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ABSTRACT 
 

Over the last few years, measurements from many labs 
have allowed the development of a reasonably complete 
picture of the kinetics and electrostatics (band alignments 
and fields) of dye sensitized solar cells based on nano-
porous oxide films (e.g. TiO2, ZnO). With some modifica-
tions, this model incorporates both electrolyte and solid-
state versions of dye sensitized cells. However, there are 
still several key features which are not yet understood.  This 
paper discusses briefly the relationship or lack thereof be-
tween the recombination rate constant and the electron 
concentration (DOS) for a wide variety of nano-structured 
photovoltaic cells. 

 
INTRODUCTION 

 
Several new types of photovoltaic cells involve photo-

activity and electrical activity in nano-scale interpenetrating 
materials, also known as interpenetrating heterojunctions (I-
hets), and bulk heterojunctions.  I-hets are found in dye 
sensitized cells, where a monolayer of absorber separates 
two photo-inactive materials, and in organic blend cells such 
as polymer/C60 and polymer/polymer where the light is ab-
sorbed in one or both of the interpenetrating phases.  I-het 
cells could also be termed "disordered" cells, as the bulk 
heterojunction is inherently disordered.  It is in fact the ap-
parent tolerance of this disorder, and the related cost sav-
ings, that underlies the large interest in these technologies 
even though they lag crystalline silicon in efficiency by fac-
tors of 2 to 4. 

The inherent disorder at the photo-active interface in 
these cells, as well as in transport to the external contacts, 
has resulted in difficulties in arriving at robust model of all 
the important mechanisms of operation.  In this paper, we 
show new data that sheds some light on the recombination 
reaction in i-het materials. 

Recombination is a limiting factor for almost any kind of 
photovoltaic device.  The recombination rate is the main 
determinant of the Voc, is important for the fill factor, and can 
limit short circuit photocurrent in some cases.  In heterojunc-
tion devices, surface dipoles can also modify the Voc, and it 
is always important to separate the contribution of both fac-
tors.   

We have measured the pseudo-first-order recombina-
tion rate constant as a function of the Voc for a large number 
of i-het cells types.  Included in this study are 

TiO2/Dye/Electrolyte cells with several different TiO2 particle 
sources and electrolytes, TiO2/Dye/OMeTAD cells, 
TiO2/Dye/CuSCN cells with and without Al203 tunnel barri-
ers, polymer/C60 cells of 2 compositions, (MDMO-
PPV/PCBM and P3HT/PCBM), polymer/polymer cells of 2 
compositions (MDMO-PPV/Cyanoether-PPV and MDMO-
PPV/PF1), and "bilayer" (flat heterojunctions) of most of the 
above compositions.  A full description of each of the cells 
does not begin to fit in the page limit, so we refer the reader 
to subsequent publications (and the literature) for more de-
tails.[1-4] 

The measurements were performed on an inexpensive 
transient photovoltage and photocurrent set up.  Stable bias 
light was provided by several 10W "Solarc" metal halogen 
bulbs.  Square pulse transient illumination was provided by 
arrays of red or green diodes, switched by a ~200 ns solid 
state switch.  Photocurrent and photovoltage transients 
were recorded on an Autolab potentiostat with 1.3 µs reso-
lution. Photovoltage transients were measured at Voc, vary-
ing the Voc with the use of neutral density filters in the bias 
light.  Pulse amplitudes were kept low enough that the tran-
sient voltage was always below 10mV and the transient 
current was <10% of the bias current.  With this set up it 
was also possible to use  "charge extraction" to determine 
the concentration of excess electrons in the cells at Voc, and 
other conditions.[5] The diodes were sufficiently powerful to 
drive the cells to the 1sun Voc or Jsc for a periods up to 0.1 
sec, with a turn off time of <1µs. 

