are suffi cient to observe these effects, since 
 I  trap  ranges from 1% to 10% of  I  p  ( Figure    6  a). Moreover, the 
oscillator strengths of triplet and charge transfer state absorp-
tion are a very small fraction of singlets, thus allowing us to 
confi dently rule out contributions to  I  trap  from these potentially 
parasitic sources.   

 Figure  6 a shows  I  p ,  I  trap , and  n  trap / n  HOMO  for DTDCTB:C 60  
mixed fi lms as functions of the donor concentration,  n  D . Inter-
estingly,  n  trap / n  HOMO  is reduced by a factor of ten as  n  D  is 
increased from  n  D  = 0% (neat C 60 ) to 20% (A-rich mixed fi lm). 
When  n  D  is increased to 50%,  n  trap / n  HOMO  reaches a minimum 
of (3 ± 1.5) × 10 −7 , and thereafter, monotonically increases. Fur-
ther,  I  p  increases with  n  D  due to effi cient exciton dissociation 
in the mixtures, as expected. The maximum  I  p  is obtained at 
 n  D  ≈ 20%. 

 The performances of OPV cells are also infl uenced by the 
D–A mixture, as shown in Figure  6 b,c. The highest power con-
version effi ciency of  PCE  = 4.9 ± 0.1% is achieved at  n  D  ≈ 50%. 
From Figure  6 b,c, the  PCE  variation with donor concentration 
directly follows changes in the fi ll factor,  FF . We fi nd that  FF  
decreases monotonically, from 0.54 ± 0.01 to 0.33 ± 0.01, as 
 n  trap / n  HOMO  increases from (3 ± 1.5) × 10 −7  to (5 ± 2.5) × 10 −6 , as 
shown in  Figure    7  .  

 As shown in Figure  2 , the fi lm morphology changes from 
granular to smooth for the neat and mixed fi lms, respectively. 
Correspondingly, the crystalline order of the fi lm is decreased as 
is the trapped charge density, from  n  trap / n  HOMO  = (2.5 ± 1.5) × 10 −5  
at  n  D  = 0% to (3.0 ± 1.5) × 10 −7  at  n  D  = 50%. The high 
 n  trap / n  HOMO  in the neat C 60  fi lm suggests that charges are 
trapped at the grain boundaries, as illustrated in  Figure    8  a.  

 As shown in Figure  6 a,  n  trap / n  HOMO  is U-shaped relative to 
 n  D , with a minimum at  n  D  ≈ 50%. This suggests that charge 
trapping occurs at the D–A nanocrystalline domain bounda-
ries [ 6 ]  in the mixed fi lms. For DTDCTB:C 60  mixtures, the D–A 
interfaces form a transport barrier of 0.56 eV for electrons and 
0.9 eV for holes as calculated from the LUMO and HOMO 
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 Figure 3.    Time evolution of the C 60  photo- and trap currents under pump 
and probe illumination. The trap current,  I  trap , is signifi cant only when 
photocurrent,  I  p , is generated under pump illumination during the time 
window from 60 s to 90 s. The small  I  trap  following  I  pump  results from 
emission of residual trapped charge.
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 Figure 4.    Pump (trap) current,  I  p  ( I  trap ) and trapped-to-highest occupied 
molecular orbital (HOMO) charge density,  n  trap / n  HOMO , of a neat C 60  
fi lm as a function of pump power,  P  pump . As  P  pump  increases,  I  trap  tends 
to saturate while  I  p  linearly increases, indicative of a constant quantum 
effi ciency.
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energy offsets between these molecules. Hence, electron trans-
port across C 60  domains is blocked by donor domains at high 
 n  D , whereas the transport of holes is blocked by acceptor mole-
cules at low  n  D , as illustrated in Figure  8 b,c. These boundaries 

are minimized (along with  n  trap / n  HOMO ) for approximately 
equal concentrations of donor and acceptor molecules, at which 
point continuous percolating pathways are formed that trans-
port holes and electrons, respectively. We further note that 
grain boundary trapping depends on the energy offsets char-
acteristic of a particular D–A composition, which can also be 
studied using this pump-probe technique. 

