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Abstract

With the worldly consumption of energyninually increasingand themain sourceof
this energy, fossil fuels, slowly being depleted, the need for alternate sources of energy is
becoming more and more pertinentOne promising approach for an alternate method of
producing energy is using solar Iselto convert sunlight into electrical energy through
photovoltaic processes. Currently, the most widely commercialized solar cell is based on a
single pn 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 dyesensitized solar cell (DSSC) which is based on a Watel gaemionductor sensitized
with a visible light absorbing species. While DSSCs are less expensive, their efficiencies are
still quite low compared to silicomn this thesis, Gratzel cells (DSSCs based o, NBs) were
fabricated and optimized to establish #atde standard for further improvement. Optimized
single layer GSCs and double layer GSCs showing efficiencies >4% and efficiencies of ~6%,
respectively, were obtaine@®ecently, he incorporation of metallic nanoparticles into silicon
solar cells has stwn 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 bellreduced.
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 efficiendgy incorporating20 nm diameter Au
nanoparticlegAu NPs)into DSSCsat the FTO/TIQ interface as sub wavelength antennae,
average photocurrent enhancenseat 14% (maximum up to ~32%) and average efficiency
enhancemestof 13% (maximum up to ~23%were achievedavith well dispersedlow surface
coverages of nanoparticledHowever the Au nanopale solar cell (AuNPSC) performance is
very sensitive to theurface coverage, trextent of nanoparticle aggregation, and the electrolyte

employed, albf which can led to detrimental effects (decreased performances) on the devices.
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List of Figures

Figure 1.1 World Energy Consumption Timefli@&2006 Energy Source Usage (%@he left
image shows a timeline from 1965 to 2005 of the coaliy 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 againvsiwthat fossil fuels (nonenewable
sources) comprise over 90% while renewable sources (solar, wind) constitute <1%. (Used
with permission from ref. 4. Copyright © 2008 OmegatrQn)................eeeeeeeeeecvvevennnne. 2
Figure1.2 Remaining Oil Energyrhe 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 efimtite.
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 Sdu@fes| 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 Earthoés sur furenegloball hi s 86
consumption of 15 TW. (Used with permission from ref. 6. Copyright © 2008 Delphi234,
based on work by Frank v. Mierlo)...........cccuuuiiiiiiieeeiiiiiiiiiiieeeeeeeee e B

Figure 1.4 Solar Cell Generation€ost vs. Efficienc{?*> Photovoltaic devices are segregated
into three generations®)LSolid-state devices (mainly Si)"? thin film devices, %)

Devices not in $& 2" (3D hierarchical, organic/polymer devices, tandem cells, etc.). The

2" generation was developenl tircumvent the expensivé' ieneration but both are

limited by the ShockleyQueisser theoretical limit. Th&gjeneration tackles both these

issues with low cost, high efficiency devices that have the potential of being pushed above

the thermodynamibimit by strategic device design. (Used with permission from ref. 13.

Copyright © 2007 IOP PUBISNING).....evviiiiiiiiiiiiii e 5
Figure 1.5 Best Efficiencies Obtained for Research Photovoltaic’Titee 1975, athe

generations of photovoltaics have evolved, the best obtained efficiencies for research cells
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have steadily been climbing witfi' §eneration Si solar cells approaching the Shoekley
Queisser limit and'3generation mutijunction (tandem) devices reaghipwards of 43%.
(Used with permission from ref. 36, Updated image came directly from author. Copyright ©
2011 NREL ...ttt eeem et e et eeeme st s s et e et ee e enne e s et eee e s eesaean s 6
Figure 1.6 Solid State Device Schematic A solid state photovoltaicedegnsists of a-type
semiconductor placed in contact with-iype semiconductor forming arpjunction. When
brought into contact, the excess charges in the materials diffuse across the semiconductor
interface and combine with an opposing charge s @ifusion leads to the formation of a
depletion layer in which excess negative charges are left intifpe@nd excess positive
charges are left in thetigpe which gives rise to a buil electric field............................. 7
Figure 1.7 PN Junction Operation When subjected to a photon flux of appropriate energy, the
photons are absorbed and an electrole pair is generated. With the help of the biilt
electric field, the generated charges are swept aseparated 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 (anade)................... 9
Figure 1.8 DSSC Components & Operafioh 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 fillénutls 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. (Uséth permission from ref. 37. Copyright
© 2009 M. R. JONES)....cotiitiiuiiiiie e et e e e e eeeet e s e e e e e e e e e e e e et e et aeaesasaeeeaeeeaeeeeesessstrsnnneeeeeeeees 10
Figure 1.9 Surface Plasmon Resonance Schethdtien the size of a particle is reduced to sub
wavelength dimensions, the palgiovill 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
a a particular frequency. This resonance can be exploited for enhancing photovoltaics.
(Image adapted from ref. 58.).......oui e 12
Figure 1.10 Light Trapping Geometri@®epending on the size and gesmy 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. @gright © 2010 Nature Publishing Group)........ 12
Figure 1.11 Schematic Dark & llluminated IV Curves with Equivalent Circuit Model Displayed