From the number of carriers generated by the pulse, 
and the peak of the photovoltage transient, the differential 
density of states (DOS) was calculated for each Voc used.  
This method of measuring the DOS agrees with IES meas-
urements made on the same cells, and the integrated DOS 
agrees with the results of charge extraction. 

 
RESULTS 

 
Figure 1 shows the DOS distribution for 6 

TiO2/Dye/Electrolyte cells. It is most likely that these states 
represent electron traps distributed below the conduction 
band in the TiO2.  The data in figure 1 were chosen to show 
the widest differences between cells. The "middle" data are 
all from electrodes made with colloidal TiO2 particles syn-
thesized from titanium isopropoxide and used in cells with 
standard organic iodide electrolytes containing added LiI 
and TBP or Guanidiniumthiocyanate (GuanSCN) electro-
lytes. The right shifted data are the same particles im-



 

 

mersed in a NaI electrolyte.  The shift is clear evidence of a 
change in the surface dipole.  The leftmost data are are 
from commercial anatase particles containing a larger den-
sity of trap states.  The fit lines though the DOS data are 
single exponentials.  The DOS increases with Voc with an 
"ideality factor" varying from 3 to 6.  The lowest DOS (solid 
diamonds) is that measured for a flat spray pyrolysis layer of 
TiO2, with dye and a standard electrolyte. This DOS was 
calculated using the entire (~100nm) thickness of the spray 
layer.  If only a 20 nm surface layer of the spray TiO2 film 
was assumed to hold electrons (equivalent to the diameter 
of the colloidal particles) then the DOS would be similar to 
that found for the particle films.  Figure 2 shows the range of 
DOS distributions found for a set of cells all using colloidal 
TiO2 particles from different recipies, and two kinds of elec-
trolytes. The data lie more or less along a single trend.  The 
maximum shift in band offset is less than 50mV and differ-
ence in DOS for a given Voc is less than a factor of 2.  Al-
though not immediately obvious from the plot, the curvature 
of the DOS still varies over a range of ideality factors from 3 
to 6.   Figure 3 shows the increase of recombination rate 
constant with Voc.  All cells show an almost identical trend.  
The lines on the log plot correspond to an exponentially 
increasing recombination rate constant with increasing Voc. 
The slope of the data correspond to an ideality factor 
(curvature) varying from 1.5 to 2.1.  The lines plotted though 
the data all correspond to an ideality factor of 1.8.    

The fact that the recombination trend with Voc does not 
varying in curvature nearly as much as the DOS, leads to 
the following conclusion.  There is no one "order" in elec-
trons for the recombination reaction in these cells.  The re-
combination rate constant increases with Voc, as does the 
DOS, but there is no single functional form that connects 
these two values. This is well illustrated in figure 4, where 
recombination rate constant is plotted directly against DOS 
for 8 cells.  A straight line on this plot would correspond to a 
"second order" reaction.  Most of the data curve upward, 
indicating "higher than second order"  behavior, moreover, 
the curvature varies, indicating no single "order" applies.  
More importantly, the differences in the pre-exponential 
factor are much larger than those in the curvature. Over all, 
the recombination rate constant for a given DOS, e.g. for a 
given density of electrons in the TiO2 film, varies by up to 
factor of 100 between cells.  It is certainly the low pre-
exponential factor that makes the cell "EPFL GuanSCN" the 
most efficient cell among those measured.  

We will now include other cell types in the recombina-
tion rate constant and DOS comparison.  Figure 5 presents 
the DOS vs Voc  data in a log plot.  Note that the left/right 
position of the curves is mainly due to the different work 
function offsets of the material pairs.  Thus the difference in 
DOS at a given Voc is not of significant interest.   Several 
other features are apparent.  One; the TiO2/OMeTAD and 
TiO2/CuSCN cells show ideality factors from 1.8 to 2.9, not 
overlapping with those of the TiO2/electrolyte cells.  As well, 
the DOS for the CuSCN and OMeTAD cells, at the 1 sun 
Voc, is about 10 times lower than that of the electrolyte cells. 

