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Abstract

With the worldly consumption of energy continually increasing and the main source of
this energy, fossil fuels, slowly being depleted, the need for alternate sources of energy is
becoming more and more pertinent. One promising approach for an alternate method of
producing energy is using solar cells to convert sunlight into electrical energy through
photovoltaic processes. Currently, the most widely commercialized solar cell is based on a
single p-n junction with silicon. Silicon solar cells are able to obtain high efficiencies but the
downfall is, in order to achieve this performance, expensive fabrication techniques and high
purity materials must be employed. An encouraging cheaper alternative to silicon solar cells is
the dye-sensitized solar cell (DSSC) which is based on a wide band gap semiconductor sensitized
with a visible light absorbing species. While DSSCs are less expensive, their efficiencies are
still quite low compared to silicon. In this thesis, Gratzel cells (DSSCs based on TiO, NPs) were
fabricated and optimized to establish a reliable standard for further improvement. Optimized
single layer GSCs and double layer GSCs showing efficiencies >4% and efficiencies of ~6%,
respectively, were obtained. Recently, the incorporation of metallic nanoparticles into silicon
solar cells has shown improved efficiency and lowered material cost. By utilizing their
plasmonic properties, incident light can be scattered, concentrated, or trapped thereby increasing
the effective path length of the cell and allowing the physical thickness of the cell to be reduced.
This concept can also be applied to DSSCs, which are cheaper and easier to fabricate than Si
based solar cells but are limited by lower efficiency. By incorporating 20 nm diameter Au
nanoparticles (Au NPs) into DSSCs at the FTO/TiO; interface as sub wavelength antennae,
average photocurrent enhancements of 14% (maximum up to ~32%) and average efficiency
enhancements of 13% (maximum up to ~23% ) were achieved with well dispersed, low surface
coverages of nanoparticles. However the Au nanoparticle solar cell (AuNPSC) performance is
very sensitive to the surface coverage, the extent of nanoparticle aggregation, and the electrolyte

employed, all of which can lead to detrimental effects (decreased performances) on the devices.



Table of Contents

S o T U= TSR Vi
LISE OF TADIES ... bbbt b bbbt bt XiX
ACKNOWIEAGEMENTS ...ttt r et nb et XX
=T [ o= U1 o] o ISR XXi
Chapter 1 - 1 SaW the LIGht! ... 1
Energy Crisis & Global Warming ..........ccceiieiiiie st 1
Necessity for SUStAINADTIITY .........coiiiiie e 2
Alternatives to Present ENergy ECONOMY .......ccooiiiiiiiiiiieieie e 3
Solar ENergy HarVeSHING ......cc.voiuiiieiieie ettt sttt be e sraesne s 4
Photovoltaic Generations (1%, 2™, & 3™)......ooiveeeeeeeeeeeeeeeeeeeeereeeseeeeees e e e ese e 4
T0] [T I =Y o D oY ol -t S OSSR 7
DYE-SENSITIZEA DEVICES ..ottt bbb bbbt 9
Incorporation of Metallic NanopartiCles ...........coovviiiiecie i 11
Photovoltaic Device CharaCterizationS.........ccccereieiiiesinieieesie s 14
Chapter 2 - Solar Simulator System: Setup & Beam AlIgNMEeNt............coovvvvieiiienincnenenes 25
Newport Solar SIMUIATOr SYSTEM ........ciiiiiii e 27
Solar Simulator System Setup and Calibration.............cccooveiieii e 30
300 Watt Broadband Light SOUICE.........c.ciieiiiieie ettt 31

75 Watt Monochromatic Light SOUICE..........cocoiiiiiiiieieee e 37
Calibrated Si REfErenCe Cell.........coi i 42
(0] Tod [ 1S] o] SRRSO PRPRPRRON 45
Chapter 3 - Fabrication & Optimization of Gratzel Cells.............cccooevieiiiiviie e, 46
Benchmark Gratzel Cell...........oo oo 47
Optimized Fabrication of Dye-Sensitized Solar Cell ... 48
DEVICE FADICALION ...ttt b e e 48
DeVICE ASSEMDIY ... 49
Photoanode & Device CharaCteriZation.............cooeviieiirieiieiesie e 50
Dye-Sensitized Solar Cell OptimIZation...........cccoiiiiiiiiiieee e 51
OPUMIZATION PIOCESS ... viitiiiiiteitie sttt ettt ettt et e e e be e asbe e s be e e beesaeeabeessaeanneeas 53



Further Device CharaCteriZAtIONS ........cceeeeeee ettt e e e e e e e et e e e e e e e e e eeeeeaees 65
CONCIUSIONS.. ..ottt e e e e e e e e ettt e e e e e e e e et eeeeeeeee e eeeneeeeeaaennees 68

Chapter 4 - Material Properties and Performance Effects of Dye-Sensitized Solar Cells (DSSC’s)

containing Au NanOpPartiCleS (NPS) ......ccvoiiieiieie e 69
DEVICE RAIONAIE .......eiiiiiiiie bttt sb bt ens 69
AuNP DSSC’s Synthesis and ASSEMDIY .......ccviiiiiiiiiiiiii e 73
DEVICE FADIICALION ....c.veieiiiieciiee et sbe e sbe e sneenes 73
DEVICE ASSEMDIY ... sttt nneens 76
Photoanode & Device CharaCteriZation.............cooevireiieieiieniesie e 76
DeViICe CharaCteriZatiONS .........civeiiiiiiieiieie ettt ettt ettt bt be s e 78
Additional CharaCterizations ............coviieiiereeieseee et se et e e sneesreeneeenee e 86
L0700 T0d 1115 [ SO TR 86
Chapter 5 - Overall Conclusions and Future OULIOOK ...........c.ccceiiiiiiiice e 88
RS (= =T [o0 LSRR 90
Appendix A - Solar SIMUIATION SYSTEM ......c.oiiiiiiiie s 96
Appendix B - Reference Cell Data Supplied by PV Measurments, INC. ........ccccoeeveniiininnnnnns 100
Appendix C - Optimization OF GSCS........ciiiiiiiiciicc et 102
Appendix D - AuNP Incorporated DSSCS ..cuueiiiiiiiiiiiieieeeie e 109



List of Figures

Figure 1.1 World Energy Consumption Timeline® & 2006 Energy Source Usage (%)” The left
image shows a timeline from 1965 to 2005 of the continually increasing power consumption
of fuels with fossil fuels being the major contributors. (Used with permission from ref. 3.
Copyright © 2007 Frank V. Mierlo) The right image shows a linear bar graph of the
percentage of fuels consumed in 2006 again showing that fossil fuels (non-renewable
sources) comprise over 90% while renewable sources (solar, wind) constitute <1%. (Used
with permission from ref. 4. Copyright © 2008 OMEgatron) ..........ccccevvrererieereresesesenieans 2

Figure 1.2 Remaining Oil Energy® The estimated energy amounts and percentages of the various
oil sources are shown above. A median estimate of 57 ZJ of oil energy is believed to
remain on earth with 8 ZJ as a low end estimate and 110 ZJ as a high end estimate. For the
median estimate with an increasing consumption rate of 2 EJ/year the oil supplies would run
out in ~150 years. (Used with permission from ref. 5. Copyright © 2008 Frank van Mierlo)

Figure 1.3 Total Possible Available Power of Renewable Sources® Of all the renewable sources,
solar is one of the more promising to replace fossil fuels due to the 86 PW of power that is
supplied to the Earth’s surface. This 86 PW is more than 5000x the current global
consumption of 15 TW. (Used with permission from ref. 6. Copyright © 2008 Delphi234,
based on work by Frank v. MIErI0).........ccoiiiiiii e 4

Figure 1.4 Solar Cell Generations - Cost vs. Efficiency'**® Photovoltaic devices are segregated
into three generations; 1%) Solid-state devices (mainly Si), 2" thin film devices, 3"
Devices not in 1% & 2" (3D hierarchical, organic/polymer devices, tandem cells, etc.). The
2" generation was developed to circumvent the expensive 1% generation but both are
limited by the Shockley-Queisser theoretical limit. The 3™ generation tackles both these
issues with low cost, high efficiency devices that have the potential of being pushed above
the thermodynamic limit by strategic device design. (Used with permission from ref. 13.
Copyright © 2007 1OP PUBIISRING) ..c.voviiiiiiiiicieee e 5

Figure 1.5 Best Efficiencies Obtained for Research Photovoltaic Cells® Since 1975, as the

generations of photovoltaics have evolved, the best obtained efficiencies for research cells
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have steadily been climbing with 1* generation Si solar cells approaching the Shockley-
Queisser limit and 3" generation mutijunction (tandem) devices reaching upwards of 43%.
(Used with permission from ref. 36, Updated image came directly from author. Copyright ©
2011 NREL) ...ttt sttt en s e en s 6
Figure 1.6 Solid State Device Schematic A solid state photovoltaic device consists of a n-type
semiconductor placed in contact with a p-type semiconductor forming a p-n junction. When
brought into contact, the excess charges in the materials diffuse across the semiconductor
interface and combine with an opposing charge. This diffusion leads to the formation of a
depletion layer in which excess negative charges are left in the p-type and excess positive
charges are left in the n-type which gives rise to a built-in electric field. ...........c.cccoveneee. 7
Figure 1.7 PN Junction Operation When subjected to a photon flux of appropriate energy, the
photons are absorbed and an electron-hole pair is generated. With the help of the built-in
electric field, the generated charges are swept away, separated and begin to diffuse towards
the front and rear contacts. The generated electrons will diffuse towards the top contact
(cathode) and the generated holes towards the bottom contact (anode). .........ccccceevveivvieennnne 9
Figure 1.8 DSSC Components & Operation®” A DSSC consists of a semiconductor sensitized
with a visible light absorbing species (dye) sandwiched in between a transparent conductive
electrode and a counter electrode with a redox couple filler to shuttle the charges to and
from the CE and the dye/semiconductor interface. When the dye absorbs incident light, an
electron is excited and can then be injected into the semiconductor, where it percolates
through and is ideally collected to do work. (Used with permission from ref. 37. Copyright
© 2009 M. R. JONES) ..ottt sttt ettt ettt et e sae et e eere e s be et e s reesaaenreenrenraeae s 10
Figure 1.9 Surface Plasmon Resonance Schematic® When the size of a particle is reduced to sub
wavelength dimensions, the particle will experience a uniform electric field as incident light
interacts with the particle. This uniform electric field causes the charges in the particle to
oscillate with the electric field. This oscillation acts a restoring force leading to resonance
at a particular frequency. This resonance can be exploited for enhancing photovoltaics.
(Image adapted from ref. 58.) ..o 12
Figure 1.10 Light Trapping Geometries®® Depending on the size and geometry of the particle, the

particle can be employed in different geometrical setups to achieve various light trapping.
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Incident light can be scattered (far left), concentrated (center), and/or redirected (far right).
(Used with permission from ref. 56. Copyright © 2010 Nature Publishing Group) ............ 12
Figure 1.11 Schematic Dark & Illuminated IV Curves with Equivalent Circuit Model Displayed
on the schematic IV curve are the short circuit current density (Jsc), open circuit voltage
(Voc), theoretical power (Prheoretical), CUrrent density at the maximum power output (Jwvp),
voltage at the maximum power output (Voc), and the maximum power output (Ppmax) Of the
device. The photovoltaic device can be modeled by the simple equivalent circuit shown on
L1013 10 ] | USSP SRR PPRRN 15
Figure 1.12 Maximum Power Output Curve The maximum power density output of the device
can be determined by plotting the product of the current values and the voltage values vs.
the original voltage values. A parabolic curve should be obtained with the maximum of the
curve being the maximum POWET OULPUL..........ciiiiiiiieieiee e 17
Figure 1.13 Schematic Dark Back Reaction Critical information regarding charge transport
properties can be inferred from the IV response under dark conditions by plotting the dark
current density in log scale over a specified voltage range..........c.ccooeveeeienene s 18
Figure 1.14 Schematic IPCE The incident photon to current conversion efficiency provides
information into how efficiently the device converts photons into electrons (current) at each
wavelength. Characteristic UV-Vis peak absorption wavelengths ideally will correspond to
the peak IPCE WaVEIENGINS. .......ooiiiiie e 19
Figure 1.15 Schematic Chronoamperogram Chronoamperometry can provide three key pieces of
information about the device; the stability of the device, whether it is limited by diffusion
and if so what is the diffusion coefficient of the electrolyte. As the illumination is
continually interrupted, a stable device will have the same current response during each
illumination period. If the device is diffusion limited, a decay in the photocurrent is visible.

This decay can be plotted vs. time™® and the apparent diffusion coefficient can be extracted.

............................................................................................................................................... 21
Figure 1.16 Schematic Chronopotentiogram Similar to chronoamperometry,
chronopotentiometry can provide critical information into the device stability and charge
transfer properties. The decay in the photovoltage can be used to determine the
recombination lifetime of electrons in the electrolyte. .........cccccoveiiiiiiiiii i 21
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Figure 1.17 Schematic EIS Spectra of DSSC The Nyquist plot for a DSSC consists of three
semicircles; the first one representing the charge transfer resistance at the CE (kHz region),
the 2" representing the charge transfer resistance in the photoanode (Hz region), and the
third representing the electrolyte resistance (mHz region). Plotting the data in a Bode phase
plot and extracting the peak frequency of the 2" semicircle will give information into the
electron lifetime in the sSemiconNduCtOr FilM. ... 23

Figure 1.18 DSSC Equivalent Circuit The Nyquist plot of a DSSC can be modeled by a resistor
and two RC circuits in series, with one RC circuit containing a finite-Warburg Impedance
element, Zyw. Rs corresponds to the resistance of the electrolyte and the electric contacts.
The two RC circuits (Q = capacitor, C, of variable capacitance) represent the charge transfer
resistances at the counter electrode/electrolyte interface (Rcrce) and the
dye/semiconductor/electrolyte (photoanode) interface (Rctpa) as well as the double layer
capacitances at each interface (Q)......cccoveiieiiiieie e 23

Figure 2.1 Solar Energy Diagram® Of the 174 PW of solar power that reaches the Earth’s outer
atmosphere, 89 PW is not reflected or absorbed by the atmosphere, allowing massive
amounts of energy to be harvested through photovoltaic devices. (Used with permission
from ref. 68. Copyright © 2008 Frank V. Mi€rl0).........cccccveviiiieiieiiiicse e 25

Figure 2.2 Solar Radiation Spectrum® The spectrum of the 174 PW of sunlight reaching the
upper atmosphere is represented by the yellow (plus the orange) curves. The power
reduction to 89 PW due to the atmosphere arises from the absorption of light (& reflection —
not shown) from the greenhouse gases (O3, H,0, O, and CO;) which produces the spectrum
of solar radiation at sea level (orange). (Used with permission from ref. 69. Copyright ©
2007 RODEIT A. RONGE) ...ttt 26

Figure 2.3 Standard Solar Spectra™ Shown in blue is the standard solar spectra, developed
(AML1.5 Global) for solar simulation measurements. The spectrum represents the standard
irradiance of 100 mW/cm? used for photovoltaic characterizations. Also shown are the
AMO spectrum (solar radiation outside the atmosphere) and the AM1.5D spectrum (only
includes the direct solar radiation onto the earth, not direct and diffuse — AM1.5G). (Used
with permission from ref. 70. Copyright © Christiana Honsberg and Stuart Bowden,

original work and data from SMARTS modeling program used at NREL) .............ccceeueie. 27



Figure 2.4 Newport Solar Simulator Above is an actual picture of the solar simulator setup with
the major components 1abeled. ..o 28
Figure 2.5 Newport Solar Simulator Schematic (See Table 2.1) Schematic of the overhead view
of the major solar simulator components that are shown in Figure 2.4 as well as their
locations on the supporting laser table. ..........cccoooeiieiiic i 29
Figure 2.6 Schematic of Possible Incident Lamp Beams Ideally, an incident beam of light
irradiating from the lamp that consisted of uniform power across the beam would be
achieved as seen in A above. The reality is that the power of the incident beam is more
conical shaped in its magnitude i.e. high power at the center with the power decreases away
from the center (B). The goal is then to spread this uniformity outward across the beam as
much as possible to give more of a dome shaped beam as shown in C above. .................... 31
Figure 2.7 300 W Lamp Setup Schematic The schematic above shows the path that the irradiated
light takes from the 300 W source. Light irradiated in the forward direction (to the right in
the schematic) goes directly to through the condenser tube towards the sample. In order to
collect as much light as possible and increase the intensity subjected on the sample, light
irradiated in the backwards direction (to the left in the schematic) is re-directed forward
with a reflector mirror and is then collimated with the condenser lens before striking the
Y 1001 0] (=TSRSS USROS 32
Figure 2.8 Arc Lamp & Arc Lamp Image Alignment For proper alignment of the 300 W arc
lamp, the actual arc and the arc image (created by back reflector mirror) need to be
superimposed in such a manner that the “hot spots” of the electrodes (tip of point electrode)
do not lie directly over the larger curved anode as seen in C of the above figure. ............... 33
Figure 2.9 300 W Lamp Incident Power vs Time For proper use of the 300 W lamp, the lamp
needs time to warm up and the irradiated power needs to stabilize before characterizing any
devices. A warm up period of 20 minutes is sufficient enough for lamp usage but complete
stabilization does not occur until at least 30 minutes of warm up time. ...........cccccceevveveennnns 34
Figure 2.10 300 W Lamp Acceptable Uniformity The desired beam uniformity is a power
density variation of less than 10% over a 1 cm? area. After many adjustments to the lamp
position, a uniformity of 8.72% over 1 cm in the x-direction and 4.79% over 1 cm in the y-
direction was obtained which is well within the desired outcome. Additional fine tunings
could be made to further improve the UNIfOrMItY. ........cccooeiiiiiiiii 35
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Figure 2.11 300 W Lamp Final Uniformity Following fine adjustments to the lamp to further
improve the previous beam uniformity achieved, a final beam uniformity of 7.27% over 1
cm in the x-direction and 3.77% over 1 cm in the y-direction was obtained. The beam
uniformity could potentially be further improved but these values are well within the desired
POWET AENSILY VAITALION. .....vviieiiiiie ittt s re e re e reeaeaneesreeneenee e 36

Figure 2.12 75 Watt Lamp Setup Schematic The schematic above shows the path that the
irradiated light takes from the 75 W source. In order to collect as much light as possible and
increase the intensity subjected on the sample, white reflector plate are placed on two sides
of the lamp to re-direct the light towards the reflector mirror. From the reflector mirror, the
broadband light is monochromatized and is then collimated with the condenser lens before
SEHKING the SAMPIE. ...t 37

Figure 2.13 75 W Lamp Acceptable Uniformity at 550 nm Due to the sensitizer employed (N719
- Amax abs = 530 nm), the uniformity of the monochromatic light was first tested at 550 nm.
Again a uniformity of a power density variation of less than 10% over a 1 cm? area is
desired. After some alterations in the reflector mirror position an acceptable uniformity of
6.72% over ~2.0 cm in the x direction and 4.79% over ~2.0 cm in the y-direction was
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Figure 2.14 75 W Lamp Uniformities vs Wavelength (X&Y Axes) After achieving a decent
beam uniformity at 550 nm, the uniformity at other wavelengths was tested. The uniformity
was found to be very wavelength dependent but the uniformities over the visible range,
which are the wavelengths of interest, are roughly within the desired power density
variation. The power density variations vs wavelength for the above curves are in Table
2 e et e ettt et Ae b LAt b et et e Rt ete et et ebe et et ete et e et e e ebeste it e e erern 39

Figure 2.15 75 W Lamp Final Uniformity Further improvements were made to the acceptable
uniformity shown in Figure 2.13 to obtain a final uniformity of 9.43% over 2.4 cm in the x-
direction and 7.97% over 2.4 cm in the Y-direCtion. ..........cocovveeeiie i 40

Figure 2.16 Monochromator Components Optimization The default wavelength settings at which
the gratings and filter wheel changed gave rise to massive power reductions in the incident
beam. By optimizing the wavelengths at which the filter wheel rotated and the wavelength
at which the gratings switched, the power variation across the wavelength range of interest
was greatly reduced i.e. power reductions were Minimized. ........cccccvevevieereeiesieesieese e 41
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Figure 2.17 Reference Cell 1V Curves - Original Power vs Calibrated Power for 1 Sun With 280
Watts applied to the lamp, a detector reading of 100 mW/cm? was obtained. This value was
ignorantly assumed to be accurate, which led to sub-par device performance. Testing the
performance of a calibrated Si reference cell at this lamp power gave a 2/5 reduction in the
photocurrent than what should have been achieved. By increasing the power to 330 Watts
(detector reading of 160 mW/cm?), the desired IV response of the reference cell was
attained, leaving the broadband lamp calibrated for further tests. ..........cccocveiininininne 43

Figure 2.18 Measured IV & IPCE of Reference Cell The measured IV response (in current
density) and IPCE response of the reference cell coincide with the calibrated curves
provided by the supplier (Figure B.1 & B.2) which indicates proper lamp calibration. Table
2.4 compares the measured values with the calibrated values further showing the proper
1aMP CAHDIATION. ... bbb 44

Figure 3.3.1 DSSC Components Above is a schematic of the basic DSSC components. The
device consists of three main parts; the photoanode, the counter electrode, and the
electrolyte. The photoanode is a film of a sensitized semiconductor sintered to a transparent
conductive oxide (TCO) substrate. The counter electrode is simply a Pt coated TCO
substrate and the electrolyte consists of a redox couple to shuttle charges from the
photoanode and CE. The photoanode and CE are sealed together with a hot melt spacer and
the electrolyte fills IN the Gap. .......voiiiiee 47

Figure 3.2 Solar Cell Fabrication Flow Chart The above chart shows the simplified preparation
steps for a DSSC from bare substrates to a fully assembled functioning device.................. 48

Figure 3.3 IV Curves - Optimized Double & Single Layer GSCs Four preparation steps were
found to be critical in the fabrication of reasonably efficient GSCs: 1) the transparent
conductive oxide (TCO) employed, 2) the method of the Pt application for the CE and its
subsequent thickness, 3) the period of time that the TiO, paste was allowed to relax prior to
sintering, 4) the integrity of the TiCl, solution for the TiCl, treatment. After optimization of
these preparation steps, single layer and double layer GSCs displaying efficiencies >4% and
~6%, respectively, Were ObBtaINEd. .........cccooveiiieiice e 53