on the schematic IV curve are the short circuit currensithe (k¢), open circuit voltage

(Voo), theoretical power (Reoretica), CUrrent density at the maximum power outpub)J

voltage at the maximum power outpuixy, and the maximum power output{R of the

device. The photovoltaic device can be mleddy the simple equivalent circuit shown on

TNE TIGNL.. . e a e 15
Figure 1.12 Maximum Power Output Curve The maximum power density output of the device

can be determined by plotting the producthaf turrent 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 POWETr OULPUL..........cooeiiiiriiiiiime e eees e 17
Figure 1.13 Sabmatic 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..............cccccooerriiiiinnnne 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 UVis peak absorption wavelengths ideally will correspond to

the peak IPCE WavelengthS. ... ... e e 19
Figure 1.15 Schematic Chronoamperogram Chronoamperometry can provide three key pieces of

information aboutte 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. tithtand the apparent diffusion coefficient can be extracted.

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

recombinatio lifetime of electrons in the electrolyte............ccccooeiiiiiieeer 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 gans$istance 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 épgency of the ¥ semicircle will give information into the
electron lifetime in the semiconducCtor filM............ooeiiiiiiiiieee e 23
Figure 1.18 DSSC Equivalent Circuit The Nyquist plot of a DSSC can be modele@dgtarr
and two RC circuits in series, with one RC circuit containing a fWWseburg Impedance
element, &. Rscorresponds to the resistance of the electrolyte and the electric contacts.
The two RC circuits (Q = capacitor, C, of variable capacitarsg@gsent the charge transfer
resistances at the counter electrode/electrolyte interfagedRand the
dye/semiconductor/electrolyte (photoanode) interfacgH£R as well as the double layer
capacitances at each interface (Q).......cooveeiiiieeiiiiieeeiiiee e 23
Figure 2.1 Solar Energy Diagr&h©f t he 174 PW of sol ar power th
atmosphere, 89 PW is not reflected or absorbed by the atmosphere, allowing massive
amounts of energy to be harvested tigftophotovoltaic devices. (Used with permission
from ref. 68. Copyright © 2008 Frank v. MierlQ)........ccccooeeiiiiiiiiieeeiiii e 25
Figure 2.2 Solar Radiation Spectriiithe 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 gaseg KO, O,, and CQ) which produces the spiegm
of solar radiation at sea level (orange). (Used with permission from ref. 69. Copyright ©
2007 RODEIT A. RONGE) .....uiiiiiiiiiiiiiii e 26
Figure 2.3 Standard Solar Spe€i@hown in blue is the standard sapectra, developed
(AM1.5 Global) for solar simulation measurements. The spectrum represents the standard
irradiance of 100 mW/cfrused for photovoltaic characterizations. Also shown are the
AMO spectrum (solar radiation outside the atmosphere) andNte5® spectrum (only
includes the direct solar radiation onto the earth, not direct and difidb#L.5G). (Used
with permission from ref. 70. Copyright © Christiana Honsberg and Stuart Bowden,

original work and data from SMARTS modeling program used &ENR..................... 27



Figure 2.4 Newport Solar Simulator Above is an actual picture of the solar simulator setup with
the major components labeled.............ooeeeiiiii e 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..........cccooooiiiiiicceeiiii 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 realityas$ 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 mavea 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 irradiatedhe 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 backwardsrdction (to the left in the schematic) isdeected forward

with a reflector mirror and is then collimated with the condenser lens before striking the

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 HAhot
do not lie directlyover 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 irradpower 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..................... 34

