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ABSTRACT

The production process of organic solar cells (OSCs) is investigated and the effects of parameter variations
on experimental results are analysed with the Principal Component Analysis (PCA). This statistical method
is applied to an exemplar data set, in which the materials’ concentration in the absorber solution and the
spincoating speed of the absorber solution were varied intentionally. In addition to the remaining production
parameters, the time intervals between the steps were included in the analysis. A large part of the variance
in the experimental results can be explained with the evaporation conditions, the spincoating speed and the
concentrations in the absorber solution. The PCA also confirms that the OSC is a complex and interdependent
system, where one has to analyse the influence of several parameters at the same time in order to understand
their effects on the OSC properties. The PCA results will be used to focus further experiments on the identified
key parameters.
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1. INTRODUCTION

In the recent years good progress has been made in the field of organic solar cells (OSC). The power conversion
efficiencies rose from 2.5% to about 5% within the past four years' and many discoveries aiding the qualitative
and quantitative understanding of OSC have been made. However, there are still many open questions regarding
the fundamental physical understanding of the processes in an OSC and the relation between the production
parameters and their effects on the OSC characteristics. This is caused both by the special properties of the
charge carrier transport in organic semiconductors and by difficulties in experimental work towards solving
these open questions. The investigated bulk hetero-junction OSCs show a complex behaviour, which is very
sensible to parameter variations during production. Generally, an intentional variation of one single parameter
during production is difficult. Further simultaneous variations of other parameters often affect the experimental
results in the same order of magnitude as the intended variation. Although there are few steps necessary for
manufacturing an OSC, the production steps have many degrees of freedom which often exhibit a complex
interdependence. This complicates both the optimisation of the production steps and the development of a
statistically firm understanding of the processes in an OSC.

An adequate sample of documented OSC preparation and validation records is the prerequisite to permit a
sound statistical and physical analysis. Only an automation of the main OSC characterisation experiments and
a continuous recording of all production parameters and experimental results for a large number of OSC can
provide the data necessary for such an analysis. Such representative data sets are currently generated and all
important parameters are stored in an electronic laboratory notebook. These data form the basis for a systematic
statistical analysis. However, due to the above described complexity of the OSC, it is essential to investigate the
effect of several parameter variations on the experimental results at once. The goal is to identify the dominating
correlations between production parameters and OSC characteristics.
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The selection of suitable statistical methods is critical for being able to make physically meaningful deductions.
There are several methods for analysing the dependencies in such data sets of which the Principal Component
Analysis (PCA) was chosen.

2. PRINCIPAL COMPONENT ANALYSIS

All OSC manufacturing steps can be characterised by a set of parameters whose values are recorded for every OSC.
Similarly, the measurement results’ values, e.g. for the open circuit voltage V., are collected. Both production
parameters and measurement results can be treated as random variables. The term "random variable” is not
a variable in the classical sense, but a function. The realisation of such a random variable describes here the
mapping of an OSC production parameter or a measurement result to a scalar value for each solar cell.

One suitable method to analyse the effects of not one single, but of several random variables and their
dependencies is the Principal Component Analysis>® (PCA). The PCA is a multivariate statistical method for
numerically examining the correlation in a set of data. The goal is to identify latent, i.e. hidden factors, in the
data which are determining the data’s properties. It uses the fact that the variance in data is a measure of its
information content.

The random variables in this case are given by the OSCs’ recorded production parameters and experimental
results. Assuming that there are p of those random variables, plotting their values results in a scatterplot in a
p-dimensional Cartesian coordinate system spanned by the p axes of the random variables. The PCA’s approach
is to find a new set of axes for the data such that the first new axis is lying in the scatterplot in a way that
its variance, as measure of information content, is maximised along this axis. The second axis is chosen to
capture the second highest variance while being orthogonal to the first axis and so on. All new axes are a linear
combination of the axes given by the original random variables.