Figure 3.4 Critical Parameter's Effects on IV Characteristics The effects of the optimization of
the four critical preparation steps is shown above. All the optimizations improved
(lowered) the series resistance of the devices, which led to higher photocurrents and in turn
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higher fill factors and effeciencies. The decreased series resistances and improved
properties are made apparent in Table 3.2. ..o 54
Figure 3.5 TCO Thermal Stability The criticalness of the choice of which transparent conductive
oxide (FTO vs ITO) is employed is evident from the above graph. In order to fabricate a
GSC, the transparent conductive electrodes (TCE) need to be subjected to temperatures
>500°C. At temperatures this high (first thermal treatment - 525°C), the conductivity of
ITO is drastically reduced which would detrimentally increase the series resistance if
eMPIOYEA 1N @ HEVICE. ... 56
Figure 3.6 IV Curves - ITO vs FTO Due to the increased sheet resistance of ITO upon the
thermal treatments required for device fabrication, the overall series resistances of the
devices is increased to such an extent that unfavorable effects occur. The increased series
resistances decrease the photocurrents and fill factors leading to low efficiency devices. By
replacing the ITO substrates with FTO the series resistance reductions can be avoided
giving respectable IV FESPONSES. ......ccviiieie ettt 57
Figure 3.7 IV Curves - Different Pt CEs Using a Pt catalyst paste as the CE material can cause an
increase in the series resistance of a device due to the formation a non-uniform film of Pt.
By sputtering an appropriate thickness of Pt (50 nm) onto the substrate instead, lower series
resistances can be obtained that give high photocurrents and reasonable efficiencies. If the
Pt thickness is too thin (40 nm) resulting in a non-continuous film or too thick (80 nm)
resulting in larger film resistances, similar heightened series resistances can occur............ 58
Figure 3.8 IV Curves - TiCl, Solution Effects Without careful preparations of the TiCl, solution,
the solution integrity is prone to being compromised which could causes adverse effects on
the photovoltaic characteristics. Due to the exothermic nature of the TiCl, dilution, all the
solutions used for the dilution need to be stored at ~4°C and an ice bath with a magnetic stir
bar need to be employed upon dilution. Utilizing this methods ensures a high quality TiCl,
solution so that upon substrate treatment, decent electrical connections and dye adsorption
can be achieved which will result in high photocurrents, reasonable fill factors, and
MOAErate EFFICIENCIES. . .ooviiieceee ettt esreenreenee e 61
Figure 3.9 IV Curves - Paste Relaxation Allowing the TiO, paste to relax, reducing the surface
irregularities, is the key critical fabrication step. Using the other optimized steps discussed
above and allowing the paste to relax for four hours can result in an efficient device but the
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variation in the performance is unpredictable. To obtain a double layer GSC with a
reasonable reproducible performance, at least a 10 hour past relaxation period is required. 63
Figure 3.10 IV Curves - Optimization of Single Layer GSCs Single layer GSCs were optimized
in the same manner as the double layer devices. Using the fully optimized fabrication steps
with a four hour relaxation period, single layer GSCs of modest efficiencies were
reproducibly FabriCAEU. ........ccveiiiie e 64
Figure 3.11 IPCE - Double & Single Layer GSCs The incident photon to current conversion
efficiencies (IPCE) were collected for double and single layer GSCs. The three
characteristic peaks (350 nm - TiO,, ~400 nm & 530 nm — dye) of the photoanode
components were present. As expected the IPCE for double layer cells was higher than that
of the single layer cells but large differences between individual devices within the groups
was present. This discrepancy is under INVESHIGatioN. .........cccooereriririneeieee s 66
Figure 3.12 GSC lllumination On/Off Measurements The interrupted illumination measurements
of the Voc and the Jsc of the devices shows that the devices were stable during the testing
period and the photocurrent is not limited by electrolyte diffusion. ...........cccccooeveiininennnnn 66
Figure 3.13 EIS of GSCs — Nyquist Plot & Bode phase plot Electrical impedance spectroscopy
can give vital information into the charge transfer processes occurring within the device.
The Nyquist and bode phase plots show similar results for three optimized cells (blue,
green, and purple). The cause of the poor series resistance (IV curve with Jsc of ~6 mA/cm?
in Figure 3.10) of the non-optimized cell (red), is evident after EIS. The impedance of the
counter electrode and the photoanode are both substantially increased which leads to a
shorter electron lifetime (Table 3.3) and reduced device performance. ............ccccccevveeveenens 68
Figure 4.1 AuNP Incorporated DSSC Design The AuNP incorporated device is essentially a
single layer GSC with 20 nm AuNPs placed at the TiO,/FTO interface...........cccccevvvrvennnne 70
Figure 4.2 UV-Vis Absorption of Au NP Solution & Sensitizer (N719) Due to the sensitizer
employed (N719 - Amax abs = 530 nm), AuNPs (20 nm) exhibiting a surface plasmon
resonance near this wavelength were chosen to ensure the coupling of the nanoparticle and
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Figure 4.3 Electric field enhancement around metallic nanoparticle®™ A coupling between the dye
and nanoparticle arises due to a intense electric field enhancement around the nanoparticle.
The coupling would hopefully increase the photocurrent of the devices which should in turn
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led to increased efficiencies. (Used with permission from ref. 56. Copyright © 2010 Nature
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Figure 4.4 IV Curves — AUNPSCs Enhanced vs Un-enhanced AuNP incorpated devices exhibited
both favorable and adverse effects when compared to the performance of single layer GSCs.
The devices were grouped into enhanced cells (higher photocurrent than GSC) and un-
enhanced cells (similar or lower photocurrent than GSC). The effects on the photocurrent
were extremely sensitive to the nanoparticle coverage and dispersion, with well dispersed,
lower surface coverage devices exhibiting the highest photocurrent enhancements............. 72
Figure 4.5 Schematic of the AUNP Application Methods Two different application methods were
used for the deposition of the AuNPs; casting (drop or spin) and functionalization. For the
casting methods the AuNPs were just applied directly to the FTO substrate. In order to
functionalize the FTO surface, a silane linker that would electrostaticially interact with the
AUNPs, was covalently bound to the FTO substrate and then the AuNPs were applied to the
SHANIZEA FTO. ottt b e bbb et e et st e st benrenre s 74
Figure 4.6 FESEM of AuNP Functionalization — Medium & Low NP Densities (A) , (B), & (C)
are of ~15% surface coverage and (D), (E), & (F) are of ~1.6% surface coverage at
different magnifications. Well dispersed AuNPs were observed at low density surface
coverages of about 2% while at higher surface coverages, large aggregates of NPs were
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Figure 4.7 UV-Vis Spectra AUNP Photoanodes The AuNPs absorb <20% of incident photons
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Figure 4.9 FESEM - Thermal & Electrolyte Treatments Effects Upon thermal treatment of the
AUNP functionalized substrates, the NPs lose their stabilizing ligand which causes them to
fuse together into bigger particles (B). Due to the variability in functionalization and the
high degree of aggregation, this fusing of particles could lead to large films of Au on the
sample and in turn have adverse effects. Another issue is the corrosive nature electrolyte
employed (I/13). When the substrates are subjected to the TiCly, a thin layer of TiO; is
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Chapter 1 - | Saw the Light!

Energy crisis; Global warming; these are two phrases that more often than not get tossed
as if no stock should be taken into the graveness of their meanings. Both issues, which are
actually interconnected, are very real and require immediate attention. Ever since the 1970’s oil
embargo, the interests in alternate sources of energy especially research into solar and wind
energies have steadily increased. During the past decade, especially the latter half, with the
economic crises and rise of oil prices, the dire need for an alternate energy source has become
more and more apparent. This necessity has initiated floods of research towards harnessing a
source worthy enough to replace the current king of energy; fossil fuels. The most commendable
and promising source for fossil fuel replacement is the inward solar flux of radiation from the

sun onto the earth’s surface. All these matters will be addressed in detail below.

Energy Crisis & Global Warming

For about the past century fossil fuels have been the main staple to satisfy the world’s
energy consumption. It wasn’t until recent that the severe negative side effects of combusting
fossil fuels became evident. Two critical issues have arisen; the effects of the by-products of
fossil fuel synthesis and combustion and the short supply remaining of the non-renewable fuels.
The synthesis and combustion of fossil fuels generates massive amounts of CO, which can have
detrimental effects on the atmospheric conditions of the earth. The atmosphere itself is already
composed of the greenhouse gases (O3, H,O, O,, and CO,) which help regulate the incident solar
energy and the escaping thermal energy through absorption, reflection, and re-radiation. The
excess generation of CO, could have profound effects on the surface climate of the earth
including global warming, severe weather pattern shifts, and more intense seasonal conditions.
On top of this, the amount of fossil fuels left for garnering is dwindling, which means an
alternate source needs to be found as quickly as possible to avoid further atmospheric effects
and/or the depletion of the current primary energy source.

Due to the exponential increase of the earth’s population and economic rise of many un-
developed countries, the world energy consumption is on roughly a linear rise (Figure 1.2). In
2004 the total world energy consumption was up to 4.7 x 10%° J (15 TW) and in 2008 it had risen
to ~5.0 x 10%° J (16 TW). It is projected that by 2050 the worldly power consumption will rise
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up over 26 TW.? Figure 1.2 shows two plots; a timeline (1965 to 2005) of world energy
consumption broken down into the top sources (left) and a linear bar graph of all sources
showing their % make up of the total consumption (right). Both plots show that non-renewable
sources (nuclear & fossil fuels — oil, coal, and natural gas) constitute well over 90% of the total
energy consumed with less than 10% coming from the renewable sources. Among the renewable
sources, solar and wind show the most potential. Solar energy converted into electrical energy
through photovoltaic processes, which is one of the very promising renewable energy

technologies (discussed later), does not even comprise a thousandth.
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Figure 1.1 World Energy Consumption Timeline® & 2006 Energy Source Usage (%)*

The left image shows a timeline from 1965 to 2005 of the continually increasing power
consumption of fuels with fossil fuels being the major contributors. (Used with permission
from ref. 3. Copyright © 2007 Frank V. Mierlo) The right image shows a linear bar graph
of the percentage of fuels consumed in 2006 again showing that fossil fuels (non-renewable
sources) comprise over 90% while renewable sources (solar, wind) constitute <1%. (Used

with permission from ref. 4. Copyright © 2008 Omegatron)

Necessity for Sustainability
With renewable sources only composing such a small percentage and the depletion of
fossil fuels approaching quickly, a push towards an efficient, sustainable energy source is vital.
It is estimated that there is only 57 ZJ (10%!) of energy left on earth from various oil sources, with
a low estimate of 8 ZJ and a high estimate of 110 ZJ. The energy amount and percentage

breakdown of the various oil sources for the median estimate are shown in Figure 1.2.
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Figure 1.2 Remaining Oil Energy®

The estimated energy amounts and percentages of the various oil sources are shown above.
A median estimate of 57 ZJ of oil energy is believed to remain on earth with 8 ZJ as a low
end estimate and 110 ZJ as a high end estimate. For the median estimate with an
increasing consumption rate of 2 EJ/year the oil supplies would run out in ~150 years.
(Used with permission from ref. 5. Copyright © 2008 Frank van Mierlo)

If the current energy consumption rate (0.18 ZJ/year) would level out (no longer increase
linearly), then the oil sources would run out in 44 years (low), 316 (median), or 611 years (high).
Since it is highly unlikely that constant consumption would occur anytime soon, it can be
assumed that the yearly consumption rate will still increase by 2 EJ/year, meaning the oil supply
would run out in ~20 years (low), ~150 years (median), or ~240 years (high). With the depletion
of the fossil fuels potentially occurring within the next century, the discovery and
implementation of an efficient, sustainable energy source needs to take place. As mentioned
earlier solar energy is one of the most promising candidates of the possible renewable sources.
(Figure 1.3)

Alternatives to Present Energy Economy
The sun deposits 4.3 x 10?° J of energy onto the earth in one hour which is more energy
than mankind consumes in one year. Of the 174 PW that reaches the earth’s outer atmosphere,
86 PW (equivalent to 2.71 x 10?* J/year > 5,000x the energy used) still reaches the earth’s
surface; the other 88 PW being absorbed or reflected by the atmosphere (Figure 2.1). Figure 1.3
displays some of the renewable sources with their amount of potentially harvestable power and
compares them to the power consumed. Using a combination of the renewable sources would
provide more than enough energy for sustainability but solar alone could also accomplish this. If
3



only 0.16% of the earth’s surface was covered with solar energy conversion systems that were at

least 10% efficient, the energy requirements would be satisfied.
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Figure 1.3 Total Possible Available Power of Renewable Sources®

Of all the renewable sources, solar is one of the more promising to replace fossil fuels due
to the 86 PW of power that is supplied to the Earth’s surface. This 86 PW is more than
5000x the current global consumption of 15 TW. (Used with permission from ref. 6.
Copyright © 2008 Delphi234, based on work by Frank v. Mierlo)

Solar Energy Harvesting

The primary solar energy conversion systems employed to harvest the incident solar
energy are photovoltaic devices. These photovoltaic devices, also known as solar cells, capture
and convert the incident solar radiation into electrical energy through the generation and
collection of electron-hole pairs. In the past this has been accomplished by semiconductor
materials sandwiched together into a p-n junction (discussed later), but due to high materials and
fabrication costs, alternative means are being explored. Recently, emerging dye-
sensitized/quantum dot sensitized and polymer/organic based devices with their low materials

costs and relatively high efficiencies are showing much promise.”™?

Photovoltaic Generations (1%, 2", & 3™)
With these emerging photovoltaic technologies, the various devices have been

categorized into solar cell generations; 1%, 2", & 3" (Figure 1.4).
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Figure 1.4 Solar Cell Generations - Cost vs. Efficiency™**®

Photovoltaic devices are segregated into three generations; 1%) Solid-state devices (mainly
Si), 2" thin film devices, 3" Devices not in 1 & 2" (3D hierarchical, organic/polymer
devices, tandem cells, etc.). The 2" generation was developed to circumvent the expensive
1% generation but both are limited by the Shockley-Queisser theoretical limit. The 3™
generation tackles both these issues with low cost, high efficiency devices that have the
potential of being pushed above the thermodynamic limit by strategic device design. (Used
with permission from ref. 13. Copyright © 2007 10P Publishing)

The first generation mainly consists of the silicon-based family of solar cells
(monocrystalline/polycrystalline) which constitute most of the photovoltaic market but also has
had single p-n semiconductor junction based solar cells grouped within as well. The major
downfall to the first generation is the high-costs associated with the production of high efficiency
devices. Figure 1.4 shows that for about 5% increase in efficiency (~10% to ~15%), the cost per
m? would double ($200/m? to $400/m?). By employing thin film technology, the cell thickness
can be reduced from hundreds of microns thick down to just a few microns, which reduces the
high costs of the first generation cells. These thin film cells make up the 2™ generation cells.
The biggest problem with the 2nd generation is due to the reduced materials costs (thinner cells),
there is less light-absorbing material to generate photocurrent leading to lowered efficiencies.
The downfall to the 1% and 2" generations is that since their operation is based on a single p-n
junction, they are limited by their Shockley-Queisser theoretical limits. The 3rd generation solar
cells, which currently consist of any cells that aren’t grouped into the 1% and 2" generations, try
to circumvent the high costs/low efficiencies and some are not limited by the Shockley-Queisser

limit. Since the 3" generation encompasses all those cells that don’t fit into the 1% and 2™ it
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involves many different technologies such as tandem cells***’, 3D hierarchical structured cells®

1820 dye/quantum dot sensitized cells” & 224 12,2530

31- 35

, polymer/organic cells , plasmon enhanced

cells etc. Figure 1.5 gives the best research efficiencies of the 1% 2" and some 3"

generation devices.
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Figure 1.5 Best Efficiencies Obtained for Research Photovoltaic Cells®

Since 1975, as the generations of photovoltaics have evolved, the best obtained efficiencies
for research cells have steadily been climbing with 1** generation Si solar cells approaching
the Shockley-Queisser limit and 3™ generation mutijunction (tandem) devices reaching
upwards of 43%. (Used with permission from ref. 36, Updated image came directly from
author. Copyright © 2011 NREL)

It clearly shows that the 2" generation thin film cells (Si and other semiconductors) are
plagued by lower efficiencies than the 1% generation Si cells, while the 3™ generation
multijunction devices have already been able to surpass the Shockley-Queisser limit for Si based
devices (32%). While the efficiencies of these multijunction devices are high, their materials and
fabrication are too expensive. The emerging photovoltaic devices (organic & dye sensitized)
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show much promise due to their low costs, ease of fabrication, and relatively high efficiencies —
up to 11% (despite being in their infancy). A brief overview of Si/thin film Si devices and dye-

sensitized solar cells, as well as plasmon enhanced devices, is given below.
Solid State Devices

Device Basics and Operation

The 1% and 2" generation Si based photovoltaic devices will be grouped into one
category deemed solid state devices. These solid state devices consist of a p-type semiconductor
(B-doped Si = hole-rich) and an n-type semiconductor (P-doped Si - electron-rich) placed in

contact to form a junction. Figure 1.6 shows a schematic of a solid state device.

Negative
Electrode

Depletion
Layer

Positive
Electrode

Figure 1.6 Solid State Device Schematic

A solid state photovoltaic device consists of a n-type semiconductor placed in contact with a
p-type semiconductor forming a p-n junction. When brought into contact, the excess
charges in the materials diffuse across the semiconductor interface and combine with an
opposing charge. This diffusion leads to the formation of a depletion layer in which excess
negative charges are left in the p-type and excess positive charges are left in the n-type
which gives rise to a built-in electric field.

Upon placing these semiconductors in contact and without an external bias applied, an
equilibrium between the excess holes and electrons is reached. The holes in the p-type
semiconductor (in blue) diffuse across the semiconductor interface combining with an electron in
the n-type (in red) and leaving a trapped electron in the p-type. The same process occurs in the
n-type semiconductor; the electrons diffuse across the interface into the p-type, combining with

holes, and leaving additional trapped holes in the n-type material. This diffusion leads to a
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depletion layer in the device, which then gives rise to a built-in electric field. The built-in
electric field at this interface will help separate and keep separated the generated electron-hole

pairs. The interface of the semiconductors (p-type & n-type) is known as the p-n junction.

P-N Junction of Photovoltaic Device

Figure 1.7 below highlights the processes that occur at a p-n junction upon
electromagnetic radiation. Upon absorption of a photon of appropriate energy, an electron is
excited up to the conduction band (CB) making it a free carrier and leaving a hole in the valence
band (VB), which can also freely move throughout the crystal lattice.  If the charges are
generated in the depletion layer (near the p-n junction) then due to the built-in electric field the
generated majority carriers (electrons in n-type, holes in p-type) are quickly swept away due to
opposition to the electric field. The minority carriers (holes in n-type, electrons in p-type) will
diffuse across the semiconductor and ideally cross the p-n junction without recombining. Once
across the junction the minority carrier becomes a majority carrier and will easily be swept away
by the electric field. If the electron-hole pair is generated far from the built-in electric field or
near a defect in the crystal (trap site), the chances of recombination drastically increase. The
time to recombination is based upon the minority carrier lifetime. If the electron-hole pair is
generated far enough from the depletion layer that the minority carrier can’t diffuse to the built-
in electric field before its lifetime is up, then it will recombine and no current can be produced

due to this parasitic recombination.
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Figure 1.7 PN Junction Operation
When subjected to a photon flux of appropriate energy, the photons are absorbed and an
electron-hole pair is generated. With the help of the built-in electric field, the generated
charges are swept away, separated and begin to diffuse towards the front and rear
contacts. The generated electrons will diffuse towards the n-type region (negative

electrode) and the generated holes towards the p-type region (positive electrode).

Downfalls to Solid State Devices

The downfall to both Si and thin film Si is that in order to minimize these parasitic
recombinations and achieve high efficiency devices, high quality, expensive materials and
fabrication techniques are required. By reducing the thickness of the device i.e. making a thin
film cell the costs can be dramatically lessened but at expense of the efficiency. One way to
circumvent this thin film loss is to incorporate metal nanoparticles to take advantage of their
plasmonic properties (discussed in a latter section). Despite the reduction in costs, the thin film
device fabrication is still an extensive process and the high quality materials can still be

expensive. A cheaper, easy to fabricate alternative is the dye-sensitized solar cell.

Dye-Sensitized Devices
Dye-sensitized solar cells (DSSCs) were pioneered over 20 years ago by Michael Gréatzel
with the debut of the benchmark “Grétzel cell”. Since then DSSCs have been able to reach

efficiencies >11%." 8



Device Basics and Operation

DSSCs make up and operation principles differ greatly from their solid state
predecessors. Basic DSSCs consist of a semiconductor nanoparticle network sensitized with a
visible light absorbing species with an interwoven electrolyte, all sandwiched between a
transparent conducting oxide (TCO) electrode and a Pt thin film counter electrode (Figure 1.8).
The heart of the device lies in the sensitized photoanode, where charge generation and separation
occur as two distinct processes, which is what sets the DSSC apart from the solid state devices.
In the solid state devices, the charge generation and separation occurs within the same material
whereas in the DSSC, charge generation occurs within the dye and separation occurs at the
dye/TiO, nanoparticle interface and the electrons flow through the TiO, network while the holes

are carried by redox mediators in the electrolyte solution.

e e @ Counter Electrode

Figure 1.8 DSSC Components & Operation®’
A DSSC consists of a semiconductor sensitized with a visible light absorbing species (dye)
sandwiched in between a transparent conductive electrode and a counter electrode with a
redox couple filler to shuttle the charges to and from the CE and the dye/semiconductor
interface. When the dye absorbs incident light, an electron is excited and can then be
injected into the semiconductor, where it percolates through and is ideally collected to do
work. (Modified from ref. 37. Copyright © 2009 M. R. Jones)

Upon light irradiance of appropriate energy, an electron of the dye is excited from the
highest occupied molecular orbital (HOMO) to one of the higher energy unoccupied orbitals.
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The electron is then injected into the TiO, where it percolates its way to the transparent
electrode. Once collected, the electron flows through the external circuit, does work, and flows
to the Pt counter electrode. At the CE, the electron reduces the electrolyte (I3). The reduced
species (31), acting as charge shuttle, then diffuses through the electrolyte solvent towards the
photoanode. Upon arrival at the dye of the photoanode, the 31" is oxidized back to I37, reducing

the previously oxidized dye and regenerating it for another cycle.

Improving Downfall to DSSCs
The DSSC can be fabricated with relative ease and its costs are minimal but the device
efficiency is still extremely low when compared to the commercially available Si cells. Various

approaches to improving the efficiency of the DSSC, such as 3D counter electrodes®®*3, more

stable redox shuttles***® 49-55

, and higher absorption photoanodes are underway. Increasing the
photon absorption of the photoanode is critical because the more photons absorbed, the more
potential electrons to be collected, and the higher the possible photocurrent. One method to
enhance the photoanode absorption that is heavily explored is improvement of the sensitizer.
Dyes with wide absorption bands, spanning the whole visible region and even reaching down
into the UV region and up into the IR region, are currently being developed.*>> Another way to
increase the photoanode absorption which could potentially lead to enhanced device efficiencies

is to incorporate metallic nanoparticles that display plasmonic properties.

Incorporation of Metallic Nanoparticles
These metallic nanoparticles that display plasmonic properties (surface plasmon
resonance) could be incorporated into various parts of the photovoltaic devices to try to increase
the light harvesting characteristics of the devices. The surface plasmon resonance of the metallic
nanoparticle should increase the generated photocurrent through enhanced light guiding,

trapping, or absorption.

