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ABSTRACT 

It’s	  widely	  known	  that	  microwaves	  can	  be	  a	  useful	  tool	  when	  it	  comes	  to	  heating	  many	  

different	   kinds	   of	  materials.	   It’s	   much	   less	   known	   however	   that	   compared	   to	   regular	  

convective heating it can exhibit catalytic properties. This project focuses on the 

difference between microwave heating and normal heating and its future in the field of 

solar cell manufacturing. The main purpose was to determine whether efficient DSSC 

could be manufactured by the use of microwaves. Focus was also put on the application 

for flexible polymers. Polymer sintering requires lower temperatures compared with the 

normally used substrates and they tend to have lower efficiencies. If the efficiencies can 

be raised these types of cells can become a cheap viable option by means of the so called 

roll-to-roll manufacturing. 

A clear improvement was seen in both efficiency and deviation when sintering by 

microwave heating compared to that of normal convective heating. Electrodes sintered 

by microwaves tend to show about double the performance in these cases. Another 

effect that was examined was the combined heating effect of TiO2 on conductive 

substrates. The combined heating of FTO and TiO2 can be about 30% higher than the 

additive heating. This is of course important from the perspective of manufacturing 

performance.  

Sintering a pure TiO2 paste by microwaves on a ITO:PEN substrate a DSSC efficiency of 

5.5% was achieved which is a reasonably good result when compared with that of other 

polymer cells. Especially considering that this was a basic test. The electrode was only 

sintered for 2min and the paste was simple. This demonstrates that roll-to-roll printed 

DSSC is not a farfetched concept. Following that further work on similar cells are 

strongly encouraged.  

Some work was also put into creating solvothermally grown nanosheets combined with 

nanoparticles to create a hybrid cell in hopes of lowering electric resistivity and 

subsequently increasing overall solar cell performance. No real conclusions can be 

drawn in terms of increased performance. However there might be some indications of 

decreased losses but more time is needed on experimental work. The current results 

might however still prove valuable information for some readers. 
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INTRODUCTION 

This research project involves doing basic research on the sintering of TiO2 pastes, 

solvothermal synthesis of TiO2 nanosheets and the material characteristics of oxides for 

use in solar cells. The focus is on the sintering of oxides for next generation solar cell 

fabrication through printable processes. This means doing experiments on flexible 

conductive transparent polymers and microwave sintering. It is at the center for 

allowing researchers to fabricate cheap solar cells and other electronics in the so called 

roll-to-roll or RTR fashion.  

Much work was done on microwave sintering at low temperatures and some tests were 

performed which involved actual sintering on TCP. Realizing effective oxide sintering at 

temperatures at which TCPs can survive takes researchers one step closer to realizing 

RTR printing of DSSC or other kinds of solar cells and applications. This can be 

technically difficult since electrode performance tends to diminish as sintering 

temperature is lowered.1 

There are a number of other problems that have to be overcome before RTR 

manufacturing can be a viable option but in the near future it has the potential of 

reducing the overall manufacturing cost dramatically.2 

In this project all of the work was done on DSSC and TiO2. The focus is on the electrode 

performance and sintering but the main analysis process was to assemble functional 

DSSC from the electrodes and measure for IV-characteristics amongst other methods. 

It’s	   by	   far	   the	   most	   telling	   way	   to	   do	   things	   if	   one	   works	   towards	   increasing	   SC	  

performances.  

One could of course do measurements directly on the oxides like HAL-measurements for 

example but one easily misses factors such as coupling to electrolytes and the dye which 

are very important aspects of performance.  

The other part of the project involves experiments on solvothermal synthesis of TiO2 

nanosheets by means of microwaves for use in DSSC. Hybrids structures were made 

which combined nanosheets and nanoparticles in a layered structure.  
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The main purpose for this is the thought that nanosheets should have a much better 

conductivity compared to that of conglomerated nanoparticles. There is such a thing as 

mode conduction which appears in thin mesoscopic structures such as nanosheets.3 

However using only nanosheets the surface area might be small compared to that of a 

nanoparticle structure but using nanosheets as the skeleton with nanoparticles in-

between the system might have both low resistivity and high absorption.  
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BACKGROUND 

FLEXIBLE SOLAR CELLS 

The reason for this project is mainly that currently solar cells are still very expensive. 

There are research going into finding cheaper materials but much of the cost is of course 

in the cost of construction or fabrication.5 Typically solar cells use materials that require 

very high fabrication temperatures and in the case of for example silicon doping is 

required which in turn turns raises costs further.6 

One way to minimize expenses in terms of heating is to use lower temperature materials 

and only heat the material itself and not the surrounding. It might sound weird to some 

but	  this	  is	  exactly	  what	  microwave’s	  been	  doing	  for	  decades.	  One	  interesting thing about 

using microwaves is that they in some cases demonstrate a catalytic effect and therefore 

heating	  doesn’t	  have	  to	  be	  equally	  long	  and	  intensive	  to	  that	  of	  a	  normal	  oven.7 

Today to my knowledge many solar cells in production are prepared one unit at a time. 

It’s	  usually	  very	  time	  demanding	  especially	  the	  heating	  phases	  and	  one	  therefore	  needs	  

to have a lot of parallel heating and large ovens which can be very costly.   

Being able to fabricate cell truly continuously would be huge improvement not only to 

that of solar cell fabrication but it also has other applications like cheap sensors. Much 

work is put towards developing not just solar cells but TiO2 based gas sensors.7  

Large scale RTR fabrication of flexible solar cells should be able to reduce cost and 

expedite production dramatically. This can be realized by using nanoparticle pastes on 

flexible transparent conductive polymers.2 If this is achieved well enough then one 

should be able to continuously keep rolling out devices possibly even at a high speed if 

one can combine this with the use of for example microwave sintering. 

Because of the advantages of flexible solar cells there has of course been much research 

effort on the subject. There are however not as much research on the use of microwave 

heating	  in	  this	  manner.	  When	  it’s	  attempted	  a the resulting cells usually have a relatively 

low efficiency which is probably contributed to the low sintering temperatures required 

for sintering on conductive polymers.8  
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LARGE AREA NANOSHEETS 

In the case of many solar cells one of the problems with trying to achieve higher 

efficiencies is that the contact area between the p and n type materials is low. In order to 

improve this many different kinds of nanostructures has been devised for example 

nanoparticle based mesoporous structures in case of DSSCs.9 They have problems 

though; one is that the series resistance is high in such systems. A better way might be to 

use nanorods which allows for mode conduction if they are small enough.10 

However one usually cannot see any significant difference between the two systems. 

One	   of	   the	   problems	  may	   be	   that	   crystals	   have	   different	   faces	   and	   all	   usually	   doesn’t	  

demonstrate good characteristics. Nanorods have most of their crystal faces exposed 

which might be disadvantageous. A better way might be to use thin sheets and one can 

then choose to express the optimal crystal indices in a huge excess compared with less 

desirable ones and still retain mode conduction if they are thin enough.  

Additionally by combining the use of a mesoporous structure with that of a nanosheet 

structure one might be able to increase the surface area dramatically and still possibly 

retain a high conduction. This could increase the efficiency of DSSCs but it might also be 

a good system for organic solar cells. By using the structure as a skeleton for the 

polymers increasing the effective area should increase efficiency.  
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TIO2 PROPERTIES 

Since this report deals with TiO2 to	   a	   high	   degree	   it’s	   only	   natural	   to	  write	   about	   the	  

properties of the oxide and its general tendencies and behavior. 

