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ABSTRACT

Charge transport properties of thin film organic solar cells are investigated using both
integral timeof-flight (I-TOF) andcharge extraction by linearly increasing volta@&ELIV)
measurement techniques. Test devices are constructed with active layers consisting of blended of
poly-3-hexylthiophene (P3HT) and [6;phenyl C61i butyric acid methyl ester (PCBM) in a
glass/ITO/PEDOT:PSS/P3HT:PCBM/AI structure. Samples aredtesteg voltages varying
from 0 to 15V and light intensities from 2.5 t600mW. Characteristic voltage transients are
obtained with each technique. From experimental data, electron mabilityy P3HT:PCBM
solar cell devicess found to be on the order ef = 5x10* cn?/Vs using {T OF &, & Bx108
cnf/Vs using CELIV. Both results are close to published datdth our FTOF databeing
somewhere in the middle, and tB&LIV resultsbeingslightly lower[1-5].

Integral TOF mobility results are probed afuaction of collection capacitance, voltage,
and light intensity. No significant variation is seen for changing the capacitance or the light
intensity, but changing voltage yields the intriguing negative mobility dependence which has
been reported in Erature §).

Comparison between the two techniques is made dielectric relaxation time is found
to be fast while carrier lifetime is short (both relative to the transit time of carriers across the
sample). These indicate redistribution of the eledigld and concentration near the contact
regions, a violation which will causeTIOF measurements to be overestimafdd [This may

explain why {TOF values are higher than their CELIV counterparts.
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Chapter 1

Introduction

Despite recent economic struggles, researchrgarac photovoltaichas not lost much
steam A quick search of an online database will show hundreds of articles being published in
this field annubly. For example, EngineeringVillage.org searches both the Compendex and
Inspec databases for articles published in engineering and science related fields. Searching this
combined repository yields hundredssoolfararctéelcll,e
and the number has grown steadily since 2000Tabk1). Undoubtedlyorganic solar cells are

still a hot topic

Tablel: Articles on AOrganic Solar Cellso p
Year Publications
2008 1116
2007 842
2006 795
2005 633
2004 557
2003 299
2002 299
2001 200
2000 177

There is a reason for this growth. imontributing factor is recent emphasis on
renewable energy. Governments and private companies have started to make investments in
alternative fuels and energy production schemes. BP Solar has invested US$500 million in a
grant to U.C. Berkeley for biakls research8]. Global solar cell production has grown at a
steady 25% annually for the past 20 years, reaching US$9 billion in 2005 and accounting for over

1 GW/year ]. Consumers and investors are spending money on renewable energy.
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Among renewableéechnologies, hanocomposite solar cells hold particular promise for a
number of reasons. First, they have all the advantages of a polymer. They are lightweight and
flexible whereas traditional semiconductors are rigid, for the most part. In thecapjosplar
cells can be grown on flexible substrates. These flexible solar cells could be incorporated into
fabrics for portable application&(@]. Additionally, these polymers are synthesized and processed
under much less demanding conditions than atys¢ silicon. This results in an energy and cost
savings [L1].

Adding nanoparticles to the polymer has several benefits. The plastic can transport holes
well, while the nanoparticles can be designed to enhance electron transport. In addition, the
polymer matrix absorbs light strongly in the visible range, but approximately 30% of the power
from solar radiation lies in the near IR spectrgh [ The optical and electrical properties of
nanoparticles are determined by their size and sh&afednd thusthey can be tuned to absorb
light in this frequency range. Furthermore, these nanoparticles act as multiplication centers.
Typically, an incoming photon can be absorbed by an electron, excite it across the band gap, and
produce an electrehole pair. Tle electron and hole are then separated and driven toward the
contacts to be collected for use in an outside electrical circuit. Thus, only one electron can
possibly be excited and collected for a single photon. However, nanoparticles have the unique
ability to produce carrier multiplicatiorlB]. Through this process, the single photon can excite
several electrons by splitting the energy of the photon between several eledrgrairs. A
group at Los Alamos National Laboratory has recorded as masgvasexcitations per photon
in a PbSe quantum dot using ultraviolet radiatidd].[ Thus, the quantum efficiency of the
device can be increased above the previous limit. For these reasons of reduced cost, increased IR
utilization, and carrier multiplideon, there exists strong motivation for research in

nanocomposite solar cells.



1.1. Objectives

There are several short term objectives for this research. We would like to characterize
the electrical transport in organic devices. As a device research greurave several students
whose focus is on fabrication of high quality optoelectronic devices, including the solar cells
tested in this paper. Once created, the devices must then be tested to determine quality. This is
the focus of the research presehnte this paper. Mobility and lifetime are extremely important
parameters for evaluating relative material quality. Comparing them with literature results can
give vital clues to our groupbs progrtgates i n in
aspects such as radiation damage.

Over the long term, there are broader goals for this research. Ideally, the study of the
transport properties in the material would lead to a greater understanding of how charge moves in
the device. Currently, theansport isgenerally agreedo be a thermally activated hopping
between localized energy stated].[ However, this knowledge does not fully describe the
properties observed in the material, such as the mobility dependence on voltage and temperature.
If the transport were better understpodecouldtune the devicéor enhancegberfornance In
the end, the goal is to increase the efficiency of the device to a level where it can compete with
other energy sources. Large area solar cells typicallyreequpower conversion efficiency of at
least 10% for viability, although lower values can be acceptable due to utility gained from the
devicesodold.l exi bility |

For the purpose of this research, the objective t®topare twanethod for determining
the mobility of an organic solar cell device. Initialycomposite between peBthexylthiophene
(P3HT) and [6,6phenyl C61i butyric acid methyl ester (PCBM) will be used, but additional

work will involve polymernanocrystal hybrids.



1.2. Design Requirements

Onemay consider the design requirements to be comprised by two rEggsrements
measuremennethodsandrequirements for the devices themselv&he method studiedshould
have their strengths and weaknesses evaluated based on their applicabilithgptiiadnobility
in polymerbased solar cellsResults should be reproducible. The simplicity of the technique is
important as it contributes to time and cost savings; therefore, the technique should be as efficient
as possible in terms of time spent aadources invested. The experinssiiould be able to be
done with the available facilities. The procedure must be safe andiestmictive to the sample.

As for the devices, there are goals in order to reach a useful solar cell. The techniques
studiedin this paper should help identify and design solar cells which meet these requirements.
The main requirement is a high power conversion efficiency of 10 to 138&. might view this
overarching goal as consisting of several-seduirements, such as casited morphology with
features on the scale of the exciton diffusion length, photocarrier multiplication, and absorption
tuned to the solar spectrum, among oth@ther requirementsiclude practical matters such as a
long lifetime (stability against degdation), an ability to scale up manufacturing, and a low cost

of production. See Figure 1 for a typical device schematic.

Light

glass
PEDOT:PSS anode

Figure 1: Schematic diagram for a polymerbased solar cel[15]

The area of interest is the donor:accepegion, or the active layer. This research seeks to develop a
technique for determining carrier mobility in polymer:nanocrystal active layers.



Chapter 2

Literature Review

In this chapter, two main topics will be covered. Ficstirent research inamoparticle
based solar cell devicesll be highlighted. Next, an overview téchniques used to measure the

mobility of charge carriers in polymer materi@sprovided

2.1. Nanoparticles

One longterm goal of this research is the development of nanopabéded solar cells.
Therefore, the purpose of this review section is-tafd. Primarily, highlighting advancements
in the development of nanoparticles for solar cell applications motivates research in this area.
Further, the breadth of research présdrhere, while certainly not alhcompassing, shows the

vast potential for tailoring these devidesachieve improved performance.

2.1.1Nanocrystals

PbSe quantum dots attract intergésé tocarrier multiplication, or the generation of more
than one excitofor eachabsorbeghoton. Schaller and Klimov discubgs promising feature of
PbSe quantum dofd6]. They state that it occurs through impact ionization. In this process, an
exciton with energy of at least FE; is the semiconductor band gap)axes to a lower energy
state by transferring energy of at least 1& an electron in the valence band. This creates two
excitons from only one photon. Further, they mention that impact ionizatiparigularly

efficient in PbSe, occurring with arsh the very useful near IRegime
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Another reason to use PbSe nanocrystals is that the size tunable bandgap falls within the
infrared range, where mucuditionalsolar energy can be harvested that would otherwise fail to

be absorbed by the conducting polymer A't University of Texas at

fabricates P3HT:PbSealevices[17]. ITO-coated glass with a layer of PED@BSservesas the
anode. This has been the standard electrode for matching with the band edges of P3HT.
Aluminum was deposid on top of the spin coated film to serve as a cathode.

To show that their dots were indeed harve:
absorption spectra of several different diameters of their nanocrystals, which had been separated
by centrifugatbon. The results are shown ifigure 2a. Later, the group also measured
photocurrent across the spectrum, which is showsigare2b. Clearly the QDs are contributing
to the generation of photocurrent in the near IR spectrum. On top of this, theaigoumted

that under reverse bias, the photocurrent increases from 0.2 m&/dmmA/cnf, so there is a

potential IR photodetector application for this device.

