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Employing statistical design of experiments, we have performed studies on the characterization of 
electrodes using TiO2 and process variables in the fabrication process of nanocrystalline dye sensitized solar 
cell. Systematic experiment to identify the effects of process variables on cell’s efficiency has based on 
broad-band absorption of light by tailor made organometallic dye molecules dispersed on a high surface of 
TiO2. Employing statistical design of experiment on TiO2 photoelectrode forming process, structural 
characterization of electrodes and process variable have been investigated. Through the statistical analysis 
we have found that the particle size of TiO2 and the amount of PEG/PEO are significantly affecting on the 
cell efficiency. In addition, a significant amount of interaction exists between the particle size and the 
amount of PEG/PEO. [DOI: 10.4313/TEEM.2009.10.5.177] 
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1. INTRODUCTION1 
 

Most photovoltaic solar cells currently produced are based 
on silicon p-n junctions [1]. However, there is an increasing 
interest in dye-sensitized solar cells (DSC)s because only 
simple materials and equipment are required for their 
manufacture, and the production costs are potentially low. 
Also they, have achieved adequate and stable conversion 
efficiencies in small-area cells [2]. A DSC differs from 
conventional semiconductor devices in that the functions of 
light absorption and charge carrier transport are separate. In 
the case of n-type materials, such as TiO2, current is 
generated when a photon absorbed by a dye molecule gives 
rise to electron injection into the conduction band of the 
semiconductor [3]. In this work, the photoelectrode of a 
DSC consists of a 10~20 µm thick film of TiO2 particles that 
have a monolayer of absorbed dye molecules. The TiO2 
layer on FTO glass plays a vital role in increasing the active 
surface area i and also in maximizing photon absorption. 
During the fabrication of a DSC, a nano-porous TiO2 
photoelectrode was formed with statistical methodology.  

A key issue in the development of such devices is the 
optimization of interactions between the sensitizer dye and 
the nanocrystalline metal oxide, and in particular the 
optimization of the injection process [4]. Most of the 
previous works on DSC development were focused on the 
relationship between certain parameters and device 
performance. In order to improve processing performance or 
to obtain a process that is robust to external sources of 
variability, statistical design of experiments (DOE) have been 
used either in process development or process troubleshooting 
[5]. They can also be very useful in establishing the 
statistical control of a process. However, only few of the 
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published research studies have utilized the relatively recent 
developed statistical testing method known as the statistical 
design of experiments (DOE), to assist in the study of the 
production of DSCs. In the present, we have characterized 
and predicted the process parameters in fabrications of TiO2 
deposited photoelectrodes with several controllable factors 
that affect to the final power conversion efficiency and others. 
 
 
2. EXPERIMENTS 
 
2.1 Fabrication of dye-sensitized solar cells 
 

TiO2 powder, P25 (Degussa, approximately 70% anatase 
and 30% rutile) and NT-12 (Nanoin, approximately 87% 
anatase and 13% rutile) were prepared from a deposition on 
FTO glass, respectively. FTO glass was applied to the photo 
and counter electrode after an organic cleaning process.  

For preparation of the TiO2 solution, 6 mL of D.I. water 
was injected into 1.2 g of colloidal TiO2 powder and ground 
with a pestle to obtain a more porous structure. 100 µL of 
acetyl acetone (Sigma Aldrich) and 120 µL of acetic acid 
(Sigma Aldrich) were added to TiO2 powder in order to 
sustain TiO2 particles in a colloidal state. Furthermore, 100 
µL of Triton X-100 (Junsei) were added to the precursor in 
order to fully disperse the TiO2 nano particles. Poly ethylene 
glycol (PEG, Sigma Aldrich, MW 1000) and poly ethylene 
oxide (PEO, Sigma Aldrich, MW 10000) were employed as 
chemical binders to provide additional forces between 
molecules. With magnetic bar stirring, this colloidal TiO2 
was equally mixed for 6 hours followed by deposition on 
organic cleaned FTO glass using a doctor-blade whose 
dimensions were 1cm x1cm. This conductive glass was then 
dried at room temperature. Finally, the deposited glass was 
annealed for 10 minutes at 100°C and for 30 minutes at 
500°C in tube type furnace [6]. 
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Fig. 1. Main effect profiles for the responses of interest. 