TiO2 is an n-type semiconductor with a band gap of about 3eV.11 There are three 

naturally occurring allotropes of titanium dioxide and they are called anatase, rutile and 

brookite. Anatase and rutile are the most utilized but probably mostly due to the 

difficulty of producing brookite.12  

This oxide is widely used today but much of the usage is from the nanoparticle form of it. 

For	  example	  it’s	  used	  as	  a	  pigment	  and	  as	  a	  UV-blocker in sunscreen. It can also be found 

in food and cosmetic products and in toothpaste.13  

Like many kinds of materials the physical properties can differ a lot from bulk state to 

nanostructured state. It can differ wildly depending on the size and the shape of the 

nanostructures. Of course this is a very active area of research when it comes to TiO2. 

 

FIGURE 1. RUTILE STRUCTURE (A) AND ANATASE CRYSTAL STRUCTURE (B).14 
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The following images were taken from RRUFF and it depicts powder diffraction 

measurements on different kinds of allotropes of TiO2. It’s	  a	  good	  reference	  for	  

determining the composition of various XRD measurements on TiO2 in this document. 

 

FIGURE 2. ANATASE XRD POWDER DIFFRACTION.14 

 

FIGURE 3. RUTILE XRD POWDER DIFFRACTION.14 

 

FIGURE 4. BROOKITE XRD POWDER DIFFRACTION.14 
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Since TiO2 has a large band gap and a non-diffusing structure it can be transparent to 

visible light which can be very advantageous for many kinds of applications, for example 

solar cells. It will however absorb UV radiation to some degree.15 When dealing with 

solar	  cells	  however	  this	  isn’t	  much	  of	  a	  problem	  since	  much	  of	  the	  UV	  is	  stopped	  by	  the	  

atmosphere and most of the energy that can be harvested is in the visible and near-IR 

region.16  

Another fact speaking in the favor of using TiO2 is the fact that it is non-toxic which 

makes it much easier to work with compared to other materials.17 Having a solar cell 

that is less toxic compared to another is of course a huge advantage both economically 

and in terms of safety. 
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DYE SENSITIZED SOLAR CELLS 

This project focuses on the properties and sintering of titanium dioxide for the use in 

solar	  cells.	  Therefore	   it’s	  only	  natural	   to	   talk	  about	   the	  solar	  cells	  which the project is 

about, namely DSSC or Dye Sensitized Solar Cells. They are a quickly growing type of 

solar cell and they hold a lot of potential. Currently the lab performance stands at 15% 

which is comparable to other kinds of solar cells.18   

STRUCTURE 

A typical DSSC has a forward electrode covered with some kind of transparent 

conductive oxide or TCO. A porous oxide is deposited on the substrate and the surface of 

that oxide is then covered in dye molecules.21 The dye molecules can be almost any kind 

of dyes, even nanoparticles work as light absorbers.19 

Besides the previously mentioned things the entire structure is also filled with a hole 

transport fluid or electrolyte that places the dye molecules in electrical contact with the 

back electrode. Usually the back electrode is a TCO substrate that has been deposited 

with platinum. 21 Other kinds of electrodes are used however like graphite for instance.20 

The following image is a simplified 3d-representation of a typical DSSC. On the bottom is 

glass covered in a transparent conductive deposition which is usually FTO or ITO. A 

mesoporous semiconductor structure is attached to the TCO and dyes are fixed on the 

structure surface. The structure is filled with an electrolyte that puts the dyes in 

electrical contact with the back electrode represented on top.21  

 

FIGURE 5. THE STRUCTURE OF THE DSSC. 
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OPERATION 

The basics of a DSSC are very simple. A dye molecule or injector absorbs light and 

releases one or two electrons that can be used to extract electrical energy. By attaching 

the dyes exited level to that of a conductive materials fermi level one should be able to 

see	  a	  potential	  buildup	  in	  the	  material	  when	  it’s	  exposed	  to	  light.21  

In order to get a current a regeneration path has to be made between the dyes and a 

counter electrode. This will replenish their valence electrons after an injection event. In 

DSSC this is done by using high work function electrolytes that has roughly the same 

potential as the dyes relaxed electron states. The most commonly used ones are iodide 

solutions but there are others like cobalt complexes.22 

Sadly	   it	   isn’t	   enough	   to	   have	   just	   a	   flat	   surface	   covered	   with	   dye	   molecules;	   the	  

absorption flux is far too low. In order to solve this problem researchers utilize porous 

structures to increase the surface area and still allow for good regeneration and 

current.23 Typically this oxide is TiO2 because of its useful properties like wide 

conduction band which	   means	   it’s non-absorbent or diffuse to visible light amongst 

other factors. This allows the dyes to come in contact with a lot of light even if they are 

in the middle of the structure.24  

Since there is some UV-absorption by the TiO2 the cells work even without dyes but not 

as efficiently. This also demonstrates the big flexibility in the fermi level of TiO2 as the 

open cell voltage of a “normal” cell can be more than twice that of a cell that is only 

exposed to UV light. 

The following image is a simple experiment performed with the sol-gel paste (see paste 

section under methods) sintered in an oven at 450OC for 30min with a 30min rise time. 

The cells have no dye and are only exposed to UV-light at AM1.5 but still solar cell 

characteristics are seen. The gray area represents the 95% normal distribution 

calculated from all the measured cells. 
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FIGURE 6. EXAMPLE OF NO DYE ONLY TIO2 DSSC. 
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PROBLEMS 

There	  are	  a	  number	  of	  reasons	  why	  DSSC	  aren’t	  a	  highly	  competitive	  option	  in	  the	  solar	  

cell industry, at least not yet. Currently dyes are very good and many of them have 

quantum efficiencies that are high but most dyes have a potential step to the oxide 

which results in a reduced overall cell potential.25 

There is also the fact that electrons can return to the dyes or go straight to the 

electrolyte instead of going through the oxide. There are also transport losses like 

recombination and of course classical resistance that reduce the current and potential.26 

One of the biggest problems though is the fact that no dye known absorbs all useful light 

coming from the sun. This can be improved by using multiple dyes but only to a certain 

point.27 

DSSC can also be a bit volatile and hazardous considering the types of chemicals that are 

involved in making them especially the electrolytes. Stability is a very important factor 

in solar cells. If the cells work for a longer time then obviously they will be more cost 

effective. Creating more stable flexible polymer DSSC is an active area of research.28 
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CHEMICALS AND MATERIALS LIST 

This section contains a description of the materials and chemicals used in the project. 

Excluded are measurement equipment and chemistry supplies like beakers and similar. 

For information on the measurement and fabrication techniques see the experimental 

sections and the methods chapter. 

MATERIALS 

� FTO-glass (fluorine doped tin oxide) bought from Solaronix (TCO22-7). 

� Saline sheets 100µm thick also acquired from Solaronix. 

� ITO:PEN sheets purchased from Peccell. 

� Non-reactive tape used for masking. 
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CHEMICALS 

GENERAL 

� Ethanol anhydrous 99.8% bought from Sigma-Aldrich. 

� TiCl4 0.09M in 20wt% HCl also purchased from Sigma-Aldrich. 

 

OXIDE PASTES 

� TiO2 low temperature paste purchased from Peccell (PECC-01-06). 

� TiO2 paste purchased from Solaronix. 

� P-25 a mix of TiO2 nanoparticles about 20nm purchased from Sigma-

Aldrich. 

� Ti-isopropoxide 99.999% purchased from Sigma-Aldrich. 

� Citric acid 99% purchased from Sigma-Aldrich. 