Figure 2.10 300 W Lamp Acceptable Uniformity The desired beam uniformity is a power
density variation of less than 10% over a ¥ enea. After many adjustments to the lamp
position, a uniformity of 8.72% over 1 cm in thalxedion 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 UNIfOrMULY..............uueeeeiiiiimemiiiiiiiiiiiieeeee s 35
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Figure 2.11 300V 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 xdirection and 3.77% over 1 cm in thalyection was obtained. The beam
uniformity could potentially be further improved but these values are well within the desired
[OLoAT V= o [T g S| VA= U = o o RS 36

Figure 2.12 75 Watt Lamp Setup Schematic The schematic above shows the ghth that
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 ralirect the light towards the reflector narr From the reflector mirror, the
broadband light is monochromatized and is then collimated with the condenser lens before
SEHKING the SAMPIE........eiiiiiie e 37

Figure 2.13 75 W Lamp Acceptable Uniformély550 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 & area is
desired. After some alterafis 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 indiegtion was
(o] o] =11 1 = ISP PPPPPPPPRR 38

Figure 2.14 75 W Lamp Uniforniés 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 wavelengthof interest, are roughly within the desired power density
variation. The power density variations vs wavelength for the above curves are in Table
2 e ———t————ee e e e eea———eeeeeea———eeeeatteeeeeeeaaaata—eeeeaaanteeeeaataeeeeeeeaanrreeanaraeeas 39

Figure 2.15 75 W Lamp Final Unifoiity 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 theliyection.....................iiicccei e, 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 wheatedtand 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..............ccccccveccveveeennnns 41
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Figure 2.17 Readfrence Cell IV CurvesOriginal Power vs Calibrated Power for 1 Sun With 280
Watts applied to the lamp, a detector reading of 100 mAams obtained. This value was
ignorantly assumed to be accurate, which led tepaulalevice 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/&nthe desired IV response of the referecelewas
attained, leaving the broadband lamp calibrated for further tests.............cccvvvieeeneee 43

Figure 2.18 Measured IV & IPCE of Reference Cell The measured IV response (in current
density) and IPCE responeéthe 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
[AMP CAIIDIATION. ... 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 phoanode 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 an@E. The photoanode and CE are sealed together with a hot melt spacer and
the electrolyte fillS IN the GapP.......ooo e 47

Figure 3.2 Solar Cell Fabrication Flow Chart The above chart shows the sichphéparation
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 tobe 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 JaSte was allowed to relaxiqrto
sintering, 4) the integrity of the Tig$olution for the TiC{ treatment. After optimization of
these preparation steps, single layer and double layer GSCs displaying efficiencies >4% and
~6%, respectively, were obtaiN@..........ccooeviiiiiiiiiieeeec 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 resistanddlwe 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..........ccoooieiiiiiieeeii e 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 subjeteteghératures
>500°C. At temperatures this high (first thermal treatra&25°C), the conductivity of
ITO is drastically reduced which would detrimentally increase the series resistance if
EMPIOYEA IN @ AEVICE......ueiiiiiiiiiiiiie e e 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 unfaleoediects 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 resSpectable 1V rESPONSES..........vuuuuiiiii et e e e e e e e e e e ememras s e e e e e e e aaaeaaas 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 formatioruaifosm 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{oomtinuous filmor too thick (80 nm)
resulting in larger film resistances, similar heightened series resistances can.occub8

Figure 3.8 IV Curves TiCl, Solution Effects Without careful preparations a thCl, solution,
the solution integrity is prone to being compromised which could causes adverse effects on
the photovoltaic characteristics. Due to the exothermic nature of thedlli@ion, all the
solutions used for the dilution need to be storee4dC 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 salt in high photocurrents, reasonable fill factors, and
moderate efficiencies.

Figure 3.9 IV Curves Paste Relaxation Allowing the Ti(@aste 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 @& w
reasonable reproducible performance, at least a 10 hour past relaxation period is 6&juired.
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..........ccooei i i 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 miiO,, ~400 nm & 530 nnii dye) of the photoaned
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 investigatian...............cc.uvvueeernnciievnnnnnne. 66
Figure 3.12 GSC lllumination On/Off Measurements The interrupted illumination measurements
of the Voc and the dc of the devices shows that the devices were stable during the testing
period and the photacrent is not limited by electrolyte diffusian..................cccvvvieen. 66
Figure 3.13 EIS of GSQsNyquist Plot & Bode phase plot Electrical impedance spectroscopy
can give vital information into the charge tramgieocesses 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 curveawith8 mA/cnt
in Figure 3.10) of the neoptimized 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..................... 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,JRDO interface.............ccccceeeennn. 70
Figure4.2 UV-Vis Absorption of Au NP Solution & Sensitizer (N719) Due to the sensitizer
employed (N719 amax ans= 530 nm), AUNPs (20 nm) exhibiting a surface plasmon

resonance near this wavelength were chosen to ensure the coupling of the nanoparticle and