 
In this study, Ruthenium 535 bis-TBA (known as N719, 

Solaronix S.A., Switzerland), which sensitizes TiO2 very 
efficiently was used as the dye for causing photons to be 
absorbed into the DSC. The dye [cis-bis(isothiocyanato) 
bis(2,2`-bipyridyl-4,4`-dicarbo xylato) ruthenium (II) bis-
tetrabutylammonium, N719] was absorbed by immersing the 
TiO2 photoelectrodes for 12 hours in a 0.5 mL ethanol 
solution [7]. The highly porous oxide layer acts like a 
sponge and there is very efficient uptake of the dye. Iodide-
triiodide couple (I- / I3-) was fully implemented as the redox 
mediator. The gap between the TiO2 photoelectrode and 
carbon counter electrode is then filled with a low-volatility 
electrolyte of 0.5 M LiI, 0.05 MI2, and 0.5 M 4-tert-butyl-
pyridine in 3-methoxy-propionitril which had been injected 
by capillary force into the inter-electrode space [8]. 

Carbon blacks and activated carbon were used as counter 
electrodes in this research. In order to obtain a carbon paste, 
0.2 g of the carbon black powder was sequentially ground in 
a mortar with 1 g of activated carbon, carboxy-methylcellulose 
(CMC) as a binder, 16 mL of D.I. water, and 5 mL of ethanol. 
The ground carbon paste was coated on FTO glass by a 
doctor blade followed by sintering for 1 hour at 150oC in a 
tube furnace. 

The photoelectrode and counter electrode were sandwiched 
with a 50 µm thick spacer made from thermobonding tape 
and heated for several seconds to seal it on three sides 
except leaving one side unsealed. The unsealed side allowed 
the injection of liquid electrolyte between the two electrodes. 
After sealing, the liquid electrolyte was injected into the 
space between the two electrodes using a syringe. 
 
2.2 Design of experiments 
 

Experiments in this study were designed and analyzed 
statistically based on the method of the statistical design of 
experiments (DOE) with the aid of a statistical analysis 
program. For more systematic design and analysis, the full 

 
 

Fig. 2. Interaction profiles for efficiency. 

 
factorial design method was performed with three 
controllable factors, each with two possible levels, in this 
study. Application of this technique to the current 
experiments was useful in determining the factors(s) (TiO2 
particle size (21 and 30 nm diameter), PEG/PEO wt% (20 
and 40 wt%), the amount of Triton X-100 (10 and 30 µL)) 
that has the greatest influence on the performance 
characteristics of DSC and the process results. It was 
considered that the performance characteristics were the 
open-circuit voltage (Voc, mV), short-circuit current (Isc, mA), 
fill factor (FF), and energy conversion efficiency (Eff., %). 

A set of experimental data was acquired from 23 full 
factorial designs with 2 center points followed by 1 
repetition process to characterize process variations with 
three controllable input factors, those contained in each of 
two levels. Thus, the number of total experiments was 20. 
Using statistical analysis performed with a custom statistical 
package, the statistical design of experiments based on full 
factorial design was achieved. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Statistical analysis  
 

Most of the statistical analysis methods depend on the 
assumption that the data sets are sampled from a normal (or 
Gaussian) distribution. However, most actual data from 
experiments unfortunately do not follow the normal 
distribution [5]. It is necessary that data sets not following to 
normal distribution should be transformed using an 
appropriate technique. 

With the four interesting performance characteristics (Isc, 
Voc, FF, and efficiency), the normality test was fully 
employed before the analysis. The results for Isc and FF fell 
below the normal distribution. However the others data sets 
involving Voc and the efficiency, did not fit to the normality 
test. So The Box-Cox transformation (BCT) was followed to 
make them the normal distribution. This transformation can 
be used to attempt to impose linearity, reduce skewness or 
stabilize the residual variance [9]. After the normality test, a 
full model was first investigated to check the main effect and 
2-way interactions. The main effect plots are for individual 
effects of each input parameter. If the slope is zero or lies 
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Table 1. ANOVA table for efficiency. 

 
horizontal in the main effect plots, the corresponding 
parameter has no effect on the response of interest. The 
Main effect profiles for the responses of interest are 
provided in Fig. 1. 
  As shown by the main effect plot provided in Fig. 1, the 
main effect of the particle size is the most significant factor 
that affects Isc and FF; thus, the efficiency is also affected by 
the size of TiO2 particle. Even though the main effect of 
Triton X-100 on Isc was less significant than the other main 
effects, this term could not be eliminated. This kind of 
otherwise insignificant factor can influence the interaction 
profiles. 

The purpose of 2-way interaction plots is to check the 
interactions between two input parameters. Cell efficiency is 
derived from the other responses. For this reason, interaction 
plots for the efficiency were only investigated. Interaction 
profilers for efficiency are provided in Fig. 2.  