 Charge trapping by this same mechanism is observed in 
D–A mixed fi lm OPV cells where we fi nd in Figure  7  that  FF  
is a strongly decreasing function of  n  trap / n  HOMO . Indeed, when 
 n  trap / n  HOMO  = (3 ± 2) × 10 −6  cm −3 ,  FF  is only 34 ± 3% com-
pared to  FF  = 55 ± 4% at  n  trap / n  HOMO  = (3 ± 2) × 10 −7 . Hence, 
our work provides direct evidence that D–A interface recombi-
nation leads to the commonly observed dependence of  FF  in 
mixed heterojunction OPV devices on the mixture ratio. [ 4,23–25 ]  

 Finally, it is interesting to note that the electron-polaron trap 
density at grain boundaries in C 60  fi lms is roughly equal to the 
saturation exciton trap density (also ca. 10 17  cm −3 ) found after 
aging C 60 -based planar OPVs [ 26 ]  This might indicate that grain 
boundaries are particularly vulnerable sites for the formation 
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 Figure 5.    a) Trap current,  I  trap , in a neat C 60  fi lm as a function of probe power,  P  probe . The trap current is linear over the entire range of probe powers 
studied. b) Absorption spectrum (solid line) of a 1:1 DTDCTB:C 60  mixed fi lm at a thickness of 100 nm. The absorption is obtained from transmission and 
refl ection measurements also shown. The peak at 700 nm is due to absorption by DTDCTB. The mixed fi lm is highly transparent over the near infrared 
region (wavelengths > 800 nm). The apparent gap in absorption between 800 and 1300 nm is due to data lying below the detection noise fl oor at ≤0.1%.
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 Figure 6.    Organic photovoltaic cell performance characteristics, and 
 n  trap / n  HOMO  as functions of donor concentration  n  D . a)  I  p ,  I  trap  and 
 n  trap / n  HOMO , b) responsivity,  R  (i.e., photocurrent per pump power) and 
open circuit voltage,  V  oc , c) fi ll factor,  FF , and power conversion effi -
ciency,  PCE . The  PCE  variation with  n  D  directly follows changes in  FF . 
The photo- and trap currents were measured under  P  pump = 0.1 mW and 
 P  probe  = 500 mW, respectively.
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 Figure 7.    Fill factor,  FF , vs  n  trap / n  HOMO . As  n  trap / n  HOMO  increases,  FF  
monotonically decreases. The dotted line is a guide to the eye.
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of exciton recombination centers due to preferential diffusive 
ingress of contaminants as compared to that in the fi lm bulk. 
While more work is required to test the validity of this or other 
mechanisms, the pump-probe method provides a powerful tool 
for investigating the existence, evolution and effects of defect 
states. 

 We have demonstrated an optical pump-probe technique for 
determining the density of trapped charges in small-molecule 
organic semiconductor fi lms. The trapped charge density was 
determined from the photo- and trap-induced currents using 
a model based on the charge generation-loss kinetics. It was 
found that in DTDCTB:C 60  mixed fi lms, the trap charge den-
sity depends on the ratio of donor to acceptor molecules. The 
donor concentration,  n  D , is found to infl uence  FF  in mixed het-
erojunction OPV cells, with energy offsets between donor and 
acceptor domains resulting in charge trapping between D and 
A nanocrystalline grain boundaries. We fi nd that an inherent 
limitation to mixed heterojunction device performance can be 
mitigated by the appropriate choice of D–A pairs that minimize 
energy offsets while not adversely affecting the exciton disso-
ciation effi ciency. Finally, our results suggest the pump-probe 
method is a powerful means for investigating charge popula-
tions and their origins in a wide range of organic semicon-
ductor thin fi lms.  

  Experimental Section 
 The trapped charges were detected in organic fi lms deposited on quartz 
substrates with interdigitated contacts forming 200 µm long by 5 mm 
wide channels, shown in Figure  1  along with the optical set-up. The 
contacts themselves consisted of a 200 nm thick Ag layer covered with a 
40 nm thick Ga-doped ZnO electron transport layer deposited via radio 
frequency magnetron sputtering through a shadow mask. The in-plane 
sample geometry is convenient for coupling optical illumination by 
multiple beams at different wavelengths. 

