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Abstract

In this dissertation we report the synthesis and photovoltaic characterization of a number of semiconducting
polymers and colloidal inorganic nanomaterials and their implementation into organic solar cells with
different architectures (Schottky single layer, bilayer heterojunction, and bulk heterojunction), with research
empbhasis on the mechanisms underlying material and device optimization, which sheds light on future
material design for high efficiency solar cells and other organic electronic devices, such as organic light
emitting diodes (OLEDs) and organic field effect transistors (OFETs).

In the first part, the synthesis, characterization, and photovoltaic applications of a new conjugated copolymer
(C12DPP-Pi-BT) are reported. The energy levels of C12DPP-Pi-BT were designed to be intermediate to
those of popular electron donor and acceptor photovoltaic materials, PHT and PCBM. The unique
ambipolar nature of C12DPP-Pi-BT was then explored in two different photovoltaic systems where C12DPP-
Pi-BT serves as either an electron donor or an acceptor when paired with PCBM or P3HT to form junctions
with large built-in potentials. Optical, electrical, and structural characterization have been carried out to
understand the photoinduced charge separation, charge carrier transport and recombination mechanism in
different device configurations. The influence of polymers' molecular weight and processing condition on
device performance has also been explored. In addition, preliminary studies of OLED and OFET application
of the C12DPP-Pi-BT have been carried out.

In the second part, the synthesis, surface ligand treatment and photovoltaic application of inorganic PbSe and
CdSe nanocrystals have been investigated. In Chapter 3, photoluminescence quenching, current-voltage
characterization and electrochemical measurements have been used to study the mechanism of photoinduced
charge transfer between PbSe and P3HT, which confirmed material incompatibility and suggested new
directions for the design of inorganic material as electron acceptor. In Chapter 4, the photovoltaic application
of thiocyanate capped CdSe nanocrystals in combination with P3HT in bilayer hybrid devices has been
explored. Important factors such as nanocrystal size and bilayer interfacial mixing on the device performance
have been investigated and discussed. Bilayer solar cells with ligand exchanged CdSe nanocrystals and P3HT
achieved 1.3% power conversion efficiency with good tunability in performance parameters and promising
optimization potential.
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ABSTRACT
RATIONAL DESIGN AND CHARACTERIZATION OF SOLUTION-
PROCESSABLE ORGANIC PHOTOVOLTAIC DEVICES: A STUDY OF BOTH
ORGANIC AND INORGANIC ARCHITECTURES
Wenting Li
CherieR. Kagan

In this dissertation we report the synthesisl ahotovoltaic characterization of a
number of semiconducting polymers and colloidalrgamic nanomaterials and their
implementation into organic solar cells with ditat architectures (Schottky single layer,
bilayer heterojunction, and bulk heterojunction)jthwresearch emphasis on the
mechanisms underlying material and device optinamatwhich sheds light on future
material design for high efficiency solar cells asttier organic electronic devices, such
as organic light emitting diodes (OLEDs) and orgdrgld effect transistors (OFETS).

In the first part, the synthesis, characterizateomd photovoltaic applications of a new
conjugated copolymer (C12DB#PBT) are reported. The energy levels of C120PBT
were designed to be intermediate to those of popelectron donor and acceptor
photovoltaic materials, P3HT and PCBM. The unigomigolar nature of C12DPRBT
was then explored in two different photovoltaicteyss where C12DPR-BT serves as
either an electron donor or an acceptor when paivéd PCBM or P3HT to form
junctions with large built-in potentials. Opticalectrical, and structural characterization
have been carried out to understand the photoindabarge separation, charge carrier
transport and recombination mechanism in diffecevice configurations. The influence

of polymers’ molecular weight and processing caodibn device performance has also
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been explored. In addition, preliminary studiesQifED and OFET application of the
C12DPP=&-BT have been carried out.

In the second part, the synthesis, surfacadigeeatment and photovoltaic application
of inorganic PbSe and CdSe nanocrystals have beesestigated. In Chapter 3,
photoluminescence quenching, current-voltage cheniaation and electrochemical
measurements have been used to study the mechahighotoinduced charge transfer
between PbSe and P3HT, which confirmed materianpatibility and suggested new
directions for the design of inorganic material edsctron acceptor. In Chapter 4, the
photovoltaic application of thiocyanate capped Cd&gocrystals in combination with
P3HT in bilayer hybrid devices has been explorathdrtant factors such as nanocrystal
size and bilayer interfacial mixing on the deviegfprmance have been investigated and
discussed. Bilayer solar cells with ligand exchahgedSe nanocrystals and P3HT
achieved 1.3% power conversion efficiency with gotmohability in performance

parameters and promising optimization potential.
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1.1 A Brief Historic Review of Solar Cells Technology

Currently, traditional fossil fuels dominateetivorld energy consumption market with
a majority stake over 80%Due to the unsustainable nature of oil/gas/coplazation
and the rapidly increasing demands for energy, wefacing the challenge to find a
renewable, environmentally friendly energy soumesaistain the growth in population
and maintain the development of civilization. Amaragious alterative renewable energy
resources, such as solar energy, wind energy, eeoth energy, biomass, hydropower
and ocean energy, solar energy is the most abumesotrce. Approximately 120,000
terawatts (TW) of solar energy reaches the eadhiftace each day, far exceeding the
current total worldwide energy consumption (~16 TW}olar energy could be utilized
efficiently (>10% power conversion efficiency) witlow cost technologies, it may
provide us the ultimate way to resolve the enetwtlenge.

In 1839, Becquerel discovered the photovoltaicatfféde observed the generation of
photocurrent when silver chloride (or silver bromsjiccoated platinum electrodes were
illuminated in aqueous solution. After that, scigatinterests mainly focused on the
photoconductivity of materials and photocurrent\asion mechanisfif until the late
1950s. In 1954, Chapin et al., successfully fabedaa photovoltaic device with 6%
energy conversion efficiency, which marked the beijig of developing silicon-based
solar cells for industrial applicatidnSilicon solar cell technology advanced rapidlytwit
emerging technologies such as multicrystalline,raaystalline, and amorphous silicon,
and the silicon based solar cells have reachedguogler conversion efficiency over 20%.
Today, silicon solar modules are by far the donmmgaiphotovoltaic devices, which

account for more than 80% share of the photovoitaicket® However, the high material
2



and production costs and the fragile nature of giieon modules greatly limit their
potential for large scale commercialization and kaaradoption to compete with
traditional fossil fuels. In contrast, organic satells are receiving increasing attention as
one of the promising candidates for future affotfdadmergy due to their advantages of
easily tunable properties, low cost, low tempepnocessing techniques, and the ability
to be incorporated into flexible substrates suctplastic, paper or cloth. Later in this
chapter we will briefly review the development afjanic solar cells and three types of
devices with different active layers geometry —gin layer, bi-layer and bulk

heterojunction.

1.2 Basic Concepts of Organic Solar Cells
1.2.1 Working principle

Before introducing the development of orgamiascells, the basic working principles
and design criteria are briefly discussed in teigtion. Organic heterojunction solar cells
will be used to illustrate the basic concepts. &@anic semiconductors, absorption of
light excites the electron from the valence bartd the conduction band, generating a
coulombically bound pair of an electron and a holdled an "exciton", which can only
be separated by energies much larger than kT at temperature or in the presence of
large electric fields. There are four fundamenteps involved in the “light — electricity”
power conversion process. (Figure 1.1)
(1) Absorption of light and generation of excitons
(2) Exciton diffusion

(3) Exciton separation to the opposite chargebeatrtterface
3



(4) Charge transport and charge collection

(a) Al/LiF ()
Q Acceptor (N-type)| |_ 3 —'—
1 ; — ".‘. RURTTITEN
y ITO - i AI/LIF
A_..Oy, 3 Donor(P-type)| | T
y = ITO Donor  Acceptor
"t (P-type) (N-type)
(1]

Figure 1.1. Schematic of the working principle of an organicofvoltaic cell (a)
illustration of the 4 steps of energy conversiord)-exciton generation, 2) exciton
diffusion, 3) exciton separation, and 4) chargedpmrt and collection; (b) energy band
diagram showing an effective photoinduced chargarsgion and transfer. Filled circles
represent electrons, and open circles represeesh@reen dotted lines represent the
situation when the donor absorbs light and generate exciton, while orange lines
represent a similar charge generation process wWieacceptor is photoexcited instead

of the donor. In practice, an exciton can oftergbeerated in both components.

Next, we will discuss the mechanism for eaelp stnd their design criteria:

(1) Upon illumination, photons with energy heghthan optical bandgap {Eare
absorbed by the active layer materials, excitirg ¢kectron from the highest occupied
molecular orbital (HOMO) to the lowest unoccupiedletular orbital (LUMO).
Absorbed photons then thermalize and release ttesexenergy via non-radiative decay.

The photoexcitation results in a coulombically bdywair of electron-hole (a mobile
4



excited state, called an “exciton”) rather thames felectron—hole pair. This occurs due to
2 reasons: 1) the attractive Coulomb interactiorstitong due to the typically low
dielectric constant of organic material and 2) tiweak non-covalent electronic
interactions between organic molecules results ma@ow bandwidth and a localized
electron (hole) wave function around its conjughtde (electronf. Therefore, the
photoexcitation generates a tightly bound electrole pair in organic materials (Frenkel
exciton).

Design Criteria: Maximizing solar absorptiorhelabsorption spectrum of the active
layer should collect a large portion of the solaission spectrum (Figure 1.2). Over 50%
of solar energy lies in the red and NIR region whlidely used organic semiconductors
have absorption limited in the visible portion, saug large transmission loss. Strategies
for maximizing solar absorption include: 1) chenficanodifying and extending the
effective conjugation of polymers or small orgamolecules to red-shift the absorbance;
2) synthesizing nanocrystals with NIR absorptiomcisas PbSe; 3) fabricating multi-

layer tandem devices to maximize the overall dealasorption.



10 WE vigible  nesr-infrared
Solar Power Distrihution

o 5% ultraviolet (300-400 nm)
= m 43% visible (400-700 nm)
: 0B = 52% near-infrared (700-2500 nm)
s
2 04
E
= oz

00 L= |

250 500 750 f000 1250 1500 1750 22000 2 2230 2500

Wavelength [nanometers)

Figure 1.2. The solar radiation spectrum (Image courtesy ofreace Berkeley National

Lab)

(2) The formed exciton diffuses to the inteddmetween donor (p-type) and acceptor
(n-type) where the electron-hole pair may be disged by a driving force (potential
drop). The lifetime of an exciton is very shortdahe exciton diffusion length is usually
around 10-20 nm in organic matetiaf?

Design Criteria: To ensure effective diffusioh exciton to the p-n interface, the
material should be nano-engineered to have anwitexd structure with large interface.
Micro-scale phase separation should generally loegdad and the distance between p-n
junctions should be controlled to be less than20m allow the exciton to diffuse to the
interface from the bulk component to get dissodiate

(3) At the interface, excitons are separated irdte$ and electrons and then driven

towards different electrodes due to the potentiapdLUMO or HOMO offset) between



donor and acceptor materials, the photoinduced ida¢rpotential energy gradient of
electrons and holes, and the electrical potentredrgy difference provided by the
asymmetrical ionization energy/work function of theectrodes. If the donor is
photoexcited, the electron transfers from the LUKRIGlonor material to the LUMO of
acceptor material which is energetically more fabde. If excitons are generated in the
bulk of the acceptor upon illumination, holes wiinsfer from the HOMO of acceptor to

the HOMO of donor. (Figure 1.3 (a)).

(a) Type Il heterostructure (b) Type | heterostructure

LUMO e LU MO e
79_ """"""" A ;
e " Recombination
HOMO—Q; o
R, —9 HOMO=——2— 7
Donor Acceptor Donor Acceptor
(P-type)  (N-type) (P-type)  (N-type)

Figure 1.3. Schematic of type Il and type | heterostructuretéils of band bending and

discontinuity at the interfaces are omitted heresfmplicity)

Design Criteria: A type Il heterostructure exjuired for electrons and holes to be
separated and transported into different phasasda charge recombination. As shown
in Figure 1.3(b), if the electronic energy levefstwo materials form a straddling gap
rather than staggered gap, it results in a typetdrojunction, in which both electrons and

holes tend to flow in the same direction (to thetamnal with smaller bandgap) and
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significantly increase the probability of chargecambination. Type | alignment is
preferred for organic light-emitting diodes (OLEDwg)hich requires electrons and holes
to move towards the same direction (emissive najerihe recombination forms an
exciton and the decay of the exciton (excited ytasults in a relaxation of the energy
levels of the electron accompanied by light emissicdhe working principle of solar cells
(light-harvesting) is basically the reverse of twerking principle of OLED (light-
emitting). In the solar cell configuration, the geace of radiative and non-radiative
recombination losses significantly decreases so#l efficiency, which should be
avoided for the solar cell devices design.

(4) After exciton dissociation at the interfacharges (electrons and holes) transport
through percolation networks of different compoent via hopping from site to site and
eventually get collected at opposite electrodes.

Design Criteria: improve charge mobility andlection at the electrodes. Organic
semiconductors typically have low mobility as comguhto inorganic crystalline silicoh
4 Tailoring the chemistry and structure of both aloand acceptor material to increase
the charge mobility is critical to enhance the perfance of PV device. The choice of
electrodes should contain one transparent electratlewing maximum light pass-
through and one counter metallic electrode rethgclight back into the active layer. The
difference between two electrodes’ workfunctionf assist the potential drop created by
the active layer interface to drive holes and etetst to move towards opposite electrodes
and get collected.

In summary, bulk heterojunction solar cell aetture requires the donor and acceptor

materials to be tailored to provide: 1) strong a&nakd absorption of solar radiation, 2) a
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staggered type Il energy level structure to driwarge separation, 3) fine nano-structured
mixture morphology to avoid charge recombinatiord &) high hole and electron
mobilities in the bulk and asymmetrical electrodes facile charge transport and

collection.

1.2.2 Device L ayout

Organic solar cells are typically fabricated ansandwich geometry, which is also
called vertical structure (Figure 1.4(a)) sincerent transport direction is perpendicular
to the device substrate. Transparent glass oriplast generally used as the substance.
Indium tin oxide (ITO) is sputtered on the substrahd works as the bottom electrode
because of its high optical transparency, goodtrdat conductivity and high work
function. Due to the low abundance of indium anghhcost of ITO, there are many
research efforts to develop low cost alternatigesh as conducting polymers and carbon
nanotubes. On the ITO glass, a conducting polymeixtumne, Poly(3,4-
ethylenedioxythiophene) : poly(styrenesulfonate @ T:PSS) is often used to coat the
ITO by spincasting from an aqueous solution. PEDRSE smoothens the rough ITO
surface to reduce the probability of shorts angleseas a hole extraction layer because of
its high work function (5.1eV+0.2eV\}}. The chemical structure of PEDOT:PSS is shown
in Figure 1.4(b). Recent research effort involvegrovement of the conductivity or
modification of work function of PEDOT:PSS by usirglditives or modifying the
functional groups of this polymer blend. The middtive layer can be deposited from
solution or via vacuum deposition. Finally, on tutive layer, a top electrode consisted

of a low work function metal (Aluminum or Calciumjith an ultra-thin layer (0.6-1nm)
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of lithium fluoride (LiF) is deposited by vacuumetimal evaporation. The inserted LiF

lowers the work function of Al and serves as amtets extraction layéf.