Surface Plasmon Resonances

Surface plasmon resonances are the collective oscillation of electrons within a metal
nanoparticle (Figure 1.9) When the size of the nanoparticle is much smaller than the wavelength
of incident light, at any given point the nanoparticle experiences a relatively uniform electric

field. This “uniform” electric field pushes the electrons all together to one side of the particle.
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The movement of conduction electrons upon light excitation leads to a buildup of polarization

charges on the particles surface which acts as a restoring force, allowing a resonance to occur at

a particular frequency, which is known as the surface plasmon resonance frequency.>® >’

Figure 1.9 Surface Plasmon Resonance Schematic®®

When the size of a particle is reduced to sub wavelength dimensions, the particle will
experience a uniform electric field as incident light interacts with the particle. This
uniform electric field causes the charges in the particle to oscillate with the electric field.
This oscillation acts a restoring force leading to resonance at a particular frequency. This

resonance can be exploited for enhancing photovoltaics. (Image adapted from ref. 58.)

Light Trapping Geometries
Incident light near the surface plasmon resonance frequency is either strongly scattered or
absorbed depending on the particle size. This property can be exploited in solar cells as a light
trapping mechanism. Various light trapping geometries can be employed depending on the solar

cell design and the desired effect (Figure 1.10)

b
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Depending on the size and geometry of the particle, the particle can be employed in

Figure 1.10 Light Trapping Geometries®®

different geometrical setups to achieve various light trapping. Incident light can be
scattered (far left), concentrated (center), and/or redirected (far right). (Used with
permission from ref. 56. Copyright © 2010 Nature Publishing Group)

There are three possible light trapping geometries for solar cell applications; light

scatterers (1.10a), light concentrators (1.10b), and light redirectors (1.10c). When a metal
12



nanoparticle that exhibits surface plasmons is placed in a homogeneous material, then incident
light will be scatted away from the particle (nearly) symmetrically. If metal nanoparticles of
appropriate size (>100 nm) are placed at the semiconductor/glass interface as in Figure 1.10a the
incident light will preferentially scatter into the material with a higher permittivity; in this case
into the semiconductor.”® * This increases the path length of the light as it travels through the
device, increasing the chance of complete absorption and also allowing the thickness of the
photoactive material to be decreased. If a reflective back contact is employed such as a Pt CE
and the light is not absorbed on the first pass, then as it reflects toward the surface the path length
is additionally increased. With an appropriate surface coverage of nanoparticles, the light will
essentially be trapped inside the device until it can be absorbed.

When particles of smaller size (<100nm) are placed at the interface of two
semiconductors, such as a p-n junction, the particles will no longer scatter the light but will
concentrate it (Figure 1.10b) Upon excitation, a large electric field enhancement is present
around the particle (see Figure 4.3). The nanoparticle will act as an antenna for the incident
light, storing energy in the localized surface plasmon which will lead to increased absorption by
the surrounding semiconductor.*®

Another way of trapping the light inside the cell besides using the first geometry and a
reflective back contact is to incorporate metallic nanostructures on the back contact (Figure
1.10c). Using this geometry, incident light is converted into a surface plasmon polariton (photon
coupled to surface plasmon) which is an electromagnetic wave traveling along the interface
between the back contact and the absorber.*® Surface plasmon polaritons excited at this interface
can effectively trap and guide light into the semiconductor layer; the incident light is rotated by
90° and re-directed along the lateral direction of the semiconductor layer. The potential path
length that the light could travel can be increased by upwards of 1000x due to device thicknesses

being on the order of a few microns and device areas being on the order of centimeters.

Applications

As discussed above, the materials costs of Si based devices can be drastically reduced by
employing thin film technology but the device efficiency is also reduced. One way to enhance
the efficiency without increasing the materials cost is to incorporate metallic nanoparticles using

the geometries discussed above. The surface plasmon resonance of the nanoparticle should
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enhance the photocurrent thereby enhancing the overall efficiency. Ag nanoparticles have
already been shown to increase photocurrent generation when incorporated into thin film
devices.® ® % Since DSSCs are a cheaper alternative to the solid state devices but are plagued
with lower efficiencies, this same concept of metallic nanoparticle incorporation can be applied
to the DSSCs to enhance the photocurrent and in turn the efficiency; Ag & Au nanoparticles
have also been shown to enhance the photocurrents and efficiencies for DSSCs but are very
sensitive to device design.®" 3% 3% 2% Recently in our lab, Au nanoparticles (AuNPs) were
incorporated into DSSCs at the FTO/TIO, interface showing potential photocurrent

enhancements upwards of 30% and efficiency enhancements upwards of 20%.

Photovoltaic Device Characterizations

With all the discussion of photocurrents and efficiencies, without a further understanding
of what these parameters actually mean, then the numbers don’t really have much significance.
In order to characterize photovoltaic devices (PVDs) and arrive at these parameters, a calibrated
solar simulator is required that is capable of producing the standardized intensity of 1 sun
(100mW/cm?). The characterization techniques and how to arrive at the critical parameters that
characterize PVDs will be described below. It should be noted that none of the graphs in the
remainder of this chapter are actual data; all the graphs are schematic figures for the ease of

discussion.

IV Curves (Dark & Illuminated)

The primary means for characterizing PVDs is the collection of the dark & illuminated
IV curves. For these measurements, the voltage is swept from negative to positive (approx. -
0.2V to 0.75V depending on device) and the resultant current response of the device is
monitored. The dark curve will be further discussed below. The critical parameters that can be
extracted from the illuminated curve are the short circuit current density (Jsc), open circuit
voltage (Voc), fill factor (FF), efficiency (1), shunt resistance (Rsy), and series resistance (Rs).

Schematic dark & light IV curves are given below in Figure 1.11.
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Figure 1.11 Schematic Dark & Illuminated 1V Curves with Equivalent Circuit Model
Displayed on the schematic IV curve are the short circuit current density (Jsc), open circuit
voltage (Voc), theoretical power (Ptheoretical), CUrrent density at the maximum power output
(Jmp), voltage at the maximum power output (Voc), and the maximum power output (Pmax)
of the device. The photovoltaic device can be modeled by the simple equivalent circuit
shown on the right.
The short circuit current density occurs when the voltage on the device is zero and it is the
maximum possible current that the cell can generate. In contrast, the open circuit voltage occurs
when the current flow through the device is zero and it is the maximum obtainable voltage of the
cell. Before discussing the fill factor and efficiencies, the resistances of the device need to be
mentioned; the shunt resistance arises from the lack of alternate current pathways (power losses)
in the device and the series resistance arises from the combined interfacial charge transfer
resistances. Ideally the shunt resistance is large, meaning very little power losses and the series
resistance is low, meaning very little resistance to charge transport through the device. These
resistances can be approximated from the slopes of the IV curve; the series resistance is the
inverse of the slope of the IV curve around the Voc and the shunt resistance is the inverse of the
slope of the IV curve around the Jsc. It should be noted that if the shunt resistance is too low,
then the photovoltage will decrease and if the series resistance is too high, the photocurrent will
decrease. As just mentioned, in the ideal case, the shunt resistance is high (zero slope near Jsc)
15



and the series resistance is low (large slope,o, near Voc). This case would lead to the ideal IV
curve, which is the green box in Figure 1.11. The IV responses, both light and dark, can be
modeled to an equivalent circuit which is shown on the right side of Figure 1.11. Under dark
conditions, the photovoltaic device behaves just like a diode displaying a current Ipak. Under
illumination, the device generates current labeled Iy, which is modeled as an additional
component (current source) in the circuit model. The total current produced, I, by the device is
then equal to Ipak + I + Isy. Again in the ideal case, the shunt resistance is near c and the
series resistance is near 0, resulting | = Ipak + . This is also apparent in the circuit model. If
Rs is large, then there will be a large resistance to the flow of electrons through the circuit
thereby decreasing the total current, I, and the efficiency of the device. Likewise if Rgy IS too
small, then it provides an alternate current path for the electrons to follow which would result in
a voltage drop across the circuit (lower photovoltage) and again decreased efficiencies.

Some other parameters shown on the IV curve above are the current density at the
maximum power (Jwvp), the photovoltage at the maximum power (Vyp), the maximum power
(Pmax), and the theoretical power (Pieo). In order to obtain power values, the current and voltage
are multiplied together, so to determine the maximum power of the device, the current and
voltage values from the IV curve are multiplied together. The resultant values are then plotted
vs. the original voltage values giving a curve such as the one in Figure 1.12 and the maximum

power is extracted.
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Figure 1.12 Maximum Power Output Curve

The maximum power density output of the device can be determined by plotting the
product of the current values and the voltage values vs. the original voltage values. A near
parabolic curve should be obtained with the maximum of the curve being the maximum

power output.

The theoretical power of the device is calculated by multiplying the short circuit density
by the open voltage. Using all these parameters the fill factor can then be calculated with the
formula given below:

FF = (mp X Vmp)/ (Jsc X Voc) = Pmax / Prheoretical

Therefore the fill factor of the device is a ratio of the maximum power output to the
theoretical maximum power output which is essentially the ratio of the area of the blue square to
the area of the green square.

The last parameter, and probably the most critical in terms of device characteristics, is the
efficiency. The efficiency is calculated using the following formula:

N = (FF X Jsc X Voc / Pin) X 100
= (Imp X Ve / Pin) X 100
= (Pmax / Pin) X 100

The efficiency is the ratio of the maximum power output of the device to the power of the
incident radiation.

The dark IV curve can be used to determine the cathodic current (back reaction) of the
device. Extracting the current over a given voltage range, such as the one in the red box in
Figure 1.13, and plotting its absolute value in log scale vs. the voltage will give a straight line as

seen in insert.
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Figure 1.13 Schematic Dark Back Reaction
Critical information regarding charge transport properties can be inferred from the 1V
response under dark conditions by plotting the dark current density in log scale over a
specified voltage range.

By comparing the slopes and the positions of the lines, various conclusions can be made

about the cathodic current and the charge transport properties.*°

Incident Photon to Current Conversion Efficiency (IPCE)

Another means to characterize the photovoltaic devices and also to probe the origin of the
photocurrent is to measure the incident photon to current conversion efficiency (IPCE). The
IPCE gives the percentage of photons at each wavelength that are actually converted into
electrons (current). Therefore an IPCE of 50% indicates that for every one electron produced,
two photons were required. Figure 1.14 shows a schematic IPCE graph of a DSSC. The IPCE is
calculated with the following formula:

IPCE; = ((1240 X Jsc ) / (Pin X 1)) x 100
In order to determine the IPCE, the incident power (Pi,) at each wavelength is measured as well
as the short circuit current and these values are plugged into the above equation. For a DSSC the
IPCE peaks should correlate well with the UV-Vis peak absorption of the dye. A peak could
also be present from the semiconductor such as the peak at ~350 nm in the schematic graph for
TiO,.
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Figure 1.14 Schematic IPCE

The incident photon to current conversion efficiency provides information into how
efficiently the device converts photons into electrons (current) at each wavelength.
Characteristic UV-Vis peak absorption wavelengths ideally will correspond to the peak

IPCE wavelengths.

Chronoamperometry/Chronopotentiometry (Illumination On/Off)

Two powerful techniques that allow the measurement of device stability and charge
transport properties are chronoamperometry and chronopotentiometry. For both techniques light
is irradiated on the device for a given time period and is then interrupted (usually with a shutter)
for a given period. For chronoamperometry, the short circuit current is monitored during these
illumination on/off periods (Figure 1.15). The stability of the device’s photocurrent is easily
visualized from the chronoamperogram; if the measured current density during the on period
remains virtually unchanged then the device is stable. The critical information that comes from
chronoamperometry is whether or not the device is diffusion limited by the electrolyte. If the
device is not diffusion limited (a flat steady photocurrent during the illumination on period) then
the redox mediators are able to regenerate the dye at the same rate that it is being excited
(oxidized). When the device is diffusion limited, a decay in photocurrent will be visible such as
the first two illumination on periods in Figure 1.15. When the light is first turned on, the dye
molecules are excited and start to inject electrons into the TiO,. These oxidized dye molecules

are instantly regenerated by the redox couple surrounding the dye/nanoparticle network allowing
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the dye molecules to again be excited and inject electrons. Since the limiting factor of the device
is the diffusion of the electrolyte, as the electrolyte surrounding the photoanode is consumed, the
oxidized dye molecules have to wait for more redox couple to diffuse to the photoanode before
they can be regenerated. With the dye molecules being oxidized faster than the redox couple can
reduce them all, many dye molecules remain in the oxidized state waiting for the electrolyte to
diffuse to them. In other words as the redox couple diffuses to the photoanode, it will be
instantly oxidized before it can penetrate deeply into the nanoparticle network leaving oxidized
dye molecules in the oxidized state, rendering them useless. Over time as this process occurs,
more and more dye molecules will be left in the oxidized state and therefore a decrease in
photocurrent will be visible. Eventually, these processes will come to equilibrium and the
photocurrent decay will level out. The critical information that can be extracted from this
photocurrent decay is the apparent diffusion coefficient of the redox couple. The photocurrent
decay can be plotted vs. the inverse square root of time (t®°) and if a linear dependence is
present then the apparent diffusion coefficient of tri-iodide can be extracted from the slope of the

linear portion (Figure 1.15)."
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Figure 1.15 Schematic Chronoamperogram

Chronoamperometry can provide three key pieces of information about the device; the
stability of the device, whether it is limited by diffusion and if so what is the diffusion
coefficient of the electrolyte. As the illumination is continually interrupted, a stable device
will have the same current response during each illumination period. If the device is
diffusion limited, a decay in the photocurrent is visible. This decay can be plotted vs. time

95 and the apparent diffusion coefficient can be extracted.

In chronopotiometry, the open circuit voltage is monitored while the incident light is
repeatedly interrupted for a given time period. Similar to chronoamperometry this technique can
be used to determine the stability of the photovoltage of the device (Figure 1.16). The critical
information that can be extracted from the chronopotentiogram again involves decay. Once the
light is shut off the photovoltage will begin to decay rapidly and then slow as it approaches lower
values. Using this decay, the lifetime of recombination of electrons with oxidized species in the
electrolyte can be determined.®
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Figure 1.16 Schematic Chronopotentiogram
Similar to chronoamperometry, chronopotentiometry can provide critical information into
the device stability and charge transfer properties. The decay in the photovoltage can be

used to determine the recombination lifetime of electrons in the electrolyte.
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Electrical Impedance Spectroscopy (EIS)

Yet another way to probe the charge transport properties of photovoltaic devices is
through electrical impedance spectroscopy (EIS). EIS can be performed under any bias (in the
working range of the solar cell) and under any illumination conditions, but generally the
conditions are open-circuit and 100 mW/cm? illumination. In EIS, a harmonically modulated
small-amplitude voltage is superimposed over the bias voltage (open-circuit) which allows a
small AC current to flow.®” The resultant current is monitored over a pre-determined frequency
range and the impedance at each of the frequencies is calculated. A typical EIS spectra, called a
Nyquist Plot (Figure 1.17), is a plot of the real impedance (x-axis) vs. the negative value of the
imaginary impedance (y-axis). For DSSCs, three semicircles are usually present, although the
3" semicircle (mHz region), which is the finite-Warburg impedance of the tri-iodide mass
transport, can often vanish into the 2" semicircle or just may not be visible due to the device
thickness (if device is thin enough).® ®” The first semicircle, which represents the charge transfer
resistance at the counter electrode, is usually in the kHz region and the 2™ semicircle, which
represents the charge transfer resistances throughout the semiconductor and at the
semiconductor/dye/electrolyte interfaces, is usually in the Hz region. The electron lifetimes in
the semiconductor layer can be determined through EIS by plotting the data in a Bode phase plot

and extracting the peak frequency of the 2" semicircle (see Chapter 3 — Figure 3.13).
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Figure 1.17 Schematic EIS Spectra of DSSC

The Nyquist plot for a DSSC consists of three semicircles; the first one representing the
charge transfer resistance at the CE (kHz region), the 2" representing the charge transfer
resistance in the photoanode (Hz region), and the third representing the finite Warburg
impedance (mHz region). The semicircles will be shifted to the right (higher resistance)
depending on the electrolyte and contact resistance. Plotting the data in a Bode phase plot
and extracting the peak frequency of the 2" semicircle will give information into the

electron lifetime in the semiconductor film.

Using the appropriate software, the EIS data can be fit to an equivalent circuit (Figure 1.18).

Q Q14w

R

RCTCE RCTPA

Figure 1.18 DSSC Equivalent Circuit
The Nyquist plot of a DSSC can be modeled by a resistor and two RC circuits in series,

with one RC circuit containing a finite-Warburg Impedance element, Zyy. Rs corresponds
to the resistance of the electrolyte and the electric contacts. The two RC circuits (Q =
capacitor, C, of variable capacitance) represent the charge transfer resistances at the
counter electrode/electrolyte interface (Rcrce) and the dye/semiconductor/electrolyte
(photoanode) interface (Rcrepa) as well as the double layer capacitances at each interface
Q).

The resistance that arises from the electrolyte and the electrical contacts can be
represented by a simple resistor labeled, Rs. The first and second semicircles are represented by
simple RC circuits (a resistor and a capacitance component) in series. Both the first and 2"
semicircles require a capacitor of variable capacitance, represented by Q. This component arises
from double layer capacitance at both the CE/electrolyte (1% semicircle) and the photoanode
(PA)/electrolyte (2™ semicircle) interfaces. The resistors for the 1% semicircle (Rcree) and the

2" semicircle (Rcrpa) correspond to the charge transfer resistances at the respective interfaces;
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1% semicircle > Rcree = charge transfer resistance at the counter electrode and 2™ semicircle >
Rctpa = charge transfer resistance at the photoanode. Rs, Rcrce, and Rerpa together would give
rise to the overall series resistance of the solar cell discussed above. In order to model the third
semicircle, the Zy component, which models the finite-Warburg impedance of the electrolyte
mass transport, needs to be incorporated. If the circuit model did not contain the Zy, component
then only two semi-circles would arise. Even with this component included, the 3" semicircle is
often not-visible due to the thin nature of the device (not diffusion limited) and/or the 2™

semicircle overlaps the 3" i.e. the diffusion component is masked by the 2" semicircle.® 2% ¢
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Chapter 2 - Solar Simulator System: Setup & Beam Alignment

As discussed in Chapter 1, the worldly consumption of energy is continually increasing
and the means of this energy, fossil fuels, is slowly being depleted making the need for finding
and implementing efficient and renewable sources of energy more and more pertinent. One of
the promising approaches is to harness solar energy through solar cells by converting sunlight
into electrical energy through photovoltaic processes. As previously stated, over 5.48 YJ (10
Joules) of energy is irradiated onto the earth by the sun every year (eq. to 174 PW). Of this
energy, only about half (~89 PW or 2.8 YJ/yr) reaches the earth’s surface due to interactions

(absorption, reflection, & re-radiation) with the atmosphere. (Figure 2.1)

. a Radial
Incoming Reflected by Reflected  Reflected by space from from eal
Solar atmosphere by clouds  earth's surface  atmosphere to spi

10 35 7 111 10

174 PW

89 PW absorbed by land and oceans

Figure 2.1 Solar Energy Diagram®®

Of the 174 PW of solar power that reaches the Earth’s outer atmosphere, 89 PW is not
reflected or absorbed by the atmosphere, allowing massive amounts of energy to be
harvested through photovoltaic devices. (Used with permission from ref. 68. Copyright ©
2008 Frank v. Mierlo)

The absorption, reflection, & re-radiation of the incident solar radiation by the

atmosphere (the greenhouse gases — Oz, H,0O, O,, and CO,) gives rise to what is known as the

solar radiation spectrum. (Figure 2.2)
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Figure 2.2 Solar Radiation Spectrum®

The spectrum of the 174 PW of sunlight reaching the upper atmosphere is represented by
the yellow (plus the orange) curves. The power reduction to 89 PW due to the atmosphere
arises from the absorption of light (& reflection — not shown) from the greenhouse gases
(O3, H20, Oy, and CO,) which produces the spectrum of solar radiation at sea level
(orange). (Used with permission from ref. 69. Copyright © 2007 Robert A. Rohde)

Since functioning solar cells, or panels, will be exposed to this spectrum once commercialized,
when a new type of cell is developed its photovoltaic properties would ideally be tested using
this same solar radiation but planetary climate conditions may not always be favorable to do so
nor is the incident solar radiation onto the earth’s surface always consistent. In order to
circumvent these testing difficulties, systems were developed that would simulate the solar
radiation spectrum and standard incident light intensities onto the atmosphere and onto earth’s
surface were established. These standardized light intensities are designated as Air Mass (AM) 0
(Figure 2.3 — Red Curve) and 1.5, for outside the atmosphere and onto the earth’s surface
respectively. The incident light onto the earth’s surface has two distinctions; one is AM1.5D
(Figure 2.3 — Green Curve) which only includes direct radiation and the other is AM1.5G (G
stands for Global — Figure 2.3 — Blue Curve) which includes both direct and diffuse radiation.
The solar intensity of AM1.5G sunlight is calculated to be ~970W/m? but due to the variations in
the intensity from changing atmospheric conditions, the value is standardized to 1000 W/m?,
although the most commonly used and reported values in literature are 2000mW/cm? and 1 sun.”

Besides a standardized light intensity, a standardized solar spectrum was also developed (Figure
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2.3) and for testing purposes the spectrum & intensity are achieved through the use of an

AML1.5G filter and a lamp, respectively.
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Figure 2.3 Standard Solar Spectra’

Shown in blue is the standard solar spectra, developed (AM1.5 Global) for solar simulation
measurements. The spectrum represents the standard irradiance of 100 mW/cm? used for
photovoltaic characterizations. Also shown are the AMO spectrum (solar radiation outside
the atmosphere) and the AM1.5D spectrum (only includes the direct solar radiation onto
the earth, not direct and diffuse - AM1.5G). (Used with permission from ref. 70. Copyright
© Christiana Honsberg and Stuart Bowden, original work and data from SMARTS
modeling program used at NREL)

A variety of solar radiation simulating systems have been developed, ranging from simple
economical multi-piece units up to expensive elaborate single units that are capable of
conducting all the measurements in situ. Prior to fabricating and studying any solar cells, a said
solar simulator system needs to be established. After researching various companies’ systems
and receiving quotes, a solar simulator system from Newport Corporation was purchased, as well
as some additional components from Thorlabs and Agilent Technologies. The solar simulator

system will be described in detail in the next section.

Newport Solar Simulator System
The Newport solar simulator that was purchased came with an assortment of instruments
(Figure 2.4, Figure 2.5, & Table 2.1). The most important of these instruments will be described
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below. A complete detailed list of the instruments can be found in Appendix A as well as a

labeled schematic map.
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Figure 2.4 Newport Solar Simulator
Above is an actual picture of the solar simulator setup with the major components labeled.
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Figure 2.5 Newport Solar Simulator Schematic (See Table 2.1)
Schematic of the overhead view of the major solar simulator components that are shown in

Figure 2.4 as well as their locations on the supporting laser table.