Mathematically, this can be achieved by choosing a new coordinate system in which the correlation of the
random variables is minimized. The transformation to the new coordinate axes is given by the eigenvectors of
the covariance matrix. Let the data be described by a p-dimensional random vector X composed of the scalar-
valued random variables X; (i = 1,...,p), e.g. concentration in the blend solution, spincoating speed, etc.. After
subtracting the mean from each X, the p x p-dimensional covariance matrix is given by X with elements

Ei,j =< Xin >= COV(XZ',X]‘). (1)

Often the X;s are normalised quantities. X is always symmetric and positive definite. Hence it is possible to
diagonalise it through an orthogonal transformation such that

A=TTxT, 2)

with A being diagonal and having the eigenvalues A, (o =1,...,p) of 3 chosen in decreasing order as diagonal
entries. Since X is positive definite, its eigenvalues are non negative. The matrix I' for the transformation has
the corresponding normalized eigenvectors e, as columns. The new random vector with the coordinate axes is
defined as

Y =1"X. (3)

The Y, are called principal components (PCs) of X and are uncorrelated random variables. Their variance
Var(Y,) is given by Aq. Yy ’s elements Y; o can be considered the X;’s contribution to A,, the so-called loading.
Given that the variance measures the information content and the principal components Y, are sorted by de-
scending A, often the first few principal components can adequately describe the variations in the data, because
they contain most of the data’s variance.

However, the PCA does not differentiate between production parameters and experimental results. It treats
all equal and shows only their correlation. Still it is possible from its results to identify parameters in the
production process of organic solar cells (OSCs), which have a significant influence on the device properties and
performance. Once those parameters are found, their physical origin on their influence on the OSC performance
has to be further investigated.
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Figure 1. The layer structure glass|ITO|PEDOT:PSS|P3HT:PCBM|LiF|Aluminium of the OSCs investigated. The ITO,
which is coated with a thin PEDOT:PSS layer, acts as anode for the P3HT:PCBM absorber layer. The cathode is
realised through an evaporated Lithiumfluorid|Aluminium layer. Both PEDOT:PSS and absorber layer are spincoated
from solution.

3. EXPERIMENTS

To quantify the influence of parameters in the OSC production process on the device properties and performance,
the PCA is as a first step applied to a small exemplar data set consisting of manufacturing parameters and mea-
surement results of 62 organic solar cells on seven different substrates. Solar cells on those substrates, which had
obvious defects, had been removed from the analysis before. The OSCs were built in the standard structure, as
shown in figure 1*. Indium-Tin-Oxide (ITO)-coated glass was used as substrate. Poly-3,4-ethylenedioxythiophene
doped with polystyrene sulfonic acid (PEDOT:PSS, formulation AT4083) was bought from HC-Stark and the
absorber solution was made by blending poly(3-hexylthiophene) (P3HT, Fraunhofer Institute for Applied Poly-
mer Research IAP) and 1-[3-(methoxycarbonyl)propyl]-1-phenyl-[6.6]Cs1 (PCBM, Solene B.V.) in chlorobenzene
with relative ratio kept at 1:1 by weight. The following parameters were intentionally varied during production:

e Absolute P3HT and PCBM concentration in the absorber solution

e Spincoating speeds of the absorber solution

The PEDOT:PSS was spin-coated (2000rpm) under ambient conditions onto a cleaned ITO-substrate, which
had been exposed to an UV-ozone treatment for 600s before. The PEDOT:PSS layer was cured at 200C for
600s directly after spincoating and the substrates were transferred into a glovebox with an inert gas atmosphere,
in which all following steps are carried out. The photoactive absorber layer was spincoated from solutions
with different absolute concentrations of 1:1 P3HT:PCBM. Lithiumfluorid (LiF) and Aluminium were thermally
evaporated with layer thicknesses of 0.6nm and ~100nm respectively. The time intervals between production
steps and the conditions during evaporation were not intentionally set to specific values and hence differed between
substrates. All production parameters were recorded electronically for each substrate in an electronic laboratory
notebook, being realised as MySQL database and HDF5 file. The V., the short circuit current density J,. and
the fill factor F'F were taken from automated current-voltage measurements at simulated AM1.5¢ (100mW/cm?)
corrected for the spectral miss match between calibrated reference diode and OSC.

4. RESULTS AND DISCUSSION

The following five production parameters were chosen for the PCA and tested for their significance in the
OSC production: the absolute concentration of 1:1 PSHT:PCBM in the absorber solution (Concentration); the
absorber solution’s spincoating speed (1st Abs-SC-Speed); the time between spincoating of the absorber solution
and begin of evaporation (At Abs-SC to Evap); the start pressure of evaporation (Evaporation psiqrt) and the
evaporation rate of aluminium. Table 1 contains the principal components (PCs) of the production parameters
and V,. as columns with decreasing component variance. The PCs’ eigenvalues and the variance they contain is

*77|7 .9

" denotes an interface, is used for mixtures
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shown in table 2. The same analysis is repeated for Js. and F'F', but only the first three PCs are shown in table
3, because they capture almost all of the variance in the data. The power conversion efficiency 7 is not included
in the tables because it is at the constant illumination intensity the same linear combination of V., Js. and F'F
for all OSCs.