� Ethylene glycol by Sigma-Aldrich 99.8% pure. 

DYE SOLUTION 

� Ruthenizer 535-bisTBA or N719 (cis-diisothiocyanato-bis(2,2ʼ-

bipyridyl-4,4ʼ-dicarboxylato) ruthenium(II) bis(tetrabutylammonium)) 

was used as a sensitizer in all solar cells in the project and it was 

purchased from Solaronix.  

 

FIGURE 7. N719 DYE. 

� Tert-butanol 99.5% and also purchased from Sigma-Aldrich. 

� Acetonitril anhydrous 99.8% purchased from Sigma-Aldrich. 
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SOLVOTHERMAL SYNTHESIS 

� Hydrocloric acid purchased from Sigma-Aldrich. 

� (NH4)2TiF6 or 2-Ammonium-Ti-Hexafluoride 99.99% bought from Alfa 

Aesar. 

� Ti(OBu)4 or Ti(IV)Butoxide above 97.0% from Sigma-Aldrich. 

ELECTROLYTE SOLUTION 

� Valeronitrile 99.5% pure from Sigma-Aldrich. 

� 1-Butyl-3-methylimidazolium iodide 99% from Sigma-Aldrich. 

� I2 anhydroud 99.999% from Sigma-Aldrich. 

� Lithium iodide or LiI 99% from Sigma-Aldrich. 

� TBP or 4-tert-butylpyridine 96% purchases from Sigma-Aldrich. 

� Acetonitrile 99.8% from Sigma-Aldrich. 
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METHODS 

IMPEDANCE SPECTROSCOPY 

Impedance spectroscopy is a useful tool for evaluating electrical circuits. It can even tell 

the user something about the chemistry of a device if properly analyzed.29 The basic 

principle is at some bias point (DC potential) a usually small AC signal is appended and 

its frequency is swept over some range. One looks for the change in amplitude of the 

wave and also the phase difference from the ideal open circuit case to that of the actual 

circuit. Combining both can make an impedance graph in the complex coordinate plane. 

Depending on the shape of this curve one can retrieve different types of vital 

information from the circuit. One can for instance determine the capacitances and 

resistances. In the case of semiconductors one can usually determine majority carrier 

lifetime, diffusion constants and more.30 

 

FIGURE 8. EXAMPLE OF CIRCUITS AND CORRESPONDING SPECTROSCOPY CHARACTERISTICS.30 

In the case of DSSC most cells take the form of the example on the right. A cell is subject 

to a series resistance, parallel capacitance but also a series of recombination processes. 

Two of the major effects are electrons returning to the electrolyte and not staying in the 

oxide. The other one is electrons falling directly to the valence band. In both cases the 

lost energy is converted to either light or heat. These kinds of effects can be modeled as 

simple resistors because they reduce voltage over distance and reduce the overall 

current so the result is the same as if there were a resistor there instead.30  
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When a system like this is measured with impedance spectroscopy a few useful 

parameters can immediately be extracted. Firstly there is the series resistance which is 

the distance between zero and the beginning of the curve at the x-axis (see R2). This 

should remain relatively unchanged when changing bias or the illumination level but it 

depends on the stability of the semiconductor. Another parameter is the recombination 

resistance	  as	  it’s	  called	  and	  this	  is	  the length of the arc measured on the x-axis as well. 

This is very much affected by bias and illumination level.30 

Another thing that can be done is to extract the majority carrier lifetime and the 

diffusion constant. Both are fairly straight forward and they can be calculated easily 

from the raw data. By using the top point frequency of the arc one can calculate the 

lifetime by the equation; 

(EQUATION 1) 𝜏 =
1

𝑅 𝐶
= 𝜔 = 2𝜋𝑓  

 

Similarly one can extract the diffusion constant from the lower frequency range when 

the arc goes back to zero and reaches its highest resistance.  

(EQUATION 2) 𝐷 =
𝐿

𝑅 𝐶
= 𝐿 = 2𝜋𝑓𝐿  

 

 

In this case L is the deposition thickness of the oxide and Rt is the transmission 

resistance or the series resistance. This expression can of course be used to calculate the 

capacitance of the system since one knows the series resistance.30 
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MICROWAVE HEATING 

When experimenting with microwave heating a 2.45 MHz high power generator was 

used in combination with a single mode waveguide all purchased from Fuji Electronic 

Industrial Co. 

Single mode refers to the standing waves resulting from a wave being trapped in a box 

of appropriate dimensions (depending of course	  on	  the	  desired	  frequency).	  It’s	  possible	  

to heat a sample by only electric or magnetic fields in such a setup.31 This can simplify 

experimentation	   a	   great	   deal	   since	   one	   doesn’t	   have	   to	   worry	   as	   much	   about	   field	  

distribution and not knowing which aspect of the field the material is susceptible to 

(electric or magnetic). 

The two images below shows the microwave chamber used in the heating experiments. 

The first image shows the antenna input and to the right is the tuner used to change the 

box dimensions.  

 

FIGURE 9. THE SINGLE MODE MICROWAVE CHAMBER. 

 

The next image however shows the interior of the chamber. There are holes at the sides 

and at the top and bottom which makes it possible to insert samples and to observe at 

the same time and from various directions. In all experiments only the E-field maxima 

point was utilized and the vector direction is in and out of the image. The E-field 

direction is significant as experiments show that it affects the absorption to a high 

degree.  
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FIGURE 10. INTERIOR OF THE MICROWAVE CHAMBER. 

 

The image below is an example of a heating experiment; in this case it was a TiO2 paste 

deposition on FTO at 5W of output power. In order to observe the temperature inside 

the chamber IR-thermography is used but in such setups one has to measure the 

substrate emissivity (see IR-measurement section). 

 
FIGURE 11. TYPICAL MW-HEATING CURVE OF TIO2 ON FTO AT 5W. 
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IR-MEASUREMENT 

In order to determine the sample temperature when doing microwave experiments an 

infrared camera was used. These do not provide the actual temperature and one must 

always	  measure	  the	  sample’s	  emissivity.	  This	  was	  achieved	  by	  placing	  the	  samples	  on	  a	  

hotplate and correlating the hotplate temperature with that measured by the IR-camera. 

This relationship is always linear, at least with all the samples used in this project. From 

this measurement a conversion function can be approximated and the temperatures 

measured by the IR-camera can be converted into real degrees.  

It’s	  important	  when	  measuring	  on	  a	  hotplate	  to	  try	  to	  encapsulate	  the	  sample.	  If	  one	  just	  

places the sample on top, especially if the sample is thick then the bottom will not be the 

same temperature as the top. This of course does depend on the heat transfer constant 

between the sample and the surrounding air. In the case of determining emissivity in 

this project an aluminum box was made with a small hole used to look inside with the 

IR-camera. If one is to be extra thorough one should determine the emissivity of the air 

and compensate for that as well. Such a high accuracy is however not needed in this 

project and	  wasn’t	  measured. 

 
FIGURE 12. EMISSIVITY FITTING BY MEASURING SAMPLE ON HOTPLATE. 
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It’s also important to describe how the sampling is done in terms of measurement points. 

The cells are all identical so the measurements points are mostly in the same position. 

It’s	  difficult	   though	  to	  make	   it	  exactly	  the	  same	  position	   for	  each	  experiment since the 

positions change. The same pattern was applied however which was a five point on the 

CTO substrate and 5 points on the oxide. The oxide points are the ones that are most 

important of course but keeping track of the substrate temperature is also important. It 

can also help to verify the validity of the temperature since the difference in 

temperature between the substrate and oxide should not be great especially close to the 

deposition. 