Table 2.1 Major Solar Simulator Components

. Broadband Light I11. Electrochemical Characterization Instruments

A. Agilent Source Measure Unit (SMU)

A.300 W Xe OF Arc Lamp )
B. CH Instruments Electrochemical Analyzer (not

B. Lamp Power Supply pictured)
C. Shutter and Power Supply C. PARSTAT (not pictured)
D. Thorlabs Thermal Power Sensor & IV. Misc
Meter A. 24> Optical Rail/Rail Carrier
E. AML5G Filter B. PV Measurements, Inc. 2 cm x 2 cm Calibrated

Silicon Reference Cell (not pictured)

I1. Monochromatic Light *All components are from Newport Corporation

A.75W Xe OF Arc Lamp unless otherwise stated
B. Motorized Monochromator

C. Monochromatic Power Sensor & Meter

The solar simulator system contains two light sources for producing the desired types of light for
solar cell characterizations; one for broadband white light and another for monochromatic light.
For the broadband light, a 300 W Xenon (Ozone Free) Arc Lamp and the AM1.5G Filter are
used to provide 100mW/cm? of simulated solar radiation. A neutral density filter may also be
utilized for lower light intensity measurements. The Thorlabs’ thermal power sensor & meter is
used to verify that the incident light is of the desired intensity of 1 sun. Another important
component of the broadband light setup is the motorized shutter, which enables the incident light
to be interrupted during data collection to see how the device(s) behave from rapidly changing
radiation conditions. The other light source (monochromatic) consists of a 75 W Xenon (Ozone
Free) Arc Lamp, which produces white light, and a motorized monochromator that separates the

white light into its monochromatic components, allowing the device’s behavior, such as incident
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photon to current efficiency (IPCE), at each wavelength to be monitored. A different power
sensor and meter (Newport), which factors into the power reading that the source is
monochromatized, are employed for the measurement of the incident power at each selected
wavelength. Being able to simulate the solar spectrum is ideal for testing photovoltaic devices,
but without a means of monitoring the device’s performance, the ability to simulate the solar
spectrum has no meaning. In order to observe the photovoltaic device’s performance, a source
measure unit (Agilent) is utilized to record the device’s current or voltage outputs under the
various light conditions (dark & illuminated IV Curves). Also used to further characterize the
devices (but not pictured in the schematic) are two different potentiostats; CH Instruments
Electrochemical Analyzer (light on/off measurements) and PARSTAT Potentiostat (EIS). The
Agilent SMU is capable of monitoring the current & voltage responses during light on/off
measurements but due to poorer time resolution, the CH Instruments potentiostat is used. As
stated before, the simulator consists of many other components but only the major pieces are
highlighted here.

Solar Simulator System Setup and Calibration
Once the simulator had been procured, it was assembled (as seen in Figure 2.4), the
lamps were aligned and calibrated, and a quick guide was drafted up. Each lamp required a
different alignment and calibration process, which will be discussed below, but for both lamps
the uniformity of the incident beam was critical. Figure 2.6 schematically outlines possible beam

irradiances from the lamp.
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Figure 2.6 Schematic of Possible Incident Lamp Beams

Ideally, an incident beam of light irradiating from the lamp that consisted of uniform
power across the beam would be achieved as seen in A above. The reality is that the power
of the incident beam is more conical shaped in its magnitude i.e. high power at the center
with the power decreases away from the center (B). The goal is then to spread this
uniformity outward across the beam as much as possible to give more of a dome shaped

beam as shown in C above.

Ideally the incident radiation from the arc lamps would be of equal power across the
entire beam face (perfectly uniform/collimated) as seen in Figure 2.6a. In reality though there is
a power maximum at the center of the beam and the beam power drastically decreases with
distance from the center (Figure 2.6b). The goal then is to align the lamps and mirrors in such a
manner that the maximum power is expanded from a single point to a larger area as well as
decrease the power drop off from the beam center (Figure 2.6¢). In order to maximize this beam
uniformity, four critical parameters had to be optimized; the position of the arc of the lamp, the
reflector mirror position, the condenser lens distance from the arc, and the sample placement

from the lamp.

300 Watt Broadband Light Source

A schematic of the 300 watt Xe arc lamp setup is shown below in Figure 2.7.
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Figure 2.7 300 W Lamp Setup Schematic

The schematic above shows the path that the irradiated light takes from the 300 W source.
Light irradiated in the forward direction (to the right in the schematic) goes directly to
through the condenser tube towards the sample. In order to collect as much light as
possible and increase the intensity subjected on the sample, light irradiated in the
backwards direction (to the left in the schematic) is re-directed forward with a reflector

mirror and is then collimated with the condenser lens before striking the sample.

The broadband setup consists of the 300 Watt lamp as the light source, a back reflector
mirror to send as much irradiated lamp light as possible forward, and a condenser lens/tube to
collimate, converge or diverge the light onto the sample. The first steps for alignment of this
lamp were to position the arc in the center of the reflector mirror and the condenser lens. When
the lamp was installed in its housing, its horizontal and vertical positioning could be adjusted so
that the arc would be roughly centered in the reflector mirror. Once roughly placed in the center,
the condenser lens was slid as close as possible to the lamp housing and peering down the
condenser tube, the arc was further centered in the back reflector mirror and the condenser lens.
This was done by adjusting the vertical and horizontal positions on the lamp, as well as the x, v,
z axes of the reflector mirror until the inverted arc image (seen in the reflector mirror) was
overlain and aligned nicely with the actual arc. The ideal placement of the inverted arc image
over the arc can be seen in Figure 2.8 below (a. arc, b. inverted arc image, c. arc & arc image

‘J.'H;!-
t 9

superimposed).
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Figure 2.8 Arc Lamp & Arc Lamp Image Alignment

For proper alignment of the 300 W arc lamp, the actual arc and the arc image (created by
back reflector mirror) need to be superimposed in such a manner that the “hot spots” of
the electrodes (tip of point electrode) do not lie directly over the larger curved anode as

seen in C of the above figure.

For ideal alignment the inverted arc image (outlined in black) would be superimposed
over the actual arc but this would put the arc hot spots (point electrodes - cathode) directly over
the curved electrode (anode) and would cause the lamp to overheat. Therefore the inverted arc
image was superimposed over the arc such that the arc hot spots were just inside the anode and
anode image. The hot spots were situated far enough from each other to keep them from directly
overlapping but they put close enough so that they didn’t fall onto the anodes or anode image.
This placement allowed for the brightest points of the arc & the arc image to overlap so that a
near circular beam was irradiated from the lamp housing (condenser lens).

With the inverted arc image aligned nicely over the actual arc, the lamp was turned on
and fine tuning of the beam uniformity was begun. Before fine tuning though, the condenser
lens was slid forward to diverge the beam and using the Thor Labs power meter, a suitable
distance from the lamp was chosen as to get the power density close to 100mW/cm?. Once the
distance from the lamp was set, the other three parameters could be slightly adjusted to bring the
beam uniformity as close to unity as possible. As stated before, ideally the incident power would
be the same across the whole beam but that is not possible. The actual achievable beam
uniformity is a power density variation of less than 10% over a 1 cm? area, which would well
encompass the area of the devices in question. In order for the power density uniformity to be
fine tuned, the lamp needed to have ample time to warm up to let the beam stabilize prior to any
uniformity measurements could be performed. To determine an ample warm up time period, the
detector was placed at the most intense point of the beam (roughly center), the lamp was turned

on, and the incident power was monitored over an extended period of time (Figure 2.9).
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Figure 2.9 300 W Lamp Incident Power vs. Time

For proper use of the 300 W lamp, the lamp needs time to warm up and the irradiated
power needs to stabilize before characterizing any devices. A warm up period of 20
minutes is sufficient enough for lamp usage but complete stabilization does not occur until

at least 30 minutes of warm up time.

The red lines are the recorded power over a 30 minute interval from different tests. After 30
minutes the power had stabilized at around 135, 137, & 138 mW respectively. From the black
lines, which are drawn at the approximate power stabilizations, the lamp actually stabilizes after
about 20 minutes of being on and is fairly stable after 15 minutes but for measurement purposes
at least a full 30 minutes was given for the lamp to achieve stabilization. With the lamp roughly
centered and warmed up, the fine adjustments were made in order reach the desired beam
uniformity. In order to check the uniformity, using the power meter mounted onto the rail
carrier, power readings were recorded both in the x-direction (horizontal) and y-direction
(vertical). After each uniformity test, a slight adjustment in the reflector mirror position, lamp
position, and/or condenser lens position was made and the uniformity was re-checked. The
initial uniformity test, which was only done for the x-axis, was quite poor (~75% difference over
2 cm). After many adjustments, a beam uniformity of <10% over 1 cm was obtained for the x-
direction so the beam uniformity for the y-direction was tested and was found to be poor as well

(~40% difference over 2 cm). After tuning the y-direction it was found that adjustments in the y-
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direction affected the x-direction uniformity and vice versa so both axes had to be aligned
simultaneously.  Following repeated adjustments and tests, an acceptable beam uniformity of
18.09 % difference over 1.5 cm (8.72% over 1 cm) in the x-direction and 11.39 % difference

over 1.5 cm (4.79% over 1 cm) in the y-direction was finally obtained (Figure 2.10).
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Figure 2.10 300 W Lamp Acceptable Uniformity

The desired beam uniformity is a power density variation of less than 10% over a 1 cm?
area. After many adjustments to the lamp position, a uniformity of 8.72% over 1 cm in the
x-direction and 4.79% over 1 cm in the y-direction was obtained which is well within the
desired outcome of <10% variation. Additional fine tunings could be made to further

improve the uniformity.

This uniformity was suitable enough to begin testing devices since the device area would be < 1
cm?. Focus was then shifted to the uniformity of the 75 Watt lamp (see section below) Overtime
minor modifications were made to the 300 Watt lamp to give a final beam uniformity of 20.50 %
difference over 2 cm (7.27% over 1 cm) in the x-direction and 12.66 % difference over 2 cm
(3.77% over 1 cm) in the y-direction (Figure 2.11). The uniformity was periodically checked to

ensure that it was holding relatively around these values.
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Following fine adjustments to the lamp to further improve the previous beam uniformity

achieved, a final beam uniformity of 7.27% over 1 cm in the x-direction and 3.77% over 1

cm in the y-direction was obtained. The beam uniformity could potentially be further

improved but these values are well within the desired power density variation.
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75 Watt Monochromatic Light Source

A schematic of the 75 watt Xe arc lamp setup is shown below in Figure 2.12.
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Figure 2.12 75 Watt Lamp Setup Schematic

The schematic above shows the path that the irradiated light takes from the 75 W source.
In order to collect as much light as possible and increase the intensity subjected on the
sample, white reflector plate are placed on two sides of the lamp to re-direct the light
towards the reflector mirror. From the reflector mirror, the broadband light is
monochromatized and is then collimated with the condenser lens before striking the

sample.

The monochromatic setup consists of a 75 W broadband light source, reflector plates to
send as much irradiated lamp light out of lamp housing, a reflector mirror to re-direct the light
towards the monochromator which will separate the broadband light into its monochromatic
components, and a condenser lens/tube to collimate, converge or diverge the light onto the
sample. The only critical parameter for lamp alignment in this setup is the reflector mirror. The
condenser lens plays a minor role and the light source holder is stationary so the lamp position
can’t be adjusted. Prior to uniformity tests though, the lamp stability over time was tested using
the Newport power sensor/meter and it was found that a 30 minute stabilization time was
appropriate for this lamp as well (Figure A.4 — Appendix A) Since a majority of the devices

tested by this system were dye-sensitized solar cells, mostly those that were sensitized with N719
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(Aabs max ~ 515 nm), the uniformity was first tested and optimized at 550 nm. The initial beam
uniformity was well within an acceptable range (~13% difference over 1.5 cm in the x-direction
and ~7% difference over 1.5 cm in the y-direction) but improvements were still attempted. In
order get a more accurate reading of the incident power, a mask with a 3 mm hole was employed
for the initial uniformity tests. After many adjustments to the x, y, and z directions of the
reflector mirror as well as taking measurements at different condenser lens positions (both of
which, at times, had detrimental effects on the uniformity), an improved uniformity compared to
the initial test was achieved (~6% difference over 2.0 cm in both the x and y-directions) (Figure
2.13). Since detrimental deviations occurred from the original uniformity, the power sensor was
connected directly to the monochromator housing and the reflector mirror was adjusted until a
maximum power was obtained. It was from this reflector mirror position that minor tweaking

was done in order to achieve the above improved uniformity.
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Figure 2.13 75 W Lamp Acceptable Uniformity at 550 nm

Due to the sensitizer employed (N719 - Amax abs = 530 nm), the uniformity of the
monochromatic light was first tested at 550 nm. Again a uniformity of a power density
variation of less than 10% over a 1 cm? area is desired. After some alterations in the
reflector mirror position an acceptable uniformity of 6.72% over ~2.0 cm in the x direction

and 4.79% over ~2.0 cm in the y-direction was obtained.
With good beam uniformity at 550 nm, the uniformity at other wavelengths needed to be

tested. It was found that the beam uniformity was extremely wavelength dependent (Figure 2.14
& Table 2.2).
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Figure 2.14 75 W Lamp Uniformities vs. Wavelength (X&Y Axes)

After achieving a decent beam uniformity at 550 nm, the uniformity at other wavelengths

was tested. The uniformity was found to be very wavelength dependent but the

975 nm

475 nm ==G00 nm

1100 nm

uniformities over the visible range, which are the wavelengths of interest, are roughly

within the desired power density variation. The power density variations vs. wavelength

for the above curves are in Table 2.2.

Table 2.2 75 W Lamp % Differences vs. Wavelength

X Direction % Differences over 18 mm
(3 mm to 21 mm)

Y Direction % Differences over 18 mm

(21 mm to 39 mm)

225nm | 350 nm | 475m 600 nm 225nm | 350nm | 475m 600 nm
31.78% | 30.77% | 35.60% | 32.00% 11.46% | 16.13% | 16.98% | 21.78%
725nm | 850 nm | 975nm | 1100 nm 725nm | 850 nm | 975nm | 1100 nm
30.26% | 63.19% | 64.24% | 48.16% 14.19% | 15.45% | 6.60% 11.17%

X Direction% Differences over 12 mm
(6 mm to 18 mm)

Y Direction % Differences over 12 mm

(24 mm to 36 mm)

225nm | 350nm | 475m 600 nm 225nm | 350nm | 475m 600 nm
15.89% | 13.33% | 14.41% 3.56% 6.25% 8.06% 6.13% 4.00%
725nm | 850 nm | 975nm | 1100 nm 725nm | 850 nm | 975 nm | 1100 nm
1.32% | 47.85% | 40.78% | 28.89% 2.58% 1.82% 6.60% 8.38%
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Since the beam had been aligned at 550 nm, the uniformity throughout the visible region of the
electromagnetic spectrum (which is the only part of the spectrum of major concern for DSSCs)
was within acceptable limits (<15 % difference over 1.2 cm in either direction from ~350 nm up
to ~725 nm). The uniformity was still satisfactory down into UV range but once the IR region (A
> 850 nm) was entered the uniformity became undesirable, with a maximum % difference of
>60% over 18 mm at 975 nm in the x-direction. After repeated adjustments to the mirror axes
(X, y, & z) as well as changing the sample distance from the source, an extremely uniform beam
was obtained over 2.4 cm in both the x & y directions (Figure 2.15).
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Figure 2.15 75 W Lamp Final Uniformity
Further improvements were made to the acceptable uniformity shown in Figure 2.13 to
obtain a final uniformity of 9.43% over 2.4 cm in the x-direction and 7.97% over 2.4 cm in

the y-direction.

Monochromator Components Optimization

Since the beam uniformity over the visible region was adequate, a preliminary test using
a simple Si test cell from Radioshack® was conducted. Upon collection of the incident power, it
was discovered that there was serious dips in the power at 450 nm and 550 nm. (Figure 2.16)
This was due to the monochromator components (filter wheel and gratings) not being optimized.
The monochromator setup contains 3 cut-on filters (285, 550, and 1000 nm) in its 6 slot filter
wheel and 2 gratings inside the monochromator housing. All these components can be
programmed to switch at a set wavelength. First the wavelengths at which the filter wheel
rotated were optimized by using the transmittance graphs supplied by the vendor to determine
the best filter transition. From these graphs and the collected data it was found that the 285 nm

cut-on filter would be used from 350 nm to 610 nm, the 550 nm cut-on from 610 nm to 1350 nm,
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and the 1000 nm cut-on from 1350 nm & up. By using this configuration the power reduction at
550 nm was drastically improved but the dip at 450 nm was still present (Figure 2.16). The next
step was to optimize the wavelength transitions for the monochromator gratings; one grating has
a 350 nm blaze and the other a 750 nm blaze. The monochromator was preset to switch gratings
at 450 nm (grating 1, 350 nm blaze, 0 nm to 450 nm; grating 2, 750 nm blaze, 450 nm to 1600
nm) which would explain the dip in power. The 350 nm blaze grating is better suited to split out
the 450 nm light than the 750 nm blaze so the grating transition needed to be changed from 450
nm to a longer wavelength. After conducting measurements at grating transitions between 450
nm and 550 nm, it was found that a grating transition at 500 nm gave the best performance. The
three different curves are given in Figure 2.15; the red curve is prior to any optimizations, the
green curve is after the filter wheel adjustments, and the blue curve is after the grating transition

change.
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Figure 2.16 Monochromator Components Optimization

The default wavelength settings at which the gratings and filter wheel changed gave rise to
massive power reductions in the incident beam. By optimizing the wavelengths at which
the filter wheel rotated and the wavelength at which the gratings switched, the power
variation across the wavelength range of interest was greatly reduced i.e. power reductions

were minimized.
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Calibrated Si Reference Cell

With the lamps aligned and components optimized, the system was ready to be used for
photovoltaic device testing. Fabrication and optimization of Grétzel cells began (discussed in
detail in Chapter 3) but after the assembly and attempted optimization of countless cells that had
low efficiencies to begin with and were showing no drastic improvements in efficiency during
optimization, suspicions arose that the cells were optimized but something else was causing the
low efficiencies. After all the options had been exhausted, it was realized that the power meters
may not be properly calibrated, therefore not displaying the true power from the lamp. In order
to accurately test photovoltaic devices, a means of verifying that the incident radiation was 1 sun
(100 mW/cm?) was required. In order to ensure that the lamp power output was of the desired
quantity, a calibrated Si reference cell was purchased from PV Measurements, Inc., Boulder,
Colorado (2 cm x 2 cm, KG5 window). Upon measuring the IV curve of the reference cell, the
suspicions of an incorrect detector reading were confirmed. When the lamp output was 100
mW/cm? (confirmed by reference cell), the reading of the Thor Labs detector was actually ~160
mW/cm?®. Figure 2.17 shows IV curves of the reference cell; one with the lamp at its original
power setting (280 Watts applied to lamp) and another with the lamp at the power setting
required to achieve 1 sun (330 Watts applied to lamp).
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Figure 2.17 Reference Cell IV Curves - Original Power vs. Calibrated Power for 1 Sun
With 280 Watts applied to the lamp, a detector reading of 100 mW/cm? was obtained. This
value was ignorantly assumed to be accurate, which led to sub-par device performance.
Testing the performance of a calibrated Si reference cell at this lamp power gave a 2/5
reduction in the photocurrent than what should have been achieved. By increasing the
power to 330 Watts (detector reading of 160 m\W/cm?), the desired 1V response of the
reference cell was attained, leaving the broadband lamp calibrated for further tests.

The photocurrent is reduced by about 3/5 when using the original lamp power setting of
280 Watts, which accounts for the lower than normal Grétzel cell efficiencies obtained. After
implementation of the reference cell and accounting for the power correction, the cell
performances were more reasonable (See Chapter 3). Table 2.3 compares the solar cell
parameters at the two different applied lamp powers. A 3/5 reduction in photocurrent
corresponds to almost a Y% reduction in device efficiency (4.64% vs. 2.46%). If the correct sun
value is used for the efficiency calculation at 280 Watts applied lamp power, the efficiency of the
reference cell is closer to what it should be. Taking this correction into account (assuming the
other parameters remain virtually unchanged) would put the efficiency of the “poor” Gritzel
cells between ~3.80% - 4.14% compared to ~2.20% - 2.40%, which is close to the highest
efficiency obtained for these cells in our lab. (See Chapter 3)

Table 2.3 Effect of Mistaken Irradiance on Reference Cell Characteristics

Isc (MA) | Jsc (MA/cm®) | Voc (V) | FF | (%)

1 Sun (True Value)

) ) 49.93 11.99 0.5657 | 0.6845 | 4.64
Detector Reading ~160 mW/cm
“1 Sun” (Assumed Value)

) ) 29.74 7.143 0.5465 | 0.6291 | 2.46
Detector Reading 100 mW/cm
0.58 Sun (True Value)

) ) 29.74 7.143 0.5465 0.6291 4.20
Detector Reading 100 mW/cm

The reference cell was calibrated by VLSI Standards and calibration data was supplied
(IV curves, data table, & IPCE) which can be found in Appendix B. An IV curve and the IPCE

collected with the above solar simulator are shown below (Figure 2.18). The critical parameters
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of the solar cell provided by VLSI Standards are also compared with those collected by our lab
(Table 2.4).
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Figure 2.18 Measured 1V & IPCE of Reference Cell
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coincide with the calibrated curves provided by the supplier (Figure B.1 & B.2) which

indicates proper lamp calibration. Table 2.4 compares the measured values with the

calibrated values further showing the proper lamp calibration.

Table 2.4 Si Reference Cell Calibrated Values vs. Measured Values

Certified Values
Isc (MA) |Jsc (MA/cm?) Voc (V) FF (%) | (%) |[Jmax(MACM?)|  V max (V) | Prax(MW/cm?)
497407 1194 0.5639 +0.0032 [67.3+1.0(45+0.1| 1021  [0.4446 + 0.0059 4.54
Measured Values
Isc (MA) [Jsc (MA/cm?) Voc (V) FF (%) | (%) |[Imax((MACM?)|  V max (V) | Prax(MW/cm?)
49.93 11.99 0.5657 68.40 | 4.64 10.28 0.4513 4.64

After completing all the setup and optimizations, the solar simulator system was

calibrated and ready for use. Prior to any measurements being conducted, the reference cell was

tested to ensure that the lamp was still well aligned and of the proper power.
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Conclusions
A solar simulator system was acquired, installed and calibrated. To certify this
calibration, a reference cell was also employed. Incident power density variations of less than
10% difference over 15 mm in x and y directions were achieved for both broadband and
monochromatic light sources. Further lamp uniformity optimizations could be performed to
further decrease the power density differences.
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Chapter 3 - Fabrication & Optimization of Gratzel Cells

With the ever increasing need for economical, renewable, alternate sources of energy,
there have been surges of research into the various possible alternate sources such as solar and
wind energy. The collection and harvesting of solar energy through photovoltaic processes is
one of the more promising alternatives to our current fossil fuel economy. Presently the most
widely utilized photovoltaic device is based on a single p-n junction made with silicon. Silicon
solar cells are able to obtain high efficiencies but the downfall is, in order to achieve this
performance, expensive fabrication techniques and high purity materials must be employed. An
encouraging cheaper alternative to silicon solar cells is the dye-sensitized solar cell (DSSC)
which is based on a wide band gap semiconductor sensitized with a visible light absorbing
species. While DSSCs are less expensive, their efficiencies are still relatively low compared to
silicon based cells. The DSSC was first pioneered by Michael Grétzel with the development of
the benchmark Grétzel cell. These cells (discussed in the section below), whose heart lies in
TiO, as the semiconductor and a ruthenium dye complex as the sensitizer, have reached
efficiencies >10% (Figure 3.1).” ® Due to the low production costs, ease of fabrication, and
relatively high efficiencies, Gratzel cells have become a standard for means of comparison to
other newly developed DSSCs (new cell architectures or cell components).'® While investigating
new DSSCs devices and investigating their phenomena, Gratzel solar cells (GSCs) were
fabricated and optimized in tandem (discussed in latter section). After optimization, GSCs made
with a single layer (5-7 um) of TiO; nanoparticles having efficiencies >4% and GSCs made with
two layers (10-14 um) of TiO, nanoparticles having efficiencies of ~6% were obtained.