(@) (b)

op

(arb. units )

oD

3.0

0.0

ﬁS iD 2.5 3.0
Photon Energy (eV)

0.5 1.0

o Photon Energy (eV)

Figure 2: IR PbSe QD absorption and photocurrent{17]

(a) Absorption spectra of different diameter PbSe QDs in chloroform solution. Inset shows absorption
spectra of QD 8 nm in solution (open circle), films of pure RRP3HT (dash line) and RRP3HT/QD 8 nm
blend (dotted line).Note how QDs contribute to atrption below the P3HT cutoff(b) Incident photon to
collected electron (IPCE) efficiency for ITO/PEDOT:PSS/RBHT+PbSe/Al devices wittifferent sized
PbSedots The inset shows that the nanoparticles contribute to photo response in the infraredlréjgio



Later

The open circuit voltage\oc) for this device was 0.34 \short circuit currentJsc) was 0.2
mA/cn?, andthe power conversion efficiendPCE) was 0.04% uner AM1.5, 100 mW/crf,

simulated solar illuminatian Lowering to10 mW/cn? increasedPCEto 0.14%. However, this

i n

2 0 frotlyced.h isadancglicdevicegusirmg RBHT and PbSELS].

research also identified an important design requirement that cannot be overlooked in solar cell

design.

bet ween

This type of junction forces holes in one direction and electrons in the opplrsigeneral, the
organic méerial is a good hole conductor, se wesire the conduction and valence band edges of

the nanocrystals (NCs) to appear lower in energy thaH@dO and LUMO of the polymer.

N E

4]
T

Figure 3: Band edges for MEHPPV, P3HT, and PbSe NC§18]

Energylevel positions of MEHPPV, P3HT, and PbSe NCs of different sizes measured by electrochemical

t
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In order for an appreciable currémtflow, electrons and holes must be separated
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cyclic voltammetry. The dashed line traces the HOMO level of P3HT to show which sizes of NC form

type Il heterojunctions.

diameter NCs[18]

Inset shows one exampla omeasurement with sweep rate 20 mV/s for 8 nm
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Upon taking cyclic voltammetry measurement.

that P3HT should be preferred over MIBIRV simply due to the type of junction it would form

with the BSe nanocrystals. This result is summarized-igures3 and 4. This research
reiterates the importance of identifying the energy band edges in a nanocrystalline material for
use in device design, bearing in mind that at this small scale, quantum e#aststhe band

structure to change with variations in particle size.

100

----- Dark i NC diameter = 5nm
gL ——AMLS
-2 K D " 2
Voltage (V)

Figure 4: J-V Charateristics for PbSe solar cell§18]

Curreni voltage characteristics are shown for dark (dashed lines) and AM1.5 illumination (solid lines).
Black line shows P3HT:PbSe NC and lighter line shows ME}Y:PbSe NC. PbSe NCsize (EG = 0.78
eV, 5 nm NC diameter) is the same for both devide.

Although many organic hybrid solar cell systems use a bulk heterojunction device
structure, where theanoparticles and polymer are spin coated from the same solution, it is still
possible to create a more traditionalldyjer structure. This is exactly what a group led by Dr.
Gunes of the Linz Institute for Organic Solar Cells investiggte®]. They intially tried

spincasting PbS nanoparticle solution from chloroform and found that agglomeration took place.
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After annealing at 200°C for 1h, the particles formed a smooth layer. Following this, 1 wt%
P3HT in chlorobenzene was dropcast onto the filmfoldunately, this procedure resulted in the
nanoparticles being soluble. To circumvent this problem, ethyl acetate was added into the PbS
solution before casting. After annealing, the PbS film was then insoluble upon deposition of
P3HT. The best devidabricated hadsd= 0.3 mA/cm, V,. = 350mV and fill factofFF = 0.35,
corresponding to 0.04% PCE. To improve upon these results, the group looks to study the use of
different sizes of NCs. They will also vary the surfactant used.

The annealing procesgas shown to have a profound impact on the morphology of this
material system. The crystallization of the polymer is partly responsible for these different
phases Adding an annealing step in the fabrication of hybrid solar devices is very common, and
in the case of the PbS system afn@s, the results are clearly depictedrigure5. This research

exemplifies how critical the annealing step can be in device fabrication.

Figure 5: Annealing of PbS films[19]

AFM shows the morpology of PbS films both (a) before and (b) after annealing. Smoothing and breaking
up of agglomerates are two of the visible benefits of this step which lead to improved device performance.
[19]
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A group from Eindhoven University of Technology in the iNetands has done wobon

zinc oxide nanoparticlg®0]. They have used both P3HT and MDNRPV for their conductive

polymer in work that extends back to 2004.

chose to move from MDM@PPV to P3HT to tak advantage of an improvement in hole mobility,
the device performance actually decreased. The MBNAY devices had a power conversion

efficiency of about 1.6%, whereas the P3HT devices could only reach 0.9%. This decrease for

Interestingly, despite the fact that the researchers

nc-ZnO:P3HT devices couldoh be pinpointed to a single parameter; rather, each of the important

device parameters¢(JV,, and FF) all decreased by approximately 15%. Also, the maximum

IPCE of 27% was less than the value of 40% found feZm@:MDMO-PPV, so the collection of

charge carriers was not improved in general.

P3HT was that the spectral response extended to 660 nm instead as opposed to only 600 nm for

MDMO-PPV.

One small improvement made by switching to

Here again, evidence for the benefits of annealing were shovaeseTresults can be

found inTable2. Here,d i

s t

he over al

I power

c Batauserths i

on

beneficial effectof annealingis greatest when the nanoparticle concentration is low, the group

believes that the annealing benefits mainly the P3HT phase.

Improved stackingP&Hhe

chains leads to better hole transport, allowing device performance to increase.

Table 2: Effect of annealing on device properties for P3HT:Zn(J20]

Znd Asc Jsc Vo FF Max. power i
[vol26] [mAcm™] increase V] [ e [%]
prist.fann. [%a] prist.fann. prist.fann.  pristjann.  pristann.
] 0.36/1.18 228 0.46/0.65 0Q47/0.44  0.08/034 009037
15 0.90/2.20 144 0.62/0.80 Q.50/0.46 028/0.81 0.31/0.50
26 1.71/2.19 28 0.69/0.69 Q45055 053083  0.59/0.92
35 1.52/1.70 12 0.60/0.62 0Q44/054  040/057  0.44/0.63
42 1.54/1.81 18 0570057 Q45054  040/056  0.44/0.62

e f
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2.1.2Nanorods

Standard nanocrystals are not the only materials being investfgatesk inhybrid solar
cells. Both electrons and holes require percolation networks between cathode and anode for
efficient charge collection. Meanwhile, exciton diffusion lengths are so short in these materials
that domain sizes must be kept to tensafiometers acrosomain size refers to the distance
between interfaces in the active layer, and it correlates to the distance an exciton must travel
before it encounters a junction and charge is separéterk, we will discuss how several groups
seekto use nanorods to fulfill these design requirembgtgeometric constraint

Finlayson reports that, due to networking |
an electron must make from nanocrystal to nanocrystal, one can obtain better transport by
forming rod shaped nanocrystals. These longer shapes are more likely to link together and
thereby provide an easy path (minimal hopping from dot to dot) for the electron totheach
anode without recombinin@1].

At Stanford, recent research has focusedhe development of lead selenide nanowires
(NW) for use in multiexciton solar cell applications (among other thiffg2). These NWs were
grown on Si <001> substrates with a native oxide or on NaCl <001> substrates, consistent with
the PbSe rock safitructure. The research team utilized the VLS mechanism for growing NW.
By incorporating a small amount of a low melting point metal catalyst into the vapor, such as In,
Ga, and Bi, these nanowires formed a branching network. This branching network was
investigated with SEM and TEM including SAD and EDX. EDX verified that the ratio of Pb and
Se was close to 1:1. Both SEM and TEM show 90° branching for the new nucleated nanowires
(Figure6a). HRTEM showed that the nanowires were shogiestalline, andhe spacing of the
lattice planes parallel or perpendicular to the NW long axis was 3.06 A, which is consistent with

the (200) planes of the PbSe resadt structure (Figuréd).
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Further investigation at the branching interface (Figimegave the samaittice spacing
and proved that the branches extending from the main NW were also single crystalline. The
authors then hypothesized that the main and branched NWs belonged to the same single crystal.
To test this theory, selected area electron diffractt®AlY) measurement was made at the
interface of main and branched NWs (Figélg. The SAD showed a square lattice, consistent
with diffraction patterns along the <001> zone axis. The long axis of the main and branched NWs
is along the same crystallograpluiicection of <100>. As this was consistent with the HRTEM

studies, the researchers were satisfied that the network was single crystalline.

Figure 6: Imaging of hyperbranched PbSe nanowire$22]

(a) TEM image showing the nuelgon of new branches from a main NW. (b) SAD pattern for the
branching interface (black rectangle in a). (c) HRTEM at the branching interface shows the continuation of
the same crystal lattice in the new NW branch. (d) HRTEM shows the rock saltrgtrofcthbe main NW

(white rectangle in aJ22]
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Aside from these important findings, the group also discovered that they could control the
diameter of the NW by changing the furnace temperature, or by performing the growth in a
different location within thdurnace with a different temperature. By growing at 350°C instead
of 400°C, the diameter shrunk from roughly 100nm to about 60nm. By using a lower
temperature to create smaller nanowires, it may be possible to achieve the domain size needed for
solar cd applications.

A group led by Dr. Wang of the South China University of Technology has pursued
development of a CdS nanorod based hybrid solar cell d&8¢e They acknowledge that not
much work has been done in this area by other groups due tdativete high band gap of CdS
(2.42 eV), which is in stark contrast to the low energy band gap of PbSe. However, the
researchers decided to pursue CdS due to its high electron mobility.