 

FIGURE 13. MEASUREMENT POINT PLACEMENT FOR IR. 
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IV-MEASUREMENT 

IV-measurements are a big part of this project but they are straight forward and easy to 

use so this section will not be all that intricate.  

When measuring generators, batteries and solar cells a biasing voltage is applied and the 

current is measured. Stepping through a range of voltages tells the one a lot about the 

power source. In the case of generators and solar cells contrary to batteries one needs to 

provide a power input. To solar cells that is of course to irradiate the cells with the 

frequencies of light that they are susceptible to.32 

A custom setup was used to make the measurements and the details are not known. 

However the setup has been inspected by consultants in the field and the system is 

compared before every measurement time to a sensitive calibration cell. This should 

hopefully ensure that the measured cells are correctly represented. 

The solar cell simulator is calibrated for AM1.5 and before every time one does a 

measurement the output is calibrated like previously	   stated.	   It’s	   important	   to	   note	  

however that even though these setups try to match the solar spectrum closely they are 

never perfect.33 

 
FIGURE 14. EXAMPLE OF IV-MEASUREMENT DSSC. 
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PASTES 

PECCELL PASTE 

This paste was purchased from the company Peccell and its intended use was for low 

temperature sintered electrodes in DSSCs.   

Following is an XRD taken of the Peccell paste sintered on a quartz substrate at 200OC 

for 30min in a regular oven. Heating this paste results in a mesoporous structure which 

is mostly composed of anatase but it also contrains smaller amounts of rutile and 

brookite. 

 
FIGURE 15. XRD OF SINTERED PECCELL PASTE. 
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PURE TIO2 PASTE 

A pure TiO2 paste was made in order to compare the quality of the Peccell paste. Mixing 

P-25 TiO2 nanoparticles with ethanol and mixing gives a solution but with too low 

viscosity to be of any use. It was thought that adding HCl to the solution should maybe 

conglomerate the particles and increase the viscosity. A similar study exists and the 

researchers proposed a dehydration reaction to explain what is happening.34 

 

FIGURE 16. IMAGE OF THE CONGLOMORATION REACTION. 

The resulting solution increases in viscosity as more HCl is added. In the experiments 

performed the molar concentration used was about 0.03M. The paste works fine and the 

advantage	  is	  that	  it’s	  very	  volatile	  and	  even	  at	  room	  temperature	  the	  paste	  quickly	  dries.	  

This makes it possible to sinter at very low temperatures, far below that of common 

pastes.	   It’s	   however	   worth	   mentioning	   that	   since	   the	   paste	   is	   highly	   evaporative	   it’s	  

difficult to apply compared to high temperature pastes. 
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SOL-GEL PASTE 

This paste is a mix of purchased TiO2 nanoparticles and a sol-gel paste in order to 

facilitate particle binding. The paste is a mixture of Ti-isopropoxide, citric acid and 

ethylene glycole. 

First ethylene glycol is heated to 60OC and while stirring the Ti-isopropoxide is added 

slowly. The solution is stirred for about 5min and then the temperature is increased to 

90OC and the citric acid is then added. The solution is stirred until it turns clear and 

5min beyond that.  The molar ratio is 1:6:24 (Ti-isopropoxide : citric acid : ethylene 

glycol).35 

Nanoparticle base is used in combination with the sol-gel solution which was P-25. The 

ratio between P-25 and Ti-isopropoxide is 7 to 1. When the sol-gel solution is ready the 

nanoparticles are added slowly while stirring. The resulting paste is rather viscous but 

this can be controlled by changing the ratio of nanoparticles to the sol-gel solution.35 
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DSSC FABRICATION 

All DSSC that were made during the course of this project were of the closed cell type. In 

this section their construction is explained. It seems much more efficient to combine the 

procedure for the cells into one section than to explain it for every experiment since 

they are usually identical. 

FTO GLASS 

A transparent conducting oxide on glass was used during the course of the project 

(Solaronix TCO22-7), both for the forward electrode and for the back electrode. Using it 

for	  the	  back	  electrode	  is	  of	  course	  not	  necessary	  but	  it’s	  convenient	  when	  at	  hand.	  The	  

type of material used in this study is fluorine doped tin oxide or FTO with a conductivity 

of 250 ± 30µΩcm. From the Scherrer equation one can see that the glass is a 

polycrystalline material because the calculated crystal size is much smaller than the 

layer width which should be about 4µm.36 

(EQUATION 3) 𝜏 =
𝜅𝜆

𝛽cos  (𝜃)
= 26𝑛𝑚  

 

 
FIGURE 17. XRD TAKEN OF THE FTO-GLASS USED TO MAKE THE DSSC. 
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The material is of course not perfectly transparent and losses are usually frequency 

dependent. Providing a better transparent forward electrode could theoretically 

increase	   efficiency	   by	   one	   or	   two	   percentage	   points.	   Although	   significant	   as	   it	   is	   it’s	  

difficult	   to	   create	   a	   better	   one.	   Usually	   it’s	   a	   tradeoff	   between	   conductivity	   and	  

transmission. 

 

 
FIGURE 18. THE ABSORPTION CHARACTERISTICS FOR THE FTO GLASS. 37 
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PLATINUM ELECTRODE 

In order to prepare platinum electrodes one first has to cut out 2x1cm pieces of FTO-

glass. By using a diamond cutter a tracer line is made and the pieces are then split by 

bending the glass. Holes are then drilled with a diamond-tipped drill from the non-

conductive side and the pieces are washed for 10 min in a basic cleaning solution with 

an ultrasonic stirrer. After that the electrodes are washed first in DI-water and then in 

pure ethanol. They are then placed in a UV-O3 system for 18min.  

At this point one drop of an H2PtCl6 0.01M solution is dripped on the surface and spin 

coated for 30s at 1840RPM. They substrates are then put in an oven at 400OC for 15min 

with a 30min rise time. 

  



 
 
 

29 
 

TIO2 ELECTRODE 

The titanium electrode is made with the same FTO-glass as the platinum electrodes and 

with	   the	   same	  dimensions.	  Usually	   though	   the	  glasses	  aren’t	   cut	   at	   first	  but	   the	  entire	  

piece is washed by physically rubbing it with alcohol and drying with N2 gas. The glass is 

then placed in a UV-O3 machine for 18 min and after that 30 min in 0.04M TiCl4 at 70OC. 

This makes a uniform titanium-oxide layer about 25nm thick on the glass which helps to 

prevent short circuits and minimizes series resistance.38  

After the TiCl4 treatment the glass is washed in pure ethanol and a tape mask is placed 

upon it and a TiO2 paste is applied. Before the tape is removed the glass is heated to 

125oC for a few minutes until the paste has dried. If this step is ignored the paste might 

lose its form when the tape is removed.  

The tape is then removed and the glass is heated again. The manner of the heating 

differs depending on the test being performed so a general type cannot be described 

here.  

After heating though the electrode has to be cut and placed in a dye solution which in 

these tests consists of 1:1 acetonitrile and tertiary-butanol with 0.5mM N719 dissolved. 

