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The purpose of this technical report is to discuss some data generated from models to 

explain the interpretation of impedance spectroscopy data obtained from DSCs. We take three 

DSC which parameters are given in Table 1.  

 

Table 1. Simulation parameters for internal solar cell properties at T = 300 K. The basic 

fundamental parameters (from which others are derived) are highlighted in orange. The 

internal conversion efficiencies are shown in green. 

Sample ExTR1A ExTR1B ExTR1C 

β ( )5.0 α+=  0.73 0.73 0.73 

Ec-EF0 (eV) 1.00 0.90 0.80 

jsc (mA·cm
-2

) 16.00 16.00 18.00 

j0k (mA·cm
-2

) 1000 10000 1000 

j0 (mA·cm
-2

) 6.22e-10 1.03e-7 1.72e-7 

Voc (V) 0.85 0.67 0.66 

FF 0.83 0.80 0.80 

η 11.35 8.59 9.42 

0T  1300 1300 1300 

0/TT=α  0.23 0.23 0.23 

 

The parameters in orange lines are the asumptions that determine the properties of each solar 

cells. The rest of parameters are derived parameters. The formulas used are the following: 
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These formulas are explained in the literature.
1,2

 The resultant properties are shown in Fig. 

1. 

From Table 1 we see that DSC A has a higher position of the conduction band, B has lower 

position but more recombination, (parameter kj0 ) and C has still lower position of the cb, so 

more photocurrent and the same recombination rate as cell A. 

These differences are reflected in the jV curves shown in Fig. 1(a). By measuremet we 

would seee that A gives good photocurrent and higher photovoltage than B and C. So this 

reflects a typical experimental situation. We are making cells of the type B and C but we wish 

to reach A. 

Of course the ultimate goal of characterization will be to obtain the parameters in orange 

in Table 1. These give us the fundamental properties of the DSC that we try to modify or 

improve. But in practice we have to infer such parameters form the measurement. 

Now we measure impedance spectroscopy and obtain the information in Figs. 1(b) and (c): 

recombination resistance and the chemical capacitance. However, this is not exactly right; in 

the measurements the potentials are affected by the potential drop in a series resistance, that 

we assume as in Table 2. 

 

Table 2. Simulation parameters for solar cell properties. 

Sample ExTR1A ExTR1B ExTR1C 

sR (Ω) 12 15 20 

Area (cm
2
) 0.30 0.30 0.30 

 

Thus the real shape of the measured current-potential curve and impedance parameters 

are those given in Fig. 2. This is the starting point for the analysis of real data. 

However let us first discuss Fig. 1(a) which is given with respect to the real potential FV  in 

TiO2 that represents the rise of the Fermi level of electrons, see Eq. (1). 

So in Fig. 1(c) we see that the chemical capacitances are progressively displaced to the 

right: C – B –A.  The chemical capacitance reads the density of states in titania, so Fig. 1(c) 

means that the conduction band in cell A is higher. This is shown in another representation in 

Fig. 3. 

We need to remove such displacement in order to compare the recombination resistance 

on a similar basis. So we use another potential,  

qEVV cFecb /∆−=  (7) 

where “ecb” stands for “common equivalent conduction band” and cE∆  is the shift of the 

conduction band with respect to a reference sample.  

This is shown in Fig. 4. Now all the capacitances have the same value, by definition! So we 

look at the recombination resistances in this scale. We obtain that A and C have the same 

recombination rate, but recombination in B is higher. 
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We prove this in the Appendix: 

Consider a set of samples. We use the potential ecbV  with the same reference crefE  for 

all the samples. Then )( ecbrec VR  is proportional to 
1

0
−

kj  for each sample (there are no other 

dependences)  

 

This theorem shows that in the ecbV  representation, the recombination resistance 

directly reflects the fundamental rate of electron transfer (parameter kj0 ), as we can observe 

in Fig. 4(b).  

As said before, in this example cells B and C correspond to a typical experimental situation 

in which a modification of the surface of the titania in a DSC, for example bringing up the 

conduction band (B is higher), we gain photovoltage, but loose photocurrent. This can be 

appreciated at simple sight in Fig. 2(a) that corresponds to the standard mesurement. What is 

not evident is the extent of recombination, that finally determines the photovoltage (and 

influences the fill factor as well, via the β  parameter). Once we have determined the 

recombination resistance results for cells B and C, in the ecbV plot, we can say that cell B is 

worse, because the recombination in this cell is higher than in C. Obviously, it can be checked 

that the statement underlined above in realized: recR  is less for B because kj0  is a factor 10 

higher for this cell in the starting parameters. In experiment, we do not have the kj0  value 

and the way to see this information is recR .  

So we can conclude that for cell B either the surface of titania or the dye molecule have to 

be modified to reduce recombination. And cell C has good recombination properties but the 

conduction band of titania is too low and thus Voc cannot be large.  

Making the appropriate materials modifications we can reach cell A… 

 

As mentioned before, the measured potential is 

sFsFappl jRVVVV −=+=  (8) 

(negative potentials are taken positive in our notation). So the measured curves are plotted 

with respect to applV . The data you get is given in Fig. 2. 

The treatment of data requires therefore two different modifications of the potential: 

First to calculate FV  to see the actual shape of the curves with respect to the Fermi level 

potential. This is why we need the current (the actual current flowing during impedance 

spectroscopy mesurement) at each potential we have to treat. 

When comparing several samples as in this example, we also need to shift curves to some 

reference sample in order to see the resistance with respect to potential ecbV . 

Now you can take the data sheets provided and try to reconstruct the fundamental 

parameters using ISTPro! Your starting point is the data in Fig. 2. 

See that the measured efficiency of samples B and C is about 7.6%. With the ISTPro 

method you can obtain the internal efficiencies (the green line of Table 1, reconstruct Fig. 1 

and the explanation of the different internal efficiencies of these samples, which is related to 

their key material properties (in real cases). 
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 Appendix 

 

Here we show the theorem that is indicated in a squared text. 

We introduce Eq. (7) in Eq. (6), and we obtain the following expression for the 

recombination resistance: 

TkEqTkVqB
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BcBecb ee
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β

 (9) 

Now crefcc EEE −=∆ . Using this in Eq. (9) we obtain the following 
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q.e.d. 

 

In conclusion: when plotted at ecbV , the recombination resistance difference correspond 

exactly to the differences in the kinetic parameter kj0 .  

Note:  Systematic application of this procedure requires that the slope of the capacitance (α ) is 

similar for the various DSC devices to identify the bandshift. If not, a fine identification of the edge of 

the conduction band must be done. 
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Fig. 1. Theoretical calculation (diode model) of the current-potential curve (a) and 

recombination resistance (b), see the parameters used in the calculation in Table 1. (c) 

Calculated capacitance using the expression [ ]00 /)(exp/ TkEETkqNC BcFnBL −=µ , with 
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parameter 
-320 cm 10=LN , (d) The resistances plot at the same equivalent position of the 

edge of the conduction band, taking A as a reference. 

 

Fig. 2. Representation of “measured” curves. (a) The current-potential curve. (b) 

Recombination resistance. (c) Chemical capacitance. 
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Fig. 3. The exponential density of states of electrons in TiO2 nanoparticles infered from the 

chemical capacitances in Fig. 1(c). 

 

Fig. 4. (a) Capacitance and (b) recombination resistances plot at the same equivalent 

position of the edge of the conduction band, taking C as a reference. 