= | External _+
circuit
(a) (b)
)o/_\o omo o o
PN s N 54/\
sV s V7| s
.- active layer ’
e PEDOT.PSS odo oo
4 5 Glass/plastic
T —— A
....... i I..l)
..... o TS (e) Al/LIF
()  AILF (d)___AuLF
ITO/PEDOT:PSS ITO/PEDOT:PSS
:l“l' ". ITO/PEDOT.PSS_
Single layer Bilayer Bulk heterojunctionsii

Figure 1.4. (a) Schematic of an organic solar cell devicetfi® chemical structure of
PEDOT:PSS (c-e) different solar cell device layogtstegorized by the architecture of
the active layer. There are three configuratioossingle layer (d) bilayer heterojunction

and (e) bulk heterojunction.

Based on the morphology and number of compsnenthe active layer, there are

three basic device architectures: 1) single layane active component, 2) bilayer - two
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active components (p-type and n-type) sequentidiyosited, stacking on top of each
other, and 3) bulk heterojunction - two active comgnts (p-type and n-type) co-
deposited as a mixture. (Figure 1.4 (c-e)) Theirinmdifferences lie in exciton
dissociation and subsequent charge transport tosatAs we previously discussed in the
working principle section, the exciton dissociat@rarge separation process is critical
for the design of efficient solar cell devices. 8ye we will extend the concepts to these
three architectures and briefly discuss their athges and disadvantages.
(1) Single layer photovoltaic devices

The single layer organic solar cell is one of thdiest developed structures in organic
photovoltaics history. It has the simplest confagion which is composed of, from the
bottom to the top, ITO (or thin semi-transparenttat)éphotoactive semiconducting
material/metal. Upon illumination, the middle aetilayer absorbs photons and generates
excitons. The excitons diffuse to the interfaceweetn semiconductor and metal
electrode and get dissociated there. As showngargil.5, the potential drop and band
bending creates a depletion region (w) near théacbimterface providing the separation
force for the exciton and driving the electrons aots the more energetically favorable
low work function electrode. The difference of wdudnction between the two electrodes
builds up an electric field in the organic layessiating the charge separation and
collection process. This metal-semiconductor iatesfwith rectifying characteristics is
called Schottky barrier; therefore devices basedhamtype of junction are also called

Schottky solar cells.
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Fermi level
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Figure 1.5. Schematic of energy band diagram for a singlerlaptar cell. Schottky
device with p-type semiconductor and aluminum etetd is used for illustration. Green

filled circle represents electrons and green holtonale represents holes.

Advantages and disadvantages: this type ofcdevis relatively easy to fabricate with
low production cost. Many materials, such as sendoeting polymers, small organic
molecules and colloidal inorganic nanocrystals lsamsed as the active layer matetfal.
8 However, there are 4 main disadvantages: 1) aprexdously discussed, the exciton
diffusion length is shorter than 20nm, so that aetgitons close to the interface can get
dissociated and contribute to the photocurrentifexaiffusion limited); 2) interfacial
area is typically small; 3) the potential drop la¢ semiconductor-metal interface is not
always sufficient to break the excitons; and 4)rgaaecombination probability is high
because both electrons and holes transport witténsingle material. All these factors
reduce the device efficiency.

(2) Bilayer heterojunction photovoltaic devices

12



In bilayer heterojunction devices, two activemponents (p-type and n-type
semiconductor) are sequentially deposited betwleerlectrodes. Both layers can absorb
light and generate excitons. To promote effectixeiten dissociation, a sharp potential
drop at the donor (p-type) - acceptor (n-type) riaiee is created by choosing one
component with high HOMO and LUMO and the other poment with low HOMO and
LUMO to form a type Il heterojunction. Excitons fuie to such interface and dissociate

into opposite charges. (Figure 1.6)

LUMQO ———
LUMO
Fefmi 18VE] ~~==frrmrmmmmm e
HOMO
HOMO
Donor Acceptor
(p-type) (n-type)

Figure 1.6. Schematic of energy band diagram for a bilayeedagolar cell. (Exciton
generated in p-type semiconductor is used fortili®n.) Green filled circle represents

electrons and green hollow circle represents holes.

Advantages and disadvantages: compared withesiayer devices, bilayer devices are
more advanced because of 2 reasons: 1) electrahsh@les can travel in different
components after separation, which decreases tage&hrecombination probability; 2)

two components can be carefully chosen to maxiratad light absorption and to create
13



a large potential drop at p-n interface to promotere effective charge separation.
However, such design still suffers from limited arfacial area and short exciton
diffusion distance, both of which reduce the effimy of exciton separation in the
devices.

(3) Bulk heterojunction (BHJ) photovoltaic devices

In BHJ devices, two active components (p-typé a-type semiconductor) are mixed
and co-deposited between the electrodes. The wprkiechanism is very similar to the
bilayer heterojunction. (Same as shown in Figu& The main difference is that the
donor and acceptor materials are intimately mixberefore, the heterojunctions are
present at much larger areas within the bulk.

Advantages and disadvantages: compared witlaydoil layer device, bulk
heterojunction devices have several distinct acgged: 1) theoretically the
donor/acceptor phase separation can be controligianwi0-20 nm scale so that most
excitons are able to diffuse to the interface aatsgparated; 2) very large interfacial
area; 3) without the exciton diffusion limitatiothe thickness of bulk heterojunction
devices can be increased to maximize light absmrptHowever, this type of devices
requires fine control of mixing morphology at nacale level. In the ideal structure, the
two components (donor and acceptor phases) neetbrto interpenetrating and
bicontinuous percolation path for both holes amttebns to transport separately towards
different electrodes. Phase separation of donoaandptor materials and the presence of

recombination sites cause reduction of device perdoce.
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1.2.3 Device Perfor mance M easurements and Perfor mance Parameters

To make organic solar cell an affordable akéxe to traditional fossil fuels, energy
conversion efficiency is one of the most importpatameter for solar cells besides cost
consideration. The performance of a solar cell sasared by current-voltage (I-V)
characterization. For measurement, the device mexed with a source-meter and
current density is recorded against applied voltagéhe dark and under illumination
from a solar simulator. The standard light sourdepéed in solar cell research to
measure device power conversion efficiency is Aiasm 1.5 global (AM 1.5G)
illumination (1 sun, 100 mW/cfjy which mimics the sun light reached on the earth’
surface at an incident angle of 48.2° at sea Iéuglre 1.7 illustrates the I-V curves for a
typical solar cell device. When operated in thekdarbehaves like diode with almost no
current in the reverse bias (negative voltage)ctiva and turned on in the forward bias
direction, where current density increases sulbsifnt When operated under
illumination, the solar cell device generates poinghe fourth quadrant of the I-V curve.
(Figure 1.7 (b)) Open circuit voltage (¥ and short circuit currents are determined at
intersections of x and y axes, respectively. 6 the voltage across the cell under
illumination with no current (an open circuit) , igh is the maximum possible voltage of
the solar cell. & is the current under illumination with no extermakistance (short
circuited), which is the maximum possible currémattthe solar cell can produce. The
product of | and V (I*V) at any point on the curequals the output power. The current
and voltage that allow the maximum output powey Rre called Jax and Vnax The
ratio of Ry and LV o is defined as fill factor (FF). The overall energgnversion

efficiency is calculated by the following equation:
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Pout Vmax * Imax — Voc>k Isc>X< FF (1)
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where B, is the maximal output power of device under illaation, R, is the input light

power measured in mW/dr\V.cis the open circuit voltage measured in V, ané lthe

short circuit voltage measured in mAfcm
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Figure 1.7. I-V characteristic curves of a solar cell (a) arkland (b) under illumination.

The square represents - the largest product of V*I. (Note: the solar Icdevice

generates power in the fourth quadrant (1V). In tiied quadrant (lll), the illuminated

device works as a photo-detector, consuming poweergénerate light-dependent

photocurrent. In the first quadrant (I), the devadso consumes power, entering light-

emitting-diode operating region.)
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To maximize the device performance, all thragcal parameters (M, ls, and FF)
shall be optimized. The origin ofuyis still under much debaté?! and the . may be
affected by many factors, such as energy levelsatkrials, charge recombination and
electrode contacts. However, a generally accepgpdthesis is that the \Wis positively
correlated with the difference between HOMO leviethe donor and LUMO level of the
acceptor- # Therefore, using a donor material with low lyin@MO and/or using an
acceptor material with high lying LUMO will in praiple increase the ). Isc measures
the device's ability to convert photons to photoent. It can be improved by several
strategies: 1) reducing optical bandgap and inargasbsorption wavelength into the red
and NIR region by extending effective conjugatiorendth of organic
molecules/polymefé or, in the case of nanocrystals, by adjusting turanconfined
property*; 2) increasing the interfacial area to ensure thate excitons can reach the
interface for dissociatidn, 3) optimizing energy levels of donor and acceptoachieve
efficient charge separation. It is estimated thaténergy difference between the LUMO
levels of donor and acceptor should be generathelathan 0.3 eV (the exciton binding
energy in the donor polymer) for efficient chargparation® 2 4) using materials with
high mobility and bi-continuous percolation pathwatp facilitate electron and hole
transport and reduce charge recombinatioff.

Besides W and L fill factor (FF) is another important parameterdetermine the
device efficiency. It measures the "squarenesshefl-V curve and reflects the internal
loss of generated photocurrent for realistic saklis. The shape of the |-V curve is

affected by equivalent series resistancg @Rd shunt (parallel) resistance;Roetween
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the two electrodes. The current flow (I-V relatibipg for this equivalent circuit can be
described as
et B g R g
R,
where b = reverse saturation current, e = elementary eharg- diode ideality factor (1
for the ideal diode), k = Boltzmann's constant, Tabsolute temperatures R series
resistance, andsR= shunt resistance.

The corresponding equivalent circuit is showrrigure 1.8 (a). As depicted in Figure
1.8 (b,c), the high fill factor is achieved by rethg the equivalent series resistance) (R
and increasing shunt (parallel) resistanceg)(R he series resistanceRs determined
by the bulk resistance of active material and cdntasistance between each layer to the
current flow. Shunt resistancesRis a measurement of leakage current betweemibe t
electrodes, which is affected by the impurities aefects in the active semiconductor
layer. Therefore, FF can be optimized by contrgllihe stacking/blending morphology
of each component, modifying interface contact enickness of each layer and reducing

material/fabrication defed%3!
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Figure 1.8. (a) Equivalent circuit for organic solar cells.eTkerial resistance represents
the bulk resistivity of each layer and the contasistivity, while the shunt resistivitysR
represents all the factors that influence shuntsl K, and k represent photocurrent and
dark current, respectively. (b,c) I-V charactecisturve of a solar cell showing effects of
(b) decreasing series resistance),(Rnd (c) increasing shunt (parallel) resistariRg)(
Rs is estimated from the I-V curve inverse slope apé forward voltage andgRis

estimated from I-V curve inverse slope at zero fmdwoltage.

1.2.4 Anintroduction to Organic Solar Cells
Based on the materials of active layer, theeetiree main types of organic solar cells:

1) small organic molecule solar cells, 2) polym@ascells — devices typically consisting
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of conjugated polymers and fullerene derivativeshsas [6,6]-Phenyl-C61-butyric acid
methyl ester (PCBM), and 3) hybrid solar cells -vides typically consisting of
conjugated polymers and inorganic nanomaterials.
(1) Small organic molecule solar cells

The small organic molecule solar cell is onetloé earliest types in organic
photovoltaics research history (Figure 1.9). In3,9Fang reported the first small organic
molecule solar cells with chlorophyll a as the wastcomponent? It was a single layer
device exhibiting 0.001% efficiency. Later, metditipalocyanine (Pc) complexes and
merocyanine dye were used which improved devifieigficy to 0.7%° However, the
single layer devices suffered from low charge saam efficiency and high
recombination loss as discussed in section 1.22eSearchers shifted their focus to the
development of bilayer planar heterojunction dewvida 1986, the first bilayer device
was reported using Cu-phthalocyanine as donor anggme-3,4,9,10-bis(benzimidazole)
as acceptor, which achieved an efficiency of 0.95%o improve the charge transport
and utilize incident light more efficiently, Leo édmMaenning introduced a new device
layout called "p-i-n", where p, i and n stand fopdype semiconductor, an intrinsic
absorber and a n-type semiconducdfofhe p and n type materials are typically wide
bandgap doped semiconductors and serve as trarigagerts exclusively for holes or
electrons. The intrinsic layer is typically a biayor bulk heterojunction (blends) of two
highly absorbing materials and only this layer abswisible light (the device structure is
shown in Figure 1.9). The relative position of mMeldbsorber can be optimized to form
an optical interference pattern to enhance liglsiodiiance in the photoactive region to

have better light utilization and also reduce rebwration loss at contacts. Based on this
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p-i-n structure, Maenning reported a device effickeof 1.9%, which represents a great

improvement of the energy conversion efficiencgmfall organic molecule solar ceffs.
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Figure 1.9. Chemical structures of commonly used small organadecule materials
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for solar cells. The last schematic picture showpign structure is adapted from
reference [34]. The black arrows show the lighthpatcluding reflection at back

electrode. The dotted lines represent the liglanisity.