The	   submersion	   time	   usually	   is	   between	   20	   and	   24	   hours	   and	   when	   it’s	   over	   the	  

electrodes are washed in pure ethanol and dried with N2 gas. Shorter submersion times 

can be used since saturation usually is reached long before 20 hours.39 At this point the 

electrode is completed and ready for final assembly. 
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SALINE SEPARATOR 

In order to separate the two electrodes and at the same time glue them together saline is 

used. In these experiments a 100um thick saline sheet was used if not otherwise 

specified. The individual pieces are cut from a single sheet by the use of a laser cutter 

and then separated from all the excess by tweezers and washed in alcohol and dried 

with an N2 gun. The shape of the cut can be found in the assembly section. 
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ELECTROLYTE PREPARATION 

In all DSSC tests the same electrolyte was used and its preparation will be explained in 

detail in this section. 

� Imidazolium 0.716g 

� VN 0.66g 

� I2 0.026g 

� LiI 0.066g 

� TBP 0.329g 

� AN 3.22g 

The electrolyte is prepared completely in a pressurized nitrogen chamber to avoid 

evaporation and oxidation. The procedure is very simple, one only need to fill a flask 

with the different compounds. One has to be careful though since many of these 

compounds are very viscous and can be difficult to accurately measure and handle. The 

order of which the chemicals were mixed is the same as the list from top to bottom. 
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FINAL ASSEMBLING 

Align the electrodes and press them together with a 125oC metal piece and a few 

kilograms of force for 10 seconds. Then put the assembly on a 125oC hotplate and press 

again for about 15 seconds and making sure that no air bubbles are present in the saline. 

Since the dye on the TiO2 can be sensitive to heat it should never be applied to that side 

directly. 

Once the electrodes are glued together the electrolyte can be injected. Try to make sure 

that as much air as possible escapes through the second hole. The method of sealing at 

this point can differ. One can take a piece of saline and a piece of glass and press against 

the platinum electrode on a hotplate effectively sealing it. But one can also apply a 

sealant to the holes and maybe even around the entire side of the cell and so to even 

further increase the seal. 

It’s	   prudent	   to	   shake	   the	   cells	   after	   they’re	   closed	   to	   force	   air	   that	   might	   have	   been	  

trapped towards the holes. Furthermore the electrode ends are always covered with 

solder in order to decrease potential connection resistances. This can be tricky and an 

ultrasonic soldering iron is helpful for depositing it on the glass. 

 

 
FIGURE 19. DIMENSIONS OF THE CLOSED CELL DSSC. 
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FIGURE 20. SHOWING HOW TO ASSEMBLE THE DSSC. 
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MICROWAVE SINTERING VS. NORMAL HEATING 

EXPERIMENTAL 

A low temperature TiO2 paste was purchased from Peccell for this experiment. The 

experimental purpose was to determine if there is a difference between sintering by 

microwaves or that of a regular oven. A few different parameters were investigated, 

sintering at different temperatures and with different sintering times. Even though the 

goal is to work towards flexible solar cells the heating characteristics of TiO2 can still be 

partially investigated on other substrates, which in this case is FTO-glass.  

For the experiment a 0.25cm2 and 30µm deposition was made on FTO-glass pieces with 

the dimension 2x1cm (see the DSSC construction page for further information).  They 

were put in a single mode microwave or a regular oven for varying lengths of time and 

at different temperatures. The samples are all heated in the electrical part of the MW 

field.  

In all cases the sintering temperature was controlled not to exceed 200OC since the 

purpose of the study is to work towards polymer solar cells and most do not survive 

higher temperatures than that. After sintering the samples are allowed to cool and they 

are then placed in a dye solution for 20 hours and DSSCs are then fabricated from the 

electrodes (once again see DSSC fabrication for detailed information). 
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RESULTS 

A XRD was taken of the paste after sintering in an oven for 30min at 200OC. Comparing it 

to other diffraction experiments suggests that the resulting oxide is composed mainly of 

anatase but with smaller amounts of rutile.14 

 
FIGURE 21. XRD TAKEN OF THE SINTERED PECCELL PASTE ON A QUARTZ SUBSTRATE. 

 

IPCE was also taken from one of the cells heated in oven at 200OC for 30min. 

 
FIGURE 22. IPCE OF A CELL SINTERED IN OVEN AT 200OC FOR 30MIN. 
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The following is a comparison between IV-characteristics of DSSC fabricated from 

electrodes sintered in oven at 10min (gray) and with microwaves at 3.5W for 10min 

(black). 

 
FIGURE 23. IV-CURVE COMPARISON OF PECCELL DSSC. 

 

It’s	  clearly	  seen	  that	  at	  least	  with	  this	  paste	  sintering	  in	  microwave	  is	  far	  superior	  at	  the	  

temperature of approximately 200OC. Not only does the sintered oxide perform better as 

a DSSC but the result is more conform. 
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Impedance spectroscopy was performed in dark conditions of the cells which were 

sintered at 200OC at 10min in oven and by MW. The black curve is the cell that was 

sintered by means of microwaves and the gray one is the oven sintered cell. 

 
FIGURE 24. IMPEDANCE SPECTROSCOPY OF MW VS OVEN. 

 

From the cells that were sintered at 200OC for 10min several pieces of information were 

collected and calculated and they are listed in the following table. 

DESCRIPTION MW 200OC OVEN 200OC 

EFFICIENCY 4.4 ± 0.2% 2.5 ± 0.4% 

FF 58 ± 4% 64 ± 0.5% 

VOC 0.75	  V	  ±	  6‰ 0.67 V ± 1.3% 

JMAX 10 ± 0.3MA/CM2 5.8 ± 0.8MA/CM2 

CAPACITANCE 19.8 ± 0.5µF 6.24 ± 0.1µF 

RS 70 ± 3Ω 78 ±9Ω 

RSH 3.3 ± 0.6KΩ 3.8 ± 0.5KΩ 

DIFFUSION 0.125 ± 0.006µ/CM2/S  1.3 ± 0.1µ/CM2/S 

LIFETIME 0.318  ± 0.02S 10 ± 1MS 

DIFFUSION LENGTH 204 ± 6µM 112 ± 9µM 

TABLE 1. DIFFERENCES BETWEEN MW AND NORMAL HEATING. 
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A graph was prepared to demonstrate the difference between some of the tests in order 

to make it easier to depict the difference in performance between the two sintering 

methods. All the samples in this graph were sintered at approximately 200OC. Please 

note that the radiuses	   of	   the	   circles	   aren’t calculated uncertainty but the normal 

distribution taken from the sample population. 

 
FIGURE 25. EFFICIENCIES OF DIFFERENT SINTERING TIMES AND TYPES. 
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DISCUSSION 

In the case of the Peccell paste at low temperatures the superior method of sintering is 

clearly by means of microwaves. Not only do they allow for a faster and more efficient 

sintering process they also enhance the physical characteristics of the TiO2 oxide in 

these experiments. Not all parameters are better though. The diffusion constant is much 

higher in the case of normal heating which was unexpected.  

Comparing	   the	  measured	  efficiencies	  and	   taking	   into	  account	   the	  distribution	   it’s	  very	  

clear that at least for these cases sintering in electric fields is about 200% better. It does 

however depend on the sintering temperature and the sintering time. It also seems to 

indicate that when microwave sintering the samples saturate quickly, given that the 

1min	  and	  10min	  tests	  aren’t	  that	  largely	  separated.   
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LOW TEMPERATURE ITO:PEN 

PECCELL PASTE 

EXPERIMENTAL 

A low temperature DSSC was fabricated by sintering the Peccell paste 0.25cm2 on a 

ITO:PEN polymer by means of microwaves. The heating was performed at 0.5W which 

previous experiments determined results in a saturation temperature of about 200OC. 

Higher temperatures than that result in polymer destruction. The production is difficult 

and a bit unstable. Sometimes the polymer absorbs more microwaves in one spot and 

quickly fails. This is probably the result of impurities but this is of course only conjecture. 