Figure 4.3 Electric field enhancement around metallic nanopaftisleoupling 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
(U111 11T T (o U o ) 71
Figure 4.4 IV Curve$ AUNPSCs Enhanced vs tdnhanced 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 photoctitam 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 highestqezurrent 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) andduaatitiation. 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 substratethen the AUNPs were applied to the
SHANIZEA FTOeiiiiiiiiiiiie e e bbbttt e e enns st s e e e e e e eaaaaeeas 74
Figure 4.6 FESEM of AuNP FunctionalizatiorMedium & Low NP Densities (A) , (B), & (C)
are of ~15% surface coverage and (D), (E), &dif€) 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
L7451 ] P 79
Figure 4.7 U\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
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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 takentarthe graveness of their meaning8oth issues, which are
actually interconnected, are very real and require immediate attelBtiensince thel 9 7 0ild s
embargo, the interests in alternate sources of energy especially research into solar and wind
energies have steadily increasebluring the past decade, especially the latter heilh the
economic crises and rise of oil prices, thee need for an alternate egg 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 flleésmost commendable
and promising source for fossil fuel replant is the inward solar flux of radiation from the

sun onto the earths s uAll these matters will be addressed in detail below.

Energy Crisis & Global Warming

For about the past century fossil fullave been the main staple
energy consumption. It wasndt wuntil recent
fossil fuels became evident. Two critical issues hangen the effects of the bproducts of
fossil fuel synthesis and combustion and the short supply mérgaof the norrenewable fuels.
The synthesis and combustion of fossil fuels generates massive amountsvaifii€i©can have
detrimental effects on the atmospheric conditions of the earth. The atmosphere itself is already
composed of the greenhouse gaa, H,O, O,, and CQ) which help regulate the incideslar
energy and the escaping thermal energy through absorption, reflection,-@dlaten. The
excess generation d€O, could have profound effects on theurfaceclimate of the earth
including global warming,severe weather pattern shifts)d 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 furtbsplatnc effects
and/orthe depletion of the current primary energy source.

Due to the exponenti al increase of t-he ear
developed countries, the world energy consumption is on roughly a linear rise (Figurénl.2).
2004 the total world energy consumption was up to 4.7%JLL5 TW) and in 2008 it had risen
to ~5.0 x 16°J (16 TW). It is projected that by 2050 the worldly power consumption will rise
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up over 26 TWA Figure 1.2 shows two plots timeline (1965 to 2W6) of world energy
consumption broén 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 thaenewable
sources (nuclear & fossil fueisoll, coal,and naturabas) constitute well over 90% the total
energy consumed th less than % coming from theéenewable sourcesAmong the renewable
sources, solar and wirghow the most potential. ofr energyconverted into electrical energy
through photovoltaic processesvhich is one of the verypromising renewable energy

technologiegdiscussed laterfloes noeven comprise thousandth
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Figure 1.1 World Energy Consumption Timeline* & 2006 Energy Source Usage (%4)

The left image shows a timeline from 1965 to 2005 of the continually me&asing power
consumption of fuels with fossil fuels being the majocontributors. (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 thaissil fuels (norrenewable
sources) comprise over 90% while renewable sources (solar, wind) constitute <1%Jsed

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

Necessity for Sustainability
With renewable sources only composing such a smatlepeage 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 ZIJ{)®f energy left on earth from various oil sources, with
a low estimate of 8 Zand a high estimate of 110 ZJ. The energy amount and percentage
breakdowrof the various oil sourcdsr the median estimate are shown in Figuge 1.
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Figure 1.2 Remaining Oil Energy’

The estimatedenergy 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 estimatEor 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 yghJs (h
Since it is highly unlikely thatonstant consumptiowould occur anytime soon, it can be
assumedhatthe yearly consumption rate will still increase ByEJ/year meaning the oil supply
wouldrun out in ~20 years (low), ~150 years (median), oi0~g2ars (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 plageentioned
earlier solar energy isne ofthe most ppmisingcandidate®f the possible renewable sources.
(Figure 1.3)