/‘ TCO (ITO/FTO) on glass Pt thin film

LA N X X X X X X X X X X X X X J

Electrolyte Semiconductor (TiO,) Sealer
(I/13) sensitized with an  (hot melt spacer)
absorber (N719)
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Figure 3.3.1 DSSC Components

Above is a schematic of the basic DSSC components. The device consists of three main
parts; the photoanode, the counter electrode, and the electrolyte. The photoanode is a film
of a sensitized semiconductor sintered to a transparent conductive oxide (TCO) substrate.
The counter electrode is simply a Pt coated TCO substrate and the electrolyte consists of a
redox couple to shuttle charges from the photoanode and CE. The photoanode and CE are

sealed together with a hot melt spacer and the electrolyte fills in the gap.

Benchmark Gratzel Cell

After two decades of research, the benchmark Gratzel Cell mentioned above, which is
made with ~10 um thick TiO, nanoparticle layer, has been pushed to efficiencies >10%. The
heart of the device (and all DSSCs), is the photoanode, which consists of a semiconductor (TiO,)
and a light absorbing species/sensitizer (ruthenium dye complex). The most basic Grétzel cell
consists of the sensitized TiO; nanoparticle network, the electrolyte, and Pt CE, all sandwiched
between two fluorine doped tin oxide (FTO) coated pieces of glass. The most efficient devices
also contain means of trapping as much light inside the device as possible. A 2" TiO,
nanoparticle network (10 nm & 400 nm particles) is applied to the top of the photoanode to act as
a light scattering layer and an anti-reflective film is deposited onto the glass’s surface to help
reduce light losses due to the glass substrate. What sets Gratzel cells (DSSCs) apart from other
photovoltaic devices is what occurs at the heart of the device. In solid state p-n junction devices,
charge generation and charge separation occur as a single process, whereas in DSSC’s, charge
generation occurs in the dye and charge separation occurs at the sensitizer/TiO, interface.
Charge generation occurs when incident light is absorbed by the dye, exciting an electron, which
is immediately injected (0.1 to 100 picoseconds) into the TiO, layer.”*"* The injection efficiency
of the electron is near unity.”*”” Once injected, the electron must percolate through the
nanoparticle network (through >1,000,000 nanoparticles) before it can be collected, which

introduces a lot of possible sites for recombination.

47



Optimized Fabrication of Dye-Sensitized Solar Cell

Device Fabrication
All FTO substrates used were diced into 2 cm x 2.5 cm pieces from a larger FTO coated
glass piece (TEC8, Dyesol, Queanbeyan NSW, Australia & Pilkington, Toledo, Ohio, USA). A
simple schematic flow chart showing the fabrication steps is given below (Figure 3.2) and a full

detailed explanation follows.

<

| Cut FTO on glass to size and duill holes | |

¥

| Clean (sonicate) glass with hexanes to remove wax from cutting | |

| Slomtgie m .1l Wil BIC u 1HOLE], issjporey 2l Allsolioll, Aelismte (1L o i) | | Dissolve 11.8855mg of N719 Dye in 20 mL Acetonitrile:t-butyl alcohol (1:1v) |

v 2

Tape a window (1 or 2 Layer) on glass as such:

Dip rinse with DI H,O and dry i oven at 60°C |

<

Anneal paste at desired temperature (500°C) |

<

Place T10, sample into 0.5mM dye solution and soak for desired time (12ht,
24hr, or longer)

v

& | Sputter Pt (50 nm) onto FTO on glass with drilled holes
| Spread TiO; paste onto window using glass stir rod | 'lr
L 4 Cut out hot melt spacer and assemble cell

<

| Remove tape & let paste relax for 12 or 24 hours depending if 1 or 2 layer | = E

| Anneal paste at desired temperature (525°C) |

<€

Characterize cell

| Treat sample with 40mM TiCl, for 30 nunutes at 70°C |

[
Figure 3.2 Solar Cell Fabrication Flow Chart

The above chart shows the simplified preparation steps for a DSSC from bare substrates to

a fully assembled functioning device.

Photoanode Preparation

The FTO substrates (Dyesol & Pilkington) were consecutively sonicated in 20 mL of
0.1M HCI in absolute ethanol, 20 mL of isopropyl alcohol, & 20 mL acetone for ~20 min each
and dried upright at 60°C. The volumes used increased per number of substrates sonicated; ~20
mL for two, ~40 mL for four, ~60 mL for six, etc. The substrates were then treated with ~100
mL of 40mM aqueous solution of TiCl, at 70°C for 40 min. Due to the exothermic nature of the
TiCly dissolution in water, the TiCl, stock solution (Acros Organics, 99.9%) is stored at ~4°C
and the 40mM solution is prepared using previously chilled (~4°C) deionized water. The
deionized water was submersed in an ice/water bath and was under magnetic stirring prior to the
addition of TiCls. The 40mM TiCl, solution was stored at ~4°C until it was needed. After TiCl,
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treatment, the substrates were rinsed with deionized water and acetone and dried upright at 60°C.
Once dry, a window was made on the substrates using Scotch® Magic Tape (~50-60 pum
thickness) and TiO, paste (Dyesol, DSL 18NR-T) was applied over the window using the doctor
blade technique. The tape was removed and the paste was allowed to relax for ~4 hours. The
TiO, coated substrates were placed into a tube furnace, dried at 50°C and 70°C for 15 min and
then sintered at 525°C for 30 min. Once the substrates had cooled to ~80°C, they were subjected
to another 40mM TiCl, treatment (~100 mL) at 70°C for 30 min. The substrates were rinsed
with deionized water and absolute ethanol and dried at 60°C. The sintered TiO; substrates were
placed back into the tube furnace, dried at 50°C and 70°C for 15 min and then annealed at 500°C
for 30 min.”® When the substrates had cooled to 70°C, they were soaked in a 0.5mM solution of
N719 dye (Solaronix, Ruthenium 535-bisTBA) in acetonitrile:t-butyl alcohol (1:1v) for 12 hours
in the dark at room temperature. After soaking, the sensitized photoanodes were briefly soaked
(<2 min) in absolute ethanol followed by a rinsing with absolute ethanol and then were dried at
60°C. The sensitized photoanodes were stored in the dark at room temperature until cell

assembly took place.

Platinum Counter Electrode

A 0.75 mm hole was drilled into each piece of FTO glass using a Dremel drill and a
diamond drill bit. The substrates were consecutively sonicated in absolute ethanol, isopropyl
alcohol, & acetone for ~20 min each and dried upright at 60°C. The substrates were mounted to
a sample holder for an ion beam coater and blown off with nitrogen gas before being inserted
into the ion beam coater (Gatan Model 681 High Resolution lon Beam Coater). 50 nm of Pt was
sputtered onto the substrates at a rate of ~1.5A/sec, a rocking angle of 7° at 8 rocks/sec, and 30

rotations per minute.

Device Assembly
The sensitized photoanodes and the Pt counter electrodes were sealed together with a
25um hot melt spacer (Solaronix, SX 1170-25PF). A window was cut into the hot melt spacer
with a gap between the sensitized TiO; and the spacer of ~2 mm. The electrodes and hot melt
spacer were pieced together and held in place with a 1” binder clip. The electrode assemblies
were placed in an oven at 60°C; the temperature was ramped to 110°C over ~10 min, held at

110°C for ~5 min, and the oven was allowed to cool via natural convection. Once cooled, a
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NanoPort™ was affixed over the hole in the platinum counter electrode using epoxy and the
epoxy was cured. Right before characterization, electrolyte (Solaronix, lodolyte AN-50) was

filled into the cell via vacuum filling.

Photoanode & Device Characterization

The photoanodes were characterized with UV-Vis and SEM. The fully assembled
devices were characterized with 1V curves (Dark & Light), IPCE, EIS, Chronoamperometry, &
Chronopotentiometry. The thickness of a single tape layer of TiO, film was characterized with
SEM (Hitachi S-3400 N) and found to be ~5um. The Gratzel cell photoanodes were
characterized with UV-Vis (Beckman DU 640 Spectrophotometer) throughout the device
construction (before TiO, application, after the 2" annealing of TiO,, and after dye soaking).
The fully assembled devices were characterized with a solar simulator system from Newport
Corporation. All IV curves, IPCE, and Chronopotentiometry were collected using a source
measure unit (SMU) from Agilent (SMU #U2722A). EIS were collected with a potentiostat
from Princeton Applied Research (PARSTAT 2273) and Chronoamperometry was completed
with a potentiostat from CH Instruments (CHI440A Electrochemical Analyzer). Once assembled,
the devices were first characterized with a dark 1V (-0.2 V to 0.75 V) at 0.01 V/s followed by
consecutive dark sweeps from 0.2 V to 0.75 V at 0.001 V/s. Due to the instrument design,
sensitivity levels, and the variation in the dark current of the devices, the sensitivity level was
changed as the sweeps were collected from 0.2 V to 0.75 V. For the first dark sweep from 0.2 V
to ~0.3 V, the sensitivity was set at 10 pA; from ~0.3 V to ~0.45 V, the sensitivity was set at 100
MA; from ~0.45 V to ~0.58 V, the sensitivity was set at 1 mA; and from ~0.58 V to 0.75 V the
sensitivity was set at 10 mA.

After all the dark curves were collected, two 1V curves (-0.2 V to 0.75 V) were collected
(~30 sec between collections) under 1 sun (100 mW/cm?) using a 300 W OF Xe lamp and an
AML1.5G filter. The device was then placed in front of the Newport monochromatic light setup
[75 W OF Xe lamp, motorized monochromator (#74004)] and the incident photon to current
(IPCE), or external quantum efficiency, (EQE) was obtained. A third IV curve was collected
under 1 sun irradiance to test for any cell degradation after EQE collection. Electrical impedance
spectroscopy (EIS) was conducted on the devices to fit them to an electrical circuit as well as

determine the electron lifetimes. EIS was performed in a frequency range of 100 mHz to 100

50



kHz (100 data points collected) with a AC potential of 10 mV rms overlaid. Using a shutter
(Newport model #71445) to interrupt the incident light, chronoamperometry (CHI) and
chronopotentiometry (Agilent) were conducted on the devices. For the chronoamperometric
tests, a potential of 0 V (short circuit conditions) was applied to the devices and the resulting
photocurrent was measured under dark & light conditions. The measurement began with the
device under dark conditions for 10 sec; then the shutter was held open for 10 sec and 10 sec
alternations of dark/light were conducted for a total 3 minutes. For the chronopotentiometric
tests, a current of 0 A (open circuit conditions) was applied to the devices and the resulting
photovoltage was measured under dark & light conditions. The measurement began with the
device under dark conditions for 10 sec; then the shutter was held open for 10 sec and 10 sec
alternations of dark/light were conducted for a total of 1.5 minutes. At 1 min 30 seconds, the
shutter was opened for 10 sec and then left closed for 20 sec to investigate the decay of the
photovoltage over a longer time period (due to some devices decaying very slowly). After 3
minutes, the shutter was opened one last time for 10 seconds and then the photovoltage decay
was monitored up to 4 minutes (50 seconds), to ensure that the photovoltage had returned to dark
conditions. A forth IV curve was collected under 1 sun irradiance to again test for any cell
degradation. For some of the devices, the IV characteristics were measured at different light
intensities (1 sun, 0.5 sun, 0.25 sun). Using a neutral density (ND) filter (Newport #FSQ-ND03),
the incident power density was reduced by half to achieve 0.5 sun and an IV curve was collected
under these conditions. Leaving the ND filter in the light path, the applied power to the lamp
was reduced from 330 Watts to 190 Watts in order to achieve 0.25 sun. Again an IV curve was
collected under these incident light conditions. For the devices characterized with varying light
intensities, one final 1V curve at 1 sun irradiance was collected to again test the stability of the
solar cell.

Dye-Sensitized Solar Cell Optimization
Double layer GSCs were synthesized and optimized first but for comparison purposes (to
Au nanoparticle incorporated cells discussed in Chapter 4), a plethora of single layer GSCs were
fabricated and optimized following similar optimization steps. The four optimizations that were
found to be critical to obtain the achieved efficiency of the devices were the transparent

conductive oxide (TCO) employed, the method of the Pt application for the CE and its
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subsequent thickness, the period of time that the TiO, paste was allowed to relax prior to
sintering, and the integrity of the TiCl, solution for the TiCl, treatment. These four components
of the fabrication process drastically affected the fill factor (series and shunt resistances) and the
short circuit current density (Jsc), which in turn affected the overall efficiency of the cell. Other
techniques were also tried to further optimize the device efficiency (dye soaking time, annealing
temperature, removing iron cation contamination, & taping methods) but will only be briefly
touched. Although many different techniques were used to optimize the devices’ performances,
none could push the efficiencies past ~2.5% for single layer and ~4.1% for double layer. It
wasn’t until the steps outlined by Gritzel et al and Reale et al were followed (paste relaxation
and TiCl, treatment) that devices with higher performances were achieved.” " After thorough
(but not exhausted) optimizations, GSCs with efficiencies >4% (single layer) and efficiencies
around 6% (double layer) were obtained (Figure 3.3 and Table 3.1) A statistical analysis for the
single layer cells can be found in the Appendix C — Table C.1. In table 3.1, the GSCs are
grouped by layer size (single or double) and are sorted from highest to lowest efficiency within

each group.
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Figure 3.3 1V Curves - Optimized Double & Single Layer GSCs

Four preparation steps were found to be critical in the fabrication of reasonably efficient
GSCs: 1) the transparent conductive oxide (TCO) employed, 2) the method of the Pt
application for the CE and its subsequent thickness, 3) the period of time that the TiO,
paste was allowed to relax prior to sintering, 4) the integrity of the TiCl, solution for the
TiCl, treatment. After optimization of these preparation steps, single layer and double

layer GSCs displaying efficiencies >4% and ~6%, respectively, were obtained.

Table 3.1 Photovoltaic Characteristics - Optimized Double & Single Layer GSCs

Voc (V) | Jsc(mA/cm?) FF N (%) | Rsu(k®Q) | Rs(kQ)

0.6566 15.608 0.6084 6.24 0.8133 0.0109
Double Layer

0.6601 15.093 0.5671 5.65 1.1616 0.0134

0.6584 10.021 0.6389 4.22 7.8309 0.0141

0.6374 0.467 0.6962 4.2 45331 0.0098

. 0.6684 9.293 0.6524 4.05 10.2669 0.015

Single Layer

0.6766 8.973 0.6469 3.94 1.4813 0.0157

0.6523 9.716 0.609 3.86 13.8122 | 0.0166

0.6212 9.094 0.6786 3.83 1.7556 0.0106

As discussed in Chapter 2, prior to calibrating the solar simulator system with a reference
cell, all of the cell’s performances were drastically lower than what was hoped. Although
correcting for the un-calibrated system helped “improve” the performance of the devices by
bringing the broadband light source up to the correct incident power density, it is not necessarily
an optimization of the device itself and will not be discussed in detail. A detailed comparison of
the devices’ calculated efficiencies with measured data vs. calculated efficiencies taking the

power density correction into account are provided in Appendix C — Figure C.1.

Optimization Process
As stated above four critical parameters were discovered throughout the optimization
process, which were the TCO employed, the application method of Pt for the CE, the TiCl,
solution & paste relaxation. The effect of changing these parameters can be seen in Figure 3.4 &

53



Table 3.2. The IV curves shown in Figure 3.3 are of devices before (dotted lines) and after (solid

lines) the critical changes.
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The effects of the optimization of the four critical preparation steps is shown above. All the

optimizations improved (lowered) the series resistance of the devices, which led to higher

photocurrents and in turn higher fill factors and efficiencies. The decreased series

resistances and improved properties are made apparent in Table 3.2,

Table 3.2 Photovoltaic Properties Before & After Key Optimizations

Voc (V) | Jsc (mA/cm?) | FF N | Rsu(kQ) | Rs(kQ)
ITO 0.6584 2.917 0.312 0.60% 0.412 0.171
FTO 0.6564 2.532 0.6893 | 1.15% 4.753 0.032
Pt Paste 0.6197 4.58 0.5143 | 1.46% 7.639 0.059
Sputtered Pt 0.6375 9.238 0.6448 | 3.82% 3.027 0.014
2 hr Relaxation 0.6874 7.706 0.4465 | 2.35% 1.307 0.043
4 hr Relaxation 0.7086 12.341 0.5506 | 4.82% 3.316 0.019
Poor TiCl4 0.6760 10.802 0.5977 | 4.36% 1.328 0.018
Pristine TiCl4 0.6566 15.608 0.6084 | 6.24% 0.813 0.011
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The critical parameter that was affected after each optimization for all the devices was the
series resistance. As discussed in the intro, a high shunt resistance and a low series resistance are
desired for optimal device performance. An approximate of these resistances can be found by
taking the inverse of the slope of the IV curve around the short circuit current (shunt resistance)
and around the open circuit voltage (series resistance). Refer to Figure 1.11b. If a device has a
low shunt resistance, low enough to affect the performance, then the open circuit voltage will be
noticeable decreased. The parameters that have a noticeable change in the IV curves are the
short circuit current and the fill factor. The increase of both of these after the critical change
leads to the increase in efficiency. The improvement in these parameters can all be attributed to
the improvement of one critical factor, the series resistance. Just as the shunt resistance affects
the open circuit voltage, the series resistance affects the short circuit current and both of these
together can affect the fill factor and in turn the device efficiency. The IV curves in Figure 3.4
show that, after each critical change, the slope of the IV curve near the open circuit voltage is
drastically increased, which due to the inverse relationship, would led to a smaller series
resistance. The calculated values in Table 3.2 (far right column) further show this decrease in
series resistance. A more in depth, step by step analysis of these optimization processes is

discussed below.
Individual Optimization Steps — Double Layer GSCs

1) TCE Optimization

Cell fabrication began with double layer GSCs (two Scotch® tape layers ~120 pm thick
gave 10 — 14 pum thick TiO; layer). The first handful of cells had modest short circuit currents
but were plagued with low fill factors, low shunt resistances, high series resistances which in
turn gave extremely low (<1%) efficiencies. Due to a problem encountered (TiO, film cracking
— to be discussed later) when fabricating these cells improving the series resistance was
undertaken first. Besides the problem of the film cracking, another possible source of the high
series resistance was the degradation of ITO upon thermal treatment (sintering & annealing) of
the TiO; film. ITO has a lower thermal stability than FTO and at the TiO, film annealing
temperature of 500 - 525°C a substantial decrease in the conductivity of the ITO occurs. The
electrical conductivity of the ITO film arises from defects present in the film’s lattice (Sn** ion at

an In** site and vacancies in the oxygen lattice).” ® Upon annealing in air, oxygen fills in some
55



of these vacancies, decreasing the defects that led to the transparent oxides conductive
properties.?% 8 This in turn results in an increase in the electrical resistance of the 1TO film,
attributed to the increase in Rs, which is detrimental to the photovoltaic device’s performance
(Figure 3.6 below). Due to the poor device performance using ITO, thermal stability studies of
ITO coated glass vs. FTO coated glass were conducted to confirm the suspicions that the ITO

was not surviving the thermal treatments (Figure 3.5 and Figure C.2 in Appendix C).
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Figure 3.5 TCO Thermal Stability

The criticalness of the choice of which transparent conductive oxide (FTO vs. ITO) is
employed is evident from the above graph. In order to fabricate a GSC, the transparent
conductive electrodes (TCE) need to be subjected to temperatures >500°C. At
temperatures this high (first thermal treatment - 525°C), the conductivity of ITO is
drastically reduced which would detrimentally increase the series resistance if employed in

a device.

After the first thermal treatment (525°C), the sheet resistance of FTO remained virtually
unchanged (actually slightly decreased), while the sheet resistance of ITO more than tripled
(from ~35 Q/sq up to >120 Q/sq). Upon the 2" thermal treatment (500°C), FTO again remained
unchanged, while ITO increased by about another 10 €/sq. This significant increase in the sheet
resistance of the ITO film has a profound effect on the performance of DSSC’s as is evident in

Figure 3.6.
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Figure 3.6 IV Curves - ITO vs. FTO
Due to the increased sheet resistance of ITO upon the thermal treatments required for
device fabrication, the overall series resistances of the devices is increased to such an extent
that unfavorable effects occur. The increased series resistances decrease the photocurrents
and fill factors leading to low efficiency devices. By replacing the ITO substrates with FTO

the series resistance reductions can be avoided giving respectable IV responses.

The high sheet resistance of the ITO increased the overall series resistance of the devices
which led to IV curves that had poor fill factors of ~30% (straight lines for IV curve profiles).
Due to ITO’s low thermal stability, the ITO substrates were replaced by more stable FTO coated
glass. Upon the replacement, the 1V curves had fill factors that were almost doubled (>55%),

which led to device efficiencies that were at least doubled.

2) Pt CE Optimization

Although the efficiencies were improved, the series resistances were still high, short
circuit currents were still relatively low, and device reproducibility was inconsistent. These short
comings could be caused by multiple properties (TiO, film integrity, dye loading) but since the
sheet resistance of the resultant Pt film on the counter electrode (CE) was inconsistent, a more

reliable means of fabricating the Pt CE was the next component to be optimized. Originally the
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Pt CEs were fabricated using a Pt catalyst paste (Dyesol Pt paste PT-1) that upon annealing
decomposed to Pt metal forming a thin Pt film. The problem encountered with this paste was that
the resultant Pt film was extremely non-uniform & discontinuous, which gave sheet resistances
on the order of hundreds of Qs/sq, even when a thick layer of paste was applied. A Pt paste from
a different vendor was found to give reasonable performance but further optimizations using this
paste were not explored. (See Figure C.3 & Table C.2 — Appendix C) In order to have a more
uniform Pt film for the CE, an lon Beam Coater (Gatan) was employed to sputter Pt onto the
FTO substrate. Using the ion beam coater allowed the production of a uniform Pt film to within
+ 1A in thickness. Various Pt thicknesses were explored (40 nm to 80 nm) and it was found that

a 50 nm Pt film for the CE gave the best, most reliable photovoltaic performance (Figure 3.7).
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Figure 3.7 1V Curves - Different Pt CEs
Using a Pt catalyst paste as the CE material can cause an increase in the series resistance of
a device due to the formation a non-uniform film of Pt. By sputtering an appropriate
thickness of Pt (50 nm) onto the substrate instead, lower series resistances can be obtained
that give high photocurrents and reasonable efficiencies. If the Pt thickness is too thin (40
nm) resulting in a non-continuous film or too thick (80 nm) resulting in larger film

resistances, similar heightened series resistances can occur.