Table 1. The principal components (PCs) of the PCA as columns with decreasing component variance (see table 2). The
PCs are linear combinations of the initial random variables. Their directions and weights are given by the loading factors.
The three most influential production parameters of the first three PCs are written in bold.

Voc

PC1 | PC2 | PC3|PC4|PC5|PCG

Concentration -0.20 | -0.63 | -0.34 | -0.67 | 0.02 | 0.00
1st Abs-SC-Speed -0.16 | 0.34 | -0.91 | 0.18 | -0.01 | 0.00
At Abs-SC to Evap -0.54 | 0.12 0.14 | -0.04 | -0.82 | -0.04
Evaporation psiart 0.54 | -0.14 | -0.14 | 0.03 | -0.44 | 0.69
Evaporation Rate Aluminium || 0.54 | -0.14 | -0.14 | 0.03 | -0.37 | -0.73
Voe || -0.22 | -0.66 | -0.06 | 0.72 | 0.00 | 0.00

Table 2. The PCs eigenvalues and the amount of variance they capture (both as single and cumulated value) in the
transformed coordinate system. Already the first three PCs explain more than 98% of the variance in the data.

Eigenvalue | % of Variance | Cumulated %
PC1 3.23 53.8 53.8
PC 2 1.86 31.1 84.8
PC 3 0.84 14.0 98.8
PC4 0.07 1.2 100.0
PC5 0.00 0.0 100.0
PC 6 0.00 0.0 100.0

Table 3. The first three PCs describing the correlation of the investigated production parameters and Js. (left) and FF
right. The percentage of the variance these PCs capture is shown in brackets. Together they contain more than 98% of
the variance in both cases. Hence the remaining three PCs are omitted.

Jse FF
PC1 PC2 PC 3 PC1 PC 2 PC 3
(52.6%) | (31.1%) | (15.4%) (563.5%) | (31.2%) | (14.8%)

Concentration -0.16 0.68 -0.12 -0.20 0.67 -0.07
1st Abs-SC-Speed -0.21 -0.04 0.96 -0.19 -0.18 -0.96
At Abs-SC to Evap -0.55 -0.10 -0.12 -0.54 -0.14 0.14
Evaporation pstart 0.55 0.12 0.11 0.54 0.15 -0.13
Evaporation Rate Aluminium 0.55 0.12 0.11 0.54 0.15 -0.13
Jse -0.12 0.70 0.12 FF -0.20 0.67 -0.11

The PCs show in each case similar loadings of variables, which can be grouped into three categories. PC 1 is
dominated by parameters belonging to the evaporation process. PC 2 has a high loading of the concentrations
in the absorber solution, whereas the spincoating speed of the absorber solution has the most influence on PC
3. The other remaining PCs contribute only little information. The main loadings of the first three PCs will be
discussed in the following paragraphs.
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PC 1: The first PC is dominated by the time interval between spincoating of the absorber solution and
cathode-evaporation and the evaporation step itself. The distribution of time intervals in the data does not sug-
gest an artificial correlation due to the order of production. A longer time between absorber solution spincoating
and Aluminium cathode evaporation seems to benefit V,. and FF, while the correlation with J. is not that
strong. One possible explanation could be residual solvent in the absorber layer when evaporating the Aluminium
cathode, leading to a degraded interface, although the absorber layer on the substrates was dried between 25h
and 30Ah in the glovebox. An evaporation too early after spincoating of the absorber solution might also explain
the substantial reduction in the F'F sometimes seen in experiment by introducing kinks into the IV-curve in the
fourth quadrant. The PC 1 has similar loading of the time interval between those two steps and the evaporation
parameters start pressure und rate of aluminium evaporation. The data is however not conclusive what caused
this strong correlation and it can not be excluded that they might be artefacts of the preparation conditions.
Their effects on the solar cell parameters will be investigated in further studies.

PC 2: The second PC is dominated by the concentration in the absorber solution and has a large contribution
of the V¢, Js. and F' I as well. The relative signs tell that reduced concentration in the absorber solution leads to
a reduced V¢, Js. and F'F. All these effects were observed in the experiments and attributed to shunts through
gaps in the apparently non closed absorber layer. Additionally, PC 2 has in the case of V,. and F'F' an additional
contribution from the spincoating speed of the absorber, which is negligible in the case of Js.. Something which
otherwise would not have been noticed. The polymer concentration in the absorber solution has probably the
main influence on the absorber solution’s properties by changing the viscosity. Together with the spincoating
speed, the concentration in the absorber solution has a large influence on the absorber layer’s thickness and the
absorber layer morphology.? The effects seen here are described in more detail in the next paragraph (PC 3)
with the influence of the spincoating speed.