 We studied the donor, 2-{[7-(5-N,N-ditolylaminothiophen-2-yl)-2,1,3-
benzothiadiazol-4-yl]methylene}malononitrile [ 13,27,28 ]  (DTDCTB), and the 
acceptor, C 60 . The DTDCTB and C 60  molecules absorb at wavelengths 
of  λ  = 500–800 nm and 350–650 nm. The LUMO and HOMO energies 
of DTDCTB molecules are 3.44 eV and 5.3 eV, respectively. [ 28 ]  For 
C 60  molecules, the LUMO and HOMO energies are 4.0 ± 0.1 eV and 
6.2 ± 0.1 eV, respectively. [ 29 ]  

 The source materials were twice purifi ed via thermal gradient 
sublimation to minimize the impurity concentration. The D and A 
molecules were then co-deposited on the substrate by vacuum thermal 
evaporation (VTE) in a system with base pressure ca. 10 −7  Torr, whereby 
their D–A mixture ratio (with donor concentration,  n  D ) was controlled 
by the individual molecular fl uxes using quartz crystal monitors 
positioned over each source. Deposition at this low base pressure is 
also important in reducing impurity incorporation into the fi lms. The 
100 nm-thick fi lms were deposited at a rate of 0.1 nm/s on the substrate 
at room temperature. The devices were subsequently packaged using a 
quartz lid sealed with ultraviolet cured epoxy to prevent environmental 
contamination during testing. 

 The surface morphologies of the fi lms were determined with atomic 
force microscopy (AFM) over an area of (1 µm) 2 . Selected area electron 
diffraction (SAED) patterns were used to characterize the nanocrystalline 
structure of the fi lms. 

 The organic fi lm was illuminated using pump light that generated 
excitons leading to the primary photocurrent, whereas the probe light 
excited trapped charge into the conduction level (see Figure  1 ). The 
photon energies of the pump and probe must be greater and less than 
the HOMO – LUMO gap energy, respectively. For this purpose, we used 
lasers emitting at wavelengths of  λ  pump  = 532 nm (2.33 eV) and  λ  probe  = 
1550 nm (0.8 eV). The laser powers were  P  pump  = 10 mW and  P  probe  = 
500 mW, illuminating a 1 cm 2  sample area at an incident angle of 45 o . 

 The photocurrent and trap-induced current were collected by the 
interdigitated contacts biased at 10 V. The pump and probe beam 
intensities were modulated at frequencies of 400 Hz and 290 Hz, 
allowing the separate detection of the currents using lock-in amplifi ers 
with integration times of 1 s. The modulation frequencies were chosen 
to be suffi ciently low for trapped charges to respond, while high 
enough to prevent heating by the high intensity long wavelength probe 
illumination. 

 The VTE-grown, 0.77 ± 0.015 mm 2  OPV cells used to study the 
correlation between the density of trapped charges and device 
performance have the following structure: glass/indium tin oxide (ITO) 
(100 nm)/MoO 3  (10 nm)/DTDCTB:C 60  (40 nm)/C 60  (10 nm)/Bphen 
(8 nm)/Ag (100 nm), where the D–A ratio was varied from device to 
device. We note that comparing data from the in-plane pump probe 
experiments with those of the vertical OPV structure is justifi ed in the 
case of the blended fi lms due to their isotropic structure implied from 
the SAED patterns in Figure  2 . The device performances were evaluated 
in a glove box fi lled with ultrapure (<0.1 ppm) N 2  gas. The current 
density-voltage characteristics were measured under air mass (AM) 
1.5G, 1-sun intensity illumination from a fi ltered Xe lamp. The intensity 
was calibrated using a National Renewable Energy Laboratory (NREL) 
traceable Si reference cell. The current and effi ciency were corrected for 
spectral mismatch. [ 30 ]   
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 Figure 8.    Charge carrier transport (upper fi gures) and energy level diagrams (lower fi gures) of the materials systems studied. a) Neat, granular C 60 , 
b) uniform smooth acceptor (A)-rich mixed fi lms, c) uniform smooth donor (D)-rich mixed fi lms. Charge carriers are trapped at grain boundaries in 
(a), whereas they are trapped at D–A interfaces in the mixed fi lms. The grain boundaries and D–A interfaces behave as barriers to charge transport.
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