Once the device substrates were switched to FTO, higher fill factors, higher current

densities, and higher efficiencies were achieved using the Pt paste as the CE but the series
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resistances were still high and the device reproducibility was poor. Replacing the Pt paste with
sputtered Pt afforded higher current densities but the series resistances still weren’t decreased (40
nm & 80 nm sputtered Pt). The series resistance for the 40 nm Pt CE was high most likely
because of too thin of a film being deposited. The surface roughness of FTO is quite large
(features on the order of hundreds of nanometers) which could have caused a 40 nm film to be
somewhat discontinuous therefore increasing the film’s sheet resistance (Figure C.4 — See
Appendix C). For the 80 nm Pt CE, a continuous thin film could be achieved giving a good
sheet resistance but the film was becoming so thick that the resistance over the film was large
enough to increase the overall series resistance of the devices. The best device performance
came from a 50 nm thick Pt film for the CE. The 50 nm of Pt allowed a continuous enough film
for efficient charge transport but it also was not so thick that it hindered the flow of charges. The
Pt thickness was likely not the sole cause of the high series resistance after switching to FTO but
the best device performances were achieved using a 50 nm thick Pt CE. Further, in depth

thickness optimizations could be done in the future.

3) Optimization of photoanode with TiCl, treatment

Another source of the high series resistance is the photoanode, in this case a TiO, thin
film. The integrity of this film is the key to obtaining high current densities. There are two
device preparation steps that are critical in achieving a consistent, well electrically connected
TiO, photoanode film; the consistency of the TiCl, solution and the relaxation of the TiO, paste.
Figures 3.8 and 3.9 show the effects that these two steps have on the device’s IV characteristics.
The first step that will be addressed is the TiCl, solution. During the fabrication process of a
device, the FTO substrate for the photoanode is subjected to the TiCl, solution prior to TiO,
paste application as well as after the annealing step of the TiO, film. The first treatment
enhances the bonding strength of FTO and TiO, and helps block charge recombination between
the FTO and electrolyte.” " The second treatment increases the surface roughness and
interconnectivity between the particles thus increasing dye-adsorption and the electrical
connection resulting in higher photocurrents.” ® 8 If the integrity of the TiCl, solution is
compromised then the integrity of the whole device and thus its performance are at risk.

The TiCl, solution was first prepared under ambient conditions in the fume hood but

since TiCl, is moisture sensitive the solution preparation was difficult and the variability in the
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concentration of the resultant solution was high due to the stock solution reacting with the water
in the air before it could even be diluted. TiCl, reacts exothermically with water (can be violently
explosive) to form TiO, and HCI as well as oxychlorides.®®

TiCl4 (1) + H20 (g,1,s) = TiO, (s) + HCI (g,1)

In order to reduce the moisture exposure, the solution preparation was no longer done
under ambient conditions but was completed in a glove box (solely used for DSSC prep). The
stock TiCl, and the diluted TiCl, were also stored in the refrigerator (~4°C) to help reduce the
exothermic nature of dilution and increase the shelf life, respectively. Over time the TiCl,
solution completely reacts with water turning to an opaque white color, indicating the presence
of TiO,. Using this preparation method helped in the quality of the TiCl, solution but the
reproducibility of the solution was still difficult; solution would immediately turn white. If the
solution is this opaque color upon preparation then its integrity is comprised and it will no longer
provide the enhancements to the device. Eventually it was discovered that the moisture
sensitivity wasn’t so much the key issue as was the exothermic nature of the hydrolysis. Due to
the exothermic nature of this reaction, the stock TiCl, solution and the DI water used for the
dilute solution were stored in a fridge (~4°C). Upon preparation of the solution, the DI water
was submerged into an ice bath, was kept under magnetic stirring, and the cold stock TiCl, was
added slowly. Using this method increased the integrity and reproducibility of the solution
which in turn gave devices with the best photovoltaic performance (Figure 3.8).

The hypothesis is that upon addition of TiCl, to the DI water, intermediate oxychlorides
form. If the exothermic nature of this addition is not controlled (via chilled solutions & ice bath)
then the heat generated from this reaction causes the intermediates to decompose, forming TiO,
and HCI. By lowering the dilution temperature, the heat generated by the addition can be
absorbed and the intermediates can remain intact. The intermediates will eventually decompose
overtime but by slowing this process, increased device efficiencies can be achieved. The
rationale behind the enhancements provided by each TiCl, treatment is this: In step 1, the TiCl,
decomposes into TiO, on the FTO surface forming the recombination blocking layer and in step
2, due to the acidic nature of the TiCl, solution, the TiO, particles in the film are slightly etched
(increasing surface roughness) which dissolves TiO, into solution. Between the decomposition
of TiCl, and the TiO; dissolved in solution, additional TiO, is deposited at the particle interfaces,
increasing the interconnectivity of the TiO, particles (increasing the electrical connection).

60



Figure 3.8 shows the effects of these different TiCl, preparation conditions.  The
transition of the solution preparation to the glove box resulted in some device enhancement but
by comparing the IV curves in Figure 3.7 to the ones in Figure 3.5, the enhancements in this case
were most likely due to the substitution of ITO coated glass for FTO. Upon the implementation
of the chilled solutions, the magnetic stirring, and the ice bath a further increase in device
performance (notably the short circuit current) was achieved. If the IV curves in Figure 3.8 are
again compared but this time to the ones in Figure 3.7, it is evident that the major contributor to
the performance enhancement (decreased series resistance, increased fill factor) is the change
from Pt paste to sputtered Pt (50 nm).
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Figure 3.8 IV Curves - TiCl, Solution Effects

Without careful preparations of the TiCl, solution, the solution integrity is prone to being
compromised which could causes adverse effects on the photovoltaic characteristics. Due
to the exothermic nature of the TiCl, dilution, all the solutions used for the dilution need to
be stored at ~4°C and an ice bath with a magnetic stir bar need to be employed upon
dilution. Utilizing this methods ensures a high quality TiCl, solution so that upon substrate
treatment, decent electrical connections and dye adsorption can be achieved which will

result in high photocurrents, reasonable fill factors, and moderate efficiencies.

A large enhancement in the current density (8 mA/cm? up to almost 16 mA/cm?) is
eventually obtained by transitioning to the ice bath and chilled solution but the cause of this

enhancement can’t be solely attributed to this transition though. From this conclusion and the
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above conclusions, it would seem that the integrity of the TiCl, solution did not have much
bearing on the optimization of the devices but the integrity of this solution is extremely critical
despite not being clearly evident in the following IV curves. Figure C.5 in Appendix C clearly
shows the criticalness of the integrity of this solution.

4) Relaxation of TiO, Paste

The final and probably most critical optimization step is the relaxation of the TiO, paste.
In the steps outlined by Gratzel et al, a relaxation period is used to decrease surface irregularities
but the length of this “leveling” period is dependent on the viscosity of the paste solvent and
must be visually monitored by the experimentalist.” As briefly mentioned earlier, upon the
sintering, TiCl, treatment, and/or annealing of the TiO, paste, the film would crack and flake off,
especially near the edges, which would directly affect the series resistance of the devices since
the resultant electrical connectivity of the film would be poor. Even if the TiO; survived the
fabrication, it was still a concern that the films were compromised since almost every other TiO,
photoanode cracked. The initial hypothesis was that the cracking and peeling was possibly due to
air bubbles in the TiO, film, which would leave vacancies in the film, not allowing it to adhere
well to the TCO substrate or itself, leading to poor electrical connections i.e. high series
resistances > low fill factors > low efficiencies. To circumvent this, the as-applied TiO,
photoanodes were placed in a vacuum oven (~ 30 inches Hg below atmospheric pressure) at
~70°C for 1-2 hours prior to sintering. The vacuum oven treatment gave devices with improved
efficiency leading to the conclusion that the possible air bubbles present were removed and filled
in with TiO, which improved the electrical connection of the TiO,. In other words, the series
resistance was decreased, increasing the fill factor which gave increased efficiency (Figure 3.9).
Upon repeat trials though, it was found that the TiO, films were still cracking apart and the
device performances were variable so adopting some of the preparation steps outlined by Grétzel
et al, a paste relaxation period was implemented instead of the vacuum oven treatment. The
vacuum oven treatment was itself a 1-2 hour relaxation period but the hypothesis was that by
placing the TiO, film under vacuum, any air bubbles present would be removed but after their
removal, the paste was not allowed to relax long enough for the TiO, nanoparticles to fill in the
air bubble vacancies. This would leave gaps in the film reducing the electrical connectivity

and/or allowing a stress point for cracking to begin.
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Figure 3.9 1V Curves - Paste Relaxation

Allowing the TiO, paste to relax, reducing the surface irregularities, is the key critical
fabrication step. Using the other optimized steps discussed above and allowing the paste to
relax for four hours can result in an efficient device but the variation in the performance is
unpredictable. To obtain a double layer GSC with a reasonable reproducible performance,

at least a 10 hour past relaxation period is required.

Since the vacuum oven treatment did produce devices with reasonable performances and
itself was a 1-2 hour relaxation period, a relaxation period of double the time (4 hours) was
chosen. The 4 hour relaxation time was conducted outside the vacuum oven in the hopes that
any air bubbles present would diffuse out as the paste relaxed over the extended period. The 4 hr
relaxation (in combination with the other optimizations) led to a decreased series resistance and
an increased short circuit current density. The problem with the 4 hr relaxation period was that
the reproducibility of the cells was poor. Even with the previous three critical parameters
optimized, some devices that had a four hour TiO, paste relaxation period gave bad
performances. Keeping the other three critical parameters unchanged, the paste relaxation time
was increased to 10 hours resulting in the best performing devices. The increased relaxation
time (in combination with the other three parameters) gave the lowest series resistance, highest

short circuit current density, a reasonable fill factor, and the highest overall efficiency of >6%.
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Single Layer GSC’s Optimization

Prior to fully optimizing the double layer GSCs, single layer GSCs were optimized
alongside the double layer since the optimization steps were almost identical. Single layer cells
were optimized for comparison purposes to the Au nanoparticle incorporated solar cells
discussed in Chapter 4. Figure 3.10 also shows a curve from pre-optimization (black), three
curves from during the optimization, (red), and five curves of optimized cells (blue). The

optimized cells were fabricated back to back with no poor performing cells in between.
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Figure 3.10 IV Curves - Optimization of Single Layer GSCs
Single layer GSCs were optimized in the same manner as the double layer devices. Using
the fully optimized fabrication steps with a four hour relaxation period, single layer GSCs

of modest efficiencies were reproducibly fabricated.

Noncritical Optimizations

Other optimizations were tested along the way but none showed a substantial difference
in device performance such as the four steps discussed above. The other steps tested were the
dye-loading time (to increase short-circuit current), the annealing temperature (improve inter-
particle connectivity i.e. series resistance), using reactive ion etching (RIE) cleaning instead of
solvent cleaning (improve paste adherence to substrate), and the paste application & taping
methods (improve paste uniformity/reduce cracking). The only optimization of these noncritical

ones that could be considered borderline critical is the dye-loading time. With the dye N719 dye
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employed, a dye-soaking time of at least 12-24 hours is required (1 layer vs. 2 layer) but the dye
exposure time for both single and double layer GSC’s should not really exceed much more than
the 24 hour period or decreased photocurrents may arise due to the adsorption/desorption of dye
molecules coming to an equilibrium and less dye molecules being chemisorbed due to the
equilibrium being reached. Another note worthy step taken was to cease the use of any metallic
(mainly steel) implements during the device fabrication. The iron cations (Fe**) that would leach
from the steel during the fabrication could have detrimental effects on the device performance,
due to the oxides that form (quenchers) during the TiO, paste sintering.” 3 This quenching
effect (enhanced charge recombination) was not directly tested or observed in the devices
presented here but to avoid any possibility of it, only plastic, glass, or Teflon coated lab utensils

were employed.

Further Device Characterizations

Various double and single layer GSCs were also characterized with the other photovoltaic
characterization techniques. Figure 3.11 shows the IPCE for double & single layer GSCs. The
IPCE for the devices correlates well with the measured 1V curves in that the IPCEs for the
double layer cells are higher than those of the single layer cells. The peak in the IPCE plots
around 525 nm also correlates well with the maximum absorption peak (~530 nm) of the
sensitizer used (N719). One discrepancy is that the IPCE plots do not always correlate well with
the 1V curves. A given cell may have a low short circuit current density while another cell
(tested on a different day) has a higher short circuit density but the 2" cell’s IPCE is lower than

the first’s. The root of this discrepancy is under investigation.
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Figure 3.11 IPCE - Double & Single Layer GSCs

The incident photon to current conversion efficiencies (IPCE) were collected for double
and single layer GSCs. The three characteristic peaks (350 nm - TiO;, ~400 nm & 530 nm
— dye) of the photoanode components were present. As expected the IPCE for double layer
cells was higher than that of the single layer cells but large differences between individual

devices within the groups was present. This discrepancy is under investigation.

The open circuit voltages (chronopotentiometry) and short circuit currents
(chronoamperometry) under interrupted light conditions were also monitored for an extended
period (~3 min). The results of a few cells are shown below in Figured 3.12 (open circuit
voltage on the left and short circuit current on the right). Only two of the three minutes is shown
for the chronoamperogram for ease of viewing. These plots show that both the open circuit
voltages and the short circuit currents of the devices were stable. The chronoamperogram on the
right also shows that the devices were not limited by electrolyte diffusion during operation (no

photocurrent decay over time).
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Figure 3.12 GSC IHllumination On/Off Measurements
The interrupted illumination measurements of the Voc and the Jsc of the devices shows
that the devices were stable during the testing period and the photocurrent is not limited by

electrolyte diffusion.

Electrical impedance spectroscopy (EIS) was also conducted on a handful of the devices.
As discussed earlier in the introduction, the spectra that is characteristic of a DSSC consists of
three semicircles; charge transfer resistance at the counter electrode/electrolyte interface (1%

semicircle), charge transfer resistance at the photoanode/dye/electrolyte interface (2™
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semicircle), & diffusion resistance (3" semicircle). Due to the thin nature of the devices (not
diffusion limited) and interference in the test frequency range, the diffusion resistance is not
visible. The blue, green, and purple curves in the Nyquist plot (left plot) of Figure 3.13, which
are very similar in impedance to one another, are from three of the optimized single layer GSCs.
The red curve in the plot is one of the non-optimized single layer cells in Figure 3.10 (the IV
curve with a Jsc of ~6 mA/cm? and a high series resistance). The high series resistance that is
evident in the IV curve is also evident in the EIS spectra by the large impedance for both
interfacial charge transfer resistances (semiconductor/dye/electrolyte & CE/electrolyte). While
EIS can help confirm the results in the IV curve, it is also a very powerful tool for further
characterization of the photovoltaic device such as the electron’s lifetime in the photoanode
(Table 3.3). In order to determine the electron lifetime, the test frequency is plotted vs. the phase
angle (Bode phase plot — Figure 3.13 Right), and plugging in the frequency value of the peak
phase angle (first peak in the bode phase plot) into the following equation, te = 1/ (2afmax), will
return the electron lifetime. The electron lifetimes for the three optimized cells are relatively
close but the electron lifetime for the “non-optimized” cell is almost reduced by half. Due to the
increased series resistance of the device, the flow of electrons would be hindered and
recombinations are more likely i.e. shorter lifetime. The shorter lifetime would mean fewer
charges are collected, resulting in a lower short circuit current density and therefore lower fill

factor and efficiency, which is evident in the IV curve for this device (Figure 3.10).
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Figure 3.13 EIS of GSCs — Nyquist Plot & Bode phase plot

Electrical impedance spectroscopy can give vital information into the charge transfer

processes occurring within the device. The Nyquist and bode phase plots show similar

results for three optimized cells (blue, green, and purple). The cause of the poor series

resistance (1V curve with Jsc of ~6 mA/cm? in Figure 3.10) of the non-optimized cell (red) is

evident after EIS. The impedance of the counter electrode and the photoanode are both

substantially increased which leads to a shorter electron lifetime (Table 3.3) and reduced

device performance.

Table 3.3 Electron Lifetimes in Photoanode

Red Curve Blue Curve Green Curve Purple Curve
fmax (HZ) | e (MS) frax (HZ) | e (MS) frax (HZ) | e (MS) fmax (HZ) | e (MS)
61.4 2.59 30.5 5.22 35.1 4.53 35.1 4.53
Conclusions

Single and double layer GSCs were fabricated and optimized.

Throughout the

optimization process four critical parameters were realized; the transparent conductive oxide

(TCO) employed, the method of the Pt application for the CE and its subsequent thickness, the

period of time that the TiO, paste was allowed to relax prior to sintering, and the integrity of the

TiCl, solution for the TiCl, treatments. The underlying cause of the low device efficiencies was

poor device series resistance. The optimization of the four critical parameters above (as well as

other non-critical parameters) led to decreased series resistances, which in turn led to increased

device performance. After the thorough optimizations, single layer GSCs with efficiencies >4%

and double layer GSCs with efficiencies around 6% (double layer) were obtained.
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Chapter 4 - Material Properties and Performance Effects of Dye-
Sensitized Solar Cells (DSSC’s) containing Au Nanoparticles (NPs)

As discussed in previous chapters an encouraging cheaper alternative to silicon solar cells
are dye-sensitized solar cells (DSSC) which are based on a wide band gap semiconductor
sensitized with a visible light absorbing species. While DSSCs are less expensive, their
efficiencies are still quite low compared to silicon. Recently, the incorporation of metallic
nanoparticles with plasmonic properties into silicon (and thin film) solar cells has been shown to
improve the efficiency while also reducing the materials cost.*> ®* %! By utilizing these plasmonic
properties, incident light can be scattered, concentrated, or trapped thereby increasing the
effective path length of the cell and allowing the physical thickness of the cell to be reduced.>®>"
8 This concept can also be applied to DSSCs. Recently, DSSCs modified with Ag and Au
nanoparticles have shown photocurrent and efficiency enhancements but without taking proper
care in device design, the modification can have adverse effects.®! 3% 3% 5294 Similar results were
obtained in our lab in which Au nanoparticle incorporated DSSC’s showing short circuit current
and efficiency effects (enhancements, no effect, or detrimental) were fabricated but these effects
were found to be highly sensitive to the amount of Au nanoparticles present and the stability of
the AuNPs in I37/1" solution.

Device Rationale
These light harvesting properties of metal nanoparticles were applied to single layer
GSCs. Figure 4.1 shows a schematic diagram of the dye-sensitized solar cell design, which has

Au nanoparticles placed at the FTO/TiO; interface.

FTO on glass Sputtetsd Pt

Redox Couple (I;T)
TiO, nanoparticles sensitized

with N719 dye Gold Nanoparticles

f!ﬁ “f"} @ ff’k‘ff .7;].“—'? “f%f “M\f (X

Hot melt spacer FTO on glass
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Figure 4.1 AuNP Incorporated DSSC Design
The AuNP incorporated device is essentially a single layer GSC with 20 nm AuNPs placed
at the TiO,/FTO interface.

Utilizing the light concentration effect of the metal nanoparticles (the 2" geometry
discussed in Figure 1.10 in the introduction), 20 nm Au particles were placed at the
FTO/semiconductor interface to act as sub wavelength antennas, generating a high electric field
around the nanoparticles, which hopefully will couple to the dye and increase its effective
absorption cross section. The 20 nm particles were chosen due to the overlap of the employed
sensitizer’s (N719) peak absorption wavelength (~530 nm) and the surface plasmon resonance of
the Au particle (~515 nm). (Figure 4.2) If the two absorption peaks begin to shift apart (larger
nanoparticles), the coupling between the nanoparticle and the dye may decrease, which may

decrease the dye’s effective absorption cross section.
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Figure 4.2 UV-Vis Absorption of Au NP Solution & Sensitizer (N719)
Due to the sensitizer employed (N719 - Amnax abs = 530 nm), AuNPs (20 nm) exhibiting a

Absorbance

surface plasmon resonance near this wavelength were chosen to ensure the coupling of the

nanoparticle and dye.

This crucial coupling between nanoparticle & dye arises from the presence of the intense
electric field present around the particle and in the vicinity of the absorbed dye molecules.
Figure 4.3 shows this high field enhancement (white ring) around a 25 nm Au nanoparticle
(black circle), excited by 850 nm light.*®
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Figure 4.3 Electric field enhancement around metallic nanoparticle®

A coupling between the dye and nanoparticle arises due to a intense electric field
enhancement around the nanoparticle. The coupling would hopefully increase the
photocurrent of the devices which should in turn lead to increased efficiencies. (Used with
permission from ref. 56. Copyright © 2010 Nature Publishing Group)

The strong field enhancement (of a few nanometers thick) is present around the entire
particle with a decreasing field reaching out from the x-axis of the particle. Using this field
enhancement around the particle, the plasmon resonance should be coupled to the sensitizer,
which would hopefully increase the photocurrent of the devices and in turn led to increased cell
efficiencies.

Ideally, a uniformly dispersed coverage of Au nanoparticles would be achieved. The
nanoparticles should be close enough for the plasmons to couple to the dye and other
neighboring nanoparticles but far enough apart that no deconstructive effects arise. Due to the
improvement in the effective scattering and absorption cross sections, which can reach ten times
the geometrical area, only ~10% surface coverage would be sufficient for most of the incident
light to be captured.®® Enhancements were indeed seen for some devices, even with large surface
coverages (up to ~ a monolayer). In the initial studies, gold nanoparticles were applied to the
FTO substrate by drop-casting or spin-casting methods but due to aggregation and non-
uniformities arising during dewetting, the precision was quite poor. Since the nanoparticle
deposition was so unpredictable but enhancements were shown for some devices (Figure D.1 -
Appendix D), other deposition options were explored. Recently, it was shown that gold
nanoparticles can be easily functionalized to ITO through a silane linker.2® Following this
concept, gold nanoparticles were functionalized to FTO substrates and DSSCs were assembled.

An average photocurrent enhancement of 14% (maximum up to ~32%) and an average efficiency
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enhancement of 13% (maximum up to ~23%) were realized with the larger enhancements arising
from devices with lower surface coverages. However, controlling the degree of functionalization
and the degree of aggregation of the nanoparticles proved to be difficult, which caused the
measured photocurrent from device to device to be highly variable (enhancement vs. no
enhancement for same surface coverages). Figure 4.4 shows the photovoltaic performance of the
AUNPSCs vs. GSCs.

12

10

Current Density (mA/cm?)

= Enhanced (4 cells)
== Un-Enhanced (5 cells)
= GSCs (6 cells)

0

0 0.1 0.2 0.3 0.4 0.5 0.0 0.7
Voltage (V)

Figure 4.4 1V Curves — AUNPSCs Enhanced vs. Un-enhanced

AUNP incorporated devices exhibited both favorable and adverse effects when compared to
the performance of single layer GSCs. The devices were grouped into enhanced cells
(higher photocurrent than GSC) and un-enhanced cells (similar or lower photocurrent
than GSC). The effects on the photocurrent were extremely sensitive to the nanoparticle
coverage and dispersion, with well dispersed, lower surface coverage devices exhibiting the

highest photocurrent enhancements.