(2) Polymer solar cells

Many of the bilayer small molecule solar celleypously discussed are fabricated by
vacuum deposition which incurs high fabrication tcds contrast, semiconducting

polymers possess the distinct advantage of solytimtessability and can be easily
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coated on the plastic for flexible solar cells. Mielely used conjugated polymers have
excellent solubility in common solvents such aabform and chlorobenzene. However,
the charge mobility in polymers is typically lowdmost polymers are dominantly p-
type, which makes it only suitable as the donoremals. Therefore, fullerene derivatives
such as PCBM are generally used as electron acceptombination with these p-type
conducting polymer to fabricate bulk heterojunctisolar cells because of its high
electron affinity and excellent electron mobiliys we discussed before, the morphology
control of the blends is critical. Many researcliog§ focuses on fine-tuning the
processing conditions, such as adjusting the stdyadditives, and annealing conditions
to optimize the phase separation to form the iasieefrating, and bicontinuous
percolation path for both holes and electf6rfs ***° The first application of fullerenes
as the acceptor material in solar cells was regdieSariciftci and Heeger in 1992 using
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneyliene] (MEH-PPV{?, after which
extensive research was conducted using MEH-PPVod#mal alternative polymers such
as Poly[2-methoxy-5-(F'-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV
and Poly(3-hexylthiophene-2,5-diyl) (P3HT) in comdion with the fullerene derivative
PCBM* Among the commercially available polymers, P3HThibits a high hole
mobility and a relatively broad absorption spectrama has received the most attention.
Broad topics have been explored and discussed pooira device efficiency, such as
molecular weight, Polydispersity index (PDI), regigularity of P3HT, PCBM weight
ratio, solvent choice, annealing time and annealergperature. The highest reported
efficiency is 6.53% by Lee and PatkHowever, the average efficiency of all reported

value is only 3% based on a survey of re§tiftom 388 publications in 2010, with a
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wide spread from 0.1% to 5.5% due to the compleaityhe polymer chemistry and
device engineering. P3HT and PCBM are still the tnattsactive materials commercially
available and continue to receive extensive rebeaitention. In the last few years, a new
strategy utilizing donor-acceptor copolymers totegsize more conjugated, lower band
gap polymers with extended overlap with the solpecium has been developed
rapidly*>*’ For example, an impressive device efficiency df%6.has been achieved
with the alternating co-polymer, poly[N-9"-heptaednyl-2,7-carbazole-alt-5,5-(4',7'-di-
2-thienyl-2',1',3'-benzothiadiazole) (PCDTBT) iretbulk heterojunction structure with
PC;1BM.*® Figure 1.10 summarizes the commonly used p-typeratype materials for

polymer solar cell applications.
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Figure 1.10. Chemical structures of commonly used commerciallable p-type (P3HT,
MEH-PPV, MDMO-PPV) and n-type (PCBM) material foolpmer solar cells and the

recently developed donor-acceptor copolymers PCD{Bilype).
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(3) Hybrid solar cells

Organic-inorganic hybrid bulk heterojunction sotells are considered to be one of
the most promising candidates for the developmdnhigh efficiency photovoltaic
devices due to their excellent morphological, adtand electrical property control of the
inorganic component® 492 Compared to the polymer solar cells, the elec&roreptor
material PCBM is replaced by inorganic nanomaterialnce PCBM contributes very
little to light absorption and exciton generatiorsdite its good electron transport
properties and fast charge transfer when in comibmawith polymers. In contrast,
inorganic colloidal semiconductor nanocrystals dgpexcellent quantum confinement
and tunable optical properties with absorption ciogea broad spectrum of light, in
addition to potentially higher electron mobifity®

Many semiconductor nanocrystals, such as CdSe(Qd&Te, PbS, PbSe, Si, Ti@nd
ZnO nanocrystals have been incorporated into effichybrid devices in conjunction
with semiconducting polymers for hybrid solar dabricatior’” °"° Lead chalcogenide
nanocrystals exhibits extended absorption in thie Migion and cadmium chalcogenide
nanocrystals have strong absorption covering thia msaible region, which makes them
two promising candidates. Also, the elongated stinecof inorganic components at 10-
200 nm scale may provide an efficient percolatiathway for charge transport, such as
nanorod® and branched nanopartitte CdSe nanocrystals were the first inorganic
nanocrystal to be applied into hybrid solar celitls 1996, Greenham reported the first
CdSe nanocrystals based devices in combination MER-PPV with 0.1% efficiency’
The main practical challenge for preparing hybravides lies in the ligands used in the

wet-synthesis process of inorganic nanocrystagdneral, long ligands, such as oleate,
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are widely used for nanocrystal synthesis to featéi shape control and also stabilize the
nanocrystal in the synthesis and in stock solutimgrevent aggregation and phase
separation. However, this layer works as an insigdayer and hinders electron transfer
upon incorporation into solar cells. Two strategreave been used to overcome these
disadvantages: 1) ligand exchange process, whies sisorter ligand to replace the long
chain ligand after synthesis and 2) synthesizioggahted nanocrystal so the electron can
hop less before reaching the electrode, which resitize loss in charge carrier transport.
In 2002, Huyuh reported the incorporation of pyraliigand exchanged CdSe nanorods
into P3HT and greatly enhanced the efficiency t@%.,. which was a successful
demonstration of the strategies mentioned affowsowadays, research in the hybrid
solar cell field has two focuses: 1) ligand exchargeatment of nanomaterials and
incorporation of nanocrystals with different morpdgy and 2) synthesis of polymers
with longer conjugation length to have a betterogpison match with the solar spectrum

and high charge mobility.

Recent Developments and New Concepts

Besides the basic device layouts and matedeisussed above, tandem solar cells
become the most attractive candidate for organatgvoltaic device design, targeting 10-
15% power conversion efficiency, which is considerthe threshold efficiency for
commercialization. The concept of tandem devic® isombine two or more single solar
cells with complementary absorption to enhance @hatilization, and therefore increase
the device efficiency. As shown in Figure 1.11é)ypical tandem solar cell has two sub-

cells (heterojunction solar cells) stacking on tdpeach other with a highly transparent
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intermediate layer (ultra thin metal, doped smatilenule layers, metal oxides, metal
carbonates or conducting polymer) in-betwé&h The two sub-cells have complementary
absorption spectra so the light that is not absblyethe bottom layer can be absorbed by
the top layer (Figure 1.11 (a,b)). The two subscelte usually connected in series. As
depicted in Figure 1.11(c), the function of theemediate layer is to connect the top sub-
cell and bottom sub-cell while align the LUMO lelthe acceptor of one device with the
HOMO level of the donor of the other device andwlkufficient charge recombination to
prevent sub-cells from charging. To date, the sghecord for organic tandem solar cell is
10.6%, reported by UCLA-Sumitomo Chemical, whichized a new, infrared-absorbing
polymer material provided by Sumitomo Chemicalagal}’.

Instead of stacking geometry, Tvingstedt et @dtveloped a novel geometrical
modification of a tandem solar cell, described fadded reflective tandem ceff. As
sketched in Figure 1.11(d), the sub-cells are fblaed form a specific angle which directs
the reflected light from one device towards theentfThis design has a few advantages
over the traditional stacked tandem de¥fic&) longer light path due to the incident light
angle 2) more absorption because of light trap@incelatively easier to fabricate tandem
solar cells in series or parallel connection stheetwo sub-cells are more independent than

the stacked device.
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Figure 1.11. (a) Schematic of organic tandem solar cell dev{b¢. Complementary
absorption spectra of top and bottom devices. (o@r@gy diagram of sub-cells (d)

schematic of "folded reflective tandem cell".

1.3 ThesisOutline

In this thesis, a broad range of topics is cesddrom synthesis of colloidal inorganic
nanomaterials and semiconducting polymers to natecharacterization and
implementation into organic solar cells with ditat architectures (Schottky single layer,
bilayer heterojunction, and bulk heterojunction)jthwresearch emphasis on the

mechanism underlying material and device optimagtiwhich sheds light on future
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material design for high efficiency solar cells asttier organic electronic devices, such
as OFET and OLED.

Chapter 1 briefly reviewed the history of phailtaic devices development and
discussed the working principle, design criteriaad aimportant concepts of the
architecture of organic solar cells.

In Chapter 2, the synthesis, characterizatiand implementation of a new
diketopyrrolopyrrole-based polymer (C12DRHBT) with energy levels located between
those of commonly used electron donor and elecomeptor materials are reported, with
the novel ambipolar property of C12DRRBT demonstrated in solution-processable
organic photovoltaic application. Next, the impaxa of molecular weight of polymer,
the processing condition and their influence onicke\performance are explored. In
addition, the photoinduced charge separation acdmbination mechanism in different
donor-acceptor system are studied to understanddévece performance parameters.
Finally, preliminary results of polymers in OLED @jgation and ambipolar transistor
application of polymer:PCBM blends are demonstrated

Part of this Chapter has been published asW.j, Lee, T.; Oh, S.; Kagan, C. R.,
Diketopyrrolopyrrole-based n-bridged Donor-Acceptor Polymer for Photovoltaic
Applications, ACS Appl. Mater. Interfaces 2011 38,/4. Dr. Taegweon Lee contributed
to the synthesis of C12DPERBT polymer, NMR spectra, and GPC analysis. Soang J
Oh contributed to spatially resolved photoconduttjvintensity and electric field
dependent photoconductivity measurements. Profri€h€agan contributed to many

helpful experiments discussions and manuscriptgyeion.
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In Chapter 3, the synthesis and photovoltaipliegtion of PbSe nanocrystals in
combination with P3HT are explored. Photolumineseequenching, current-voltage
characterization and electrochemical measurementge tbeen used to study the
mechanism of photoinduced charge transfer betwd&Se Rnd P3HT. To remove long
capping oleate ligands (insulating layer), bothtymysithesis ligand exchange methods
and direct synthesis of PbSe nanocrystal/nanoviirggolymer P3HT solution without
the use of oleic acid have been investigated.

In Chapter 4, the photovoltaic application lmbtyanate capped CdSe nanocrystals in
combination with P3HT are demonstrated and theuémites of factors such as
nanocrystal size and bilayer interfacial mixing e device performance have been
explored. Currently, the reports about bilayer desibased on CdSe nanocrystals and
organic material are very limited. In our studye size of the nanocrystals was tuned to
take advantage of quantum confinement, to optirthieeshort circuit current and open
circuit voltage. Our bilayer solar cell with ligarekchanged CdSe nanocrystals and
P3HT demonstrate decent efficiency (1.3%) with gdadability and optimization
potential. We also fabricated inverted bilayer sotalls with high work function
electrode to improve air stability of the devic&enjamin Diroll contributed to the
preparation of CdSe nanocrystals. Dr. Aaron Fafaromatributed to the development of

the CdSe ligand exchange method.
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Chapter 2

Diketopyrrolopyrrole-Based Polymer for Photovoltaic Applications -
Functioning as Electron Donor with PCBM and Electron Acceptor with

P3HT
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2.1 Introduction

Organic photovoltaics (OPVs) continue to attgrowing attention as candidates for
the low-cost fabrication of high efficiency solaglls, to make future solar technology
competitive with traditional energy resourt&sThe most promising and popular strategy
is the design of bulk heterojunction (BHJ) OPVshwdn active layer comprises a
composite of a donor and an acceptor materials.BHh& architecture requires the donor
and acceptor materials to be tailored to providestbong and broad absorption of solar
radiation, 2) a staggered energy level structureriee charge separation, yet a large
difference between the donor ionization energy #rel acceptor electron affinity to
maintain a large cell open circuit voltage, andhg)h hole and electron mobilities for
facile charge collection. Here we adopted the efgatof designing a conjugated
copolymer, which incorporates electron-rich donerd aelectron deficient acceptor
segments that are linked by a bridging unit ingb/mer backbone and applied it in the
organic solar cell device. This structure provideseasy and efficient way to adjust the
physical properties of the polymer by chemicallydifiying the donor, the acceptor
and/or the linker group. Donor-acceptor copolymame known for intrachain push-pull
charge transfer, which has been used to synthesme conjugated, lower band gap
polymers having extended overlap with the solacspet 2 However, materials with
narrow bandgap sometimes suffer from low open tineoitage (Vo) arising from the
reduction of the built-in potential between the Ikgt Occupied Molecular Orbital
(HOMO) levels of the donor and Lowest Unoccupiedid¢alar Orbital (LUMO) of the

acceptor. Fortunately, it is possible to adjustatmmaticity of the polymer, for instance,
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by adjusting the linker group, to balance polymiesaption and Y to optimize OPV
performance *°

In this study, we have taken advantage of gaently developed diketopyrrolopyrrole
(DPP) based polymer and designed a new conjugabe@dlyener (C12DPR=BT)
containing the donor group bithiophene (BT) and theceptor group 2,5-
didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (ERPP), bridged by a phenyl group
(w). We chose electron rich bithiophene (BT) as thead group because of its excellent
electron donating ability and its electrochemidabdity in PV device’'. For the choice
of the acceptor group, the highly conjugated lacpdamar structure of electron deficient
diketopyrrolopyrrole (DPP) provides an idea buitglilock, which results in strongn
interactions for efficient charge transport. Thestfidiketopyrrolopyrrole based polymer
was reported by Yt*2group at University of Chicago and developed furthe Tieke*
1> group at University of Cologne. DPP has stronggti®on in the visible spectrum and
has been used as a donor material in the fabncatfidHJ OPVs in conjunction with
PCBM" & ¢ 17 |ts relatively low-lying HOMO and LUMO levels @smake it a
promising candidate as an acceptor material whendeld with polymers possessing
higher lying energy levels for application in hybsolar cell®. To further optimize the
energy levels, we chose a phenyl group insteadminconly used thiophene as the linker
group to adjust the aromaticity to lower the HOM®dl (to -5.4 eV) of the polymer. In
addition, when the HOMO level lies well below the @idation threshold (-5.27 eV), it
improves air stabili}’. We also introduce a dodecyl side group to incréasesolubility

of the polymer in common solvent systems to alloWaton processability.
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According to the literature, DPP containingymoérs are used almost exclusively as an
electron donor in photovoltaits?®# Janssen recently reported the application of DPP
as acceptor materials in organic photovoltaics witle highest power conversion
efficiency of 0.31%° In comparison, by choosing the donor/acceptor @ait adjusting
the linker group, the balanced conjugated structir€12DPPr-BT and the suitable
HOMO/LUMO levels intermediate to the common eleotrdonor (P3HT) and the
electron acceptor (PCBM), offers this polymer umiguroperty, so it may serve as either
an electron donor or acceptor in blends with défeéersemiconducting components to
form efficient OPV devices. In this chapter we veidplore the application of C12DRP-

BT in OPV devices as well as OLED and transistaiabs.

2.2 Experimental Section
2.2.1 Synthesis
All experiments were performed under nitrogemasphere by standard Schlenk

techniques. THF was freshly distilled from sodiuenbophenone under,Nrior to use.
After degassing with Nfor 30 min, Pd(PP (0.058 g, 0.05 mmol) was added to a
stirred toluene solution (5 mL) of 3,6-bis(4-brorhepyl)-2,5-didodecylpyrrolo[3,4-
c]pyrrole-1,4-dione (1, C12DPR-Br,) (0.39 g, 0.5 mmol) and 3;bis(trimethylstannyl)-
2,2-bithiophene (2) (0.25 g, 0.5 mmol). The reactiomtaore was heated at 100 °C for 2
days under nitrogen. The raw product was precgitatith methanol and collected by
filtration. The precipitate was dissolved in chlimmon and filtered with Florisil®

Adsorbent for Chromatography 60-100 mesh to rembgemetal catalyst and inorganic
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impurities. The final product C12DP®BT was obtained by precipitating in methanol
and washing with hexanes. Yield: 8684. NMR (CDCk, 360 MHz):50.86-0.88 (m, 6H,
C-CHa), 1.14-1.20 (m, 36H, C48,), 1.58 (m, 4H, C-B,), 3.74 (m, 4H, N-El,), 6.98 (m,
2H, Th), 7.16 (m, 2H, Th), 7.40 (d, 4H, Ph), 7.62 @H, Ph). Gel permeation
chromatographic (GPC) analysis: number-average culde weight ()= 5.88x16
g/mol, weight-average molecular weightl,() = 10.35x16 g/mol, and polydispersity
index (PDI) = 1.76 (against polystyrene standafdhigher M,, polymer was prepared
using the same procedure as described for Mw C12DPP=-BT, except that
Pd(dbal/P(o-tolyl)s was used instead of the Pd(RRhcatalyst. Yield: 82%. GPC
analysis: M, = 12.36x16 g/mol, M,, = 17.68x18 g/mol, and PDI = 1.43 (against
polystyrene standards).