The group looked to study the effect of several parameters on imgrphiotovoltaic
characteristics. One key finding was that the solvent used made a large impact on morphology
(and subsequently on device performance). Depending on whether pyridine or chlorobenzene
was used as the solvent for CdS and MEPV, the morphalgy changed as shown kigure7.

The effect of this change on device performance is summariZeabie3.

Figure 7: Morphology of MEH -PPV:CdS films with different solvents[23]

The morphology of the active layer changed tiyeahen the solvent was changed from (a) pyridine to (b)
chlorobenzene. Particles in chlorobenzene were not evenly spread and tended to form agglf#érates.
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Table 3: Device properties for MEH-PPV:CdS solar cells with different solvents[23]

solvent (V) Lf(mAem™)  FF9(%) ECE? (%)
pyridine 0.85 22 46.2 0.89
chlorobenzene 0.05 0.39 8.0 0.14

Wangdés group also performed PL measur ement
films showed significant PL quenching, the effect was greatest when the pyridine solvent was
used. This greater PL quenching corresponds to more effectivgectnansfer at the interface.

With this mounting evidence for pyridine being able to produce better device performance, the
researchers performed FTIR and looked at the transmission spectra of the films before and after
pyridine treatment. Peaks thatriasponded to hexadecylamine (HDA) were found before the
treatment, but the pyridine seemed to remove these peaks. The researchers concluded that
pyridine is able to swap with theDA molecules on the surface of the nanoparticles. This
change in surfactd is responsible for the change in morphology, the better charge transfer, and
indeed all the improved device characteristics. Therefore, attention must be taken to ensure that
nanocrystals are covered by an appropriate surfactant when designing asbldvra|l.

Interestingly, the study done by this group showed that the morphology did not improve
upon annealing. Furthermore, the dark current of the device remained unchanged, indicating that
a 150°C treatment does not affect the molecular packirtheopolymer. In spite of this, the
photocurrent still showed a modest increase after heat treatment. Under simulated AM1.5 global
solar conditions at an intensity of 100 mWfcrthe L. increased from 1.25 mA/cnto 1.46
mA/cn? after annealing at 150 °f@r 20 min. Additionally, fill factor (FF) shows an increase
from 37% to 45%, though ¥ remains unchanged at 0.85V. The group assumes that this
annealing must somehow improve the interface between the nanorods and the polymer, leading to

improved excito dissociation.
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A group from Imperial College, London, has fabricated devices using a blend of P3HT
and TiG nanorodg24]. The nanorods are capped with trioctylphosphine o€ O) and are
processed from solution. The first important result this gfoupd was that simply increasing
the concentration of nanocrystals in their films, they could change the morphology. In general,
they observed that a higher concentration of nanorods led to smaller domain sizes (even after
annealing), which is favorableAlso, annealing the blend films is found to greatly improve the
polymeii nanorod interaction at the interface. This improvement allows an increase in the charge
separation yield, which is critical for these types of devices. The authors note thgpehaf t
improvement upon annealing is different from what is observed in the P3HT:PCBM system,
where the main benefit comes from improved crystallization of the polymer phase and subsequent
gains in hole mobility. For the nanorbdsed devices annealinguidts in smoother films, higher
Jc and V,, which leads to improved photovoltaic device performance. Under simulated solar
illumination, the device had photocurregtJ 0.10 mA/cm, opencircuit voltage \,. = 0.70 V,
and a fill factor of 0.28, resultinin a power conversion efficiency of only 0.04%.

However, the group found a way to improve this further. In wondering why the devices
produced such a low photocurrent, they questioned the impact of insulating trioctylphosphine
oxide (TOPO) molecules orhe surface of the nanoparticles. TOPO is used to improve the
solubility of TiO, nanorods so they can be spin cast from solution. To perform a ligand
exchange, the TORGapped n€riO, nanorods were ecdissolved with an excess of the
ruthenium dye cibis(sothiocyanato) (2,20ipyridyl-4,40-dicarboxylato)(2,2ipyridyl-4,40
di-nonyl) ruthenium(ll) or Z907. This amphiphilic dye could exchange TOPO due to the strong
affinity of the carboxylic groups with the metal oxide surface. The alkyl chains of Z86y w
able to help the dispersion of the rods in organic solvents such as chloroform, leading to a better
device performance. While the photocurrent nearly doubled after this ligand exchange, the

overall result is still poor. The authors think this suggebat transport within or between
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nanoparticles limits performance. In particular, they propose that charge transport in the
P3HT:TiO, nanorod blend films is limited by the presence of an intrinsic trap distribution mainly

associated with the nanorods.

2.1.3Unique Nanopatrticles

As mentioned before, researchers want to attain a controlled morphology by altering the
geometry of their nanoparticles. While nanorods/nanowires are a popular geometry, they are by
no means the only possible answer. Some groupsxpegimenting with novel structures that
could also lead to new breakthroughs. These researchers are looking to create more exotic shapes
for their nanoparticles than the typical sphere. By creating a bratgtedtructure, they can
attain more surfacarea for creating a junction as well as limit domain size to what can be
crossed by exciton diffusion.

A group from the Chinese Academy of Sciences in Beijing has investigated the
performance of a series of hybrid nanocrystal/polymer solar cells basedEbhPMV and
CdSeTe, ; fetrapod nanocrystal@5]. Of the two materials, the CdTe has the lower band gap
and also has higher absorption than CdSe. However, upon studying the effects of composition in
devices made with nanocrystals having varying compositithey found that in the end, CdSe
would outperform any blend of the two. They obtained power conversion efficiency as high as
1.13% in MEHPPV:CdSe tetrapods under illumination of AM 1.5, 80 mW €&mThese results
are shown inTable 4. For clarifi@ation, their nomenclature Nal Na3 refer to the varying
compositions of CdS&e; ; Wsed for the blends. Nal has x=0.23, Na2 has x = 0.53, and Na3 has

x=0.78.
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Table 4: Device parameters for varying compositions o€dSeTe; ; [25]

Nanocrystals in the hybrid V. (J.) n
solar cells (V) (mA em™?) FF (%)
CdTe 033 0024 033 0.003
Nal 042 048 030 0075
Na2 063 0.65 035 018
Na3 0.69 1.57 036 049
CdSe 0.69 2.86 046 .13

Despite the fact that the composition did not show any dynamic or synergistic effects,
several important results could be gleaned from this research. The first is shdablerd.
Taking only CdSe:MEHPPV, the researchers varied only nanocrystal lgadi@ften, a higher
loading of nanocrystals can increase device efficiency by changing blend morphology. However,
overloading the film is not desirable either, as it may become difficult for the phases to
intermingle. Essentially, there is an ideal ratiat must be determined for each new material

system.

Table 5: Effect of NC loading on PCE for CdSe:MEHPPV [25]

CdSe:MEH-PPV
(weight ratio) 2 11 41 71 9l 16:1  20:1

PCE (%) 013 017 042 052 1.13 066 0.16

Additionally, the group took cyclic voltammetry measurements to determine band edge
positions for the different copositions, and the result is shownHigure8. These findings shed
some light on why CdSe performs best. Earlier it was mentioned that a type Il heterojunction is
required for charge separation. However, it may not be sufficient to have a smallidistont
between the two materials. The authors of this paper suggest that because the low position of the

conduction and valence bands of CdSe contrasts better with the relatively high HOMO and
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LUMO for MEH-PPV, more efficient charge separation can ocduris makes sense due to the

larger difference in energy levels between the two materials.
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Figure 8: Band edges forCdSgTe; ; tetrapod nanocrystals, electrodes, and MEFPPV [25]

Conduction and valence band edges were determined using cyclic voltammetry measurements for all
compositions of nanocrystals tested. For reference, the polymer and electrodes are also [26]uded.

In conclusion, the group found that the photovoltaic properties show a regular change
with composition: the open circuit voltage )/ shortcircuit current (), power conversion
efficiency (d) and | PCE of t h e es.d Byvstudyiegsthea | |
absorption, charge separation and transport, they report that the change of the photovoltaic
separation, which is caused by appropriate choice of the band level discontinuities between the
polymer and the nanocrystal. This result éstainly an interesting one, and it would be even
more beneficial to know if this effect could be extended even further. For example, if a test were

done with a nanocrystal whose bands were even lower than CdSe, it would be interesting to note
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if the bendt would still be seen or if there is some sort of attenuation to the benefit as the band
offsets become large.

A group at University of California, Berkeley, has proposed another novel stri@glre
Their nanopatrticles take on a shape similar to ausetain, shown irFigure9. They call these
structures hyperbranched nanocrystals, and their synthesis is a very simple solution process.
These particles grow to be quite large, but the nature of their shape keeps domain sizes on the
order of the excitonliffusion length. As a result, while maintaining the requirement on domain
size, the particle automatically forms a straight network from cathode to anode, as the particle is
so large that it stretches from one to the other on its own. Therefore, ihleahogy of the blend
film is dictated by the shape of the nanoparticle itself, and these nanoparticles can form a
monolayer if the correct ratio of NC to polymer is achieved. The buildup of a monolayer is

shown visually inFigure10a.