The solar cells tested are grouped into three categories: GSCs, AUNPSCs — Non-enhanced, and
AUNPSCs — Enhanced. Table 4.1 shows the averaged (including 99% confidence intervals) open
circuit voltages (Voc), short circuit currents (Jsc), fill factors (FF), efficiencies (n), and
resistances (shunt & series) for all these cells. There were no significant changes in the Voc, FF,
or series resistances between the GSCs and the AuNPSCs. There were improvements in the

shunt resistances of the AuNP incorporated cells but due to the relatively unchanged Voc the
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increase in shunt resistance had marginal effects on the performance. Improvements were seen in
the Jsc and since the series resistances also remained unchanged, the photocurrent enhancements
can be attributed to the concentration of light by the AuNP plasmons. With all the other device
parameters besides the photocurrent remaining unchanged, the overall device efficiencies were
increased as well. There was ~14% enhancement between the averaged Jsc values and ~13%
enhancement between the averaged n. The averaged Jsc and n for the un-enhanced cells were
slightly lower than that of the GSCs due to the low performing (highly aggregated) cell. In
general, a low functionalization (little to no aggregation) provided the best enhancement while a
moderate to high functionalization (high aggregation) provided little to no enhancement or even

a reduction. (discussed further in a latter section).

Table 4.1 Photovoltaic Properties AUNPSCs - Enhanced vs. Non-Enhanced

Jsc

Voc (V) (mA/cm?) FF 1(%) | Rsu(kQ) | Rs(kQ)

0.652 9.43 0.654 4.02 6.6 0.0136

GSCs +0.021 +0.41 +0.032 +0.18 +5.2 +0.0029

Non-Enhanced 0.661 8.94 0.649 3.84 125 0.0146
AUNPSCs +0.025 +0.86 +0.019 +0.45 +22.8 +0.0020
Enhanced 0.651 10.8 0.646 453 12.6 0.01125
AUNPSCs +0.020 +1.1 +0.026 +0.40 +19.2 +0.00096

AUNP DSSC’s Synthesis and Assembly

Device Fabrication
All FTO substrates used were diced into 2 cm x 2.5 cm pieces from a larger FTO coated
glass piece (TEC8 glass, Dyesol, Queanbeyan NSW, Australia & Pilkington, Toledo, Ohio,
USA).

Gold Nanoparticle Photoanode
Two different methods of application of the Au NPs were tested: casting and
functionalization. Schematic representations of these methods are given below and are followed

by a detailed explanation of the application processes.
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Figure 4.5 Schematic of the AuNP Application Methods

Two different application methods were used for the deposition of the AuNPs; casting
(drop or spin) and functionalization. For the casting methods the AUNPs were just applied
directly to the FTO substrate. In order to functionalize the FTO surface, a silane linker
that would electrostaticially interact with the AuNPs, was covalently bound to the FTO
substrate and then the AuNPs were applied to the silanized FTO.

Casted

The FTO substrates (Dyesol & Pilkington) were consecutively sonicated in 20 mL of
0.1M HCI in absolute ethanol, 20 mL of isopropyl alcohol, & 20 mL acetone for ~20 min each
and dried upright at 60°C. The volumes used increased per number of substrates sonicated; ~20
mL for two, ~40 mL for four, ~60 mL for six, etc. The substrates were then treated with the ice-
bath prepared 40mM aqueous solution of TiCl, (~100 mL) at 70°C for 40 min. After TiCl,
treatment, the substrates were rinsed with deionized water and acetone and dried upright at 60°C.
The substrates were subjected to various casting methods of the Au nanoparticles; drop-casting
and spin-casting. For the samples that were drop-casted, the substrate was placed onto a hot
plate at 60°C. 200 uL of the stock Au nanoparticle solution was pipetted onto the substrate and
allowed to dry. For the samples that were spin-casted, various spin rates were tested (2000,
1000, 500, 100 rpm). Any speed faster than 100 rpm appeared to spin the particles off the
substrates, so only 100 rpm was consecutively used. To spin-coat Au nanoparticles onto the
substrates, the samples were placed into the spin coater and 100 pL of the stock Au nanoparticle
solution was pipetted onto them. The samples were spun at 100 rpm for 45 sec and at ~20 sec an
additional 100 pL was pipetted onto the substrate. The samples were then dried at on a hot plate
at 60°C.
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Functionalized

The FTO substrates (Pilkington) were submersed in a 1% aqueous solution of NH,OH
under magnetic stirring at 80°C for 1 hr to ensure an active hydroxyl layer. The substrates were
then rinsed with deionized water and dried at 60°C. Once dry, the substrates were refluxed under
magnetic stirring in a 10% solution of (3-aminopropyl) triethoxysilane (APTS) in dry toluene for
30 min, rinsed with toluene, acetone, and deionized water, and dried at 60°C. Using a Teflon
cell and an o-ring, the silanized substrates were subjected to gold nanoparticle solutions of
varying nanoparticle concentrations and were immersed for several time periods so that different
amounts of gold nanoparticles were functionalized to the FTO surface. The stock gold
nanoparticle solution (Sigma Aldrich, Gold Colloid Solution, 20nm) was calculated to contain
~3.7 x 10" AuNPs/mL. Some substrates were subjected to 1 mL of the stock solution for 1, 2, 3,
& 4 hours, with the 1 mL being swapped out for a fresh 1 mL (due to the solution turning
colorless) at the 2 hr mark for the 3 & 4 hr soakings. Other substrates were subjected to 200 pL
of stock solution, 66 L stock solution diluted to 200 pL with DI water, and 22 pL stock solution
diluted to 200 pL with DI water for 2 hours each. After functionalization, all substrates were
rinsed with DI water and dried at 60°C.

Photoactive Layer Application and Sensitization

Once dry, a window was made on the substrates (casted & functionalized) using Scotch®
Magic Tape and TiO, paste (Dyesol, DSL 18NR-T) was applied over the window using the
doctor blade technique. The tape was removed and the paste was allowed to relax for ~4 hours.
The TiO, coated substrates were placed into a tube furnace, dried at 50°C and 70°C for 15 min,
and then sintered at 525°C for 30 min. Once the substrates had cooled to ~80°C, they were
subjected to another 40mM TiCl, treatment (~100mL) at 70°C for 30 min. The substrates were
rinsed with deionized water and absolute ethanol and dried at 60°C. The sintered TiO, substrates
were placed back into the tube furnace, dried at 50°C and 70°C for 15 min and then annealed at
500°C for 30 min.”® The substrates were cooled to 70°C to avoid any water adsorption and then
were soaked in a 0.5mM solution of N719 dye (Solaronix, Ruthenium 535-bisTBA) in
acetonitrile:t-butyl alcohol (1:1v) for 12 hours in the dark at room temperature. After soaking,

the sensitized photoanodes were briefly soaked (<2 min) in absolute ethanol followed by a
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rinsing with absolute ethanol and then were dried at 60°C. The sensitized photoanodes were

stored in the dark at room temperature until cell assembly took place.

Platinum Counter Electrode

A 0.75 mm hole was drilled into each piece of FTO glass using a Dremel® drill and a
diamond drill bit. The substrates were consecutively sonicated in absolute ethanol, isopropyl
alcohol, & acetone for ~20 min each and dried upright at 60°C. The substrates were mounted to
a sample holder for an ion beam coater and blown off with nitrogen gas before being inserted
into the ion beam coater (Gatan Model 681 High Resolution lon Beam Coater). 50 nm of Pt was
sputtered onto the substrates at a rate of ~1.5A/sec, a rocking angle of 7° at 8 rocks/sec, and 30

rotations per minute.

Device Assembly

The sensitized photoanodes and the Pt counter electrodes were sealed together with a
25um hot melt spacer (Solaronix, SX 1170-25PF). A window was cut into the hot melt spacer
with a gap between the sensitized TiO; and the spacer of ~2 mm. The electrodes and hot melt
spacer were pieced together and held in place with a 1” binder clip. The electrode assemblies
were placed in an oven at 60°C; the temperature was ramped to 110°C over ~10 min, held at
110°C for ~5 min, and the oven was allowed to cool via natural convection. Once cooled, a tube
adaptor (10-32 Coned NanoPort™ Assemblies, Product N-333) was affixed over the hole in the
platinum counter electrode using epoxy and the epoxy was cured. Right before characterization,

electrolyte (Solaronix, lodolyte AN-50) was injected into the cell via vacuum filling.

Photoanode & Device Characterization

The photoanodes were characterized with UV-Vis and FESEM. The fully assembled
devices were characterized with 1V curves (Dark & Light), IPCE, EIS, Chronoamperometry, &
Chronopotentiometry. The thickness of a single tape layer of TiO, film was characterized with
FESEM (Hitachi S-3400 N) and found to be ~5um. The Gréatzel cell photoanodes were
characterized with UV-Vis (Beckman DU 640 Spectrophotometer) throughout the device
construction (before TiO, application, after the 2" annealing of TiO,, and after dye soaking).
The Au nanoparticle photoanodes were characterized with FESEM (FEI Nova NanoSEM 430)

right after Au nanoparticle casting or functionalization and UV-Vis was collected throughout
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device construction (before and after Au nanoparticles subjection, after the 2" annealing of
TiO,, and after dye soaking). The fully assembled devices were characterized with a solar
simulator system from Newport Corporation. All 1V curves, IPCE, and Chronopotentiometry
were collected using a source measure unit (SMU) from Agilent (SMU #U2722A). EIS were
collected with a potentiostat from Princeton Applied Research (PARSTAT 2273) and
Chronoamperometry was completed with a potentiostat from CH Instruments (CHI440A
Electrochemical Analyzer). Once assembled, the devices were first characterized with a dark IV
(-0.2 V to 0.75 V) at 0.01 V/s followed by consecutive dark sweeps from 0.2 V to 0.75 V at
0.001 V/s. Due to the instrument design, sensitivity levels, and the variation in the dark current
of the devices, the sensitivity level was changed as the sweeps were collected from 0.2 V to 0.75
V. For the first dark sweep from 0.2 V to ~0.3 V, the sensitivity was set at 10 pA; from ~0.3 V
to ~0.45 V, the sensitivity was set at 100 pA; from ~0.45 V to ~0.58 V, the sensitivity was set at
1 mA; and from ~0.58 V to 0.75 V the sensitivity was set at 10 mA.

After all the dark curves were collected, two IV curves (-0.2 V to 0.75 V) were collected
(~30 sec between collections) under 1 sun (100 mW/cm?) using a 300 W OF Xe lamp and an
AML.5G filter. The device was then placed in front of the Newport monochromatic light setup
[75 W OF Xe lamp, motorized monochromator (#74004)] and the incident photon to current
(IPCE), or external quantum efficiency, (EQE) was obtained. A third IV curve was collected
under 1 sun irradiance to test for any cell degradation after EQE collection. Electrical impedance
spectroscopy (EIS) was conducted on the devices to fit them to an electrical circuit as well as
determine the electron lifetimes. EIS was performed in a frequency range of 100 mHz to 100
kHz (100 data points collected) with a AC potential of 10 mV rms overlaid. Using a shutter
(Newport model #71445) to interrupt the incident light, chronoamperometry (CHI) and
chronopotentiometry (Agilent) were conducted on the devices. For the chronoamperometric
tests, a potential of 0 V (short circuit conditions) was applied to the devices and the resulting
photocurrent was measured under dark & light conditions. The measurement began with the
device under dark conditions for 10 sec; then the shutter was held open for 10 sec and 10 sec
alternations of dark/light were conducted for a total 3 minutes. For the chronopotentiometric
tests, a current of 0 A (open circuit conditions) was applied to the devices and the resulting
photovoltage was measured under dark & light conditions. The measurement began with the
device under dark conditions for 10 sec; then the shutter was held open for 10 sec and 10 sec
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alternations of dark/light were conducted for a total of 1.5 minutes. At 1 min 30 seconds, the
shutter was opened for 10 sec and then left closed for 20 sec to investigate the decay of the
photovoltage over a longer time period (due to some devices decaying very slowly). After 3
minutes, the shutter was opened one last time for 10 seconds and then the photovoltage decay
was monitored up to 4 minutes (50 seconds), to ensure that the photovoltage had returned to dark
conditions. A forth IV curve was collected under 1 sun irradiance to again test for any cell
degradation. For some of the devices, the IV characteristics were measured at different light
intensities (1 sun, 0.5 sun, 0.25 sun). Using a neutral density (ND) filter (Newport #FSQ-NDO03),
the incident power density was reduced by half to achieve 0.5 sun and an IV curve was collected
under these conditions. Leaving the ND filter in the light path, the applied power to the lamp
was reduced from 330 Watts to 190 Watts in order to achieve 0.25 sun. Again an IV curve was
collected under these incident light conditions. For the devices characterized with varying light
intensities, one final 1V curve at 1 sun irradiance was collected to again test the stability of the

solar cell.

Device Characterizations

To obtain a clearer picture into the AuNP functionalization, the samples were imaged
with FESEM. The AuNPSCs were divided into three different categories; high surface coverage
(>20%), medium surface coverage (10-20%), and low surface coverage (<10%). Figure 4.6
shows the extent of functionalization for two different samples; one of medium surface coverage
(~15%) and one of low surface coverage (~1.6%). Additional SEM images of high (>20%) and
low surface coverages (~5%) are provided in (Figure D.2 — Appendix D). For surface coverages
>20%, large aggregated groups of NPs were present with hardly any discontinuity between the
aggregated NP groups. In the minimal areas of little aggregation, NPs were nicely dispersed
with ~5-20 AuNPs clustered together in the aggregate. Despite the inconsistencies in the NP
functionalization, the ratio of little aggregation area compared to high aggregation area was quite
low, which gave rise to low to no performance enhancement. Even for medium surface
coverages (10% - 20%) and for the middle of low surface coverages (5%), high NP aggregation
was present. The decrease in the extent of aggregation correlated well with the decrease in
surface coverage but as the surface coverage decreased, the areas of well dispersed, isolated NPs

or NP clusters also decreased. It wasn’t until the surface coverage decreased to ~2%, that the
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areas of ‘“‘aggregation” consisted almost solely of spatially isolated single NPs. Despite this
spatial distribution between particles, the NPs still aggregated together leaving a lot of exposed
FTO which can be attributed to the low surface coverage and the non-uniform spatial

distribution.

Medium
Density 3
~15% Surface 3
Coverage

Low
Density it
~1.6% Surface FEI
Coverage

Figure 4.6 FESEM of AuNP Functionalization — Medium & Low NP Densities

(A, (B), & (C) are of ~15% surface coverage and (D), (E), & (F) are of ~1.6% surface
coverage at different magnifications. Well dispersed AuNPs were observed at low density
surface coverages of about 2% while at higher surface coverages, large aggregates of NPs

were visible.

UV-Vis spectroscopy was also conducted on the AuNP functionalized samples. (Figure
4.7) In general, the surface coverages correlated well with the UV-Vis spectra, in that the lower

surface coverages gave rise to more light transmitted (less NPs present, less light absorbed).
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Figure 4.7 UV-Vis Spectra AuNP Photoanodes

The AuNPs absorb <20% of incident photons which is highly desired; if the AUNPs absorb
too much light, less light will reach the dye to generate photocurrent. As expected, higher
surface coverage generally showed lower transmittance. Due to functionalization

inconsistencies and aggregation, large deviations in the amount of transmitted light are
present.

Due to the inconsistencies in the functionalization and aggregation of the NPs, not all of
the high density photoanodes gave similar percentages of light transmitted. Some of these
devices absorbed comparable amounts of light to medium surface coverages and even low
surface coverages. The logical thinking, though, was that the more nanoparticles present on the
substrate, the more the incident light would be absorbed. The general trend of the UV-Vis
spectra is in good agreement with this thinking, as well as the SEM images. Also, even the high
surface coverages, only absorb <20% of the incident light which is highly desired. Due to the
device thickness, if the AuNPs absorbed too much of the incident light, then not enough would
reach the sensitized photoanode and a reduction in current would most likely arise due to the
light being quenched by the NPs.

As discussed above, the AuNP functionalized samples were assembled into DSSC’s and
compared with GSC’s.  Figure 4.4 above showed clear photocurrent (& efficiency)
enhancements, which was believed to be from the plasmon/dye coupling, but it is also apparent
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that devices with no-enhancement or decreased performance occurred as well. Due to the
functionalization inconsistencies and poor reproducibility of device performance, no concrete
conclusion that the DSSCs were plasmon enhanced could be made, which shifted the concern
more to the materials properties (surface coverages and chemical stability) of the device and not
the plasmonic effects. The IV curves presented in Figure 4.4 were regrouped into the same
surface coverage groups used to differentiate the samples for FESEM and UV-Vis. Figure 4.8

displays these regrouped IVV-Curves.
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Figure 4.8 1V Curves - AUNP Surface Coverage

The AuNP incorporated devices were re-grouped by their surface coverages. In general,
devices with lower surface coverages, which had less aggregated particles, gave higher
photocurrent enhancements. Large deviations in device performances between similar
surface coverages were apparent. The deviations were attributed to the inconsistencies in

the functionalization and aggregation of the NPs.

AUNPSCs show clear photocurrent enhancements vs. the reference GSCs (99% C.1.s)
which were likely due to the plasmonic effect of the Au NPs but the performances were highly
sensitive to the nanoparticle aggregation, with the photocurrents varying with the distribution of
the NPs. The general trend though is that the lower Au NP surface coverages gave larger

enhancements. This trend is further confirmed by the light intensity dependence studies
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presented in Figure 4.11. The top three curves in Figure 4.8, have photocurrent enhancements in
descending order of surface coverages (>20% coverage > ~10 mA/cm? 10-20% coverage ->
~11 mA/cm?, <10% coverage > ~12 mA/cm?). Only one other device, which had a low surface
coverage, showed a slight enhancement. Figure 4.8 clearly shows the functionalization
inconsistencies and poor device reproducibility (due to former). The photocurrents of a majority
of the low surface coverage devices and high surface coverage devices fall right around the
photocurrents of the GSCs. Despite the grouping right around the GSCs, the general
enhancement trend (lower NP coverage = large photocurrent) can still be seen. None of the
photocurrents of the low surface coverage devices falls below the GSC average, while a majority
of the high surface coverage devices remain below the GSC average with a medium coverage
and high coverage device both showing ~19% (vs. GSC avg.) reduction in photocurrent (9.42
mA/cm? to 7.62 mA/cm?).

While the particle aggregation and functionalization inconsistencies were issues under
investigation and are currently still being explored, the biggest concern with the devices that
needed to be addressed was the effect of the electrolyte on the Au NPs. The iodide/tri-iodide
(Solaronix, lodolyte AN-50) electrolyte employed is highly corrosive to Au and Ag
nanoparticles.®® Recently, Hupp et. al. showed that without a pinhole free protective layer (~8
nm) of TiO, over Ag NPs, then the iodide/tri-iodide redox couple had detrimental effects on the
integrity of the NPs, completely etching them away.®® As discussed in Chapter 3, the TiCl,
treatment of the TiO, photoanode increases the surface roughness and particle necking due to
deposition of TiO, at the TiO, nanoparticle junctions.®* Since the AuNP photoanodes were
subjected to the same treatment, a thin layer of TiO, should have been deposited around the NPs
as well, materializing the question, is this thin layer of TiO, enough to protect the Au NPs from
the corrosive nature of the electrolyte? Experiments were designed with the following
treatments: 1) Thermal, 2) TiCl,, 3) Electrolyte. The effects of all these treatments are visible in

the FESEM images in Figure 4.9 below and Figure D.3 in Appendix D.
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Figure 4.9 FESEM - Thermal & Electrolyte Treatments Effects

Upon thermal treatment of the AUNP functionalized substrates, the NPs lose their
stabilizing ligand which causes them to fuse together into bigger particles (B). Due to the
variability in functionalization and the high degree of aggregation, this fusing of particles
could lead to large films of Au on the sample and in turn have adverse effects. Another
issue is the corrosive nature electrolyte employed (I'/13). When the substrates are
subjected to the TiCly, a thin layer of TiO; is deposited over the surface (C) which ideally
would shield the NPs from the corrosive electrolyte but as is evident in (D), after electrolyte

treatment only AUNP remnants remain, indicating poor device stability.

Figure 4.9a shows the as-functionalized AuNPs (~1.6% surface coverage). The AuNPs
are more aggregated than previous 1.6% surface coverage samples and are not as well-dispersed,
which is attributed to the functionalization inconsistencies. From Figure 4.9b, the criticality of
the NPs being spatially distributed is apparent. During the thermal treatment, the organic
stabilizing ligand of the AuNPs decomposes, destabilizing the NPs causing them to fuse together
into larger particles (up to hundreds of nanometers). If there is a high surface coverage of
AUNPs, then the particles will melt together and could potentially form a thin film (nanometers
thick) over the entire (or a large portion of the) FTO surface, which would absorb the incident
light, quenching the device. The presence of this thin film could be the cause of the observed
photocurrent reductions. Due to the variations in nanoparticle functionalization, some samples
would contain a higher amount of NPs than others, leading to variations in the formation of the
fused particles which would give rise to deviations in the observed photocurrents. The AuNPs
were then subjected to a TiCl, treatment which deposited what is believed to be a thin layer of
TiO, onto the surface as can be seen in Figure 4.9c. The AuNPs lastly were exposed to the
electrolyte. Figure 4.9d shows that the TiCl, treatment did not generate a thick enough TiO,
protective layer to keep the AuNPs from being etched. Remnants of particles can be seen but no
intact particles were found. Upon close inspection of Figure 4.9a & b, it is clear that the TiCl,
treatment deposited some sort of material (assuming TiO,) onto the FTO and over the AuNPs but
it wasn’t enough material to protect the NPs from the corrosive electrolyte. Before further
efforts are invested into the functionalization inconsistencies, the devices need to be stable by
including an appropriate protecting layer over the AuNPs.
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In order to further understand the observed photocurrent effects (enhancement, no effect,
reduction), the incident photon to current conversion efficiencies (IPCE) were collected. Figure
4.10 shows the IPCE for the cells tested (not all were tested with IPCE). The cells are grouped

into the same surface coverage categories as previous figures.
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Figure 4.10 IPCE — AuNPSCs

To better understand the photocurrent effects, the incident photon to current conversion
efficiencies were assessed on various cells. Similar trends to the 1V curves in Figure 4.8
were expected but the exact opposite was observed. The lower surface coverage cells
generally gave lower IPCE than the higher surface coverage cells and the GSCs. The
speculation is that the plasmonic effects are not as prominent at the low light intensities
used for the IPCE.

What was expected was an overall increase in the IPCE for the enhanced cells, while the
un-enhanced cells remain virtually unchanged when compared to the GSCs. This was not the
case; no general trends were really observed and the lower surface coverage devices (generally
larger enhancement) actually displayed low IPCE. The large variance in IPCE could be due to
the low light intensities used for the measurement (on the order 10’s of uW). Further
investigations were completed by measuring 1V curves at different irradiances (1 sun, 0.5 sun, &
0.25 sun) to see if the photocurrent difference vs. a GSC would drop below zero at low light

intensities. (Figure 4.11)
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Figure 4.11 IV Curves - AUNPSCs Performance At Different Light Intensities
To investigate the obsereved IPCE phenomena, the IV responses of AUNPSCs of different

surface coverages were measaured at lower light intensites (1 sun, 0.5 sun, 0.25 sun). The

general trend of lower surface coverages giving larger enhancments is again confirmed.