Alternatives to Present Energy Economy
The sun deposit4.3 x 13° J of energy onto the earth in one hour which is more energy
than mankind consumes in one year. Of the 174 PW that readhes ear t hds out er
86 PW (equivalent to 2.71 x ¥0J/yearA 5, 000x t he energy used) st
surface; the other 88 PW being absorbed or reflected by the atmosphere (FiguFegau®).1.3
displays some of the renewable s@srevith their amount of potentially harvestapteverand
compares them to th@ower 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%0 f t h ®&suréaeerwaslcdvered wisolar energy conversion systethatwereat

least 10% efficient, the energy requirememtaild be satisfied.
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Hydro Geothermal
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m "
Global

Solar  Wind Consumption

Figure 1.3 Total Possible Available Power of Renewabl8ource$

Of all the renewable sources, solar is one of the moregmisingto replace fossil fueldue

to the 86 PW of power &dudate. Tihis869PWpnwiethand t o t he
5000x the current global consumption of 15 TW.(Used with permission from ref. 6.

Copyright © 2008 Delphi234, based on work byFrank v. Mierlo)

Solar Energy Harvesting

The primary solar energy conversion systems employed to harvest the incident solar
energy are photovoltaic device$hese photovoltaic devices, also known as solar cells, capture
and convert the incident solar radiatiomo electrical energy through the generation and
collection of electrorhole pais. In the past this has been accomplished by semiconductor
materials sandwiched together into-a punction (discussed later), bdie to high materials and
fabrication cats, alternative means are being explored. ecartly emerging dye
sensitizetiuantum dot sensitizeand polymerbrganic based devicesith their low materials

costs and relatively high efficiencies are showimgchpromise’™?

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

categorized into solar cell generation$; 2", & 3" (Figure 1.4).
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Figure 1.4 Solar Cell Generations- Cost vs. Efficiency**°
Photovoltaic devices are segregated into theegenerations; 1) Solid-state devices (mainly
Si), 2% thin film devices, 3%) Devices not in & 2™ (3D hierarchical, organic/polymer
devices, tandem cells, etc.). ThéQgeneration was developed to circumvent the expensive
1% generation but bothare limited by the ShockleyQueisser theoretical limit. The &
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 © 200710P Publishing)

The first generationmainly consists ofthe siliconrbased family of solar cells
(monocrystalline/polycrystalline) which constitute most of the photovoltaic matkedlso has
had single ;1 semicondutor junction based solar cells grouped within as wellhe major
downfall to the first generation is the higbsts associated with the production of high efficiency
devices. Figure 1.4 shows that for about 5% increase in efficiency (~10% to ~15%pdhper
m? would double ($200/fmto $400/n). By employing thin film technology the cell thickness
can be reduced from hundreds of microns thick down to just a few microns, which reduces the
high costs of the first generation cells. These thin filmsaatike up the ¥ generation cells.
The biggest problem with the 2nd generation is due to the reduced materials costs (thinner cells),
there is less lightibsorbing material to generate photocurrent leading to lowered efficiencies.
The downfall to the Land 2° generationss that since their operation is based on a singie p
junction, they are liméd by th& Shockle-Queisser theoretical lingsit The 3rd generation solar
cells, which currentlgonsistof any celsthata r egno@iped into the lard 2™ generationstry
to circumventthe high costébw efficiencies anddome are ndimited by the ShockleyQueisser
limit. Sincethe ¥generati on encompasses al |Yand®bise cel
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involves many different technologissich as tandem celfe’, 3D hierarchical structured cétls
1820 dye/quantum dot sensitized céll$ 2°?* polymer/organic c&'* ?>*° plasmon enhanced
cells®, etc. Figure 1.5 gives the best research efficiencies of the?'d and some 3
generation devices.
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Figure 1.5 Best Efficiencies Obtained for Research Photovoltaic Ceffs

Since 1975, as the generations of photovoltaibave evolved, the best obtained efficiencies
for research cellshavesteadily been climbing with1% generation Si solar cds approaching
the ShockleyQueisser limit and 3% generation mutijunction (tandem) devicesreaching
upwards of 43%. (Used with permission fromref. 36, Updated image came directly from
author. Copyright © 2011 NREL)