(a) (b)

Figure 9: Hyperbranched nanoparticles[26]

TEM images show the structure of (a) CdSe and (b) CdTe hyperbranched nanocrystals. Scale bar is 100
nm. Due to the size, one particle is sufficient to stretch across the entire thickties§lof. [26]

For comparisonds sake, the results of test
were compared with results of the same tests on solar cells using nanorod structures. The two

different types of hybrid devices were tested at diffemanoparticle loadings, from 0% up to



20

about 80% nanoparticles by volume. For every composition tested under an AM1.5 global
radiation source, the open circuit voltage, short circuit current, fill factor, and power conversion

efficiency were all highemithe hyperbranched nanoparticles than in the nanoFiglsré 10b).
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Figure 10: CdSe hyperbranched nanocrystal morphology and performancg6]

(&) TEM images show how the morphology depends on the nanocrystal logdinmercentages give the
volume concentration of CdSe in the spasting solution. Scale bar is 500 nm (b) Hybrid solar cell
characteristics for hyperbranched CdSe nanocrystal (solid circle) and nanorod (open circle) {Rjices.

The authors warn hat there is one minor concern with this across the board
outperformancé it is possible to increase the performance of the nanorods. However, their

explanation of this detail brings out another advantage of the hyperbranched structures. The
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nanorods aa attain better performance if the morphology can be improved. However, this is
difficult to achieve because that material system is highly sensitive to processing conditions. On
the contrary, hyperbranched particles have decreased sensitivity to owariatiloading
concentration and processing. This is evidenced by the better fill factor, which relates to diode
ideality and overall cell quality. The FF is also more consistent for the hyperbranched particles.
These results show that the ease and stargty of processing along with morphology prescribed

by the particle itself are great benefits to using these hyperbranched structures.

At the University of Minnesota, a group has demonstrated a qualdtirsensitized
nanowire solar cell27]. Their systm is based on photosensitization of ZnO nanowires much
like a dyesensitized solar cell, only they choose to use CdSe quantum dots. The photogenerated
electrons are injected across the quanturmdabwire interface into the ZnO. In order to attach
the CdSe to the ZnO, they use a short linker molecule, mercaptopropionic acid (MPA). This
molecule is short in order to minimize the tunneling barrier for electron transfer. At the current
time, this research is still beginning, so the holes are removediigaid electrolyte containing a
redox couple in which the nanowires are bathed. In further research, this could potentially be
replaced with a hole transport medium.

The group found that treating the ZnO nanowires with an oxygen plasma significantly
entanced the quantum dot adsorption. HRTEM images showed that more CdSe was able to
attach to the surface of the nanowires after the treatment. To explain this, the researchers suggest
that the plasma may be able to ionize the surface. Also, it may deegjkng bonds through ion
bombardment, or it might remove surface contaminants. Though the group is not totally sure of
the exact reason, they did find evidence for decreased surface contamination througfIRTR
spectrum measurements. At any rate, device performance increased by over an order of
magnitude using the oxygen plasma treatment. DevicesshaidlJto 2 mA/cmi and Vi, of 0.5

to 0.6 V when illuminated with 100 mW/crsimulated AM1.5 solar spectrum. Internal quantum
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efficiencies as hig as 5660% were achieved, and the overall power conversion efficiency was
0.4%. These numbers will likely improve with the further investigation of a proper hole transport
medium.

Research done at Korea University shows that nanoparticles can alsadhedtto
carbon nanotubg®8]. Specifically, this group took multiwalled carbon nanotubes (MWCNT)
and used an acid bath to functionalize them. Afterward, the MWCNTs were washed and then
immersed in a solution containing copper acetylacetonate and .sulBy modifying the
concentration of these precursors, the group was able to obtain different sizes of spherical
nanoparticles, and eventually at higher concentrations they saw triangular nanoplates. Both of
these are shown iRigure 1. Fabricating a siple sandwich structure device using poly(3
octylthiophene) (P3OT) as the organic hole conductor, the group ran photovoltaic tests. The
shortcircuit current density JSC = 0.57 mA/cm2, omémrcuit voltage VOC = 0.32 V, fill factor
FF = 44%, and power ooersion efficiency = 0.08% under AM1.5 radiation. The group also
noticed that photovoltaic devices fabricated from the blends of GARENT and P30T
performed better than those fabricated using Cu2S NCs or MWCNTSs alone. Improving electron

transport fromtie photoexcited Cu2S NCs to the MWCNTSs is the next step.
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Figure 11: CuS nanoparticles attached to MWCNTH28]

(a) Using TEM, one can see the triangular NCs attached to the MWCNT. (b) HRTEM shows how one face
of the plate is boand to the nanotube. (c) One of the detached NCs shows a 2nm thick edge. [The insets
show FFT ED patterns for determining crystallographic orientation.] (d) A schematic showing the
orientation of the nanoplate attaching to the MWCNT. (e,f) TEM imagewish the spherical NCs
attaching to MWCNTSs. (g) HRTEM shows a tight bond between the NC and the[Z8JT.
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2.2. Time of Flight (TOF)

Before describing the experiments performed,summary ofthese measurement
techniquess necessarty This allowsa fuller undestanding of the experiments undertaken in the
remainder of this thesisHere, the basic physics of the devices is studied in detail, and useful

relationships are derived between mobility, lifetime, and measurable experimental parameters.

2.2.1Current Mode TOF

Sincethe HayneShockl ey experi ment of the early 19
way to determine charge carrier mobility in their semiconductor samples. The technique is
typically called a timeof-flight (TOF) measuremert3]. It involves takig a sample of a set
thickness with electrodes on either side, applying a voltage across the sample, and injecting a
pulse of carriers near one electrode. Either electrical or optical excitation can be used to inject
carriers. Under the influence of thiedric field, either electrons or holes will be swept across
the entire distance of the sample, depending on the polarity of the applied voltage. If the transit
time for this carrier packet can be determined, then the drift velocity (and thus the yhadbilit
easily obtained. We wi | | call this technique
from the current signal.

To determine the transit time, one must find a distinct fedtutbe voltage transient.

For silicon and other ordered matdsi that were first studied with this technique, the voltage
transient will have a plateau after the initial spike. After some time, the carriers are extracted and
the signal returns to zero. The point where the plateau and extraction meet wilikiak |
shoulder on the ¥ curve The transit time can be found from the time between this kink and the

initial spike. Unfortunately, for disordered materials like the polymers we are interested in
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studying, the transport is dispersive. The extraction laadhitial spike blend together so that no
plateau or kink can be discerned from 4 plot. The solution is to plot on a légg scale, after
which a kink can be seen betwevo linear regions. Simildo the case of the ordered material,
the transitime for a disordered material can be found from thiddggkink [29]. The difference

in the appearance of these two kinks is showfigare 12.
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Figure 12 TOF transients for non-dispersive and dispersive transport

(a) In materials with nordispersive transport, such as single crystal Si, a plateau with a defined shoulder
makes finding transit time easy. (b) For dispersive transpergwves must be plotted on a g scale
to find a kink

This technique has been djgal to polymer based solar cells with some success. Dr.
Yang6s gr oup stadied theCdfféct oh @omposition and heat treatment on the
performance of P3HPCBM solar cells]]. Their sample thickness varies from@7L. . 53 & m
The applied bias varies fromt6 20 V and they illuminate the transparent ITO electrode using a
nitrogen | aser with =337 nm, U=4 ns, and 10
ratio, they found that the ideal ratio of P3HT:PCBdAs 1:1, since it produced the highest
measured mobility of = “crfVE. Hole mobility was almost the same, but always lower
than the electron mobility by a factor of about 20%, depending on the voltage used for the

measurement.
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Other groups havalso performed similar current mode TOF studies on relatively thick
samples of P3HT: PCBM. Dr . Ball antyneds group
the effect of P3HT molecular weight on device performdBte Their findings indicate that
increasing the molecular weight of the polymer decreases the mobility, fill factor, and the power
conversion efficiency of the cell. The mobility of both electrons and holes reduced at least an
order of magnitude when molecular weight was increased from 43kD21 kDa, where Da is a
dalton, or an atomicmassun.he mobi |l ity for holes iRg=these 1
3x10°cn/Vsto 4x10°cm? Vs, whil e t he efkxtcnft/atelxitChAnged f r c
cnt/Vs.

In Korea, several groupbave combined to study temperature dependent mobility
behavior in P3HT:PCBM solar cellg][ . Their devices actvelkyera 1: 1
thicknessand a 100 nm thick LiF:Al top contacT.hedevices werdluminated through the ITO
electrog usng a nitrogen pulse laser with = 3 8n¥ Voltages as high as 60 V were used to
create the driftfieldAt r oom temperature, the=mboBamVsty for
to 5x10°cm Vs, whil e the el=7xi0rcofVs to2xa0h gré\s. Atr om ¢
temperatures up to 400K, it was found that mobility increases approximately one order of
magnitude. This makes sense for this disordered material system with dispersive transport, as the
primary carrier transport is believed to beathmal | y acti vated short ranc

[30].

2.2.2Integral Time-of-Flight (1-TOF) Theory

The results from current mode TOF measurements are consistent with each other, giving
some idea about the charge carrier mobility in these disordered mateHalsever, there is

limitation whenattempting to us@ OF to study thin film devices.Naturally, the measurement
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circuit will have some response dependent on the RC time constant of the components. As the
device thickness shrinks, the geometrical capace increases. Therein lies the problewhen
the polymer film is no longer on the order of microns thick, the RC time constant of the
measurement setup will be on the same order as the transit time one wants to observe.