All chemicals were purchased from Aldrich, Alfesar, TCI, and used without
further purification. Pd(PRJw,>* 5,5-bis(trimethylstannyl)-2,2bithiophene®® *° and 3,6-
Bis(4-bromophenyl)-2,5-didodecylpyrrolo[3dlpyrrole-1,4-dione 1’ were prepared
according to literature procedures.

2.2.2 Characterization

'H NMR spectra were recorded with a Bruker Avancé0(3IHz) spectrometer.
Molecular weights and polydispersity indices (POdé}he polymers were determined by
gel permeation chromatography (GPC) analysis wiplolgstyrene standards calibration.
Cyclic voltammograms were obtained employing a eéhedectrode C3 cell stand and
Epsilon electrochemical workstation (Bioanalyticabystems, Inc.). 0.01 M

tetrabutylammonium hexafluorophosphate (TBAPRvas used as the supporting
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electrolyte in acetonitrile. A platinum disk andapthum wire were selected as working
and counter electrodes, respectively. A Ag/AgN@on-agqueous) electrode was used as
the reference electrode. The redox couple ferrdtamecenium ion (Fc/Fg provided an
external standard.

AFM (Atomic force microscopy) measurements weeeried out using a Digital
Instruments Multimode AFM operated in tapping mo@&M (Transmission electron
microscopy) images were obtained using a JEM-148O( Ltd.).

Samples for both absorption and PL quenching raxeats were made as spin-coated
films of C12DPP&-BT, P3HT, and C12DPR-BT:PCBM (weight ratio: 1:2) and
C12DPPa-BT:P3HT (weight ratio: 1:1) blends from chloroforsolutions at 1500 rpm
for 1 minute onto quartz substrates and annealed48fC for 20 minutes before
measurement. Absorption spectra were measured asifagian Cary 5000 UV-Vis-NIR
spectrophotometer. Photoluminescence (PL) specti@ \measured on a Fluorolog 3
spectrofluorometer (HORIBA Jobin Yvon, Ltd.) upaxceation at 550 nm.

Sample preparation for XRD measurement: SySi@fers were thoroughly cleaned by
ultrasonication in acetone and isopropanol, rinsgd DI water, dried on a hot plate at
180°C for 30 min, and finally treated by UV-ozome 80 min. 50 pL of pure C12DP#R-
BT solution (5 mg/mL), 50 uL of C12DPRBT:PCBM blend solution (polymer:
5mg/mL; PCBM 10 mg/mL) were drop-cast from chlomofioon the pre-cleaned silicon
wafers and allowed to dry, followed by annealindl4® °C for 20 minutes. XRD were
performed using monochromatic Cukbeam radiation (wavelength: 0.154 nm) from a

Rigaku SmartLab at 40 kV and 30 mA.
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2.2.3 Fabrication and Characterization of Solar Cells
Polymer solar cells were fabricated on indiimoixide (ITO) coated glass substrates

(Delta Technologies, nominal coating thickness,-180 nm, sheet resistance, 5-15
Q/sq). The ITO on glass was first patterned by plitbtegraphy, thoroughly cleaned by
ultrasonication in acetone and isopropanol, ringgd DI water, dried on a hot plate at
180°C for 30 min, and finally treated by UV-ozome 80 min. A 40 nm film of poly(3,4-
ethylenedioxythiophene)/poly(styrene sulfonate) veeposited on the ITO by spin-
coating from an aqueous PEDOT:PSS dispersion (PEPES, Baytron P VP Al4083)
at 2000 rpm in air. The PEDOT:PSS film was dried@d°C for 20 min inside the ;N
glovebox. Subsequent processing steps were cavtiedn the N glovebox. Either a
C12DPP&-BT:PCBM mixture (15mg/mL, weight ratio: 1:2) orGL2DPPz-BT:P3HT
(10mg/mL, weight ratio: 1:1) mixture was dissoledchloroform, and in some cases 5
wt% diiodooctane was added to the C12DPBT:PCBM mixture. The blend solution
was deposited by spin-coating on top of the PEDS%.Payer at 1500 rpm for one
minute and then annealed at 140 °C for 20 min. dédces were transferred into the
vacuum evaporation chamber and kept there for thoeres under vacuum (<f0rorr)
prior to evaporating a back contact consisting afrLLiF and 80 nm Al through shadow
masks. The active device area of 9 frimdefined by the overlapping area of the back
LiF/Al contact and the front, lithographically ppatterned, transparent, ITO contact.

Current-voltage characteristics of the photovoltells were acquired using a Keithley

2400 source-meter under the illumination of AM 1.8@ar simulated light (1 sun, 100
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mW/cn?, Oriel instruments Model 96000, Newport Co.) im. & reference cell and
meter (Model: 91150, Newport Co.) were used tdocate the light intensity.

Spatially resolved measurements of solar cell stiocuit current were collected for
C12DPP&-BT:PCBM (with and without the diiodooctane add#jvand C12DPR-
BT:P3HT devices. 488 nm light from an Innova 70@&pmm Ar:Kr laser was focused
to a spot size of 0.4 um using a modified Olymptt2Bnicroscope to illuminate devices
through the transparent ITO contact. Devices weoanted on a piezo—controlled stage
(Max 301, Thor Labs Nanomax) for photocurrent magpLocal photocurrent data were
acquired in 0.25 um steps across 10 um by 10 pncetesareas.

2.2.4 Fabrication and Characterization of Field Effect Transistors

FET device on Si substrate: Highly doped N-t§gpevafers (100)d<0.01Q-cm) with
250 nm thermally grown SiO2 were purchased fronin€i and served as the gate and
gate dielectric layer of the field-effect transistqFETS). Prior to device fabrication, the
silicon wafers were cleaned by ultrasonicationdatane and isopropanol, rinsed with DI
water, and subsequently dried on a hot plate at@f@r 5 min. The wafers were finally
treated by UV-ozone for 20 min. The SiOwvafer surface was modified by
octadecyltrichlorosilane (OTS) by placing the stdists in a Petri dish with a few drops
of OTS in a separate dish in a vacuum desiccatbichvwas then evacuated for 4
minutes and placed on a hot plate at 120 °C foo@$ The wafers were thoroughly
rinsed in isopropanol and then blown dry with. NThe polymer and polymer blend was
dissolved in chloroform (polymer:7 mg mt; polymer:PCBM 1:2 1:4 weight ratio),
filtered through a 0.2m PTFE syringe filter, and then spun at 1500 rpm6fd s on the

OTS-treated SigdSi substrate. The devices were annealed at 140rQ0 minutes.
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Finally, 20 nm Au source and drain electrodes wagposited by thermal evaporation
through shadow masks to form top-contact, bottote-§&Ts with four different channel
lengths (L): 30nm, 60nm, 90nm, and 120nm. The widtlength ratio of the channels is

20 for all the devices.

Current-voltage characteristics of the polyrR&Ts were acquired using an Agilent
4156C semiconductor parameter analyzer in comioinatith a probe station mounted in

a N\; filled glove box.

2.2.5 Fabrication and Characterization of Organic Light Emitting Diode

Polymer LED were fabricated on thoroughly ckénand pre-patterned indium tin
oxide (ITO) coated glass substrates (Delta Teclywedy sheet resistance, 5-0%q). A
40 nm film of PEDOT:PSS film was deposited and diia¢ 180°C for 20 min inside the
N, glovebox. Subsequent processing steps were cawieith the N glovebox. C12DPP-
n-BT was dissolved in chloroform (5-7mg/mL). The yuokr solution was deposited by
spin-coating on top of the PEDOT:PSS layer at 15@@ for one minute and then
annealed at 140 °C for 20 min. The devices werestesired into the vacuum evaporation
chamber and kept there for three hours under vadsd®® Torr) prior to evaporating a
back contact consisting of 1 nm LiF and 80 nm Abtlyh shadow masks. The active
device area of 9 mfris defined by the overlapping area of the back/Alitontact and
the front, lithographically pre-patterned, trangpdy ITO contact.

Current-voltage characteristics of OLED deviwesre acquired using a Keithley

2400 source-meter under dark condition in air.
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2.2.6 Space Charge Limited Current (SCLC) Measurements

For hole mobility measurements, devices were faket on photolithographically
patterned ITO coated glass substrates, cleanecc@aed with a 40 nm PEDOT:PSS
film. Films of C12DPP=-BT or P3HT were deposited by spin-coating followey
annealing. The same fabrication procedures werd aselescribed above for solar cell
fabrication, except 60 nm Pd back contacts werg@aeted through shadow masks to
characterize hole transport by SCLC measurements.

For electron mobility measurements, deviceswabricated on 2.5 cm x 2.5 cm glass
slides, using the same cleaning procedures a®far cells. 20 nm Al back contacts and
1 nm LiF and 60 nm Al front contacts were deposlgdhermal evaporation. Films of
C12DPP&-BT or PCBM were similarly explored. Samples fotéhand electron mobility
measurements were fabricated side-by-side for casgra
2.2.7 Recombination Characterization by Photoconductivity M easurements

On pre-cleaned quartz disksufh channel length, 7bm channel width junctions were
photolithographically defined and 1 nm Cr/19 nm Was thermally evaporated to form
bottom-contact, two-terminal devices for photocastdity measurements. Films of
C12DPP&-BT, C12DPP=-BT:PCBM (5 wt% diiodooctane added) and C12DRP-
BT:P3HT were deposited by spin-casting from chloraf solutions. The devices were
annealed at 140 °C for 20 minutes.

Photoconductivity measurements were perfornmedmbient air. The devices were
illuminated by 488nm laser excitation from an Ar-Kaser (Innova 70C Spectrum).
Neutral-density filters were used to control extoita intensity. Bias voltage was applied

and the photocurrent was recorded using a sourterifieithley model 2400).
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2.3 Resultsand Discussion
2.3.1 Synthesis

Scheme 2.1 illustrates the synthetic procedurehferconducting polymer C12DPi-
BT (poly 3-(4-(2,2'-bithiophen-5-yl)phenyl)-2,5-didecyl-6-phenylpyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione)  containing  electron ideint C12DPP  (2,5-
didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) dn electron rich bithiophene
monomers, bridged by a phenyl group. 3,6-Bis(4-lmphenyl)-2,5-
didodecylpyrrolo[3,4e]pyrrole-1,4-dione 1, C12DPP-Bj) was synthesized by a
procedure similar to that of Tieké.5,5-bis(trimethylstannyl)-2,2bithiophene 2) was
reacted with 1 equivalent df by Stille cross coupling in the presence of algtta
amount of Pd(PR)y in toluene to obtain C12DPRBT. After work-up, a shiny light
brown solid was acquired. GPC analysis indicatdsg aM, of 5.88x18g/mol, M,, of
10.35x18 g/mol, and PDI of 1.76. Based on previous repaigher molecular weight
conducting polymers are more favorable for the ialtion of efficient OPV$® The
catalyst system of Blba)/P(o-tolyl)s was then adopted to yield C12DRIBT
material with doubled molecular weightM, of 12.36x18 g/mol, M,, of 17.68x16
g/mol, and polydispersity index (PDI) of 1.43. Tloev PDI of both polymers indicated a
narrow distribution of individual molecular massethese samples. Both polymers were
readily soluble in common organic solvents such tekiene, chloroform and

chlorobenzene.
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Scheme 2.1. Synthesis and structure of C12[-z-BT. (i) 0.05 mmolPd(PPL)4, toluene,
90 °C for low molecular weight. (i) 0.05 mmol ,(dba), 0.4 equiv of P(-tolyl)s,

toluene, 9¢C for high molecular weigt

2.3.2 Energy Level Measurements Using Cyclic Voltammetry M ethod

To achieve efficient charge separation and highvemsion efficiency in
heterojuntion solar cell, the energy levels of tlwe components must be staggered
the energy difference between the ionization enefdgiie donor and the electron affin
of the acceptor must drive charge transfer of the qgesteratecexcitor and provide a
sufficient builtin potential to attain a high open circuit voltai.o).?*** Electrochemical
measurements were used to study the electronicteteu of C12DP-n-BT, and to
characterize the alignment of its energy levelatie to common organic photovolt:
materials used in bulk heterojunction devices: thecebn donor P3HT and the electl
acceptor PCBM. Figure 2.1(a-d) showsyclic voltammograms collect for drop cast

films of (a) high and (b) low I, C12DPP&-BT, (c) PCBM and (d) P3HT oa platinum
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working electrode The potentials were recorded against the oxidagpmak of
ferrocene/ferrocenium (Fc/Peredox couple, which has a reported HOMO energglle
of —4.8 eV and served as an external standardrisymieni” Based on the onset of the
oxidation peak at 0.6 V and reduction peak at V1@ both low and high MC12DPP=-

BT, we estimated the HOMO and LUMO levels of C12B#BT to be -5.4 eV and -3.5
eV, respectively. Similarly, from the cyclic voltamograms in Figure 2.1(c,d), we
estimated the HOMO/LUMO energy levels of PCBM ar8HF to be -6.3 eV/-3.8 eV
and -5.1 eV/-3.1 eV, respectively. The HOMO/LUMQ@dés for PCBM and P3HT are in
agreement with literature reported vaftied’ The electrochemical bandgap, calculated
from the difference between the HOMO and LUMO eremgis 1.9 eV for both the high
and low M, polymers. The electrochemical bandgaps are cemsistith the optical band
gaps of 1.8 eV for both polymers, calculated frdme bnset in optical absorptions,
described in detail in the next section. The 0.1(&¥9 eV-1.8 eV) measured difference
between the electrochemical bandgap and the ofiaraligap reflects the influences of
solvents, ions, and surface effects present irtreledeemical measurements and influence
of Coulomb binding energy of the exciton presenbjitical absorption spectroscopy

The results are summarized in Table 2.1.
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Figure 2.1. Cyclic voltammograms, energy level alignment ofivee layer components

and schematic and optical micrographs of polymept@loltaic devices. Cyclic

voltammograms of (a) high MC12DPP=&-BT, (b) low M, C12DPPz-BT, (c) PCBM

and (d) P3HT films on a platinum working electroden acetonitrile solution of 0.01 M

TBAPFs at a scan rate of 50 mV/s. Redox couple ferrodemetenium (Fc/FQ was

used as an external standard. (e,f) Energy levghrakent of active layer components

derived from cyclic voltammograms and electrode emals from literature reported

values, in reference to vacuum. (g,h) Schematic @ptctal micrographs of polymer

photovoltaic devices.
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Table 2.1. Optical and Electrochemical Properties of the @RR«-BT, P3HT and
PCBM

UV - Vis Absorption Cyclic Voltammetry

solution film p-doping n-doping _

Amax Amax  Aonset  Eg™™ Eon”*/HOMO Eon"/LUMO Eg™

Composites (nm) (hnm) (nm) (eV) (V)I(eV) (V)I(eV) (eV)
High M,

C12DPP-n-BT 557 580 690 1.80 0.6 eV/-5.4eV -1.3 eV/-3.5eV 19
Low M,

C12DPP-n-BT 548 580 690 1.80 0.6 eV/-5.4eV -1.3 eV/-3.5eV 1.9

P3HT 450 525 650 191 0.3 eV/-5.1eV -1.7eV/-3.1eV 2.0

PCBM 1.5 eV/-6.3eV -1.0 eV/-3.8eV 25

* PCBM film has a broad absorption in the visibkgion (350-750 nm) without a

distinguishable peak.