It clearly shows that the"2generatia thin film cells (Si and other semiconductors) are
plagued by lower efficiencies than theé' feneration Si cells, while the™3generation
multijunction devices have already been able to surpass the ShQukéegser limifor Si based
devices (32%) While the efficiencies of these multijunction devices are high, thaterials and

fabricationare too expensive. The emerging photovoltaic devif@ganic & dye sensitizéd
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show much promise due to their low costs, ease of fabrication, and relatiielgfhaienciesi
up to 11% (despite being in their infancyA. brief overiew 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 £'and 2° generation Si based photovoltaic devices will be grouped into one
category deemed solid state devices. These solid state devices consisgé agmiconductor
(B-doped SA holerich) and an ftype semiconductoiPtdoped SiA electronrich) 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 atype semiconductor placed in cotact with a
p-type semiconductor forming a pn 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 depletioayer in which excess
negative charges are left in the fiype and excess positive charges are left in thetype
which gives rise to a builtin electric field.

Upon placing these semiconductors in contact and without an external bias applied, an
equilibrium between the excess holes and electisneeached. The holes in thetype
semiconducto(in blue)diffuse across the semiconductor interface combining with an electron in
the ntype (in red)and leaving darappedelectron in the fiype. The same prose occurs in the
n-type semiconductor; the electrons diffuse across the interface intetype,pcombining with

holes, and leaving addition&lappedholes in the ftype material. This diffusionleads to a
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depletion layer in the device,hich then givesise to a builin electric field. The builtin
electic field at this interface will help separate and keep separated the generated -bi@etron

pairs. The interface of the semiconductorsyfie & ntype) is known as the-p junction.

P-N Junction of Photovoltaic Device

Figure 1.7 below highlights the processes that ocatra pn junction upon
electromagnetic radiationUpon absorption of a photon of appropriate energy, an electron is
excited up to the conduction band (CB) making it a free cam@ldeaving a hole in the valence
band (VB) which can also freely move throughout the crystal kattic If the charges are
generatedn the depletion layer (nedine pn junction then due to the buiin electric field the
generated majority carriers éetrons in rtype, holes in giype) are quickly swept away due to
opposition to the electric field The minority carriers (holes intype, electrons in4ype) will
diffuse across the semiconductor and ideatlyssthe pn junction without recombiningOnce
across the junction the minority carrte@comes majority carrieand will easily be swept away
by the electric field If the electrorhole pair is generated far from the buitelectric fieldor
near a defect in the crystal (trap sit)e chaces of recombination drastically increase. The
time to recombination is based upon the minority carrier lifetithéhe electrorhole pair is
generated far enough from the depletion | ayer
in electricfield 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 appropriateenergy, the photons are absorbed and an
electron-hole pair is generated. With the help of the builin electric field, the generated
charges are swept away, separated and begin to diffuse towards the front and rear
contacts. The generated electrons witliffuse towards then-type region (negative

electrode and the generated holes towards thp-type region (positive electrodg.

Downfalls toSolid State Devices

The downfall to both Si and thin film Si is that in ordernonimize these parasitic
recombinabns andachieve high efficiencydevices, 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 ejfici@me 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 extensiveopess and the high quality materials can still be

expensive. A cheaper, easy to fabricate alternative is theamhgitized solar cell.

Dye-Sensitized Devices
Dye-sensitized solar cells (DSSCs) were pioneered over 20 years ago by Michael Gratzel
with thed e b u t of t he b e n.c3inteathek DSECs Have bedieatocreathl o

efficiencies >11%: 8



Device Basics and Operation

DSSCs make up and operation principles differ greatly from their solid state
predecessors. BasibSSCs consist of a semiconduct@noparticle networkensitized with a
visible light absorbing species with an interwoven electrolyte, albwmhed between a
transparent conducting oxide (TCO) electrode and a Pt thinchimmterelectode (Figure 1.8).
The heart of the device lies in the sensitized photoanode, where charge generation and separation
occur as two distinct process&ghich is what sets the DSSC apart from the solid state devices.
In the solid state devices, the chargmeration and separation occurs within the same material
whereas in the DSSC, charge generation occurs within the dye and separationabdbars
dye/TiO, nanoparticle interfacand the electrons flow throughe TiO, network while the holes

are carried  redoxmediatoran the electrolyte solution.

e & Counter Electrode

Figure 1.8 DSSC Components & Operatiofi’
A DSSC consists of a semiconductor sensitized with a visible light absorbing speciye)
sandwiched in between a transparent conductive electrode and a cdaanelectrodewith a
redox couple filler to shuttle thecharges 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 throug 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 energycupiec orbitals.
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The electron is then injected into the Fi@here 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 tebecreduces the electrolytesJI The reduced
species 3I'), acting as charge shuttle, then diffuses through the electrolyte solvent towards the
photoanode. Upon arrival at the dye of the photoanod&ltle oxidized back tds’, reducing

the previasly oxidized dye and regenerating it for another cycle.