In thick films, this is not semuch a problem. A large thickness will mean a relatively
small C but a relatively largg 50 that § > > rc Id upheld. However, for thin films, e n ¢gc U
may be on the same ord&i]. This means that the kink seen on the griapRigure 13 will not
correspond directly to the transit time, but rather a convolution of the transit time and the RC

decay time. This Mliinvalidate the measurement, as provendby ¢[32g
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Figure 13: Effect of RC decay on TOF measurementg32]

The kink in a current mode TOF experiment may not directly measure the transit time if the RC decay
occurs on the same timescale. Here, increasing the detection resistance (&hgdahtlse measurement
circuit) has changed the value pfand invalidated the resul{82]

Therefore, an alternative technique is necessary for studying eeuiigtic thin films.
Fortunately, such an alternative already exidt#st developed foperforming high sensitivity

drift mobility measurements in amorphous semiconductors, the technique involves collecting
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charge at the measurement electrode rather than measuring a [@8}enn 1988, Dr. William
Spear wrote that he could extract thensit time of carriers by using the detection oscilloscope to
determine the fAintegrated charge displacement.
Europe led by Dr. Gytid u gakadyzed the physics of the technique, determining a method for
extracting both the mobility and the mobilityetime product from the integrated transi¢s4).
Thus, the integramode timeof-flight (or I-TOF) measurement was born.

Jughkaased his derivations on work that had
Batra and Kanazawa of the IBM research laboratory had theoket@atulated the voltage
transients in two similar situatioris one concerned with trapping kinemati&5] and one
concerned with the charge carrier dynamics after the photoexcitatiogaedsegarrierf36]. The
theoretical curves had features related to the material propertie$, @arigikkad this theoretical
work to experimental measurement. The full derivations are given in the two papers cited above
and will not be repeated here.owever, a brief summary is necessary for context.

Both derivations are very similar. Starting with the study of photoexcitdliergssumed
initial condition is that a photoconductor of thickness L is charged to an initial pot¥ptial
Charge has builtp on the surface at x=0 while the electrode at x=L is kept grounded. Under
open circuit, there is no charge injected into the device, except when the illumination takes place.
Furthermore, it is assumed that there are no free carriers inside the bafopéethe light pulse.
When this light pulse strikes the sample surface at time t=0, it will generate free charge carriers at
x=0. Some of these charge carriers will neutralize the surface charge, while the others are driven
toward the grounded electte by the electric field in the sample. These initial conditions are

depicted inFigure14.
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Figure 14: |-TOF theoretical derivation schematic[36]

The device is charged to an initial voltagg ¥ausing charge to accumulatets surface. When the light
pulse hits, free charges are generated just inside the material, neutralizing the charge at the surface and
traveling through the sample to the ground electrode at[8€l.

If trapping and diffusion are negligible, then thguations describing the transport of one

type of carrier are the law of conductiodt(x,t) = qnm(x,t)E(x,t), the continuity equation,

W (xt)/px = - q[un(x,t)/ut], Poi ss on opE(xtyaxe Mojkinx,t), and the
generalized equation for the total curredt= [LE(x,t)/pt] + (407 K)n(x,t)E(x,t) = 0, which
may be set equal to zero for this open circuit case.

To set up the boundary conditions, first define the charge inside the sample at any time, t,

L
to be equal to Q. By definition, the integ@(t) = qf—;’l n(x,t)dx can detemine the value of Q if

the free carrier distribution is known. Now, define two points in time. JLietdicate the transit
time for the leading edge of carriers, and feintlicate when the final charge has reached the

electraleat x=L and left the saple.
Finally, we can list our boundary conditions. Initial@(t) =Q,, 0¢tct, ,6 where Q

is the amount of charge injected by the light pulse. After the transit time, charge is extracted until
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we reach a second boundary conditi@(l) =0, t2t.. We can also write thatn(x,O) =0
because there are no free charges inside the sample before the light pulse. Also, recall that the
initial voltage at the surface has been definet}’és= 0) =V,.

Using these boundary wditions and the four equations above, we can solve for the

voltage transient, V(t), in the region before the transit time of the leading carrier Troatresult

. a 1 @ 2 .

is V(t)=V, - rO%- EroaVO/L) m, 0¢tet,. The term r, =Q,/CV, describes how
C +

much of the chae built up on the surface was injected by the light pulse. Taking the time

derivative and substituting for the transit timet, =L*//%,, we obtain

V(t)z- r0(2- ro)(VO/Zttr ) O¢tc¢t,. For intense illumination, all of the charge on the

surface should bimjected. This situation corresponds to setting=1 and the equation for the

initial slope of thevoltage transient reduces tosanpler form: V(t) =-V,/2t,, 0¢tct,.

This is the crux of how to use ITOF to determine carrier mobilkyom the initial slope of the
voltage transient, calculate the transit time and use that to find the m{88lity

On the other hand, a few modifications can be made to this derivation to account for the
shape of the curve at longer times. After theiees have been extracted, trapping is no longer
negligible, as there will be a residual voltage present across the device. This voltage is due to the
carriers which have been trapped on their way to the ground electiadeharacterize these
traps, Kamazawa chooses the simple model of a single trap level with capture probapdityl C
uniform concentration N Therefore, the probability per unit time of a carrier falling into a trap

should be given byCT(NT - nT(x,t)) , which would reduce to @onstant if N >> n.

Assuming this holds true, the probability will be written as 1/T, with T ={1Ng. If the traps

are deep, then we can assume the charges are held indefinitely. This allows us to write
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un, (x,t) _ n(x,t) |
Mt T

trapped charge density term to the Poisson equation

Now that the trps have been described, we must remembexdtb a

Before solving the equations, the boundary conditions require slight modification to
account for the traps. Initially, the electric field should bdannmi everywhere in the material
and equal to YL. Also, the field should go to zero at the surface after all the charge has been
injected. Finally, include the assumption that at time t=0, there are no free or trapped charges
present anywhere in the reatl at x>0. With these slight modifications to include traps, we can
now solve through the equations in the same manner as before.

Unfortunately, the answers are not as nice in this case, because combining all of the input

equations vyields a partial &fental equation:

ex.) ext) _ _ ext)
%+e(x,t)““xt =- [t In e(x,t).

This PDE is a form of Lagrangeds | inear equat:.
two arguments. However, greater usefulness and simplicity can be attained by solving the
equation in certailimiting cases.

Looking at the final state, nothing varies with time. This allows us to drop the first term

in the equation above when solving for the final staﬂé(,o). After integration, we obtain

E[- ne(x,a)]=x/t, where E|[A] r’j(e'z/z)dz, A > 0. This is called the exponential

integral, and it can be computed numerically with software such as Mathematica® or looked up
in a table of values.
Now, the residual voltage is found in a similar fashion. By integrating thereiffial

equation (after dropping the time derivative term) with respect to x from 0 ttee Iresult is

Ei[- 2In e(ZLD )] =vg/t , with v the residual voltage. It should be noted that all the variables
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in this derivation have been normalized to unitlessngitiesi so vg and U are unitless

counterparts to ¥and T.

If we take Ei[- In e(x,O)]:x/l‘ and let x=1, then we can plug the result into
Ei[ 2In e(:LO)] v/t and determine the relationship betwegnasn d U. This
universal curve betweeka nd U. i Tsh unse,a siufr ewvd , then €T can
this universal curve and pluggingto 7T = Lzl‘/V0 . This is how to determine the mobility

lifetime product from the residual voltage of ah®F measuremefs].

2.2.3Integral Mode TOF Experiments

Many groups have usedTIOF to study the mobility of the charge carriers in their
devices, particularly those groups working with thin filnigpically, these groups will either use
a charge collection mode oscilloscope, or they will simply connectdbegice in parallel with a
capacitor to collect the charge. The oscilloscope reads the charge on the other side of the
capacitor. To provide the initial electric field, either a DC voltage source or a pulsed voltage
source is connected to the device amapacitor in series through a resistobDevices are

illuminated through the transparent electrode. A schernsagiiven inFigure b.

T
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Figure 15: Circuit Schematic for Integral mode Time-of-Flight [37]

The integral TOF circuitansists of just resistors and capacitors, with output over an oscillo§d@pe.
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In a review of charge transport in polymer/fullerene solar cells, Pivrikas notesTiOét |
performed on a P3HT:PCBM solar cell device yielded a mobility valeg o4x10° cnv/Vs [4].
In a separate test, Pivrikas also attained a valag8x10° cn’/Vs [38]. There are also several
instances in the literature where groups have tested P3HT with no PCBM added. Since P3HT is a
hole conductor, it typically has high hole mobility (for a polymer). This is verified Byu § k a
who used 4TOF to measure a hole mobility ef = 1x10? cné/Vs in regieregular P3HT[39].

Osterbackaonducted similar measurements and has obtaiged@x10° cnf/Vs [37].

2.3. Charge Extraction by Linearly Increasing Voltage (CELIV)

Unfortunately, since its d-&GFddchmigumdastun i n t h
into several problems. The problems mainly occur in samples with a relatively high dark
conductivity, such as P3HT:PCBM. Ormé these problems is that the nate al 6 s di el ec
rel axat igpshoult bemlenge( than the delay between the voltage and light pulse.
Relatively high bulk conductivity indicates that this is probably violated. Indeed, capacitance
measurements typically yield higher values tham gleometrical one, even in the MHz range,
proving that the electric field is redistributed and concentrated in the contact regions. This means
that FTOF mobility values may often be ovestimated ] . A d d { must benlandet tiyan U
the transit tne for an accurate measurement. If not, then the equilibrium carriers may
redistribute the electric field faster thap and invalidate the assumption of a homogeneous
electric field. There is a great deal of complexity in this seemingly simple mea&surem

Luckily, J u ®lsa gr oup found a way around this pro
and a square voltage pulse, he simply decided to extract the equilibrium carriersttigimguéar
voltage ramp They named the new technique CELIV after howatrks: charge extraction by a

linearly increasing voltagg/]. Again, the full derivation of this technique can be found in the
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paper just referenced. | will only summarize the important points to allow the reader to

appreciate better the experimentaulés later in this paper.