Figure 2.1(e,f) shows the schematic of the ggnével diagram constructed from the
reported work functions of electrode materials RiFind ITO/PEDOT:PSE% 3" and the
HOMO and LUMO energies derived from cyclic voltangnams for C12DPR-BT,
PCBM and P3HT. The energy level alignment is aititco the success of bulk
heterojunction solar cell fabrication. It shouldfsme 1) formation of a staggered type Il
heterojunction between two materials to allow etatiand hole transport within different
material to avoid recombination loss 2) offeringffisient LUMO offsets since
empirically, the LUMO offset should be equal orgar than 0.3 eV to overcome the
binding energy of exciton to separate the electnodh hole efficiently, 3) providing large
built-in potential. As generally accepted, builtypotential is directly related to the
theoretical maximum value of open circuit voltagijch can be estimated by the energy
difference between the HOMO level of the donor &tMO level of the acceptor (or

equivalently the energy difference between thezaindn potential of the donor and the
50



electron affinity of the acceptofy. As shown in Figure 2.1 (e,f), the HOMO and LUMO
of C12DPP=-BT are higher compared with those for PCBM, whictlicates C12DPP-
n-BT serving as an electron donor in C12DRBT:PCBM blends, while in contrast, the
HOMO and LUMO of C12DPR=-BT lies below those of P3HT, which suggests that
C12DPPa-BT can act as an electron acceptor in C12DRBT:P3HT blends. The
LUMO offsets in C12DPR=BT:PCBM and C12DPR-BT:P3HT system are 0.3 eV and
0.4 eV, respectively, which offers substantial ptisd drop for sufficient charge transfer
and separated effectively at the interface betwe€@BDPPa-BT and either P3HT or
PCBM® *° In addition, C12DPR-BT exhibits a larger built-in potential (1.6 eV)
whether blended to form an acceptor with P3HT endéd to form a donor with PCBM
[Table 2.1, Figure 2.1(e,f)]. This value is muclgkr than the extensively studied system
P3HT:PCBM with built-in potential of 0.7-1.3 eV (calated from the reported ranges
for the HOMO level of P3HT and the LUMO level of BR) ?* 3 4% Therefore, it
should provide potentially larger,y which is critical to improve device performante.
conclusion, C12DPR-BT demonstrates the optimum HOMO and LUMO levelkijch
can form type Il heterojunction with either PCBM BBHT with sufficient exciton

separation force and large built-in potential fayhhV..
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2.3.3 Optical Properties
The UV/Vis absorption spectra for both the fomes low M, and high M C12DPPa-

BT, shown in Figure 2.2(a), exhibit the maximum apsion peaks at 580 nm with
absorption onset around 690 nm. In comparison, crmonly used P3HT shows
absorption peak at 525 nm with absorption onsetiratd®650 nm. This result indicates
that C12DPPeBT polymer can extend the absorption onset toldnger wavelength
region than the most commonly used polymer P3HRhc@eprovide potentially better
light utilization. Figure 2.2(b) shows the absooptispectra for the blends of C12DRP-
BT:PCBM and C12DPR-BT:P3HT in film. The absorption of high MC12DPPr-BT
mixture with PCBM is broader into the red regioheTexact mechanism is not very clear
yet. We hypothesize that this may be due to mdextfe packing of chains in the high
M, polymer:PCBM blends than in the low,Molymer:PCBM blend$' %

To study photoinduced charge transfer at donoejator interface for both C12DBR-
BT:PCBM and C12DPR-BT:P3HT system, PL quenching experiment was coraafit
It is worth noting that we measured both high aawd M, polymers and they demonstrate
the same characteristics. So here we only plottedPL spectra for high Mpolymer and
corresponding polymer:PCBM and polymer:polymer dkenfor the simplicity of
illustration. In Figure 2.2(c), the PL spectra betpristine C12DPR-BT film and a
blend of C12DPR=BT and PCBM showed that PL of the donor materit2OPP=-BT
is completely quenched when mixed with acceptor MCBidicating effective charge
transfer between the two components. In contrasgigure 2.2(d), the PL spectra of

P3HT and the C12DPR-BT:P3HT blended films show only partial quenchifgPL of
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the donor material P3HT. However, in the C12DPBT:P3HT system, the mechanism
for PL quenching is more complicated because tletists two major competing
relaxation process — electron transfer and eneemster that can cause PL quenching in
this system. In the polymer-polymer blend, the P3Bfission overlaps with the
C12DPP&-BT absorption in the spectral range of 600 nm @ hm. This spectral
overlap may give rise to possible energy transfemfdonor to acceptor. In this case,
upon illumination, the excitation energy may bensfarred from the exciton donor (in
this case, P3HT) to the exciton acceptor (C12@M3F), which would decrease the
luminescence of P3HT, and enhance the luminesa@C&2DPPr-BT (Figure 2.2(d)).
Possible energy transfer from P3HT to C12DPBT provides a potentially competing
pathway to charge separation in the polymer-polymlend®. To include kinetics
consideration, in polymer-polymer blends of C12DRBT:P3HT, energy transfer rate
(~1 ps) is faster than charge transfer rate (~1Qsspfs reported in the literatéiteThe
slower charge transfer is believed to be limiteddrger donor-acceptor intermolecular
distance caused by the solubilizing, long alkylesahains, which can negatively affect
charge transfer rate more dramatically than engemsfef°. As comparison, in polymer-
PCBM blends, charge transfer rates are reportdaetoonsiderably faster (<ps) as the
small size of PCBM is anticipated to allow the gtoe to more closely approach the
main polymer chain (dondP “® In conclusion, from the optical measurement tesudi
kinetic aspects of photoinduced energy and elednamsfer processes, we hypothesize
that efficient charge transfer dominates in C12BFBF:PCBM system, while both

charge transfer and energy transfer exists in CE2DBT:P3HT system.
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Figure 2.2. UV-Vis absorption spectra and photoluminescencectsp: (a) UV-Vis
absorption spectra of pristine high (red line), Ifwack line) M, C12DPP&-BT and

P3HT (blue line) in thin films. (b) UV-Vis absorpt spectra of high MC12DPP=r-

BT:PCBM (weight ratio 1:2) (purple line), low MC12DPPa-BT:PCBM (weight ratio
1:2) (pink line), high M C12DPP&-BT:P3HT (weight ratio 1:1) (orange line), low,M
C12DPPa-BT:P3HT (weight ratio 1:1) (green line) in thinlInis. (c) The
photoluminescence of pristine high,M12DPP&-BT thin film (red line) is completely
guenched in the presence of PCBM shown by the phmtnescence from high M
C12DPP&-BT:PCBM (weight ratio 1:2) thin film (purple line) (d) The

photoluminescence of pristine P3HT thin film (blliee) is partially quenched in the
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presence of C12DPRBT (red line) shown by the photoluminescence froigh M,

C12DPPa-BT:P3HT (weight ratio 1:1) thin film (orange line)

2.3.4 X-ray Diffraction (XRD) Studies

To monitor the crystallinity change of C12DRBT before and after blending with
PCBM and P3HT and explore the interaction betwe#gferdnt components, x-ray
diffraction (XRD) studies of pure C12DP#BT and the two blends have been conducted
(Figure 2.3). High M polymer and blends are used here for demonstratiow M,
polymer exhibited the same trend of crystallinibhange. For C12DPR-BT alone, XRD
reveal a strong (100) diffraction peak intensitguard @ = 4.3° indicating good semi-
crystallinity for the pure polymer films. After biding with PCBM or P3HT, a dramatic
decrease of the peak intensity was observed, wimditates reductions in polymer
crystallinity*. In addition, the interlayer distance (d1 spaciiog)pure C12DPR=BT is
20.3 A whichincreased to 26.0 A after blending with PCBM, impty PCBM disrupted
the interlayer ordering. In contrast, C12DRBT:P3HT blends showed a decreased
interlayer distance of 17.0 A, which could be &tited to the short hexyl side chain of
P3HT and this peak represents the average of C12DBP (100) diffraction peak and
P3HT (100) diffraction pedk The peaks at higher angles ((010) diffractionkpeaveal
smalln—n stacking distance between polymer backbones A4 pure C12DPReBT,
4.6 A for C12DPP=-BT/PCBM, and 5.5 A for C12DPR-BT:P3HT, indicating strong
intermolecular interaction. We noticed a negatiogaation of interlayer distance and

n stacking distance. This phenomena could be atéibto the unfavorable straightening
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of side chains (increase of d-spacing), whem stacking is closer. In conclusion, pristine
C12DPP=-BT polymer showed good semi-crystallinity, which wdsrupted after
blending with either PCBM or P3HT. And comparinge tkwo blends, C12DPR-
BT:PCBM exhibited a closet—r stacking, which is more favorable for charge tpams

along the stacking directih
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Figure 2.3. XRD analysis of C12DPR-BT before and after blending. Shown in the
figure are XRD patterns of high MC12DPP&-BT (red line), high M C12DPPa-

BT:PCBM (blue line) and high Mn C12DP#BT:P3HT (green line).

56



2.3.5 Optimizing C12DPP-z-BT:PCBM Blend Intermixing Using Diiodooctane as
Additive

The control over mixing of the different compeaits in the blended films is crucial for
bulk heterojunction solar cell fabricatitn In order to effectively separate charge
carriers, it is critical to structure the semicoatn to have a large area donor-acceptor
interface spaced by distances less than the exdittusion length, which is typically 5-
20 nnt° for organic semiconductors. Several strategies H@en used in this field to
structure a favorable interpenetrated network,uidiclg: thermal annealing, chemical
modification of the donor materials, and the usadtditives to improve the miscibility of
different components To improve C12DPR-BT:PCBM miscibility and prevent large-
scale phase separation, we added a small amouwvté4p of dilodooctane as additive to
the C12DPP=BT and PCBM mixture solution. Bulk heterojuncticolar cells were
fabricated and optimized with the device structofe I TO/PEDOT:PSS/C12DPR-
BT:PCBM/LiF/Al, where PEDOT:PSS serves as a hol¢raexion layer, while LiF
lowers the work function of Al and serves as arctete extraction layéf. The overall
device efficiency increased significantly with enbament on short circuit currentd)
open circuit voltage (M) and fill factor (FF), comparing with the devicegthout the

diiodooctane additive (Figure 2.4).
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Figure 2.4. I-V curves of high M C12DPP=-BT:PCBM bulk heterojunction solar cells

-
o

with (green line) and without (blue line) additivé3evices were annealed at 140°C for

20 minutes and measured under the illuminationMfiA5G, 100 mW/crh

To further understand the effects of the addiind to quantify the uniformity of the
devices, spatially resolved photoconductivity wasedi to map thegd of solar cells
through the transparent ITO back contact. For coispa between different devices, the
recorded J. was normalized to the maximum current in eachaewith the high current
regions indicated by bright yellow and low curreegions by black. As shown in Figure
2.5, for C12DPPRe=BT:PCBM devices, across the entire examined at@auim by 10
pum), the photocurrent maps obtained for devicesM#)out any additive shows non-
uniformities, whereas maps for devices (b) with tHeodooctane additive are

significantly more uniform, consistent with a mér@mogeneous blend. The histogram of
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the spatially resolved photocurrents for C12DPBT:PCBM cells without the
diiodooctane additive (Figure 2.5(a)) revealed@lrand random distribution, consistent
with our conclusion of more varied performance asrthe device area. Photocurrent
histograms for high MC12DPP=-BT:PCBM devices with the additive (Figure 2.5(b))
showed a narrow quasi-normal distribution peake@b&b of the photocurrent maximum
value. All C12DPP=-BT:P3HT devices, fabricated similarly, showed ayvaniform
photocurrent without any additive (Figure 2.5(chye to good miscibility of C12DPR-
BT and P3HT, which may be a result of the presesfceimilar thiophene containing

chemical structure in both polymers and their geoldibility in the chloroform solverit
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Figure 2.5. Spatially-resolved maps (i) and histograms (ii)short circuit current: for

high M, C12DPPr-BT:PCBM solar cells (a,d) without additive, ande(pwith the 5 wt%
diiodooctane additive added to the active layer &od (c,f) high M, C12DPP=-

BT:P3HT device without additive. (g) Spatially-résed photoconductivity measurement
set-up (488 nm light from Ar:Kr laser was focusedatspot size of 0.4 um to illuminate
devices through the transparent ITO contact. Deviegere mounted on a piezo—

controlled stage for photocurrent mapping.)
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2.3.6 Current-Voltage Characterization

Bulk heterojunction solar cells were fabricatadd characterized with the device
structure of ITO/PEDOT:PSS/C12DRFBT:PCBM (or C12DPReBT:P3HT)/LIF/Al.
Diiodooctane was added to all the C12DRBT:PCBM blends in chloroform solution
for better intermixing. Figure 2.6 shows the I-Vrnees of the devices with the best
photovoltaic performance. We report and compareDPRx-BT:PCBM blends with a
weight ratio of 1:2 as we observed higher PCBM iogsl gave better solar cell
performance, consistent with the observation thghdr PCBM loadings providing a
more continuous pathway for electron transpoithe devices based on the high, M
C12DPPa-BT:PCBM demonstrated a high power conversion igfficy of 1.67% with
lsc of 7.8 mA/cn? and Vi of 0.58 V. This is nearly a 50% improvement conegawith
the power conversion efficiency (1.12%) of the sgmé/mer with a lower M, which
had k. of 6.4 mA/cnf and V4. of 0.50 V. On the basis of the measurements of fou
different devices made under the same fabricat@itions, the average efficiency for
high and low M polymer:PCBM devices is 1.53 and 1.03%, respelgtivEhe best
devices based on high MC12DPPa-BT:P3HT showed a moderate power conversion
efficiency of 0.84% with & of 2.6 mA/cnf and Vi of 0.92 V, representing 15%
efficiency enhancement over lower, Molyer:P3HT device (0.73% efficiency witk, bf
2.4 mAlcnf and V4. of 0.89 V). The average efficiency for high anmvl M,
polymer:P3HT devices is 0.76% and 0.62%, respdgtivalculated for five different

devices for each M The statistics of device performance is summeriaelable 2.2.

61



[
o

T T % T v T

20 | 4
10 | 4
low [M,, P:PCBM blend

0 e

|y

% high M,, P:PCBM blend

Current Density(mA/cm?)