The crosslink between TiO2 particle size and PEG/PEO 
wt% was distinguishable from other relationships. In the 
interaction profiles, the lines showing the dependence of a 
number of properties of interest, including efficiency, on the 
amount of Triton X-100 and the TiO2 particle size, were 
almost parallel. To the axes for these latter quantities, showing 
an The interaction turned out to be the most insignificant 
interaction between the amount of Triton X-100 and 
PEG/PEO wt %. 

Regression analysis is a statistical technique for 
investigating and modeling the relationship between 
variables. An important objective of the regression analysis 
is to estimate the unknown parameters in the regression 
model [10]. In general, the response variable y may be 
related to k the predictor variable, x1, x2… xk, so that 
 

εββββ +++++= kk xxxy ...22110                 (1) 
 

This is called a multiple linear regression model because 
more than one predictor variable is involved. In order to 
make a model of the interaction between PEG/PEO wt% and 
Triton X-100 and between TiO2 particle size and Triton X-
100, three interaction terms were excluded due to the 
somewhat high p-value. The required predictions are given 
by Equation (2). 
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Table 2. Process conditions and photoelectric performances of cells. 

 
There are two other ways to assess the overall adequacy 

of the model. These are the use of R2 and adjusted R2. In this 
test of the model, the values of R2 and adjusted R2 are 0.635 
and 0.537, respectively. The coefficient of multiple 
determinations, R2 may be used as a global statistic to access 
the fit of the model. The model accounts for about 63% of 
the variability in the efficiency response. The R2 statistic is 
somewhat problematic as a measure of the quality of the fit 
for a multiple regression model because it always increases 
when a variable is added to a model [11]. The value of R2 
and adjusted R2 was somewhat low. This means that above 
prediction equation does not fit perfectly to real data. It will 
be the subject of future experiments to make uncontrollable 
factors such as the processes of TiO2 paste deposition and 
sealing more controllable and also the amount of electrolyte 
to be more precisely controlled. The analysis of variance is 
presented in Table 1. 
 
3.2 Process characterization 

 
Transmittance is one of the most important parameters in 

the evaluation of solar cells. Amongst various process 
conditions, two were chosen for comparison with each other 
because they showed the highest and lowest efficiency. The 
transmittance comparison is illustrated in Fig. 3. The highest 
transmittance is approximately twice the lowest 
transmittance. It was assumed that the decreased 
transmittance came from thickness augmentations of the 
TiO2 layer according to different process conditions. 

 

 
 
Fig. 3. Transmittance comparison. 

Source DF Sum of 
Squares 

Mean 
Square F-Ratio 

Model 4 0.993 0.248 6.512 
Error 15 0.572 0.038 Prob. > F 

C. Total 19 1.565  0.003 

 Highest 
efficient cell 

Lowest 
efficient cell 

Efficiency [%] 2.791 1.402 
TiO2 particle size [nm] 21 30 
PEG/PEO wt% [wt%] 40 40 
Triton X-100 10 30 
Isc [mA] 7.481 5.172 
Voc [mV] 763.705 773.632 
Fill Factor 0.486 0.350 
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Fig. 4. SEM images of photoelectrode: (a) for highest efficiency cell and 
(b) for lowest efficiency cell. 

 
Thus the building up of both adequate pore size and 

porosity inside the TiO2 photoelectrode led to a higher 
transmittance. This situation was related to a better energy 
conversion efficiency i.e. the higher the transmittance the 
higher is the photovoltaic effect that can be generated. The 
process conditions having the highest and lowest efficiency 
can be seen in Table 2. 

In the wavelength range between 380 and 720 nm, the 
transmittance never exceeded 60%. The reason was that the 
dispersion of the TiO2 paste was not enough. Comparatively 
larger and less dispersed TiO2 particle caused injected light 
to be more highly reflected and dispersed. The surface 
morphology comparison of the TiO2 photoelectrodes with 
the highest and lowest energy conversion efficiencies was 
accomplished using FE-SEM images. The surface images 
were shown in Fig. 4. With reference to Table 2, the 
different average TiO2 particle sizes and the porosity 
structure on the photoelectrode surfaces can also be 
observed in this Figure. 

Well-formed porosity structures lead to high surface areas 
of TiO2 particles followed by plentiful dye absorption. In 
other words, the dispersion of TiO2 particles can affect the 
porosity, the surface states for recombination, the surface 

area which eventually affects the photocurrent, the voltage 
and also the fill factor of the DSC. From Figs. 4(a) and 4(b), 
it seems that the dispersion of nano-sized particles is not 
fully satisfactory, and we postulate that poor dispersion may 
affect the efficiency of the sample. However, dispersion is 
not a controllable factor in DOE, but an intermediate 
material state parameter. For this reason, the amount of 
dispersion is omitted from the list of controllable input 
parameters in our experiment. 