PC 3: The third PC is dominated by the spincoating speed of the absorber solution; however the correlation
with the solar cell parameters is lower than in the first two PCs. For a given concentration in the absorber
solution, the spincoating speed first affects the thickness of the wet film on the substrate while spincoating.
The thickness of the wet film in turn affects the film’s drying conditions and hence probably the morphology
formation.* Determination of morphology effects is currently beyond this analysis presented here. However, the
primary effects of the spincoating conditions can be seen in the analysis. The real changes in absorber thickness,
an important parameter for OSCs, can be estimated from absorption measurements of the complete OSC (see
figure 2) by comparing local minima in the spectra with results from optical absorption simulations of the OSC
layer system.® The measured absorption is normalised, because primarily the shape is of interest here. A PCA
with the concentration in the absorber solution, the spincoating speed and the position of the local minimum
as variables (indicated in figure 2 (right)) confirms the strong correlation (not shown). The approximate layer
thickness as deduced from the indicated minima is shown in the figure as well. It is interesting to note that
substrates, whose absorber solutions have been spincoated at 1000rpm, appear to have nearly the same layer
thickness despite a different concentration in the absorber solution. Still, they differ much in their solar cell
parameters, which is picked up in all PC 2s.

Comparing the loading of the PC 3 for V,., Js. and F'F reveals some differences. For V. the concentration
in the absorber solution has a higher loading, albeit PC 3 having little contribution from V.. For J,. and FF,
the concentration’s loading on PC 3 is lower, but the correlation with the measurement result is large enough to
be significant. Another notable difference is the change in the concentration’s relative sign in the loading from
Jse with respect to V,. and F'F. Generally J,. has a non-linear behaviour with respect to the layer thickness,
as is shown in optical simulations.® The non-linearity is caused by the optical interference pattern formed by
reflections off the Aluminium cathode. The simulated behaviour of the J,. shows a shallow local minimum in
the region of the estimated absorber layer thicknesses with little changes.

The original analysis included the time intervals between PEDOT:PSS-spincoating onto the ITO substrate
and the absorber solution spincoating onto the dried PEDOT:PSS layer. Various treatments of the ITO electrode
have been investigated and significant changes in its electronic properties, depending on the method, have been
reported.” The effect of some treatments is described to be only temporary,® leading to a short interval in
which the ITO surface has the desired properties. However, comparing this directly with the used dataset, it
was not possible to confirm these effects here. Rather the substrates’ order of preparation led to the correlation
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Figure 2. Simulated absorption features of an organic solar cell with different absorber layer thicknesses.® The inset
shows the absorber layer thickness as function of the position of the indicated local minimum. On the right measured
absorption of OSCs with different spincoating speeds and concentrations in the absorber solution are shown. The position
of the local minimum in indicated and the deduced estimates for the absorber layer thickness shown.

with the time intervals. The substrates from an absorber solution of low concentration were all accidentally
prepared with shorter time intervals before the spincoating steps than substrates from absorber solutions with
higher concentrations. When the low concentration lead to low V,., Js. and F'F, this undesired correlation was
picked up by the PCA. Hence these time intervals were omitted in this analysis, but will be addressed with a
larger dataset, where such undesired correlation from the production order will be avoided.

5. CONCLUSION

We are investigating the correlation between production parameters and measurement results with a new ap-
proach. All relevant experimental data is systematically recorded and the PCA used as statistical analysis
method. As a first step, this method was applied to an exemplar data set of 62 organic solar cells, for which
several parameter variations at once were considered. Their influence was quantified and possible explanations
given. The main influence on the measurement results was due to evaporation of the cathode layer, followed
by the concentration of P3HT and PCBM in the absorber solution and the spincoating speed of the absorber
solution. The PCA has shown a high interdependence between the parameters. Their physical origin will be
investigated in further experiments and the PCA will be used for the larger available data of both production
parameters and experimental results. With this analysis, it should be possible to identify the dominating cor-
relations between production parameters and OSC characteristics. The results will then be used to direct the
experiments at the influential key parameters to determine the factors governing the OSC behaviour. However,
great care is necessary to avoid artificial correlations resulting from the production process.
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