04 -02 00 02 04 06 08 1.0
Voltage (V)

(=1}

I v L

' (b)

B~
1
1

[\ ]
T
1

o

low M,, P:P3HT blend

Current Density(mA/cm?)

i \

5 % high M, P:P3HT blend

-1.0 0.5 0.0 0.5 1.0 1.5
Voltage (V)

Figure 2.6. Current-voltage characteristics of C12DRBT containing BHJ solar cells.
(a) C12DPP=-BT:PCBM (weight ratio 1:2) bulk heterojunction aokells with high (red)
and low (blue) M C12DPP=-BT and (b) C12DPR-BT:P3HT (weight ratio 1:1) solar
cells with high (red line) and low (blue line),NC12DPP=&-BT under the illumination of

AM 1.5, 100 mW/crh.
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Table 2.2. Performance parameters of the C12DPEF.:PCBM and C12DPR-

BT:P3HT bulk solar cells, under AM 1.5G illuminatis

Donor Acceptor lse(MA/CT?) Ve (V) FF Efficiency (%)
. best 7.8 0.58 0.37 1.67
High M, P
PCEM average 7.2+0.6  0.58+0.00.37+0.01 1.53+0.15
best 6.4 0.50 0.35 1.12
Low M,,P
average 6.0+0.5 0.50+0.0235+0.01 1.03+0.07
best 2.6 0.92 0.35 0.84
High M, P
P3UT average 2.4+0.1  0.91+0.0135+0.004 0.75+0.06
best 2.4 0.89 0.34 0.73
Low M, P

average 2.1+0.3  0.88+0.0234+0.01 0.62+0.09

In order to analyze the contribution of absorptiah each wavelength to the
photocurrent generation, the spectral responsdénti photon conversion efficiency
(IPCE) of the devices as a function of excitatioergy was measured (Figure 2.7). The
devices exhibit high external quantum efficienaesr 30% for the high MC12DPPa-
BT:PCBM blends. The shape of IPCE curves matchesatbsorption spectra of the
respective blends, which indicates light absorpti@ming the dominant factor for the
photocurrent. Similar results have been observed diketopyrrolopyrrole-based
polymer:PCBM blends spin-coated from chloroformusiohs® C12DPP&-BT:P3HT
devices maintain external quantum efficiency aroab&o over a broad spectral range
from 400 nm to 600nm, which indicates the high-ggespectral components contribute
more significantly to the IPCE. We hypothesize tmgsy indicate two polymers

contribute differently to the photocurrent in C12B®BT:P3HT device. Although both
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polymer can generate exciton, P3HT absorbs motieeirshorter wavelength region than
C12DPPz-BT. Pure P3HT has a closesr stacking distance (3.8 X)than C12DPRe-
BT (4.9 A) and shorter side chain, which may regulimore facile charge transport in
P3HT grairi’ and lead to a more significant contribution of A3tHan C12DPReBT to
photocurrent generation. The difference of chagg®mbination at different wavelength

region may also play a role here although the m@shais not quite clear.
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Figure 2.7. IPCE analysis: (a) IPCE of C12DRFBT:PCBM (weight ratio 1:2) thin film
solar cells for (red square) high,nd (blue square) low MC12DPP=a-BT. (b) IPCE of
C12DPPa-BT:P3HT (weight ratio 1:1) thin film solar cellsif (red circle) high M and

(blue circle) low M,C12DPP=-BT.

65



2.3.7 Space Charge Limited Current Measurements

For the photovoltaic application, C12DRfBT can function as either an electron
donor when mixed with PCBM or an electron acceptben blended with P3HT. To
further confirm the ambipolar transport properties C12DPPr-BT, the hole and
electron mobilities of the polymer were charactediby the space charge limited current
(SCLC) model, which is a commonly used tool by ¢eg the space charge limited
current through the semiconductor in the dark isaadwich structuré >° In order to
investigate hole transport through the device, higlork function electrodes
ITO/PEDOT:PSS and palladium (Pd) were used to bletdctron injection. These
electrodes form barriers to electron injection of &V with C12DPPe-BT. In contrast,
for the electron mobility analysis, Al and LiF/Alere used as hole-blocking contacts
with a hole injection barrier of 1.2 eV betweenywmér and the Al contact, and 1.9 eV
between polymer and the LiF/Al contact. The cunwsitage data are shown in Figure

2.8, fitted to the following equatiéh

J :ggg oo n €XP(0.89% \/i )\ﬁ 1
e(h) 8 0/7°0e(h g€h d ‘o°
where [en)is the zero-field electron/nole mobilitysen)is the field activation factor, V
is the applied potential and d is the thicknesshef active layer. gny andyoen) Were
evaluated by fitting the current-voltage charasters. At room temperature, a zero-field
hole mobility of 2.1x1d cn?/V's and electron mobility of 4.7xT0cn?/Vs were obtained
for the high M, C12DPP=&-BT only device. Similarly, a zero-field hole mobilityf

4.2x10° cnf/Vs and electron mobility of 2.5xT0cn/Vs were obtained for the low M
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polymer only device. This indicates good chargegpart for both electrons and holes
with the hole transport slightly better than thecgélon. Also, high M C12DPP=r-BT
exhibits higher charge carrier mobility than low, @12DPP=-BT in either hole or
electron.As a comparison, P3HT showed a hole mobility o&k20® cnf/Vs, which is

consistent with the literature reported value af@kcnf/Vs®?
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Figure 2.8. SCLC measurements: (a) hole mobility for high ®L2DPPz-BT only thin
films (red square), low M C12DPPr-BT only thin films (blue square), and P3HT
(orange square) ; (b) electron mobility for high M12DPP&-BT only thin films (filled

red square), low MC12DPP=-BT only thin films (filled blue square), and PCB(fllled

black square). Solid lines represent simulationltes
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2.3.8 Morphological characterization by AFM

In addition to the optical and electrical claesization, the surface morphology of the
blended films was also investigated by atomic fongieroscopy (AFM) to study the
structural difference between high and low, Molymer blends (Figure 2.9). The
morphology and phase images suggest that the hidhpolymer forms larger grains in
either blends with PCBM or blends with P3HT, redgcthe number of grain boundaries
that may trap charges, and hence provides morke fpathways for carrier transp8tt

which will effectively increase the short circuireent.

185

high M,, P:RGEM
3 P s
2um °

——

high M,, P:PCBM

2pm

Figure 2.9. AFM topography (upper) and phase (lower) imagasb) high M C12DPP-
n-BT:PCBM (weight ratio 1:2) (c, d) low MC12DPPr-BT:PCBM (weight ratio 1:2), (e,
f) high M, C12DPP=-BT:P3HT (weight ratio 1:1), and (g, h) low ,MC12DPPa-
BT:P3HT (weight ratio 1:1) with scan range (10um by pm). All samples were

annealed at 140°C for 20 minutes.
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2.3.9 Photovoltaic Perfor mance Discussion

To briefly summarize, higher Molymer displays higher efficiency for both C12DPP
n-BT:PCBM devices and C12DPRBT:P3HT devices than lower Mpolymer. The
major contributor is more efficient charge cartiensport, which is revealed by SCLC
measurements. And this enhancement on charge transgonsistent with AFM results
(larger grain size for high Mpolymer) and IPCE results (greater photocurrenegggion
for high M, polymer). Another factor is light absorption. INLZDPP#-BT:PCBM
blends, higher MC12DPPz-BT:PCBM absorbs further to the red as compared ieiv
M, C12DPPr-BT:PCBM mixture, which is reflected in a ~9% highpeak IPCE
efficiency and the red extended IPCE spectrum elsten

Overall, devices based on C12DRBT:PCBM exhibits higher efficiency than
C12DPP&-BT:P3HT devices, which is attributed to the moftecive charge transfer
between C12DPR-BT and PCBM, as suggested by the PL quenchingrampat.

It is interesting to point out that the C12DRBT:P3HT devices showed much higher
Voc (= 0.9 V) than C12DPR-BT:PCBM devices(~ 0.6 V), even though the built-in
potentials calculated from electrochemical measergmare the same (1.6 eV) for both
configurations. Although the reason for such défere is not exactly clear, in practice
the obtainable ¥ is always lower than the upper limit value deriviedm isolated
materials characteristics and thermodynamic coraiid®s because of electrode-active
layer and donor-acceptor interfacial energetics aowkradiative recombination losses.
Several possible reasons for the observed lower ttheoretical (maximum) ¥ (and the

difference between C12DPRBT:P3HT and C12DPR-BT:PCBM devices) include:
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(1) The HOMO and LUMO are determined by electro-cheimeathod, which may not
represent the precise energy levels when it i®iid $ilm as mixture. Measurement
influences of solvents, ions, and surface effestglectrochemical measurements,
which play an important role for band alignnf&nare hard to quantify when derive
the HOMO and LUMO value.

(2) Different interfacial dipoles may exist at the ©OEP«-BT:PCBM and C12DPR-
BT:P3HT interfaces, which can alter the effectiveu@mbic binding energy of the
exciton and therefore affect the\of solar cell&’. In addition, energy loss occurs
when the electron transferred from donor LUMO toepator LUMO. The loss is
estimated to be around 0.3 eV, empirically for pody:PCBM heterojunction solar
cells®. These factors might affect CL2DRABT:PCBM and C12DPR-BT:P3HT
differently.

(3) Non-Ohmic contact between active layer and eleesodill reduce the M. In
general, to maximize ) for heterojunction solar cells, Ohmic contacts are
preferred, imposing energy level alignment of tf@N4O level of the electron donor
with the Fermi level of the hole collecting PEDOS®ITO electrode and of the
LUMO level of the electron acceptor with the Fetael of the electron collecting
LiF/Al electrodé®. For the cathode side, a thin layer of LiF redutes work
function of Al from 4.2 eV to 3.5 eV aligning it with the LUMO levels for both
PCBM and C12DPR-BT and forming Ohmic contacts. However, for theode
side, the PEDOT:PSS electrode has a work functfof.10.2 e\?®. The contact

effects will limit the V,¢if the donor polymer has a HOMO level more negativ
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than -5.3 eV versus vaculimIn the case of C12DPRBT:PCBM devices, the
HOMO level of donor (C12DPR-BT) is -5.4 eV, which may form a non-Ohmic
contact at the interface and hence lower the W contrast, for the C12DPi-
BT:P3HT system, the donor polymer P3HT has a HOM@eIll around -5.1 eV,
which forms a suitable Ohmic contact with PEDOT:R&strode. Therefore energy
loss is reduced andoyreduction is lower than C12DP#BT:PCBM system.

(4) In addition, according to Shockley and Queissgraper, the maximum
thermodynamic ¥ value can only be reached in the absence of ndiatnee
recombinatioff’. In theory, the recombination mechanism will afféice highest

achievable V..

2.3.10 Recombination M echanism

Despite the uncertainty factors in electro-civain measurements and possible
interfacial interaction between active componewss hypothesize that thé’and the #
reasons mentioned above contributes to the obseliffedence of \{. between C12DPP-
n-BT:PCBM and C12DPR-BT:P3HT. To better understand charge generatioth an
recombination process{4eason in last section) in these systems and heeaeeffects
on device performance, the light intensity deperdewnf photoconductiviff was
characterized. Figure 2.10 shows the photocurrerdus relative intensity of 2.43 eV
(488 nm) excitation at different electric fields f@) high M, C12DPP=&-BT, (b) high M,
C12DPP&-BT:PCBM blends and (c) high MC12DPP=-BT:P3HT blends films. Fitting

the curves topixly” showed that the exponentfor the pure C12DPR-BT polymer
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sample is ~0.4, indicating a bimolecular natureemiombination that has a square-root
dependence on intensity. For C12DRBT:P3HT devices, the exponentremains at
~0.5; this is characteristic of bimolecular reconalbion, indicating the absence of deep
traps in the film. In contrast, after blending wRICBM, the mixed sample showed an
increase im to ~0.7. This reveals the existence of both bimdecrecombination and
monomolecular recombination, a competing process$ flas a linear dependence on
excitation intensity. The first-order recombinatikimetics suggest the presence of more
recombination centers in the C12DRIBT:PCBM mixture than in pure C12DP#BT
and in the C12DPR-BT:P3HT mixture, such as charge carrier trapshatinterface of
the two materiaf§. Such trap-assisted recombination would causé/thenmeasured in
C12DPPa-BT:PCBM devices to be lower than the value deduitech the difference
between acceptor LUMO and donor HOKfOand lower than that in C12DP#-
BT:P3HT devices. In addition, the existence of geartraps can increase the
recombination of electrons and holes thereby reduthie fill factor, which in turn limits

device efficienc§ "
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Figure 2.10. Intensity dependence of the photocurrent: (a) WMghC12DPPr-BT only

thin films (b) high M, C12DPP&-BT:PCBM blend thin films and (c) high MC12DPP-

n-BT:P3HT blend thin films at applied electric fisldf @) O (¢) 0.1(A) 0.2(V¥) 0.5(«)

1.0 (») 1.5 #) 2.0 (¢) 2.5x16 V/cm. (d) Power values), of the function de « lo" Vs

electric field for @) the high M, C12DPP=-BT only, (m) the high M, C12DPP=-

BT:PCBM blend and «) high M, C12DPP=-BT:P3HT blend. Laser: 488nm, 19.8A,

0.291W; intensity at the sample: 16.6Wfdor the largest intensity (Relative intensity=1)
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2.3.11 OLED application with C12DPP-z-BT

C12DPPr-BT has been demonstrated to operate as eitheteatrom donor or an
electron acceptor in the photovoltaic devices aodfiomed to have good hole and
electron transport properties by SCLC and stron@tgbminescence. Therefore,
C12DPP=-BT was expected to also be a promising candidat@ifganic/polymer light
emitting diodes. To test its potential for OLED, tave incorporated C12DRP#BT in a
single layer sandwich structure of ITO/PEDOT:PSQCRP«-BT/LiF/Al (Figure 2.11
(@), in which C12DPR-BT served as emissive and charge transport l&yaring
operation, a voltage was applied across the eldettoElectrons are injected into the
LUMO of C12DPP=-BT at cathode (Al/LiF) while holes are injectedarthe HOMO of
C12DPP=-BT through anode (ITO/PEDOT:PSS). Electrons arddare driven towards
each other by electrostatic Coulomb force. The gdhaecombination forms an exciton
and the decay of exciton (excited state) resuls ialaxation of the energy levels of the
electron accompanied by light emission. (Figurel2(t)) Without any optimization,
OLEDs based on the pure polymer exhibited goodirphehry results: the device
demonstrated high current density, bright red eimmsand low diode turned on voltage

(~ 3V). (Figure 2.11 (c-f))
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Figure 2.11. . (a) Schematic of C12DPERBT OLED device layout (b) Schematic of
energy diagram of active layer and electrodes, sigwelectron-hole recombination and
light emitting (c) photo of photoluminescence ugeitation by UV lamp (254 nm) (d)
photo of OLED device (e) photo of OLED device turen in operation in dark (f) I-V

Characterization of OLED devices with C12DP{BT

76



2.3.12 Polymer Field Effect Transistor Based on C12DPP-w-BT

In this section, charge transport charactesstind organic field effect transistor
(OFET) application of C12DPR-BT are discussed. Top contact bottom gate (TC-BG
configuration) OFETs were fabricated on heavily esilicon wafers with 250 nm
thermally grown Si@ which served as the gate electrode and gatectheldayer,
respectively. Self-assembled monolayers (SAMs) athaecyltrichlosilane (OTS) were
used for surface modification to increases surfa@rophobicity and improve molecular
order and mobilitf>. C12DPPz-BT was spin cast from solution as the semiconducto
layer followed by the vacuum deposition of sourad drain electrodes (Au).