A large amount of dye around the TiO2 particles made cell 
efficiency more competitive. Energy conversion efficiency 
is positively proportional to Isc, Voc, and fill factor. Moreover, 
photoelectric performances of the cells are also listed in 
Table 2. The performances in terms of high efficiency were 
remarkably different from another one in terms of Isc and fill 
factor. There was almost no difference in the Voc response. 
However, it was presumed that a higher sheet resistance of 
the TiO2 surface layer caused a lower Isc. Also it had an 
impacted on the fill factor. The total cell efficiency was 
affected by all the factors considered above except Voc. 
 
 
4. CONCLUSIONS 

 
There are numerous of controllable and uncontrollable 

factors arising during fabrication which can affect the energy 
conversion efficiency of TiO2 photoelectrode fabrications in 
dye-sensitized solar cells. This research was intended as an 
investigation of TiO2 layer fabrication through the statistical 
design of experiments. Using 23 full factorial and 2 center 
points with 1 repetition, more precise experiments can be 
obtained with 3 controllable factors such as TiO2 particle 
size, PEG/PEO wt%, and Triton X-100. 

The modeling and its analysis were done by statistical 
method. The use of DOE allowed quantification and ranking 
of the importance of the factors relative to one another for 
each property studied. In this work, the key points were 
discovered to be the TiO2 porosity, the uniformity of 
structures inside the TiO2 layer, and the accurate dispersion 
of TiO2 paste. However, the dispersion process needs to be 
improved in order to achieve for a high efficiency. Further 
research on the dispersion process is now on going. The cell 
efficiency can be improved by using DOE within the limits 
defined by the finite controllable parameters and this result 
is applicable to other process methods of DSC. 

Further experiments on materials characterization, 
including study of the content of WO3 in TiO2 powder 
mixtures and process conditions, may lead to a substantial 
improvement on fabrication technology in this type of 
research. 
 
 
ACKNOWLEDGMENTS 

 
This work was supported by Korean Ministry of Economy 

and Knowledge (Grant ID: 10031812-2008-11), and authors 
are grateful to the members of IMNP Lab and Mr. Hyunseok 
Lee, currently pursuing his Ph.D. degree in PSU in the US, 
for the meaningful discussion to overcome limited 
experimental apparatus. 



Trans. Electr. Electron. Mater. 10(5) 177 (2009): S. J. Lee et al. 181 

REFERENCES 
 

[1] H. J. Möller, C. Funke, M. Rinio, and S. Scholz, Thin Solid Films, 
487, 179 (2005). 

[2] J. M. Kroon, N. J. Bakker, H. J. P. Smit, P. Liska, K. R. Thampi, P. 
Wang, S. M. Zakeeruddin, M. Grätzel, A. Hinsch, S. Hore, U. W¨ 
urfel, R. Sastrawan, J. R. Durrant, E. Palomares, H. Pettersson, T. 
Gruszecki, J. Walter, K. Skupien, and G. E. Tulloch, Prog. Photovolt: 
Res. Appl. 15, 1 (2007). 

[3] B. O’Regan and M. Grätzel, Nature, 353, 737 (1991).  
[4] A. Hagfeldt and M. Grätzel, Acc. Chem. Res. 33, 269 (2000). 
[5] D. C. Montgomery, Introduction to Statistical Quality Control; 6th  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ed., (John Wiley & Sons, New York, 2005), p. 547. 
[6] G. P. Smestad and M. Grätzel, J. Chem. Educ. 75, 752 (1998).  
[7] A. Zaban, S. G. Chen, S. Chappel, and B. A. Gregg, Chem. Commun. 

22, 2231 (2000). 
[8] M. M. Gomez, J. Lu, E. Olsson, A. Hagfeldt, and C. G. Granqvist, 

Sol. Energy Mater. Sol. Cells, 64, 385 (2000). 
[9] Box, G. E. P. and Cox, D. R., J. R. Statist. Soc. B, 26, 211 (1964). 

[10] D. C. Montgomery, E. A. Peck, and G. G. Vining, Introduction to 
Linear Regression Analysis; 3rd Ed., (John Wiley & Sons, New York, 
2001), p. 217. 

[11] D. C. Montgomery and G. C. Runger, Applied Statistics and 
Probability for Engineers; 4th Ed. (John Wiley & Sons, New York, 
2006), p. 132. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