2.3.1CELIV theory

The theoretical model assumes a sample of thickness d with a blocking electrode at x=0.
The equilibrium free carrier density is n. As a triangular voltage ramp is applied, the equilibrium
carriers will move towardhe opposite electrode and get extracted. This will create a depletion
region from x=0 to x=L(t), and this depletion region will grow as time increases and more carriers
are extracted.

The equations used are essentially the same as inTtO& Iderivatiols. The Poisson

equation and continuity equation are integrated over x from 0 to d. Combining these two results

d
with V(t) =At= ﬁ E(x,t)dx, where A is the slope of the voltage ramp, the Riccati equation for

I(t) is found to be%(tt)+ 5 Iz(t):%. Next, the generalized current equation

2ed
i=e dE(x,t)

§T+s(x,t)E(x,t) is averaged over X. Solving those two equations

simultaneously yields a solution for the shape of the transient curféi.theoretical shape is

illustratedin Figure 16 [39].
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Figure 16: Theoretical applied and outputvoltage signasfor CELIV [39]

At top, a triangular voltage ramp is applied to the sample. Due to sample capacitance, a displacement
current with magnitude j(0) is seemmediately. The extractionf equilibrium carriers is shown by a
current peak above the constant displacement current. Transit time is calculated from the peak time. A
second ramp after the first can investigate how quickly equilibrium is recoyaggd.

Again, the most useful &dions ae in certain limiting cases, where we can obtain an
anal ytical for m. For lzoWd & ogmtbevektradted charge doesit er i &
not change the electric field distribution much, and we obtain a simplified piecewise equation for
j(t). The maximum of this transient occurs at a time which can be calculated and related to the
transit ti me. A si mi | &t, fol higlm¢onductivily sangplese Fom c cur s
samples of moderate conductivity, numerical analysis must be darekily, J u dhlasaalready
performed this numerical calculation and come up with a correction facibe resulting

equations for the transit time have been solved for mobility bplpw

, Dj < <(0)

€
!
!
! d’ o
i
|

=K —
At2_(1+0.36Dj/j(0
d?j(o L

] o740



36

Note that the three regions for conduityivcan be discerned by the relative magnitudes
of the displacement current j(0) and the extraction cugent Figune16. In these equations, K
is a constant which is 2 for surface generation of photocarriers and 2/3 for volume generation.
Hence, the CELIV measurement is as simple as connecting a linearly increasing voltage to the
sample, measuring the outpcurrent through a resistor, and determining the molfiidsn the
time of the maximum extraction currdmy usingone of the above equatiord [

Moreover, in the case that there are not enough equilibrium carriers, or one wants to
study the behavior gbhotogenerated free carriers, this technique can be combined with a laser
pulse just before the start of the voltage ramp. In this case, it is called@Bbid. These two
techniques offer a simple and accurate way to probe the charge transportiggagesat wide
range of materials.

There is one more issuén general, CELIV can only measure the majority carriéfs [

In the case of a material that is either p d@ype, it is simple to discern which mobility is being
measured by this technique. wever, photocCELIV generates both types of carriersn d
material such as P3HT:PCBM, we must try to distinguish between the electrons and hole
contributions. If the two carriers have greatly different mobilities (say they are different by a
factor of 5) then two peaks may be visible on the CELIV plot. If not, then the two peaks will
overlap. This is generally what happens for P3HT:PCBM solar cells, as they have been designed
to have closely matched electron and hole mobilities for peak performancthis Icase, the
convoluted peak is generally attributed to the faster carriers, which tend to be the electrons. This
has been reported many times in the literatdye5] 7]. One group even pointed out that the
detection of only one peak indicates aanaled mobility, and that therefore the resulting mobility

is descriptive of both electrons and hdig).
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2.3.2CELIV Experiments

Many groups have taken up CELIV studies. It seems to be gradually replacing TOF style
measurements. This could be in part duthosimplicity of the experimental setup. The only
equipment necessary is a triangle pulse generator. A standard oscilloscope can measure the
output voltage. If desired, a resistor can be added to the circuit to change the output impedance

for signal déection. This experimental layout is givienFigure I7 [39].

Glass N emmmmmmeeneeaeeas ;
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Figure 17: Circuit schematic for CELIV experiments [39]

The CELIV experiment is even simpler than the integral TOF setup. No capacitance is necessary, and the
output signal may be dropped over a load resistance or fed directly to the oscilloscope in its high
impedance setting39]

In his charge transport review of polymer/fullerene solar cells, Pivrikas also performed
CELIV measurementsHis results for PBHT:PCBM i e | d=&xd0* enf/Vs, which is a order
lower than the-TOF results 4] . Similar results werys woobtai nec
me a s uf=e3a10°xn?/Vs [5. As with the FTOF measurements before, P3HT has been
measured by itself with n®CBM using the CELIV technique.Kagukauskas found a hole

mo b i | int x10%chk?/Ve[6] , whi |l e Mozer 6s “vod0'oné/¢s[dMer e bet \



Chapter 3
Experimental Details

All TOF measurements were carried out in the Laser Center in 168nfResearch West.

CELIV measurements were taken both at the Laser Center athe @hemistrybuilding, in

coll aboration with Dr. John Asburyoés group.

3.1. P3HT:PCBM Device Structure

Devices were fabricated using a bottamapproach with the facilities inam 104, EES

Building. All solar cells were made with a simple sandwich structure. The device schematic is

shown inFigure18.

/ Al contacts
]

_—" P3HT:PCBM
| ~ — PEDOT
T~ 1o
A 7 glass
substrate

Figure 18: Schematic of P3HT:PCBM test device

A thin coating of ITO is applied to the glass for@ttbm electrical contact. To improve
hole transport, an additional layer of PEDOT:PSS is added on top of the ITO to complete the
bottom electrode. The active layersigin coatedrom solution and the top aluminum electrodes

are thermally evaporated thugh a shadow maskiLayer thicknesses are 150200 nm for ITO,
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80 nm for PEDOT, and180 nm for Al. The thickness of the active layer can be controlled by

the amount of time the solution is spin coateat is usually between 150200 nm.

A clear glas substrate is used because this sample is designed to be illuminated from the
back side. This improves the contact between the bottom electrode and the active layer, since the
work function of PEDOT:PSS corresponds to the valence band of P3HT at f42]e|llowing
for an ohmic contact with good hole injection. Aluminum contacts are used at the top because the
work function for aluminum matches the conduction band for P@&83Jl The Al contacts are

circular with a 3 mm diameter. A band diagram ofdheice is given ifrigure19.

Upepor = Gpgyr = 3.1eV Gocpy = (i, & 4eV
4.7eV 3.7eV

=2 \
Egi = L= Ec

- <M h3 ——

~ Es,

h+O w
\ EV
PEDOT: O ht

PSS P3HT PCBM Al
contact contact

Figure 19: Band diagram for P3HT:PCBM

The absorption of a photon excites an electrole pair across the bandgap. The junction accelerates
charges toward the contacts. In this material systeenptocess is slightly more complicated because the
nanocomposite is a bulk heterojunction, so these junctions exist all throughout the device.
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3.2. |-TOF Experimental Setup

Integratmode TOF measuremerftdlow the basic design outlined Figure15. A laser
pulse is incident on the ITO side of a test sample. Two different lasers were used for this work.
At high intensity, a femtosecond laser passed through an Optical Parametric Amplifier yields a
laser output at 530 nm with a 1kHz repetition rate andwep of up to600mwW. For low
intensity studies, an Nd:YAG diode laser witl10kHz repetition rate aridOmW output at 1064
nm wasfrequency doubled using a potassium dihydrogen phosphate (KDP) crystal. The yield of
green light at 532 nm was approximgtél5 mW. Infrared and green light are separated through
a series of dichroic lenses, so that the samples arenfited only by the green light.

The ITO electrode is contacted simply by using an alligator clip to punch through the
active layer. On thether side, the aluminum must be contacted with a soft copper wire. Thin
copper wire is coiled around a probe withy-x movement. Once adequate springiness is
obtained, a loop is formed at the end of the spring. The loop contacts the Al electrodg witho
destroying it, while the spring compression keeps the contact stable enough to conduct
measurements.

Following the guide ofFigure15, a power supply was put in contact with the aluminum
el ectrode through a 10kq r eewersstpplywasaDEwaltagée ni t i a
source. However-TOF studies are best performed with a pulsed voltage source and minimal
elapsed time between the application of the voltage and the lasef3&)lsd o accomplish this,

a digital delay generator was aagal. The infrared laser light that had been separated from the
green was absorbed by a silicon photodiode. This signal triggered the delay generator, which
output atransistoftransistor logic TTL) pulse. The TTL pulse, in turn, triggered Agilent

33220A function generator to output a squé& pulseo f 2 0 ¢ s Thid was ¢he signal
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applied to the Al electrodeBiasing the diode in reverse like this ensures that electrons are the
collected signal, so it is the electron mobility that is mesdur

The Al electrodealso connected tohe capacitor depicted ifigure 15. For most
measurement s, a Vv al uSelectmd thisOvalde7by tesking manyg differene d .
capacitances was one of the first experiments performed. This will be disdugber in later
chapters. The back side of the capacitor wa
terminator. Voltage transients were stored on the oscilloscope and analyzed by the principles in

the literature review, with the aid of Excel®,i@n®, and Mathematica® software.