Figure 2.12(a) illustrates the layout of polyrR&T devices. Figure 2.12 (b, ¢) shows
the representative transfer and output charadteyisif FET devices with different
molecular weights. All devices featured hole dortedatransfer behavior. The mobility
can be extracted from hole saturation regimes basdtie following equation, which is
originally developed for Si MOSFETSs.

Assuming mobility is gate voltage independent,the saturation regimes when

V6<V:<0 and V-V m> Vp, mobility can be estimated by the following eqaat?:
WC
lp = 2L,U (\/G _\/th)2 @

C 2L dyfl,
:ﬂ_W_C(W) (2)

where u is the charge-carrier effective mobility, W is tleeannel width, L is the
channel length, C is the gate oxide capacitanceipérreal; is gate-to-source voltage

andV;, is the threshold voltage, anslis source-drain current.
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The top-contact, bottom-gate (TC-BG) transstorwith C12DPPeBT
semiconducting channels exhibited field-effect haiebilities of 0.04+0.004 cfiv's®
for high M, polymer and 0.03+0.005 éw*s? for low M, polymer, showing a slightly
better transport for the higher,Nbolymer, which is consistent with the previous &CL
results of high hole mobility and better OPV penfi@ance for high M polymer. This
could be a result of smaller number of well defiegstalline domains and hence fewer
boundaries in the higher Mbolymer as suggested by AFM topography imagesgarg
2.9. Moreover, the higher Mpolymer offers longer chains for the charge catoeravel
along the polymer chain and reduced inter-chainplmap®. All devices showed a very
linear b -Vps characteristics at lower voltages for hole cuseiihis could be attributed
to two factors: 1) low contact resistance due wl#rge charge injection area under TC-
BG configuration compared to a bottom contact devi2) lower access resistance due to
gold electrode metal penetration into the polyrhér film”>.

It is important to understand the relationdbgbween channel dimension and device
property in organic FET in order to evaluate theemals and optimize devices. To this
end, the mobility dependence on the channel lemgih investigated by varying the
channel length while keeping the W/L ratio constaditst, we shall briefly discuss the
common short-channel effects, which can be appl®eards organic FETs using the

following equation&”

1 L
heet heet
RTotaI - Iajontact+ F20hanne|: F§Contac’: W+ F?Chanr:elw (3)

Assuming Ohmic relationship between current (1) totdl resistance (Ria),
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W
v v V)

RTotaI Sheet % l Sheet % L R Shesf E-i- R Sheet
L Channel

(4)

ontact W hannel W Contact

where R IS the total resistancescfRiactand Rnanneifepresent two resistance sources
from contact interface and channel material, andawd L represent channel width and
length, and WI/L ratio is a constant in all ourcgilh substrate based FET devices. The
sheet resistance is determined by materials pliepeend is a constant. The total
resistance (Ri) decreases with increasing channel W (or L) siRgginnellS coOnstant
with a fixed W/L and RontactiS inversely proportional to W (or L). Thereforeetcurrent
and mobility will typically decrease with decreagichannel width (length), which poses
a challenge for device scaling. However, oppositthé trend in amorphous Si FET<®
the hole mobility of polymer FET devices using CEEx-BT increased with decreasing
channel lengths. Two factors may contribute toabgerved inverse relationship between
mobility and channel length: 1) the intrinsic résmsce of polymers is high, which will
weaken the effect of contact resistance to somenexthen Ronadll iS considerably
small compared with &annelin equation 4. In addition, for organic FETs, shochannel
lengths may reduce the number of grains and graimdbaries, which in turn may
increase charge mobility®® 2) the increased drift mobility is positively celated with
increasing electric-field, which has been obselneshany organic materiafs A shorter
channel length increases the longitudinal eledteld when the applied voltagepy is
constant, therefore increasing the drift mobilitydathe measured hole mobility. The

statistics of device performance is summarizediguié 2.12(d,e). Here we noticed that
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all devices featured hole dominated transport biehawhich is contrary to what we
expect since C12DPRBT shows the ability to transport both electromsl dnoles in
solar cells, OLED and SCLC measurements. A fewaremasnight be attributed to the
absence of electron transport: 1) electron tragbetielectric-semiconductor, which is
common for organic semiconductor; 2) possible igéction barriers for electrons at the
metal-semiconductor interface; 3) anisotropic caiglity of the polymer may cause
different conductivity behavior in a vertical de®i¢solar cells and OLEDs, in which
current flows in a direction perpendicular to thbstrate) than in a lateral device (OFET,
in which current flows parallel to the substraté)rther optimization strategies, such as
using different Si surface treatment and applyindiféerent dielectric layer to avoid
electron traps and defects, modifying source amihdglectrodes to reduce the electron

injection barrier to improve the charge injectishall be investigated.
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Figure 2.12. (a) Schematic of polymer FET devices with top echtbottom gate
configuration, (b) transfer characteristicsp-Wg) (Vps: -100V) and (c) output
characteristics f+Vps) for high M, C12DPP&-BT (red line) and low M C12DPP&-BT
(blue line) in the hole accumulation regimes. Clghength is 60 pm and channel width
is 1200 um for silicon substrate devices. (d-e)eHaiobility dependence on channel
width for (d) high M, C12DPP&-BT and (e) low M C12DPP&-BT polymer FET. (W/L

is fixed at 20.)
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2.3.13 Organic Field Effect Transistor Based on C12DPP-z-BT/PCBM blends

Charge transport is a key factor for tuning tia@sfer characteristics of transistors. In
addition, FET mobility measurements will provideefid information regarding the
electron and hole transport which assists the desiglonor and acceptor with balanced
charge transport to improve the efficiency of satalls. To that end, FETs based on
C12DPP=-BT and PCBM blends have been fabricated and ctearaed to study charge
carrier transport. The devices were fabricatedofulhg the same procedure as pure
polymer FET devices. Different blends ratios hagerbused to explore the dependence
of hole/electron current under these fabricationditions. As discussed previously, the
pure polymer indicated hole dominated transfer atiaeristics. After blending with
PCBM, electron injection was significantly improveéedcause the LUMO of PCBM is
closer to the work function of Au. As a result, tbmanic FET device based on the
blends (C12DPR-BT:PCBM 1:2 weight ratio) demonstrates ambipol&TFproperties
as shown in Figure 2.13 (a). Previously, we hawwshp-channel FET devices based on
the pure C12DPR-BT polymer. It is worth mentioning that, after bténg with PCBM,
not only has the electron current increased sicpnifily, but the hole mobility has also
been enhanced from 0.04 di's® to 0.08-0.09 ciV's'. Regarding this interesting
phenomena, we have three hypotheses: 1) the additi®CBM could improve inter-
chain interaction of C12DPRBT polymer. For the pure polymer, inter-chain sport
is impeded by the high potential barrier betweeight®ring polymers caused by high
energy insulating dodecyl side chains. After inteing, the flexible long side chain
allows the proximity of PCBM to the polymer backleorAnd the inserted PCBM can

effectively reduce the potential barrier becausethef relatively close HOMO levels
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between C12DPR-BT and PCBM, thereby facilitating charge tunnelimighin polymer
network and increasing hole mobility. This hypoteas consistent with the increased
molecular packing we observed in XRD experiment Siection 2.3.4 XRD pattern
indicates a reducesl-t stacking distance between polymer backbones frémAdfor
pure C12DPP=BT to 4.6 A for C12DPRe-BT:PCBM). 2) the second possible
mechanism is that C12DPRBT and PCBM could form a new electronic state such as
charge-transfer compl& which can transfer both electrons and holes mifreiently
than pristine C12DPR-BT. 3) it is possible that PCBM blending changed thiymper
grain structure, which could lead to reduced gsares and grain boundaries and hence
better charge transport.

We further increased the weight ratio of PCB®L2DPPz-BT:PCBM 1:4 weight
ratio) in the blend and observed that the devi@ngkd from behaving as an ambipolar
transistor (C12DPR-BT:PCBM 1:4 weight ratio) to an n-channel FET aev{electron
dominated transport). We propose that, with toohhegncentration of PCBM, it is
possible that the continuity of polymer networlbreken, leading to rapidly deteriorating
hole transport. The typical electron mobilities éves across all devices, which is an
indication of a large number of electron trapshat surface and/or in the bulk caused by
impurities and defects. Figure 2.13 exhibits outghdracteristics in the electron regime
for n-channel FET device based on the polymer:PQi&hds (ratio 1:4) and output
characteristics in both the electron (Figure 2.X3) (@and hole (Figure 2.13 (d))

accumulation regimes for ambipolar FETs based endd (ratio 1:2).
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In conclusion, by adjusting the PCBM ratio td2DPP&-BT (0:1, 2:1, 4:1), we
successfully altered the nature of FET device fpohannel to ambipolar to n-channel
conducting. The transfer characteristics could p®wseful information to balance
electron-hole transport and optimize photovoltagvides. In addition, the preliminary
results of C12DPR—BT:PCBM blends have demonstrated the ability and niatefor
ambipolar OFET devices, which serve as the elenfentsrganic complementary circuit

technology.
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Figure 2.13. Characterization of FET devices with C12DRBT:PCBM blend. (a)

transfer characteristics (C12DRFBT:PCBM weight ratiol:2, 1:4) (b) output
characteristics in electron regime for blends (CRP&R-BT:PCBM ratio 1:4); (c) output
characteristics in electron and (d) hole accumutatiegimes for blends (C12DR-
BT:PCBM ratio 1:2). All devices are fabricated wighme procedure and channel width

to length ratio of 20.
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2.4 Conclusion

In conclusion, we report the synthesis, charaction, and implementation of a new
diketopyrrolopyrrole-based polymer with energy levdocated between those of
commonly used electron donor and electron acceptaterials. Unlike previously
reported diketopyrrolopyrrole-based polymers andlsmolecules which have only been
used as either the electron donor or acceptor MD®Re show that C12DPRBT can
function as either an electron donor or electroreptor in solution-processable organic
photovoltaics. A moderate power conversion efficienf 1.67% was achieved with the
high M, C12DPP=-BT polymer:PCBM blend devices and 0.84% with higi\,
C12DPPa-BT polymer:P3HT blend devices. SCLC measurememts§iren both electron
and hole transport in the C12DRMBT copolymer. We have demonstrated that C12DPP-
n-BT polymer with higher M gives rise to increased photon generation andecarr
transport and therefore higheg, Mo, and overall OPV efficiency. Comparing C12DPP-
n-BT:PCBM and C12DPR-BT:P3HT devices, which are characterized by thmesa
built-in potential from electrochemical calculatina higher {, but smaller V. is
obtained for C12DPR-BT:PCBM devices. The higherylin C12DPPr-BT:PCBM
devices is believed to originate from ultrafasticeént charge transfer and more balanced
electron and hole transport, while thg. Vs limited by trap-assisted recombination and
interfacial contact losses. In contrast, the C12@aM¥:P3HT system achieves higher
Voo, Yet suffers from lowersd due to possible limitation in charge transfer leiredl by
long alkyl chain, which increases the intermolecuastance and prevents the closer

contact of two polymers. The rational design of @eacceptor copolymers can provide
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organic photovoltaic materials with large builtypotentials and balanced electron and
hole transport, promising efficient OPVs. The pofynibased FET exhibited good hole
current. And after further mixing with PCBM, theebds based FET demonstrated
ambipolar transport characteristics with high hatbility and improved electron
transport. We successfully altered the nature of B&vice from p-channel to ambipolar
to n-channel conducting by adjusting the weightiorabf PCBM. The transfer
characteristics could assist photovoltaic devicesigh. In addition, the preliminary
results of C12DPR—BT:PCBM blends indicate its ability and potential fmbipolar
OFET devices.

Further optimization of materials design andcessing, such as shorter, yet
solubilizing, branched side chains, investigatidnsolvents and annealing effects to
increase charge transfer in polymer-polymer bleadd improving morphologies to
reduce carrier trapping in polymer-PCBM blendsciigical to further increase device
efficiencies. Finally, the strong photoluminescenoel ambipolar nature of C12DRP-
BT make it a promising candidate for organic ligimhitting diode and organic light

emitting transistor applications.
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Chapter 3

Study of Organic-Inorganic Hybrid Solar Cells Based on P3HT and
PbSe Nanocrystal
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3.1 Introduction to Organic-lnorganic Hybrid Solar Cells

Organic-inorganic hybrid bulk heterojunctioriasccells are considered to be one the
most promising candidates for the development gh hefficiency photovoltaic devices
and have received extensive attention recentlyusectheir solution processability and
their excellent flexibility to chemically modify éhoptical and electrical properties of
both organic and inorganic componéfits For the inorganic component, colloidal
semiconductor nanocrystals offer quantum confingraad therefore tunable properties.
They have been incorporated into hybrid devicethaslectron acceptor in conjunction
with p-type semiconducting polymérd ead selenide (PbSe) nanocrystals have attracted
increasing interests because they extend the polipb®e composite's absorption into
infrared to harvest a large fraction of solar rédrain the long wavelength regibfi In
addition, recent studies suggested that PbSe radytétemultiple exciton generation from
absorption of a single photon and yield more th@@% in internal quantum efficienty
1 However, the reported photovoltaic devices pemtice based on PbSe and
commonly used polymers Poly (3-hexylthiophene-2ybrdP3HT) or Poly [2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPY poor despite the fact that
PbSe has extended NIR absorption and demonstrated guobility in the transistor
geometry” 12 Bulk heterojunction hybrid photovoltaic deviceghwPbSe and P3HT
blends have only demonstrated less than 0.1% d\eratgy conversion efficienéy. In
contrast, photovoltaic devices with similar struetwsing P3HT and CdSe nanocrystals
blends achieved power conversion efficiencies gh lais 294> The poor photovoltaic

performance of PbSe in bulk heterojunction devisesounterintuitive to its excellent

optical and opto-electrical property.
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The morphology control of nanocrystals has beeven critical to the success of
high efficiency solar cells. Huyuh et al. reportadsubstantial enhancement of the
efficiency of CdSe nanocrystals hybrid solar cell teplacing CdSe quasi-spherical
quantum dots with elongated nanorods and achieveceficiency of 1.7% The
processing conditions also significantly influertbe device performance. Yang et al.
reported improved device performance by using hidiwling point solvents to slow
down the solidification time of wet films to alloR3HT self-assembly, hence improved
the hole mobility and device efficiency

To summarize, the motivations of our reseamchiihe PbSe-P3HT solar cell system
include: 1) PbSe has extended absorption into NdBon which will increase the
utilization of photon energy. The energy in NIR weaasted in many solar cell systems,
including those shown excellent efficiency suciP&HT/PCBM and P3HT/CdSe; 2) we
have deep expertise and previous research experiamcthe synthesis of lead
chalcogenide nanocrystals and nanowires; 3) theched (spiny) nanowires may
provide the ideal structure for hybrid solar cellfie spiny surface provides high p-n
surface area for charge separation and the longgreare of the nanowires (the tunnel)
offers efficient percolation pathways for electtoansfer.