For the polymer/C60 cells the DOS at one sun is even 
lower, about 5 times less than that of the OMeTAD.  The 
DOS at Voc stems from a balance between the injection 
current density (Amps/cm3) and the recombination current 
density.  Since the injection density is much higher in the 
polymer cells (order 103 Amps/cm3 at one sun) compared to 
that of the dye sensitized cells (order 10 Amps/cm3), all 
other things being equal, the electron concentration in the 
polymer films should be higher than that in the dye sensi-
tized films. Other things are not equal of course, and the 
lower DOS in the polymer cells is due to an much higher 
recombination rate per electron stored in the interpenetrat-
ing heterojunction.  

 It should be noted here there is still some uncertainty 
about the exact location of the electrons we measure as 
"DOS" for the polymer cells.  We have not yet definitively 
tested whether some of this charge may be stored in the 
PEDOT layers present in the organic cells.  However, since 
the PEDOT is conductive, and forms an low resistance con-
tact with both neighboring phases, the voltage drop at the 
PEDOT interfaces should be very small, and thus the 
charge stored also very small.  We note as well that the 
measurement of the DOS in cells with electron lifetimes 
<100 µs becomes quite difficult with our setup. For these 
reasons the uncertainty in the DOS data on the poly-
mer/C60 cells could be as much as a factor of 3.  However, 
since the differences seen in the following figures are larger 
than that, this uncertainty does not preclude interpretation. 

 In figure 6 the recombination rate constant is plotted 
versus the Voc.  Here we see that the recombination rate 
constant at Voc varies over 4 orders of magnitude from the 
slowest electrolyte cell to the MDMO-PPV/PCBM blend cell.  
It is clear as well that the trend of recombin ation rate con-
stant with Voc has the same slope in the log graph (curva-
ture of the exponential) for almost all the materials combina-
tions tested.  The ideality factors are near 2 for all cells, 
except for the MDMO-PPV/PCBM cells, for which the ideal-
ity factor is ~1.2.  We have no ready explanation for the 
intriguing uniqueness of the MDMOPPV/PCBM heterojunc-
tion. The plotted straight lines in this figure correspond to an 
ideality factor 2, except those through MDMO-PPV/PCBM.  
In standard inorganic p-n junction cells, an ideality factor of 
2 is often related to surface recombination and/or depletion 
zone recombination.  It remains to be seen why this ideality 
factor is almost universal for i-hets.   

Figure 7 plots the recombination rate constant for all 
types of cells versus the DOS.   Here we can see how large 
the contributions of specific interfacial chemistry can be, 
relative to the contributions of electron concentration and 
driving force.  Starting at the bottom right; within the electro-
lyte cells, the recombination rate constant at a given DOS 
increases by a factor of 100 from the "best" to the "worst" 
cell.  Recall that the overall recombination reaction in these 
cells is identical; two electrons go from TiO2 to reduce one 
iodine molecule.  The large differences in reaction rate per 
electron imply that the surface chemistry is truly critical.  Or, 



 

 

perhaps that the recombination rate constant is not related 
to the total DOS at all. 

Proceeding toward the upper left, the recombination 
rate constant in the TiO2/OMeTAD cell is again 50 times 
larger than the worst electrolyte cell, for a given DOS.  The 
reason why OMeTAD cells can have Vocs equal to the best 
electrolyte cells is presumably due to a larger band offset, 
requiring fewer electrons in the TiO2 to create a given Fermi 
level offset. 

Going further, the TiO2/CuSCN cells show recombina-
tion rates from 10 to 500 times faster than TiO2/OMeTAD, 
depending on the presence of recombination blocking layers 
such as Al203 and other treatments.  All of the TiO2 cells 
have approximately the same injection current density.  In 
the polymer/polymer cells we see the effect of the higher 
injection density.  The poly/poly cells have recombination 
rate constants similar to the TiO2/CuSCN cells, however at 
Voc they accumulate almost an order of magnitude more 
electrons.  This is due to the higher injection current density 
in these cells.   