3.3. CELIV Experimental Setup

The basic design for the CELIV measurements has also been described in the literature
review. A circuit schematic can be foundrigurel?7. For photeCELIV measurements, the low
intensity Nd:YAGdiode laser described in section 3.2 was used. The green light was used for
excitation while the infrared light again triggered the delay generator and function generator.
This time, the function generator output a voltage ramp. The baseline of thehaaha-1V
of fset in order to account for the open circui
the maximum voltageeached was 8V.

The positive voltage ramp was connected to the Al electrode through the soft copper wire
contact. The ITCelectrode took the signal to the oscilloscope. Any load resistance could be
used, but in this case the load resistance of the oscilloscope itself was sufficient to detect a signal.
During the photeCELIV measurements, the light pulse was incident onTkeelectrode. For
all practical purposes, the light pulse and start of the voltage ramp were instantaheaushe
case of {TOF measurements, the data stored on the oscilloscope was analyzed based on

theoretical equations previously mentioned im literature review.
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In addition to CELIV measurements performed with our own quick setup, we
collaborated with a group in the Chemistry department here at Penn State who have been making
CELIV measurements for about a year. There are a few significffieredices in their
experimental setup. First, their laser is an Nd:YAG laser at a much higher intensity, but it has
been attenuated to 0.1mJ per pulse. Pulse duratibtoi6 ns with a 20 Hz repetition rate. The
samples are contacted in the same maag@ur own experimentscopper wire soft contact for
the Al electrode and alligator clip for the ITO electrode.

Now, the entire sample is enclosed in a Bell jar and a vacuum hose is attached to
evacuate the sample chamber. The Bell jar is transparahetvisible laser radiation, so the
sample can still be illuminated at the ITO side in the usual way. This vacuum jar technique was
developed to combat photobleaching and increase the lifetime of each sample. Photobleaching is
the effect that when intese laser light hits the polymer, any oxygen in the vicinity will start to
degrade the sampl& herefore, this vacuum chamber is likely to be a significant improvement to
the experimental setup.

Finally, the signal leaves the sample and reaches a varistaret t o appr oxi maf
The oscilloscope reads the voltage drop over the varistor as the CELIV sBpthICELIV and

photoCELIV measurements were taken.



Chapter 4

Integral TOF Results

The first problem we tackled was simply to measure a sigjmalar to the ones found in
the literature. The main features of the voltage signalli@F are an initial linear slope and an
eventual plateau, or residual voltage. The main hindrance in detecting the signal at first was that
the dielectric relaxatiotime of our material is fairly short. This means it did not hold the plateau
voltage for very long, and so the timescale on which we had to zoom in to see the features was in
the nanosecond regime. However, when we did zoom in correctly, we were sbéeaooltage
trace very similar to the literature, both in theory and experiment. The following two figures

compare our voltage signal to the literature.

t

U@®)/U, —

I
I
[}
]
[
'}
1}
!
!
I
!
[}
!
!
I
[
]
I
!
[}

g
W
|

0.1

i
AL

1 | | |
7/

0 1 2 3 4 th®
Figure 20: Integral TOF 7 literature voltage transients[37]
Theoreticalvoltage transients for TOF show the initial slopand plateau voltage. For negligible trapping,

the plateau voltage would equal the applied voltage. As suggested by the different curves for different
values of U, the carrier lifetime cdg37.be determined
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Figure 21: Integral TOF 1 experimental voltage transient

The solid line with the ripples is the raw data signal. The source of the ripples may be electrical noise in
one stage of the experimental setup, or it might originate from panasitic resistances and capacitances.

Almost immediately, we noticed that the signal had some ripples iWé&.were worried
that this would complicate the measurement of the initial slope. However, we took the data and

smoothed it using adjacentexaging of data points. The results are visible above in the dotted

line in Figure 2. Once the initial slope is known, the equatidﬁét) =-V,/2t,, 0¢tcet,

andt, =L*/m¥, from the literature review section can be combined to determineathier

mobility. In a series ofsevenseparate measurements on the same sample, we calculated a

mobility o f = (5.6120.044)x10 cnf/ Vs using smoothed d=ata,

(5.52+0.05)x10d cn¥/Vs using a best fit line to the original data. Due to overlapping confidence
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intervals, these values show no statistical difference. Therefore, we werte alBk smoothed

data throughout our integral TOF experiments to allow for easier analysis.

Thenext task was to find suitable capacitance value for the capacitor used to collect the

charge (see circuit schematichigure15). To test this, we tried mearing the mobility over a

wide range of capacitance values. As it turns out, all the capacitors we tried yielded essentially

the same value for mobility. These results are shiovlrable 6 For all future experiments, we

sett |

Table 6: Integral TOF 1 dependence of mobility on collection capacitance
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Following this, we were able to begin studlyithe carrier mobility in our devices. In

addition to simply calculating the mobility for any of our devices which needed it, we tried to

ano

study the effect of certain parameters on the measured values. The two parameters varied were

voltage and light irgnsity.

Voltage transients were collected from many samples, varying the applied voltage from

Vo=11t015V. As expected, the slope and plateau voltage changed as voltage was increased.

lllustrative results from one sample are givelfrigure22.
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Figure 22: Integral TOF 1 voltage transients for several different applied voltages

As expected, an increased supply voltage will increase the charge stored at the surface of the sample, thus
increasing the height of the voltagetplau. Notice also that the slope of the curves change.

When we conducted our mobilityoltage studies, each sample showed a negative
dependence of mobility on applied voltage at room temperature. Unfortunately, we did not have
the capability to get dowin cryogenic temperatures as other groups did in literature to show a

positive correlation6, 40]. Theresultsfor two different sampleare showrin Figure23.
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Figure 23: Integral TOF T mobility dependence on electric field

The mobility decreases as electric field incredseswo different devices The plot correlates log wi t h
aE to find a linear relationship. This Podteenkel plot will be discussed further in Chapter 6.

Dependence of mobility on light intensity was also studied. No appreciable difference
was found using various intensities from the femtosecond. lalsbility measured using the

much weaker diode laser was reduced by a factor af 4hown ifrigure 2.
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Figure 24: Integral TOF i mobility dependence on light intensity

Little variation is seen with decreasing light intepsintil the much weaker diode laser is used.
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Chapter 5

CELIV Results

Results of initial CELIV tests in the laser center look promisitggom the very first
measurement taken, the curves collected have looked very similar to what is found in the
literature. This is shown below ifrigure 5. Further discussion on the shape of the curve is

saved for Chapter 6.
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Figure 25: Photo-CELIV 1 sample voltage signal

The general shape &fgure B is evident in these experimental resuligansit time can be extracted from
the time of the maximum extraction current.

The time between application of the light pulse and the maximum of the curve below is
4.59 ¢gs. This | eads t o crd/Vsm&dsilts from ynany differere o f
samples all gave values ranging from 1 to 3xX&67/Vs. Five such samplmeasurements are

presented in Tablé



Table 7: Photo-CELIV 1 mobility values

Sample | ¢ ( &/ws)
Gl5 1.19x10°
Gl1.6 1.46x10°
G1.8 1.18x10°
G4.3 1.87x10°
G4.6 2.03x10°

As mentioned previously, we also collaborated waittmbers oD r .
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Asburyoés

the Chemistry department who have approximately one year of isepert making CELIV

measurements. The resulting voltage traces are simovigure 5.
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Figure 26: CELIV 1 voltage signals from samples tested at Asbury lab

40

Four different samples were tested, all with similar transit timesrdstingly, the order the samples were
tested is from highest peak to lowest peak. This raises questions as to if the samples were degrading
slightly during the measurement, which exposed the samples to air for several hours and intense laser

radiation fo several minutes.

Themobility values resulting from these voltage traces are giv&alne8.
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Table 8: CELIV i mobility values from samples tested at Asbury lab

Sample | ¢ ( é/vs)
A5-1 1.73x10°
A5-3 1.73x10°
A5-5 1.68x10°
A5-7 1.86x10°

PhoteCELIV studies were also performed at the Asbury lab wétty similar results,
albeit a slightlywider range in values was obtained.
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Figure 27: Photo-CELIV 1 voltage signals from samples tested at Asbury lab

The same four samples were tested under illuminatidrwider distributionof transit times led to more
variation in the mobility results.

Table 9: Photo-CELIV 1 mobility values from samples tested at Asbury lab

Sample | ¢ ( ¢é/ds)
A5-1 2.15x10°
A5-3 1.58x10°
A5-5 2.00x10°
A5-7 1.47x10°




Chapter 6

Discussion

It is paramount to compare results to accepted literature valweddénto help judge the
validity of the measurements. With that in mind, the following figure plots electron mobility
values for P3HIPCBM calculated by several different groups, including three representative
data points from our-TOF experiments. Theange of values we measured in our experiments

was within the accepted range of values already published in literature.
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Figure 28: Comparison of P3HT:PCBM mobility results to accepted literature values

Our electron mobility vales fell in line with what has been reported in the literature for P3HT:PCBM.
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6.1. Capacitance independence of mobility

As shown inTable6, the value of capacitance used to collect charges in the integral TOF
experiment did not affect the value of the mobititgasured.What this proves is that it does not
matter which capacitance we use for the experiment. The role of the capacitor is simply to collect
the fast charges arriving from the device due to the light pulée only change when swapping
capacitorsis that the time it takes tdecay back to the initial equilibrium stai® changed
Therefore, the only requirement is to choose a capacitor that allows the signal to decay fast

enough, where Afast enougho i sasgrsodrgeed based on

6.2. Negative voltage dependence of mobility

Normally, it is expected that an increased voltage should increase mobility, due to an
increased electric field and therefore a tendency toward faster drift velocity. However, this is not
always the ase for polymebased samples, ahownin the literature. Several groups have
observed a negative mobility dependence on electric field at room temperature; only at reduced

temperatures do they observe the expected positive correlétidd.[ These tends are typically

plotted on a serdbg scale to show thdog 77 \/E which isthe PooleFrenkel relationship.