Before paste application and sintering the sheets were washed in high purity ethanol 

and dried with a N2 gun. Even so there is plenty of room for dust particles for example to 

attach to the surface and possibly affect the absorption. 

Fabricating	  completely	  flexible	  DSSC	  can	  be	  problematic	  and	  since	  it’s	  not	  really	  a	  part	  of	  

this study only the oxide electrode was made from PEN:ITO and the counter electrode 

was fabricated in the usual fashion by platinum deposition on FTO. This still gives plenty 

of	  insight	  as	  the	  problem	  with	  flexible	  SC	  isn’t	  really	  the	  counter	  electrodes. 

Two types of test were conducted both identical but for the sintering time which was 

1min and 2min in each case. Besides the difference in the electrode preparation the way 

the DSSCs are constructed is unchanged. 
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RESULTS 

The following is the resulting IV-characteristics of two of these cells. The one with the 

higher current density was sintered for 2min and the lower for 1min. With these types 

of cells saturation occurs quickly. 

 

 
FIGURE 26. PECCELL-PEN-DSSC MW SINTERING AT 1MIN AND 2MIN. 

 

The MW-heating profile of Peccell-PEN at 0.5W output power. The power was turned on 

for about 6min in this case. 

 
FIGURE 27. TYPICAL HEATING OF PEN:ITO MEASURED BY IR-CAMERA. 
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The following is a thermographic image taken after about 1min of heating the ITO:PEN-

Peccell electrode. 

 
FIGURE 28. THERMOCRAPHIC IMAGE OF ITO:PEN-PECCELL AT 1MIN. 
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DISCUSSION 

Heating of TiO2 on PEN:ITO substrates results in very jagged curves compared to the 

heating of the FTO substrates. The reason for this is unknown but two explanations can 

be imagined. Either the absorption fluctuates which results in a few degrees of noise or 

the IR-emissivity changes as a result of the microwave radiation. The most likely 

explanation is that the absorption fluctuates because the fluctuation is seen whether 

TiO2 is applied or not. If one considers the logic behind it the	  emissivity	  shouldn’t	  be	  able	  

to change if one applies a sufficiently thick layer of TiO2 (the TiO2 deposition is the point 

of measurement). Many measurements were made on TiO2 and this behavior was only 

observed with ITO:PEN. The polymer could act to influence the TiO2 deposition in some 

way but it seems unlikely.  The polymer should not be able to affect the TiO2 far beyond 

the interface. 

The reason for the bump in the heating curve is of course the evaporation of ethanol or 

some other solvents but the temperature is indicative of ethanol since its boiling 

temperature is about 80OC.40 

From the thermographic images taken one can see that the main heating is at the TiO2 

deposition	  point.	  It	  seems	  from	  experiments	  that	  type	  of	  TCO	  isn’t	  really	  that important 

for combined heating effects when using microwaves. 

Overall the results are good and the qualities of the cells are high judging from their IV-

characteristics. However the maximum performing cell had an efficiency just above 1% 

which is still comparatively low.41 This could perhaps be blamed on the fact that 

PEN:ITO has a relatively high sheet resistance which of course reduces the overall 

current.  

The	  main	  point	  is	  however	  not	  the	  performance	  it’s	  that	  even	  though	  these	  tests	  are	  very	  

basic the resulting cells are still functional at very low sintering times. It’s	  therefore not 

at all farfetched to fabricate to fabricate DSSC in a RTR fashion. 
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PURE TIO2 PASTE 

EXPERIMENTAL 

As with the Peccell-PEN DSSC this paste was sintered in microwave on a PEN:ITO 

polymer at 0.5W for a short amount of time at only a few minutes. In the case of this 

paste the microwaves couples less than with the Peccell paste. Furthermore this 

experiment is even more problematic compared to the previous one since this 

homemade paste is far more evaporative. It quickly dries and has to be applied quickly 

and this easily lowers the quality of the layer.  

Like with the Peccell experiments a 0.25cm2 square deposition was made and heating 

was again 0.5W. Like previously stated test	   showed	   that	   this	   paste	   doesn’t	   absorb	  

microwaves as well as the Peccell and therefore the sintering temperature is lower. The 

sintering power was still kept at 0.5W for comparison purposes. This paste was not 

made for the purpose of achieving the highest performance possible but as a comparison 

and to demonstrate the potential of FCE. 
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RESULTS 

The resulting IV-characteristics of one of the cells produced with the pure-TiO2 paste 

compared to that of the Peccell low temperature cells (lower curve). Compared with that 

of the Peccell DSSC it is clearly higher performing but the shunt resistance is lower and 

open cell voltage is also lower with a difference of about 1V. The mean efficiency of the 

cells is 5.5%.  

 
FIGURE 29. PURE TIO2 DSSC ON PEN:ITO BY MW SINTERING COMPARISON. 

 

Parameter Peccell Pure TiO2 
Efficiency 1.2 ± 0.2% 5.5 ± 0.1% 
RS 50	  ±	  2Ω 13	  ±	  1Ω 
RSH 1.6	  ±	  0.6kΩ 130	  ±	  5Ω 
VOC 0.74 ± 0.05V 0.64 ± 0.06V 
JMAX 2.6 ± 0.2mA 13 ± 2mA 
FF 57 ± 5% 68 ± 3% 
TABLE 2. CELL DATA COMPARISON. 
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The graph below shows the heating profile of the pure TiO2 paste with 0.5W microwave 
power on ITO:PEN. 

 
FIGURE 30. SINTERING CURVE OF PURE TIO2 PASTE 2MIN. 

 

 
FIGURE 31. THERMOGRAPHIC IMAGE TAKEN AFTER 2MIN. 
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DISCUSSION 

If one compares the result of this experiment with that of the Peccell paste one can 

clearly see that at the same microwaves affects the pure TiO2 paste far less. It’s	  not	  that	  

surprising however since the solvents are usually dielectric and themselves absorb 

microwave radiation.42 There is also a big difference in the efficiency and current of the 

DSSCs.  

There are a number of differences that can attribute to the difference in performance. 

One obvious difference is that the pure TiO2 paste was made for the purpose of having a 

high TiO2 purity and binders that might be detrimental to performance are non-present 

or at the very least negligible. There is of course also the difference in sintering 

temperature but this would most likely attribute the pure cells and not explain the 

already substantial difference in performance.  

While one does get a higher short circuit current with the pure paste the fill factor is 

small compared to other cells. This suggests that there are significant recombination’s 

present in the system.  From a macroscopic point of view the shunt resistance is low and 

this translates on a small scale mainly as current going from the oxide to the 

electrolyte.43 

The resulting DSSC has a much higher current that the polymer ones made from the 

Peccell paste. The efficiency and current is higher but the open cell voltage is lower. The 

Peccell ones also have a better fill-factor but that is probably due to the lower current. 

The difference in OCV is interesting though, it might suggest that the Fermi level is lower 

in the pure TiO2 paste, seeing as the current still is higher. However this has not been 

experimentally verified. 
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SOLVOTHERMAL SYNTHESIS 

A microwave assisted solvothermal process was used to grow titanium nanosheets on 

FTO-glass. The purpose of this was to investigate if a nanosheet-nanoparticle hybrid 

could increase performance compared to that of only using nanosheets.  

EXPERIMENTAL 

In order to grow the nanosheets one first has to have a substrate and in this case FTO 

was used. The substrate has to be washed in alcohol and a non-reactive mask is taped on 

the surface in order to only expose some of the areas. Then a UV-O3 process is used for 

18 minutes which hopefully removes all organic traces. 