Improving Downfallto 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 ISi d&rious
approaches to improving the efficiency of the DSSC, sucBDasounter electrod&s* more
stable redox shuttlé5*® and higher absorption photoanoti&s 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 deeef6°> 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 nanoparticlesthat display plasmonic propertiegsurface plasmon
resonance) could be incorporated into various parts of the photovoltaic devices to try to increase
the light harvesting characteristics of the devicBse 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 ekeatritimn a metal
nanoparticle (Figure @) When thesize of the nanoparticle is much smatlean thewavelength
of incidentlight, at any given point the nanoparticle experiences a relatively uniform electric

~

field. This Auni f lereleoironedl wgether to ©ne KSideeot the particls. h e s
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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 partialar frequency, which is known as the surface plasmon resonance fregfiefcy.

R,

Met — {

4
Elec -

Figure 1.9 Surface Plasmon Rsonance Schematié

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 witlné 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 r&8.)

Light Trapping Geometries

Incident light near the surda plasmon resonance frequency is either strongly scattered or
absorbed depending on the patrticle size. This property can be exploited in solar cells as a light
trapping mechanismVarious light trapping geometries can be employed depending on the solar

cell design and the desired effect (Figure 1.10)

Figure 1.10 Light Trapping Geometries®®
Depending on the size and geometry of the particle, the particle can be employed in
different geomdrical setups to achieve various light trapping.Incident light can be
scattered (far left), concentrated (center), and/or redirected (far right). (Used with
permissionfrom ref. 56. Copyright © 2010 Nature Publishing Group)

There are three possible lighrapping 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 scattecaway from the particlengarly) symmetrically.If metal nanoparticle®f
appropriate size (>100 nmje placed at the semiconductor/glass interéace Figure 1.10a the
incident light will preferentially scatter into the material with a highermittivity; in this case

into the semiconductdf' *° This increases the path length of the light as it travels through the
device, increasing the chance of complete absorption and also allowing the thicktiess o
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 appropriatefate coverage of nanoparticles, the light will
essentially be trapped inside the device until it can be absorbed.

When particles of smaller size (<100nm) are placHd the interface of two
semiconductors, such as angunction, the particles will no lomg 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 energyn the localizd surface plasmon which will lead to increased absorption by
the surrounding semiconductdt.

Another way of trapping the light inside the cell besides using the first geometry and a
reflective back contact is to incorporateetallic naostructures 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 contaand the absorbéf.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 redirected along the lateral direction of the semicotmlutayer. The potentialpath
lengththat 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 taaals 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 nanopaidioles

the geometries discussed abov&he surface plasmon resonance of the nanoparticle should

13



enhance the photocurrent thereby enhancing the overall efficiency. Ag nanoparticles have
already been shown to increase photocurrent generation when incorpariatethin 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 photoauirrand in turn the efficiencyAg & Au nanoparticles

have also been shown to enhance the photocurrents and efficitarcSSCsbut are very
sensitive to device desigh ** 34%2% Recently in our lab, Au nanoparticles (AuNPs) were
incorporated into DSSCs at the FTO/%i0nterface showing potential photocurrent

enhancements upwards of 3@¥d efficiency enhancements upwards @¥a2

Photovoltaic Device Characterizations

With dl the discussion of photocurrents and efficiencies, without a further understanding
of what these parameters actually mean, t hen
In order to characterize photovoltaic devi¢B¥Ds)and arrive at these mganetersa calibrated
solar simulator is required that is capablepobducing the standardized intensity of 1 sun
(100mW/cnf). The characterization techniques and how to arrive at the critical parameters that
characterizePVDs will be described below. t Ishould be noted that none of the graphs in the
remainder of this chapter are actual data; all the graphschematic figures for the ease of

discussion

IV Curves (Dark &Illluminated)

The primary means for characteriziRyDs isthe collection of the drk & illuminated
IV curves. For these measurements, the voltage is swept from negative to positive (approx.
0.2V to 0.75V depending on devigeand the resultant current response of the device is
monitored.The dark curve will be further discussed belowhe critical parameters that can be
extracted from thdlluminated curve are the short circuit current densityc)J open circuit
voltage (\bo), fill factor (FF), efficiency( d ) , S h u n Rgy), rared sarisstresistancByf. (