Lastly, for the MDMO-PPV/PCBM cells the recombina-
tion rate constant for a given DOS is a another 50 times 
larger than it is for TiO2/CuSCN or polymer/polymer cells.  
Due to the high rate of recombination in MDMO-PPVPCBM 
cells, the DOS at Voc is 20 times lower than that in the 
polymer/polymer cells.  

 
CONCLUSIONS 

 
Much of the improvement in dye sensitized cells has 

been the result of a steadily improving Voc. These advances 
have come about mostly by trial and error, in the absence of 
a full understanding of recombination and of the band off-
sets. As shown in figure 3, similar cells still show up to a 
250 mV difference in Voc due to poorly understood differ-
ences in handling, purity, and additives.  Managing the sur-
face dipole, and decreasing the pre-exponential factor in the 
recombination rate as a function of DOS have both contrib-
uted to the improvement in Voc.    If similar improvements 
can be generated for polymer/C60 cells, they would supply 
important increases in efficiency.  It is a pleasant prospect 
that a better understanding of recombination mechanisms 
and treatments might be reached by comparative studies 
across a wide range of i-het compositions.  We find our-
selves still at the beginning of this process. 

 
ACKNOWLEDGEMENTS 

 
This work was supported by internal ECN funding and the 
Dutch Polymer Institute (project DPI325).  

 
 

REFERENCES 
 
[1]  van Roosmalen, J. A. M.; O'Regan, B. C.; Kroon, J. M.; 
Sinke, W. C. Dye Sensitized Solar Cells. In Handbook of 
Photochemistry and Photobiology; Nalwa, H. S., Ed.; 

American Scientific Publishers: Stevenson Ranch, CA, 
2003; Vol. 1; pp 1. 
 
[2]  S.C. Veenstra, W.J.H. Verhees, J.M. Kroon, M.M. 
Koetse, J. Sweelssen, J.J.A.M. Bastiaansen, H.F.M. Schoo, 
X.Yang, A. Alexeev, J.Loos, U.Schubert, M.M. Wienk, 
Chem. Mater., 16, 2004, pp. 2503-2508. 
 
[3] J.M. Kroon, M.M. Wienk, W.J.H. Verhees, J.C. Hum-
melen, Thin Solid Films, 2002, 403-404, 223 
S.E. Shaheen, C.J. Brabec, N.S. Sariciftci, F. Padinger, T. 
Fromherz, J.C. Hummelen, Appl. Phys. Lett., 78 2001, pp. 
841. 
 
[4] P. Schilinsky, C. Waldauf, C.J. Brabec, Appl. Phys. Lett., 
81, 2002, pp. 3885. 
 
[5]  N.W. Duffy, Peter, L. M.; Rajapakse, R. M. G.; Wijayan-
tha, K. G. U. Electrochemistry Comm. 2000, 273. 
 

 
Figure 1. DOS vs. Voc for TiO2/Dye/Electrolyte cells. 
 



 

 

 
Figure 2. DOS vs. Voc for TiO2/Dye/Electrolyte cells. 
 

 
Figure 3. Recombination rate constant vs. Voc for 
TiO2/Dye/Electrolyte cells. 
 

 
Figure 4. Recombination rate constant vs. DOS for 
TiO2/Dye/Electrolyte cells. 

 

 
Figure 5. DOS vs. Voc for TiO2/Elctrolyte, TiO2/OMeTAD, 
TiO2/CuSCN, polymer/polymer, and polymer/C60 photo-
voltaic cells 
 

 
Figure 6. Recombination rate constant vs. Voc for various 
cell types. 
 

 
Figure 7. Recombination rate constant vs. DOS for various 
cell types. 



 

 

 
 