The solvothermal solution is simple and it begins with 10ml of DI-water mixed with 

pure HCl 10ml in a high pressure Teflon vessel. This is done while stirring. After that 

0.217g of (NH4)2TiF6 is added with Ti(IV)Butoxide (0.4ml). After stirring for a few 

minutes the reaction vessel is placed in a microwave at 210OC for 1h with a 10min 

risetime. After that the flask is allowed to cool until the temperature goes below 80OC 

and is then removed.44  

From the electrodes DSSCs were fabricated in the usual manner. See the section on DSSC 

fabrication for more information. 
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RESULTS 

Below is the resulting IV-characteristic from the nanosheet DSSCs. The two graphs 

represent the highest and the lowest performing cells. The corrugation of the lines is an 

artifact of the sampling which in this case was low because of a measurements setup. 

 
FIGURE 32. NANOSHEET DSSC IV-MEASUREMENT. 
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The following image was taken by SEM and it shows the size and distribution of the 

nanosheets. The image is not that clear since focusing on this particular sample was 

difficult but one only need to be able to see the sheet size and the resolution therefore 

doesn’t	  have	  to	  be	  perfect. 

 
FIGURE 33. SEM IMAGE TAKEN OF THE NANOSHEETS. 
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DISCUSSION 

Using	  only	  nanosheets	  one	  don’t	  see	  a	  lot	  of	  dye	  absorption in these cases and therefore 

one see a very poor efficiency. The overall quality is also not great. The main reason for 

this is probably the fact that it is difficult to prevent the other sides of the glass from 

reacting with the fluid. This results in the glass turning cloudy. 

One can see that the distrobution is quite large compared to other DSSC made in this 

project. The main reason is probably like previosly stated the clouding	  of	  the	  glass	  (it’s	  

not uniform) but another component can be the difficulty of estimating the active area 

asweell. For	   other	   people	   attempting	   simmilar	   experiments	   it’s	   recommended	   to	   try	  

different methods of limiting the growth. 

The reason for the relatively low current that is seen however is due to the fact that the 

area is low. After the dye solution step the electrode is usually heavily colored with a 

purple/red hue. In the case of the nanosheets however the electrode is almost clear 

indiciating that the dye count is low.  
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NANOSHEET-NANOPARTICLE HYBRID 

EXPERIMENTAL 

It is believed that since nanosheets can have a much higher conductivity compared to 

that of nanoparticles and that using them as a base filling the spaces between them with 

nanoparticles might increase performance of DSSC. 

The cells were made by first creating solvothermally grown nanosheets like the previous 

experiment. Binding a nanoparticle paste to the surface can be problematic but one 

paste was used successfully. This was the sol-gel paste described in the paste section. By 

using this paste a thin 20µm film was applied and sintered at 400OC for 30min with a 

30min risetime in a regular convection oven. 

Identical cells were manufactured but with a 25µm TiO2 layer grown from TiCl4 instead 

of solvothermally grown nanosheets. It was hoped that there would be a clear difference 

between the normal DSSC and the one with a nanosheet bottom layer. However the 

nanosheets grown are small and it might not be enough to observe any positive results 

at all. 
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RESULTS 

The following is the results from the nanoparticle DSSCs versus the nanosheet-

nanoparticle hybrid DSSCs. The min and max graphs represents the distribution of all 

the cells fabricated. 

 
FIGURE 34. HYBRID DSSC AND NANOPARTICLE DSSC COMPARISON. 

 

Parameter Hybrid Nanoparticle 
Efficiency 0.6 ± 0.2% 2 ± 0.3% 
RS 180	  ±	  100Ω 76	  ±	  5Ω 
RSH 2.1	  ±	  1.3kΩ 2.7	  ±	  0.2kΩ 
VOC 0.84 ± 0.04% 0.78 ± 0.001% 
JMAX 2.3 ± 1.5mA 4.4 ± 0.3mA 
FF 0.48 ± 0.009% 0.46 ± 0.002% 
TABLE 3. COMPARISON HYBRID VS NANOPARTICLE. 
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DISCUSSION 

In the hybrid cells the current spread is high but there are good explanations. During the 

solvothermal	  synthesis	  even	  if	  the	  other	  side	  of	  the	  substrate	  is	  covered	  it’s easy for it to 

turn cloudy. Since this is not a uniform exposure this might explain the divergence in 

current all by itself. This is a big error source and the experiment is because of this is 

somewhat	  flawed.	  It’s	  possible	  that	  given	  a	  non-fogged substrate the two types of cells 

might be comparable to each other.  

However	   it’s	   probably	   possible	   to	   say	   that	   the	   hybrid cells are not better than the 

normal nanoparticle ones or at least it cannot be determined from this experiment. 

The ratio between nanosheets and nanoparticles is small and given that the errors 

obviously are large one should not expect to see anything. If the nanosheet sizes are 

increased however one might still see an increase in performance. The other way might 

be to decrease the nanoparticle amount and make a more sensitive measurement. This is 

however difficult when facing the various stability problems of the experiment. 

There is also the fact that the hybrid cells seem to have a higher OCV compared to that of 

the nanoparticle DSSCs. Seeing as the pure nanosheet DSSC have lower open cell voltage 

makes one think that the increase open cell voltage probably comes from lower losses. 

The experiments seem to indicate that the sheets help performance at least in some 

fashion. It would be interesting to see how they perform without clouding and maybe 

during more controlled forms, meaning a thinner nanoparticle deposition for example. 
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COMBINED HEATING FTO-TIO2 

EXPERIMENT 

When	  heating	  substrates	  in	  microwaves	  it’s	  important	  to	  understand	  how	  the	  substrates	  

interact with the microwaves themselves. Since heating was performed in the electric 

part of a single mode microwave and since the substrates are conductive heating occurs 

even without a pastes.  

The experiment was performed by heating FTO pieces in a single mode microwave at 

different angles and then comparing it to that of heating only TiO2 paste and TiO2 

covered FTO. The paste used was a paste purchased from Solaronix. The samples were 

rotated on the E-field axis in the range 45 degrees negative to 90 degrees positive, zero 

degrees being when the sample surface is	  parallel	   to	  ground	  and	  when	   it’s	  90	  degrees 

then the surface is perpendicular to the incoming microwaves. The long side of the FTO 

is always parallel with the E-field vector. See the section on microwave heating for more 

information. 

In all cases involving heating of TiO2 in this experiment a deposition of 1.0cm2 was made 

either on quartz glass or FTO substrates. In the case of quartz the substrate is 1cm wide 

and extends outside the microwave chamber. The size of the glass isn’t	   that	   important	  

since it extremely unresponsive to microwaves. In the case of FTO pieces with the 

dimension 1x2cm were cut. The same dimensions of FTO substrates were used both for 

heating only FTO and the FTO-TiO2 combination. 
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RESULTS 

The experiment shows that heating FTO is reasonable efficient but heating TiO2 only is 

not. The lower graph is from heating TiO2 on quartz which shows almost no heating. The 

middle graph is from heating the FTO and the top graph is from heating FTO-TiO2 

combination. The combined heating effect is about 30% higher than the additive one. 

This was tested at many different angles and it stays consistent. The measurements 

below all show heating at 0o. The reason for the difference in starting temperature 

between the TiO2 graph and the other two experiments is because the samples were 

preheated in order to tune the microwave to each sample.  