Schematiadark & light IV curves are given below in Figure 1.11.
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Figure 1.11 Schematic Dark & llluminated IV Curves with Equivalent Circ uit Model
Displayed on the schematic IV curve are the short circuit current density gk), open circuit
voltage (Moc), theoretical power (Rrheoreticar), CUrrent density at the maximum power output
(Jvp), voltage at the maximum power output (\bc), and themaximum 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 currenhat the cell can generate. In contrast, the open circuit voltage occurs
when the current flow through the device is zero and it is the maxiobtmmable voltage of the
cell. Before discussing the fill factor and efficiencitd®e resistances of the desiceed 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. ldeally the shunt resistance is langaning 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; theresistgnce is the
inverse of thelspe of the IV curve around theg¥ and the shunt resistance is the inverse of the
slope of the IV curve around thec] It should be noted that if the shunt resistance is too low,
then the photovoltage will decrease and if the series resistance igtoaha photocurremill
decrease.As just mentioned, ithe ideal case, the shunt resistance is rughoiSlope near st)
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and the series resi st adc &hisicase woadnead tb the ideal Vs | o p e
curve, which is the green box 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 diisi@aying a currentpaw. Under
illumination, the devicegenerates current labeleg, Iwhich is modeled asn additional
component (current source) in the circuit model. The total current produced, I, by the device is
then equal togak + Iy + lsp. Again in the ideal case, the shuatsi st ance 1 s near
series resistance is nearr@sulting 1° Ipak + ly. 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 abtcurrent, I, and the efficiency of tlikevice Likewise if Rsy is too
small, then it provides an alternate current path for the electrons to follow which would result in
a voltage drop across te&cuit (lower photovoltage) and again decreased effobéen

Some other parameteshown on thelV curve above are the current density at the
maximum power (), the photovoltage at the maximum poweiyg)Y, the maximum power
(Pmax, and the theoretical powery&). In order to obtain power values, theremt 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 sashthe one ifrigure 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 Ipfotting the
product of the current values and the voltage values vs. the original voltage values.ngéar
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 cirasityle
by the open voltage. Using all these parameters the fill factor can then be calculated with the
formula given below:

FF =(vp X Vwp)! (Jsc X Voc) = Prax / Prheoretical

Therefore the fill factorof the deviceis a ratio of the maximum power outpiat the
theoretical maximum poweutput 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 efficieay is calculated using the following formula:

d= (FF X 3cX Voc/ Pn) x 100
= (Jup X Vwp / Bpn) 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 determineddthodic currentlfack reactiohof the
device. Extracting theurrent over a given voltage range, such as the one in the red box in
Figure 1.B, and plotting i$ absolute value ilog scalevs. the voltagevill 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 IV
response under dark conditions by plotting the dark current density in log scale over a
specifiedvoltage range.
By comparing the slopes and the positions of the lines, various conclusions can be made

about the cathodic current and the charge transport prop@rties.

Incident Photon to Current Conversion Efficiency (IPCE)

Another means to characterize the photovoltaic devices antbgisabe theorigin 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 requiredzigure 1.8 shows aschematidPCE graph of ®SSC The IPCE is
calculated with the following formula:

IPCE.= (( 1240 x dc) / (Pin x @)) x 100
In order to determine the IPCE, the incident powegy) @ each wavelength is measured all we
as the short circuit current and these values are pluggethe above equation. For a DSSC the
IPCE peaks should correlate well with the W6 peak absorption of the dye. A peak could
also be present from the semiconductor such as the peak at ~350 nnsahdmmatiqgraphfor
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 absorgion wavelengths ideally will correspond to the peak

IPCE wavelengths.

Chronoamperometry/Chronopotentiometriflgmination On/Off)

Two poweful technigues that allow the measurement of device stability and charge
transport properties are chronoamperomatrg chronopotentiometry-or 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 15) . The stability of the dev
visuaized from the chronoamperogram; if the measured current density during the on period
remains virtually unchanged then the device is stablee critical infornation 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 duttiegllumination on period) then
the redox mediators arable to regemate 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 twoillumination on periods in Figure 151 When the light is first turned on, the dye
moleculesare excited angtart toinject electronsinto the TiQ. Theseoxidized dyemolecules

are instantly regenerated by the redox couple surrounding the dye/nanoparticle adtwong
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