Recalling Figure 23, this is exactly what we saw for our sample¥alidating this
observation is important, but it is difficuld texplain why this happens. #a#auskas offers a
physical explanation as to why this negative dependence at low electric fields is seen by
evaluating the material in a Gaussian disorder madglel Essentially,in this model, hopping
transportoccurs betwen sites with a Gaussian distributionf energy. Different energy at
different localized states is due ftactuation in conjugation lengths and structural disard8y

conducting Monte Carlo simulations of hopping through a material with energetjmoaitidnal
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disorder, Kgukauskas showed that the negative dependence occurs when the spatial disorder
exceeds the energetic disorder. This leads him to believe that the carriers may be able to find
more energetically favorable paths by taking a more sinuous route at the ébeatst fields.

When the field is increased, the carriers are forced to move in a given direction, which may not be
the most energetically favorable due to the spatial disorbtetheory, this would decrease the
mobility until very high electric fieldare reached, in which case there is enough energy to make
up for these spatial disorder barriesst the current time, this theory may be the best explanation
available for thenegative dependence of mobility on thkectric field seen in these polymer

based solar cells.

6.3. Intensity dependence of mobility

At higher intensities, there was little to no change in the mobility value measured. This is
shown inFigure24. The laser intensity should not affect the measured mobility unless there is a
problem withthe experiment. Problems that might occucould be related tsome sort of
dynamical effects caused by the very high peak power of the femtosecondllasenal energy
generated by the pulse could cause some unforeseen effects. Also, there isha\pagsibility
of photobleaching playing a higher role at high intensity. It is true that we witnessed some
degradation of the samples over time after they were used for many tests, but this was not studied
in depth. Finally, the mobility may vary witmtensity if not all the charges built up on the
surface are being injected through the sample. This situation would invalidate the measurement,
since the {TOF derivation given irSection 2.2.2assumes that all surface charge is injected.
With this in mnd, Figure 24 shows the data taken with the laser diode is a lower value than for

the femtosecond laser. For this reason, the data taken with the laser diode is believed to be
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underestimated compared to the femtosecond laser data. Therefore, theseesiolts of this

paper contains data collected using the femtosecond laser.

6.4. Comparison of I-TOF and CELIV

For our work, the integral mode TOF measuremgypgcally gave values an order of
magnitude higher than the CELIV measuremen8everal factors coultbe influencing this.
First, CELIV was initially developed to overcome limitations of thREAOF measurement for
highly conductive samples/]. Specifically, in samples with a high conductivity such as
P3HT: PCBM, t he di el;wit berralativelyrskeott alfxtastnot onach largeme
than the small signal transit timeg, then the electric field may be redistributed in the sample,

violating the assumption of a homogeneous electric fidlsl suggestetty J u § dna must use a

G

pulsed laser aurce and decrease the delay time between the voltage and laser pulses if this

problem occurs. The necessity of this solution is illustratdeéigare 29, where it is shown that

the collected charge is underestimated when the delay time is too long.

1.0

0.5
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0.0 4 .
0 5 10

U (V)

Figure 29: Collected chargevs. applied voltagefor ec-Si:H

A short delay time between voltage and laser pulses is necessary, or the collectedantiangesit
distance will baunderestimatedesulting in an overestimated mobilitglue.
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Unfortunately, attempting to close this gap poses another problem. The application of the
voltage pulse causes a displacement current in the device and the collection capacitor. The
ti mescale for this displaceumentevcuouesentcl beeidt
attempting to move the laser pulse any closer to the front of the voltage pulse, the extraction will
occur while the displacement current is still reaching its steady state value. This will cause the
two effects to interferawith each other, and deconvoluting the extraction signal from the
displacement current will prove impossible. In order to get an analyzable signal, we had to keep
the delay in our experi ment sTORresls nodbe dlightly s . T
overestimated, due to the electric field redistributing and concentrating near the edges, causing
transport over a distance shorter than the full thickness.

Another potential factor is that the measured lifetime of the charge carriers is not much
longertha t he transit ti me of t hpeoductmeasured fromchar r i er
plateau voltage of anTOF test might yield a value of 3x10m?/V, which corresponds to a
lifetime of just U = 53 ns. eighliosheod of t=@rs, t he t
some significant trapping may occur during the transit, and part of the signal could be lost. This
could compound the problem created byuick dielectric relaxation time, and it may help to
explain the discrepancy betweef®F and CELIV results.

One positive comparison that can be made is the similarity in results between the CELIV
measurements done at the laser center and in the Asbury lab. The results corroborate each other
and build confidence in CELI¥s a moraccuratelternative for {TOF.

Nonethelesswe must also consider the limitation of CELIV in that it is difficult to
separately measure electrons and holes. Initially, the CELIV measurement itself is designed to
extract equilibrium carriers. Most materialsvhaan abundance of either electrons or holes,
limiting CELIV to the measurement of majority carrier mobility. In phGBLIV, both electrons

and holes are photogenerated. However, only one peak is seen. As mentioned in the literature
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review, this indictes that electrons and holes have nearly the same mobility, and therefore the
measured mobility is a blend between the {4@]. This is evidenced in the CELIV curves we
have taken (Figures527). Only one peak is clearly distinguishable. However, uplmse
inspection, a slight shoulder can be seen on the rising edge of some of these peaks. This indicates
that either electrons or holes may be slightly faster than their counterpart.

Because the two peaks cannot be accurately deconvoluted, additiasalrezemust be
taken to determine which are the faster carriers. First, light must be strongly absorbed near the
surface of the sample. This involves choosing a wavelength of light that is strongly absorbed by
the sample and also ensuring that the saisplick compared to its absorption depth. Then, the
carriers generated near the surface are subjected to the linearly increasing voltage. One type of
carrier will have to travel the entire thickness of the sample, while the other carrier will be
extraded immediately as it is near the surface. This is the way to determine which carrier has the
faster transit. For now, we are only able to report one mobility value for both electrons and holes,

assured that both carriers are near the same value.



Chapter 7

Conclusions

7.1. Summary of accomplished work

Integral mode tim®f-flight, CELIV, and photeCELIV measurements have been
performed on P3HT:PCBM solar cell samples. A complete experimental setup capable of all
three types of measurements has beestoacted, including all necessary optics and electronics.

Mobility has been calculated for all of these tests. Because of the nature of the
P3HT:PCBM devices, the electrons and holes have nearly balanced mobilities, so the value
calculated should be valiwr both. This assumption is supported by the shape of the CELIV
curves. Only one peak is distinguishable, so the transit times and mobilities for electrons and
holes must be quite similar, at least within about a factor diging the integral time bflight
methodt h epradudt was also calculated so that trapping could be studied.

Overall, two effective methadfor studying charge transport and determiningbility
for thin film organic solar cell devicelsave been testedThesemethod give compementary
data, and thus they can be used in conjunction with one another for future studies of other hybrid

solar cells

7.2. Description of future work

Many future tweaks and enhancements can be made to improve results. First, the Asbury
lab is accustomed tasing silver paint as an adhesive on top of the Al electrode. A gold wire is
placed in the silver paint while wet and allowed to dry until a reasonably strong contact is made.

The other end of the gold wire has a ball of indium clamped and/or soldated his provides a



58

better contact for the clip which connects tolitsually this connection is much more stable than

the copper wire spring approach. However, when we tried this method, the silver paint tended to

spill over our Al contacts, shortinpe devices. In the future, if we fabricate some devices as

|l arge as Asburydéds | ab usually does, we may be
main problem with using the copper wire is that it gets disturbed by the vacuum easily and
contactis lost. It is likely that use of the silver paint would eliminate this problem.

Additionally, a permanent measurement station for the TOF measurement can be created.
This would simplify the experiment ttosigmal Aibl acl
input and oscilloscope output on the outside. Soldering the resistor, capacitor, and wiring
together inside a box like this with only BNC connections leading out might help to eliminate
excess noise in the signal, producing a cleaner measutemdnthe least, it will make the
experiment easier for the next person to undertake it.

Continuing work on the CELIV measurements may vyield further information about
trapping in our samples. By varying the delay time between laser pulse and voltagevamp,
and fewer carriers are available to be extracted as recombination and trapping occur. Studying
the change in signal as delay time increases can give valuable information on the rates of these
processes. Thi s i s ac tamaihtdregtedtinhCELIVF becausetheir As b ur
specialty is in spectroscopy and kinetietated matters.

Lastly, there is much more work to be done in probing the mobility of hybrid polymer
nanocrystal solar cell deviceSome initial results have been obtainkedt they are too immature
to include with the rest of this thesisThis new field requires a great deal of work to attain
performance similar to polymer/fullerene samples, which have been studied and improved for
years. Thighesishasdevelopedand canpared two reliable techniques for characterizing carrier
transport in this class of materials. From this stepping stone, we can begiprove our

devices bydentifying which fabrication techniques produce the highest mobility cells.
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