 
FIGURE 35. FTO AND FTO-TIO2 HEATING. 
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The following graph shows the combination of FTO-TiO2 heating at different angles 

ranging from 10O to 90O rotating around the E-field vector. The sample is turned to face 

the incoming microwaves at 90O and at 0O the sample is facing straight up.  

 
FIGURE 36. HEATING AT DIFFERENT ANGLES. 

 

  
FIGURE 37. THERMOGRAPHIC IMAGE TAKEN OF 0O HEATING. 
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The following is an IR-emissivity measurement from heating a FTO-TiO2 sample on a 

hotplate. 

 
FIGURE 38. IR-EMISSIVITY MEASUREMENT FTO-TIO2. 

 

  
FIGURE 39. THERMOGRAPHIC IMAGE TAKEN OF CALIBRATION. 
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DISCUSSION 

The result are very clear in this experiment, the combined heating of FTO-TiO2 in a 

layered configuration is about 30% more effective than the additive amount. Something 

is clearly going on which enhances the coercivity of the samples. First a Maxwell–

Wagner–Sillar polarization was considered but when looking more closely on the angle-

absorption dependence it does not seem likely.45 

As I understand it this polarization occurs mainly when the E-field vector is parallel to 

the surface normal. In the experiments however the maximum effect is seen when the 

sample is facing the incoming wave and when the E-field is parallel to the sample surface. 

If one turns the sample so that the E-field vector is parallel to the surface normal almost 

no coupling is observed. 

One possible explanation however is the fact that current will be different in the FTO 

compared to the TiO2. A phase difference between the layers might be the reason for the 

increased coupling that is seen. This is however not fact but speculation and more 

testing is required. 
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CONCLUSIONS AND FINAL THOUGHTS 

There are many conclusions that can be drawn from the experiments made in this study. 

Firstly when it comes to microwave sintering it is easy to conclude that compared to that 

of regular sintering microwave sintering is much more effective in terms of electrode 

performance. This cannot be stated for all types of circumstances but for the sintering 

conditions and the pastes used in this study it was clearly the trend. 

As simple is usually better another result is that high purity TiO2 paste yielded higher 

performance compared to that of a commercial choice. Furthermore even though the 

experiment was simple it still resulted in quite reasonable DSSC efficiencies even though 

the ITO:PEN has quite high sheet resistance. Further similar studies are therefore 

strongly encouraged and with more intricate experiments the efficiency could easily be 

raised.  

It was shown that not only could TiO2 pastes be sintered efficiently by means of MW on 

ITO:PEN but sintering time only need to be a few minutes. Being able to perform each 

manufacturing step quickly is essential for a RTR process. 

Further studies should also be performed in the addition of HCl, to my understanding 

this is not a common component in TiO2 pastes but it might just have a positive effect on 

the conglomeration of nanoparticles. Of course this is only speculation even if it might be 

an educated one since a relatively high performing paste was made with it. 

As the reader might know a few solvothermal experiments were also conducted. There 

aren’t	   really	   any	   conclusions	   that	   can	   be	   drawn	   from	   the	   experiments	   though.	   There	  

might be indications of lower losses in the hybrid cells but the tests have too many 

problems for any definite results. However there are lessons can be drawn from the 

experiments. One should for example put more time on experiments of this kind, there 

will always be complications. In this case however no choice was given though. 

Another interesting result was how microwaves interact with different materials. In 

those experiments the results are quite clear but the reason why is not. By itself the TiO2, 

FTO nor ITO:PEN absorb much microwave radiation, at least not the from the electrical 

part. However applying a TiO2 film onto the TCO an increase in coupling is seen that is 

substantial. In the case of FTO-TiO2 the increased coupling it’s	  about	  30% compared to 
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that of only heating FTO. It’s	  speculated	  that	  the	  cause	  of	  this	  is	  some	  form	  of	  phase	  shift	  

between the induced current in the layers. This has however as of yet been 

experimentally verified.  

Like previously stated the reason why is not known but the Maxwell-Wagner-Sillar 

polarization was considered. But seeing as the electric field vector is in plane with the 

substrate this could not possibly be the explanation at least according to my 

understanding.  

As	  a	  final	  statement	  I	  would	  like	  to	  say	  that	  from	  what	  I’ve	  seen	  whilst	  working	  on	  this	  

project I believe that RTR fabrication by means of microwave sintering has a bright 

future.	  Even	  with	  relatively	  simple	  experiments	  the	  result	  can	  be	  quite	  good.	  I	  think	  it’s	  

only a matter of time until flexible DSSC are a major part of everyday life. 
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ERROR ANALYSIS 

It’s	   important	   to	  evaluate	  errors	  and	  possible	  sources	  of	  misinterpretation. Even if the 

measurements are good and straightforward evaluation	  can	  still	  be	  problematic.	   If	   it’s	  

certain that a measurement can be correlated to a particular set of physical 

characteristics	   then	   there’s	   still	   the	   question	  of	  why	   the	   experiment	   resulted in those 

particular	   patterns.	   Of	   course	  much	   of	   the	   time	   one	   can’t	   directly	   correlate	   data	   to	   a	  

particular characteristic but one has to find ways of indirectly measure them. Sometimes 

a measurement depends on many physical properties combined. In those cases one can 

measure the other properties first and then eliminate them. This brings a whole new set 

of problems though; one is that there is no reason to assume that those properties can 

simply be eliminated. 

The IV-measurement is very accurate since a test cell is always used for calibration. 

There are however error sources but they are not that big. For example the sunlight 

simulator	   isn’t	   perfect,	  maybe	   in	   terms	  of	   output	  power	   compared	   to	   that	   of	   the	   light	  

absorbed by the test cell but there is of course a deviation compared to the spectrum of 

actual sunlight. Production of the solar cells is also a big part of the errors. Different 

productions and pastes differ but the production deviation is usually about 5-10% which 

often trumps any kind of measurement error. 

In the case of IR measurement on TiO2 pastes and FTO the measurement errors are very 

small to the point of neglection. In the range of 0- 200OC the emissivity measurement is 

very precise and perfectly linear. Measuring at higher temperatures however was a bit 

problematic since the hotplate could not hold the temperature accurately but the trend 

is still linear at higher temperatures and therefore the values taken from the more 

precise measurement can be used. There is however a flaw in this correlation and that is 

that the measurements depend entirely on the temperature given by the hotplate. An 

accurate thermocouple was not available but on the other hand the temperature 

monitoring	  doesn’t	  really	  have	  to	  be	  very	  accurate in these experiments. 

On the subject of the microwave heating there are a number of error sources. For 

starters the MW-setup measures the return signal for tuning but this is a manual process 

and the lowest tuning point is not zero so there will always be an error in the absorption 

power.	   This	   is	   usually	   small	   however	   but	   it’s	   still	   not	   perfect.	   Another	   bigger	   error	  
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source is the fact that materials change during sintering and the E-field interaction 

changes so the absorption factor usually drifts. This is also a manual calibration that one 

needs to stay on top of otherwise the measurement can become completely invalid. But 

even if one does watch out for this because it’s	   user	   dependent errors will still be 

present. 

In the case of the solvothermal experiments the error sources are substantial. This is 

mostly due to the difficulty in limiting the reaction from occurring in front of the glass. 

When the TCO gets a deposition on the wrong side it gets foggy and inhibits some of the 

light from reaching the other side. For this reason getting an accurate picture of the SC 

efficiency	   isn’t	   really	   possible.	   It	   might	   have	   been	   possible	   if	   the	   depositions	   were	  

uniform	  but	  this	  sadly	  isn’t	  the	  case. 
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