Figure 4.11 again verifies the general trend that lower surface coverages led to higher
photocurrent enhancements. Devices with surface coverages of ~1.6% and 5% gave similar
enhancements while the device with a surface coverage of ~15% gave essentially no
enhancement.  The resulting photocurrents were extracted and the photocurrent density
differences between the AUNPSCs and GSCs were calculated with the following formula:

[(sc, aunpsc - Jsc, esc) / Jsc, asc]*100
The photocurrent density differences were then plotted vs. the incident light intensity (Figure
4.12).
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Figure 4.12 Photocurrent Density Differences of AUNPSCs vs. GSCs

The short circuit current densities from Figure 4.11 were extracted and the percent
difference between the AUNPSCs and the GSC was calculated. Plotting this difference vs.
the log scale of the light intensity shows that at lower light intensities the photocurrent
difference drops below zero, meaning that at low incident light the plasmonic effects are
likely non-beneficial and could actually have quenching effects.

This plot shows that as the light intensity decreases the photocurrent density difference
also decreases meaning that the plasmonic effects may not be as strong (if present at all) at lower
light intensities; upon extrapolating the light intensity to about 60 p\W/cm?, which is the
approximate light intensity used for the IPCE measurement, the photocurrent differences drop to
negative values. This is indicative of possible adverse optical effects, such as quenching, at low

incident light intensities.

Additional Characterizations
Further device characterizations, such as IPCE (devices in Figure 4.11), Chrono-
ampemetry/potiometry, were also performed (Figures D.4 & D.5 - Appendix D).

Conclusions
DSSC’s containing metal nanoparticles (Au) at the FTO/photoanode interface were
fabricated in attempts to exploit the plasmonic properties of the metal particles. By incorporating

these AuNPs into the DSSCs, dramatic effects on the photocurrent were observed. Photocurrent
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enhancements up to 32% vs. GSCs are possible with an average enhancement of 14% which led
to an average efficiency enhancement of 13% (maximum up to ~23%). The effects of the
AUNPs on the devices highly depend on the dispersion & surface coverage. Photocurrent
reductions of ~19% were actually observed for some devices with higher surface coverages.
These reductions and also the non-effected photocurrents are attributed to the functionalization
inconsistencies and too high of a surface coverage, which would absorb too much light,
quenching the device. The detrimental effects of the thermal treatment on a high surface
coverage could be the cause of the observed photocurrent reductions. The functionalization of
the AuNPs provides more control over NP deposition than casting methods but the
functionalization & AUNP dispersion still needs to be improved & optimized for a high-
performance plasmonic DSSC. Before this can be done though, the survivability of the AuNPs
needs to be increased by incorporating a protection layer. With the AuNP dispersion optimized

and a protection layer in place, reproducible enhancements of at least 32% should be achievable.
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Chapter 5 - Overall Conclusions and Future Outlook

In conclusion, a solar simulator system was acquired, installed and calibrated, single
layer and double layer GSCs were optimized to efficiencies of 4% and 6% respectively, and
AUNP incorporated DSSCs showing photocurrent reductions and enhancements (up to 32%
increase) were fabricated. In order to calibrate the solar simulator system, the two lamps
(broadband and monochromatic) in the system were aligned and the incident power densities
were made as uniform as possible.  Incident power density variations of less than 10%
difference over 15 mm in x and y directions were achieved for both light sources. By additional
fine-tunings of the lamp alignment and beam collimation, the power density uniformity could be
further improved, decreasing the power density variations to less than 10% difference over 20+
mm. To certify that the solar simulator system was properly calibrated, a Si reference cell (with
certification tracing to NREL) was employed.

With a calibrated solar simulator system in place, photovoltaic devices could be
fabricated and reliably tested. The end goal was to fabricate new DSSC architectures and/or new
device designs (such as the incorporation of NPs displaying plasmonic properties), investigating
any new, interesting phenomena along the way but before this goal could be tackled, a consistent
standard solar cell needed to be established for comparison purposes. The solar cell chosen for
this was the benchmark DSSC based on TiO; nanoparticles also known as the “Grétzel Cell”
(GSC). In order to establish the standard, single and double layer GSCs were fabricated and
optimized. Four critical fabrication parameters were ascertained during the optimization process.
These parameters were the transparent conductive oxide (TCO) employed, the method of the Pt
application for the CE and its subsequent thickness, the period of time that the TiO, paste was
allowed to relax prior to sintering, and the integrity of the TiCl, solution for the TiCl, treatments.
Initially the devices were plagued by poor performances (photocurrent, fill factor, efficiency)
which were caused by poor device series resistances. Through the optimization of the four
critical parameters above (as well as other non-critical parameters) decreased series resistances
were obtained, which in turn led to increased device performances. After the thorough
optimizations, single layer GSCs with efficiencies >4% and double layer GSCs with efficiencies

around 6% (double layer) were reliably fabricated.
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Having a steadfast benchmark for comparison, further device improvements, such as
increasing the light harvesting capabilities through plasmonic exploitation, could be attempted.
To do this, DSSC’s containing metal nanoparticles (Au) placed at the FTO/photoanode interface
were fabricated. The incorporation of these AuNPs into the DSSCs caused dramatic effects on
device performance. Photocurrent enhancements up to 32% vs. GSCs with an average
enhancement of 14% were observed. The photocurrent enhancements led to an average
efficiency enhancement of 13% (maximum up to ~23%). While enhancements were obtained,
photocurrent reductions of ~19% were also observed. The effects (enhancement/reduction) of
the AuNPs on the devices highly depended upon the dispersion & surface coverages of the NPs.
In general, the enhancements arose from lower NP surface coverages while the larger surface
coverages caused reductions or little to no effect but the performance reproducibility for devices
with the same surface coverage was inadequate. These large variations in the obtained
photocurrents can be attributed to NP aggregation and functionalization inconsistencies. When
the particles were highly aggregated (1 surface coverage = 1 aggregation) fusing of the NPs due
to the thermal treatments occurs. This fusing effect and the inconsistent NP deposition are
believed to be the root cause of the observed photocurrent variations. If the NP deposition can
be better controlled so that the particles are uniformly dispersed, then the fusing effect may no
longer even be a concern, solving both problems at once. By functionalizing the AuNPs to the
substrate as opposed to just casting them, more control over the deposition was achieved. The
consistency of the functionalization & the AuNP dispersion still need to be improved &
optimized to obtain a high-performance plasmonic DSSC. Before this can be done though, the
survivability of the AuNPs needs to be increased by incorporating a protection layer. In the
future, different thickness (5 nm to 20 nm) of TiO,, deposited by metalorganic chemical vapor
deposition (MOCVD), can be tested as a shielding layer against the corrosive electrolyte. Once
proper protection is achieved, various steps can be taken to try and optimize the
functionalization. Some of these steps include polishing the rough FTO surface (hopefully
reducing the aggregation in the large crystal crevices), conduct the functionalization in a glove
box (silanization step is highly water sensitive; may give better functionalization), and upon the
AUNP attachment step, place the AuNP functionalized substrate in the vertical position vs. the
horizontal to avoid any potential sedimentation. With the AuNP dispersion optimized and a
protection layer in place, reproducible enhancements of at least 32% should be achievable.
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Appendix A - Solar Simulation System

The numbering and lettering system presented here in Appendix A for the solar simulator
schematics does not correlate with that used in Chapter 2. The schematics presented here are
more detailed and therefore have a more extensive numbering than the simple one given in
Chapter 2.

System Breakdown

The Newport solar simulator system can be broken down into four basic categories in
which each part of the system is placed. The four categories are broadband light source,
monochromatic light source, electrochemical characterization instruments, and miscellaneous.
While every component of the solar simulator system is included in the breakdown below, every

item may not appear in the schematics.

I. Broadband light source L. Power Meter (Supplied by Thorlabs) —
A. 300 Watt Xenon (Ozone free) Arc Lamp — Model # PM100D
Model # 6258 1. Monochromatic light source
B. 500 Watt Lamp Housing — Model # 67005 A. Apex Monochromator Illuminator — Model
C. 300 Watt Lamp Socket Adapter — Model # # 70611
66160 1. Includes motorized filter wheel
D. Lamp Power Supply — Model # 69911 a. 285 nm cut-on filter — Model #
E. Power Supply to Housing Connecting Cable 51220
— Model # 70050 b. 550 nm cut-on filter — Model #
F. Condensing Optics Holder — Model # 67015 51302
G. Fused Silica Focusing Lens — Model # 39313 c. 1000 nm cut-on filter — Model #
H. Multiple Filter Holder — Model # 62020 51362
1. Air Mass 1.5 Filter — Model # 81094 B. 75 Watt Xenon (Ozone free) Arc Lamp —
2. Neutral Density Filter — Model # FSQ- Model # 6263
NDO3 C. Light Shield — Model # 70625
I. Light Source Shutter and Shutter Power D. Motorized Monochromator — Model #
Supply — Model # 71445 74004
J. Beam Turning Assembly (for directing beam 1. 350 nm blaze grating — Model # 74024
downward) — Model # 66245 2. 750 nm blaze grating — Model # 74025
1. Beam Turning Mirror — Model # 66215 E. Micrometer Driven Slits (x2) — Model #
K. Thermal Power Sensor (Supplied by 74001
ThorLabs) — Model # S302C F. Focusing Lens Assembly — Model # 77330
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G. Fused Silica Focusing Lens — Model # D. 2” Travel Translation Stage (x2) — Model #

39313 433
H. UV Silicon Detector — Model # 71675 E. 90° Angle Bracket — Model # 360-90
I. Optical Power/Energy Meter — Model # F. 30” x 48” Workstation — Model #
1936-C LW3048B-OPT
I11. Electrochem. Characterization Instruments G. Y-20 Black Oxide Screw Kit — Model # SK-
A. Agilent Source Measure Unit — Model # 25A
U2722A H. Standard 2” Rod (x8) — Model # 12312
B. CH Instruments Electrochemical Analyzer I. Standard 2” Rod Holder (x8) — Model #
(previously acquired prior to simulator) — 14421
Model # CHI440A J. TRACQ Basic Software — Model # 77890
C. PARSTAT (previously acquired prior to K. Configurable HP Compaqg Microtower PC —
simulator) — Model # 2273 Model # dx7500
IVV. Miscellaneous L. PV Measurements, Inc. 2cm x 2 cm
A. 24” Optical Rail (x2) — Model # PRL-24 Calibrated Silicon Reference Cell

B. 3” Rail Carrier — Model # PRC-3
C. 50 mm Travel Vernier Micrometer (x2) —
Model # SM-50

ILL
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Figure A.1 Solar Simulator System Complete Schematic
A complete schematic of the solar simulator setup including the components on the lower

breadboard (laser table) and the upper shelf components (all in dotted lines).

97



11 J * ot
(onupper r
shelf)

“N* (IF&(J ”\ﬂ] ¢

IV A
Figure A.2 Solar Simulator Lower Breadboard Schematic
The lower breadboard components consist of the two light sources, the monochromator,

the motorized shutter, the sample tracks, and the source measure unit.
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Figure A.3 Solar Simulator Upper Shelf Schematic
The components on the upper shelf consist of the 300 W lamp power supply, the motorized

shutter power supply, and both detectors/power meters (broadband & monochromatic).
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Figure A.4 75 Watt Lamp Warm up Period
Similar to the 300 W lamp, the 75 Watt Lamp requires at least a 15 minute warm up
period to reach a moderately stable power output but a 30 minute time interval should be

used to achieve full stabilization.
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Appendix B - Reference Cell Data Supplied by PV Measurements,

Inc.

All data and curves provided in appendix B below are for the 2 cm x 2cm reference cell.

The reference cell and calibration data were supplied by PV Measurements, Inc., Boulder,

Colorado.

VLSI S/N 10540-0145
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40

20
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n
=
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Figure B.1 IV Curve for Calibrated Reference Cell

Table B.1 Certified Values for Si Reference Parameters

Certified Values

ISC (mA) JSC (mAlcmz) VOC (V) FF (%) n (%) \]max (mAlcmz) \% max (V) Pmax(mW/cmz)
0.4446
49.7+£0.7 11.94 0.5639+£0.0032 | 67.3£10 | 45+0.1 10.21 0.0059 4,54

100




VLSI S/N 10540-0145

Normalized Quantum Efficiency (%)

700 900 1000 1100

Wavelength (nm)

Figure B.2 IPCE for Calibrated Reference Cell
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Appendix C - Optimization of GSCs

Statistical Analysis of Single Layer GSCs

Table C.1 Single Layer GSCs Statistics

Jsc RSH
Voc (V) (mA/cm?) FF n (%) (k) Rs (kQ)
Mean * 0.6586 + 0.494 + 0.6487 + 4.054 + 7.585 + 0.01424 +
99% CI 0.0174 0.460 0.0362 0.182 5.542 0.00305
Std Dev 0.0151 0.400 0.0314 0.158 4.811 0.00265
% Std
Dev 2.289 4.212 4.842 3.801 63.43 18.58

Performance Effects Using Power Density Correction

In order to accurately test and compare solar cells, the solar simulator employed needs to
be calibrated properly to the standardized solar irradiance of 1 sun (100 mW/cm?). As discussed
in Chapters 2 & 3, this can be done using a calibrated reference cell. Prior to the implementation
of the reference cell, the calculated efficiencies of the devices were much lower than expected.
This was due to the use of an un-calibrated power meter & detector. When the power meter
showed a detector reading of 100 mW/cm?, the true power density was only around 58 m\W/cm>.
Once the lamp was calibrated to the reference cell, instead of the power meter/detector, the
detector read out on the power meter was now 160 mW/cm?. With the lamp calibrated, the
measured photocurrents (for the reference cell) were increased by about 1.7x, which correlated to
about the same increase in overall efficiency (between 1.6 & 1.7x). Figure C.1 shows the
calculated efficiencies of some devices throughout the optimization process (in blue) using the as
measured values. Also shown are the calculated efficiencies (accounting for power density

correction — in red) of the devices measured prior to the reference cell calibration.

102



Vacuum oven Implementation of ref. cell,

& switch to paste relaxation & new TiCl4
FTO preparation method
2.00 A A Increasing
’ Sputtered relaxation time
—_—
S 6.00 L
s
g 4.00
=
£ 2.00
0.00 rl—r—.—vj—v—l—v—l—v—.—r—‘

GSC4
GSC5
GSCo

GSC7
GSCo
GSC12

GSC13
GSCl14

GSC10
GSCI11
GSCl15
GSC21

GSC22
GSC43
GSC44
GSC45
GSCs8
GSC39

B As Measured M Corrected

Figure C.1 Calculated Efficiencies - As Measured vs. Power Density Corrected

The efficiencies of the solar cells tested prior to implementation of the reference cell were
re-calculated accounting for the discrepancy in the measured power density. Efficiencies
slightly over 4% could have been obtained before the final optimizations steps had the
system been properly calibrated with a reference cell. The efficiency increase upon

switching to FTO is also clearly evident.

What can be taken from Figure C.1 is that if the proper calibration had been in place at
the start, then some of the cells would have already been optimized enough to break 4%
efficiency. Even if the reference cell had been used throughout the whole optimization process
though, the devices would have still been further optimized past GSC22 since only 4% efficiency
was achieved. Allowing the paste to relax prior to sintering afforded the achievement of
efficiencies >5.5% (up to 6%). Further optimizations could still be done to the double layer cells
to push their efficiencies past possibly 8%.

Figure C.1 further confirms that the use of FTO over ITO and allowing the paste to relax,
are key steps in fabricating a respectably efficient GSC. Although the figure doesn’t further
confirm that the use of sputtered Pt and the integrity of the TiCl, are key steps, it must be kept in
mind that this graph doesn’t represent all the fabricated cells and it is only of the efficiency.
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These critical fabrication steps affect many of the parameters of the device (which in turn do
affect the efficiency) but conclusions as to whether the fabrication step was critical or not can’t

be drawn solely on the efficiency (discussed in more detail in Chapter 3).

Thermal Stability of ITO
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Figure C.2 Temperature Effects on ITO Sheet Resistance

The thermal stability of ITO is quite poor, as is apparent from the above figure, which
makes it a very poor candidate for GSC preparation. The GSC preparation requires
temperatures >500°C and at this high temperature the sheet resistance of the ITO has

already more than tripled.

Sputtered Pt CE vs Various Pt Paste CEs

Although for the optimization of the double layer cells, a Pt CE that was sputtered gave
much better performance over the Pt paste, when optimizing the single layer cells, a Pt paste CE
was tested using paste from a different vendor (Dyesol Pt paste PT-1 vs. Solaronix Pt Catalyst
T/SP). The problem with the Solaronix paste was that upon annealing, the Pt paste would not
form a uniform thin layer of Pt (even when the paste layer was thick) therefore making the sheet
resistance of the Pt thin film on the order of hundreds of Q/sq (sputtered thin film ~ 10 — 15
Q/sq). This problem could be due to the Pt catalyst degrading or the catalyst is not
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homogeneously dispersed throughout the solvent but the problem was not explored. The
performance of the cell with the Dyesol paste was decent and was similar to that of the optimized
single layer cells with sputtered Pt (Figure C.2). With some slight optimizations, using the
Dyesol paste could prove to be just as effective as the sputtered Pt, while keeping the costs and

sample preparation time down.
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Figure C.3 IV Curves - GSC Avg. with Sputtered Pt CE vs. Dyesol Pt Paste
By employing a Pt paste from a different vendor, a GSC with the new Pt paste as the
counter electrode gives an illuminated 1V response almost within the 99% confidence

intervals for five averaged GSC IV responses.

Table C.2 Photovoltaic Characteristics - GSC Avg. with Sputtered Pt CE vs. Dyesol Pt

Paste
Voc (V) | Jsc(mA/cm2) FF N (%) | Rsu (k) | Rs(kQ)
Dyesol Pt Paste 0.6212 9.094 0.6786 | 3.83 1.7556 0.0106
Avg. of Sputtered Pt Cells | 0.6586 9.494 0.6487 | 4.05 7.585 0.014
99% Confidence Intervals
High 0.6760 9.955 0.6849 | 4.236 13.127 0.0173
Low 0.6413 9.033 0.6125 | 3.872 2.042 0.0112
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FTO Surface Roughness

- B . I
P

Figure C.4 SEM Image FTO Surface Roughness

The surface roughness of FTO is quite large which could explain why 40 nm of sputtered
Pt gave a high series resistance. The rough surface may have led to a discontinuous film that
would have a high resistance and thereby would increase the device series resistance. The image
above was taken after a TiCl, treatment which explains the apparent material on top of the FTO

crystals.
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Additional double layer GSCs were fabricated using the optimized parameters except

allowing the integrity of the TiCl, to be compromised. The criticalness of this solution’s

condition is apparent from the increased series resistances, decreased current densities,

decreased fill factors, and decreased efficiencies.

Table C.3 Photovoltaic Parameters - Pristine TiCl, vs. Poor TiCl,4

Voc (V) | Jsc (mA/em?) | FF 1 Rsu (kQ) | Rs (kQ)
o . 0.6566 15.608 0.6084 6.24% 0.81 0.011
Pristine TiCl,4
0.6601 15.093 0.5671 5.65% 1.16 0.013
. 0.6760 10.802 0.5977 4.36% 1.33 0.018
Poor TiCl,4
0.6611 9.599 0.5598 3.55% 1.09 0.023

Following the same preparation procedures for the optimized double layer GSC’s, two

additional devices were made but were treated with a TiCl, solution whose integrity was

compromised (solution allowed to sit around until it became opaque). From the above figure, it

is clear that the TiCl, solution’s viability is crucial in decreasing the series resistances (particle
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necking) and increasing dye adsorption i.e. increased short circuit current (increased surface

roughness) which both led to increased fill factors and efficiencies.
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Appendix D - AuNP Incorporated DSSC’s

For the first AUNPSCs fabricated, the AuNPs were deposited either by spin-casting or
drop-casting. Both casting methods showed photocurrent enhancements, with a drop-casted cell
showing the largest photocurrent enhancement of all AUNPSCs. (Figure D.1) Devices fabricated
with the casting methods also showed photocurrent reductions as well. The performance
inconsistencies can be attributed to the AuNP deposition irregularities which arise during
dewetting. Due to this non-uniformity, a more controlled means of deposition (functionalization)

was employed.
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Figure D.1 IV Curves - Casted AuNPSCs

Photocurrent enhancements and reductions were observed for AUNPSCs that had the
AUuNPs deposited both by spin-casting and drop-casting. The inconsistencies are attributed
to the poor precision of these deposition techniques which comes from variations in the

dewetting processes.

Figure D.2 shows additional AuNP surface coverages that were tested. The high density
(>20%) provided well dispersed AuNPs in certain areas but the degree of aggregation elsewhere
was extremely large, leading to detrimental effects in the device’s performance. Even for lower

densities of NPs (~5%), the extent of the AuNP aggregation, although less than the high density
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devices, was still considerable. Despite the aggregation though, the lower density devices

generally gave higher photocurrent enhancements.

High
Density
>20% Surface
Coverage

Low
Density
~5% Surface
Coverage

Figure D.2 FESEM of AuNP Functionalization — High & Low NP Densities

Higher surface coverages gave well dispersed NPs in areas of the substrate but a majority
of the NPs formed large aggregates. Even lower surface coverages of ~5% gave similar
results but to a lesser extent than the higher coverages.

Figure D.3b & c reiterate the effects that annealing (particle fusing) and electrolyte
exposure (Au etching) have on NPs. Figure D.3a is of a highly aggregated AuNP area and upon
annealing, these highly aggregated areas can form large particles or large islands (100s of
nanometers in size) of Au film. These larger formations can have unfavorable effects on the
device performance. As discussed above, a 30 minute electrolyte exposure time almost
completely dissolves away the AuNPs leaving only remnants on the FTO surface. Therefore
after a 2 hour exposure, the presence of even AUNP remnants was not likely as can be seen in
Figure D.3c. There appeared to be a material present in various locations on the FTO surface but
due to the deposition of TiO, during the TiCls, a distinction between AuNP remnants and

possible TiO, deposition was not achievable.
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Figure D.3 FESEM AuNPs - 2 Hr Electrolyte Exposure
(A) shows a low surface coverage sample (~1.6%0). (B) shows the thermal fusion effects of
the NPs. In (C) no NPs remained with hardly any remnants of the particles either, which

was expected since after a 30 min. exposure there was little NP remnants left.

Additional Characterizations
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Figure D.4 IPCE - AuNPSCs (IV Curves Tested At Different Light Intensities)

IPCE for the AUNPSCs that were tested at different light intensities again shows a similar
trend to previous IPCE curves in that the low surface coverage devices show reduced

IPCE.

IPCE was also performed on the AuNPSCs (& GSC) that were tested at various light
intensities. The results coincided well with the previous IPCE measurements in that the

AUNPSCs display a lower photon to current conversion efficiency than the GSC.
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Figure D.5 AUNPSCs Jsc and Voc llumination on/off tests

Certain AUNPSCs were subjected to chronoamperometry and chronopotentiometry in
order to test stability. The devices were stable during the testing period and also from the
chronoamperogram it is evident that the devices are not diffusion limited.

The short circuit currents (chronoamperometry) and open circuit voltages
(chronopotentiometry) under interrupted illumination conditions were also recorded, just as the
GSCs. The resultant photocurrents and photovoltages are shown above in Figure D.5 (short
circuit current on the left and open circuit voltage on the right). Both the open circuit voltages
and the short circuit currents of the devices were stable and the devices were not limited by

electrolyte diffusion during operation (no photocurrent decay over time).
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