PbSe nanocrystals and nanowires were expeatbd very promising candidates for
hybrid solar cells. Successful BHJ architecturaunes the donor and acceptor materials
to be tailored to provide: 1) strong and broad ghitgmn of solar radiation, 2) a staggered
energy level structure (type-ll heterojunction) trive charge separation at the
donor/acceptor interface, and 3) high hole andtelecmobilities for efficient charge

collection. The scopes of this study include 1)tkgnis of PbSe nanocrystals and PbSe
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nanowires with tunable shapes by tailoring the treaccondition, 2) incorporation and
optimization of this near-IR sensitive electrongmor material with P3HT for the hybrid
solar cell fabrication, and 3) exploration of theersyy conversion mechanism in this

system.

3.2 Experimental Section
3.21 Materials
All experiments were performed under nitrogegmasphere by standard Schlenk
techniques. Lead acetate trihydrate (Aldrich, 9999 lead (II) oxide (PbO, Aldrich,
99.9%), selenium pellets(<4 mm, 99.99%), trioglybsphine (TOP, Fluka, 90%), oleic
acid (OA, Aldrich, 90%), diphenyl ether (DPE, Alchi99.9%) squalane (Aldrich, 99%),
1-octadecene(ODE, Aldrich, 90%), Octanoic Acid (AdH, 99%), hexadecylamine
(HDA, Aldrich, 98%), n-tetradecylphosphonic aciddfA, Aldrich, 97%) were used as
purchased without further purification. Common soits, like anhydrous hexane,
chloroform, methanol, ethanol, acetone, toluendgrobenzene, and dichlorobenzene,
are purchased from Aldrich, TCI and Fisher Scientif
3.2.2 Synthesis of PbSe Nanocrystals and Nanowires with Shape Control
All syntheses were carried out with standard aeftechnique (Schlenk line). The
following purification and size selection processese performed in a nitrogen-purged
glovebox. The synthesis of mono-dispersed PbSecangstals and nanowires was carried
out via hot-injection method developed by Cho andrsly*> with some modifications.

l. Synthesis conditions were adjusted to contreldize and shape of PbSe nanocrystals.
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1. The typical synthesis routes for quasi-spheritabe nanocrystals consisted of the
following steps:

1) Preparation of selenium precursor: 7.86g Setaniere dissolved in 100mL
trioctyl phosphine (TOP) at 50 °C over 3 hoursdesthe glovebox to prepare 1M
stock solution of trioctylphosphine selenide (TORSe

Preparation of lead precursor: 0.56g lead acetégdtate were dissolved into 10
mL squalane in the presence of 1mL oleic acid.rAlgvely, lead oxide (PbO) can
be used to substitute lead acetate trinydrate gitedyl ether (DPE) can substitute
squalane. This stock solution was heated to 85¢C3@oninutes to 1 hour under
vacuum (<1G mbar) to dry the solution.

2) Lead precursor solution was heated to 180°€€ 4B mL of 1 M solution of
TOPSe in TOP were rapidly injected under vigorousrisg. The injection
temperature and growth time can be adjusted tora@lotiite size of the nanocrystals.
The total growth time was usually 3-10 minutes.

3) After the desired size is achieved, the reactvas then quenched using a cold
water bath. The crude product was purified and re¢gad by adding a small volume
of hexane and ethanol, followed by centrifugatiowl aissolution of the precipitate
in hexane. Further purification and size selectibthe product can be achieved by
several redissolving-centrifuging cycles in hexatbanol and acetone solution.

2. Synthesis of cubic PbSe nanocrystals
0.449g lead oxide and 2mL oleic acid were addetdD mL diphenyl ether and heated
to 85°C for 30 min under vacuum. After cooling ©°6, lead oleate solution was mixed

with 4mL 1M TOPSe in TOP. Approx. 70% of this sadat was swiftly injected into
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8mL of diphenyl ether which had been pre-heate20@’C. Quenching and purification
processes were similar as above.
3. Synthesis of star shape PbSe nanocrystals
0.44g lead oxide and 2mL oleic acid were addedOtonlL octadecene and heated to
85°C for 30 min under vacuum. After cooling to 609€ad oleate solution was mixed
with 4mL 1M TOPSe in TOP. Approx. 50% of this sabat was swiftly injected into a
mixed solution of 0.8mL of octanoic acid and 8miamzcene which had been pre-heated
to 200°C. Quenching and purification processes wendar as above.
Il. Synthesis of PbSe nanowires with shape control
1. Synthesis of zig-zag and helical PbSe nareswi
0.44 g of lead oxide and 2mL of oleic acid wdigsolved in 10mL of phenyl ether
and heated to 85°C for 30 min under vacuum to ftgad oleate and dry the solution.
After cooling to 60 °C, the lead oleate solutionswaixed with 4mL of 0.167 M TOPSe
solution in TOP. Then the mixture was rapidly inget into a hot (240 °C) solution
containing 8mL of phenyl ether and 1-2g dissolvezkaidecylamine (HDA), under
vigorous stirring.
2. Synthesis of undulated, star shape andybtraiires
Similar as the synthesis of zig-zag and hellabe nanowires, the same amounts of
Pb:Se precursors and oleic acid were used with fiyindithe co-surfactants to control
the shape of the nanowires. No co-surfactants weded to the reaction mixture in the
case of undulated nanowires. 0.8mL octanoic acid added to 8mL phenyl ether to
synthesize star shape branched nanowires. 0.ligagdeylphosphonic acid (TDPA) was

added to 8mL phenyl ether to synthesize straighowaes.
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3.2.3 Direct Synthesis of PbSe Nanocrystalsin P3HT Solution
The lead precursor was prepared by dissolving 100md &etate trihydrate and

10mg P3HT in either 5.5mL 1-octadecene (ODE) amthldrobenzene (DCB) mixture
(20:1 volume ratio) or 12mL dimethylsulphoxide (DEpand DCB mixture at 1:2
volume ratios. In a second flask, a selenium pssou(lM) was prepared by dissolving
selenium powder in TOP. Both solutions were he&bedl h at 180°C under vigorous
stirring. Then, 0.8mL of the selenium precursor wasdly injected and left to react for 3
minutes at 150°C and finally quenched by ice/whtgh.

3.2.4 Characterization

Cyclic voltammograms were obtained employinthr@e electrode C3 cell stand and
Epsilon electrochemical workstation. To prepare sheple for measurements, a PbSe
nanocrystal solution was drop cast onto a platirelectrode and dried in the vacuum
chamber. For ligand exchanged samples, the electuiith a PbSe nanocrystal film was
first immersed in the ligand (short thiols, hydreziand pyridine) containing acetonitrile
solution for various times (10min — 2h) and thensed with acetonitrile before the
measurements. Concentrations used (in  1mL acetepitr ethane-1,2-thiol
(0.128.L/2mL), thiophenol (1.0g2L/1mL), ethanedithiol (0.84L/1mL), benzene-1,4-
dithiol (4.98mg/1mL), hydrazine (§d/1mL). For pyridine, pure pyridine was used
without dilution with acetonitrile.

Absorption spectra were measured using a Vai@ary 5000 UV-Vis-NIR
spectrophotometer. Photoluminescence (PL) spectn@ \wmeasured on a Fluorolog 3
spectrofluorometer (HORIBA Jobin Yvon, Ltd.) upomxc#ation at 550 nm. TEM

(Transmission electron microscopy) images wereiobtausing a JEM-1400 at 120kV.
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Sample preparation for XRD measurement. SySS0Gbstrate was prepared as in
Chapter 2. 50 pL of as-synthesized PbSe were daspfoom chloroform on the pre-
cleaned silicon wafers and allowed to dry. XRD wpegformed using monochromatic
CuKa beam radiation (wavelength: 0.154 nm) from a Rig8knartLab at 40 kV and 30

maA.

3.2.5 Device Fabrication and Characterization
P3HT/PbSe blend hybrid solar cells were falbeidaon ITO coated glass substrates.
The cleaning and PEDOT:PSS deposition was simdatescribed in Chapter 2. For the
active layer, a) P3HT:PbSe mixture in chloroforror(@/mL, approx. weight ratio: 1:2)
or b) P3HT in chloroform (10mg/mL) or c) P3HT:PCBMixture in chlorobenzene
(17mg/mL, weight ratio: 1:1) were typically used tbe active layer. The blend solution
was deposited by spin-coating on top of the PEDS%.Payer at 1500 rpm for one
minute and then annealed at 140 °C for 20 min aisdi dinder vacuum.
Current-voltage characteristics of the phottaiolcells were acquired using a Keithley
2400 source-meter under the illumination of AM 1.8@ar simulated light (1 sun, 100

mW/cnf) in air or in the nitrogen box.

3.3 Resultsand Discussion
3.3.1 Synthesis of PbSe Nanocrystals and Nanowires with Shape Control
To prepare materials for hybrid solar cells, napsi@s and nanowires were
synthesized via hot injection methods. The designamocrystal synthesis follows the
mechanism for the formation of nanocrystals fromh@mogeneous, supersaturated
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medium proposed by La Mer and cowork&rés shown in Figure 3.1, this mechanism
suggests a 2-stage process, involving a nucleptoiod and a growth period. At th& 1
stage, a quick injection of TOPSe (trioctylphosghselenide) into the lead precursor
solution at high temperature increases the monaar@entration rapidly, resulting in an
abrupt super-saturation of PbSe monomer for a peebd. A quick burst of nucleation
event occurs with the formation of a large numlenweclei. This process consumes the
monomer reactants quickly and lowers the conceatrdtelow the nucleation level. Then
it enters the ' stage - growth regime, which allows the nanoctystagrow further at a
slow rate. Separation and controlling of the growd#gime by adjusting reagent
concentration, growth temperature and growth timee essential to achieve a narrow
distribution and high monodispersity of the finafoguct. At the growth stage,
nanocrystals grow at a rate that is inversely priogmal to the nanocrystal siZe
Therefore smaller nanocrystals grow faster thanldhger nanocrystals, narrowing the
size distribution. When the reactant concentratiorese depleted below the critical
monomer concentration { Ostwald ripening occut® *° Larger nanocrystals grow and
smaller nanocrystals dissolve, widening particlee sdistributions. To minimize this
defocusing effect, the concentration of monomedséde be kept above.®y controlling
reaction time, and/or supplying additional precunsben the monomer concentration is
too low in order to achieve the desired size wittfoaused distributiod. In the
experiments, aliquots were taken during the reactod size and dispersity were
checked with TEM to determine the optimal growthdi A second drop-wise injection

during the growth stage was also used to narrowgitteedistribution when necessary.
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Figure 3.1. Schematic diagram illustrating synthesis of naysted in colloid solution

via hot injection method, showing the nucleatiod growth region.

The synthesis of PbSe is based on the reactiorebetiwo precursors, lead oleate and
trioctylphosphine-selenium, in the presence of fohgin surfactants. The oleic acid and
the trioctylphosphine (TOP) are bound to the mé¢Ri)) and the chalcogenide (Se),
respectively, to form the two precursors. Surfaitaontrol the reaction rate and prevent
aggregation between nanocrystals during reactiond atables the synthesized
nanocrystals. Shape control of nanocrystal waseaeli mainly through the adjustment
of reaction temperature, growth time and surfact8hape-transition of nanocrystal from
qguasi-spherical to octahedrons to cubic occurs withheasing nanocrystal diameter as
has been reportéd.? The macroscopic PbSe has a cubic, rocksalt-typetate due to
the lower surface energy of {100} facets than highmelex {111} plane$'. However,

total stabilizing lattice energy is lower in thellbthan that on the surface because of the
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high energy edges and corners. The balance bettieeforce of maximizing {100}
facets and the force of reducing edges and colerads to the evolution of shapes of
PbSe. It is predicted that when the size is sniadl,nanocrystals tend to exhibit quasi-
spherical shape to minimize the surface:volumer#s the size increases, it will favor
the formation of cubic structure to maximize {10f3}cets. The TEM image shown in
Figure 3.2(a,b) confirmed this theory. For the slaape nanocrystals, shown in Figure
3.2(c), octanoic acid has been used as a co-samfawtith oleic acid. The star shape
product is the result of faster growth of {100} é&ks than {111} facets. This may be
attributed to blocking of {111} facets by octanacid, which decreases the growth rate
along this direction. This mechanism was initigtlsoposed by Cho et al., who used
primary amines to assist the formation of star sh&bSe nanocrystdl. PbSe
nanocrystals with different sizes (quasi-spherida#ve also been synthesized and
characterized. The absorption spectra of PbSe ngstatin Figure 3.2(f) indicate strong
guantum confinements. The quantum confined opticaperty provides a convenient
way to tune the absorption of nanocrystal to mazénthe overlap with the solar
spectrum. And the absorption in the red/infraregiae compensates the absorption of
widely used polymer, for example P3HT and MEH-PRYhich only absorbs in the

visible range, in the hybrid solar cell.
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Figure 3.2. TEM images of PbSe NCs with different shapes (axsgspherical
nanocrystals, (b) cubic nanocrystals and (c) skepe nanocrystals; (d) Schematic
illustration of synthesis of nanocrystal in solatiovia hot injection; (e) Photo of
N2/vacuum Schlenk line for air sensitive synthed; Size dependent UV-Vis
absorption spectra of PbSe nanocrystals, red siftiith increasing nanocrystals sizes
due to quantum confinement effects (approx. narstalysize: 3.6nm, 5.4nm, 7.6nm,

from bottom to top) Scale bar: (a) 20nm (b) 50nr2@OnNm

PbSe nanowires with different shape and moggyhave also been synthesized.
During the synthesis, surfactants, reaction tentpe¥a growth time, Pb:Se ratio and
concentration all played important roles in thepghaontrol of nanowires. A number of
nanowires with different shapes and reaction caombt are shown in Figure 3.3. The

mechanism for the formation of final elongated prd can be explained using the
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hypothesis of dipole moment induced oriented attasit of nanocrystaly which
suggests the dipolar interaction of nanocrystalvigles the driving force for the
nanocrystals to attach to each other in a spatifection. Taking branched nanowires for
example, it first formed star shape PbSe nanodrysth the assistance of co-surfactant
as described in the last paragraph. PbSe nandesrysta believed to possess a dipole
moment because they lack central symmetry due n@ardrosymmetric distribution of
Pb and Se terminated {111} facEtsThe dipolar interaction will then drive the aligent
and assembly of nanocrystals along its directiodeurhigh growth temperature. TEM
images presented in Figure 3.3 confirmed this Hygs. In Figure 3.3(b), which was at
the earlier stage of nanowires formation, the stape nanocrystals started to attach
along <100> crystallographic direction, and forrmaghorods and short nanowires. As the
chaining process continued, the majority of nanstalg would attach to each other,
forming long branched nanowires. (Figure 3.3(e))

So far, through adjusting co-surfactant, reastaatio/concentration and reaction
temperature and growth time, PbSe NCs with exceli@mability in size and NWs in
different shapes has been synthesized. The ngxtsteld be exploration of this material

in solar cell applications.
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Figure 3.3. TEM image of (a) Chaining process begins with gspkerical nanocrystal
as building blocks (b) Chaining process of stampghaanocrystal as building blocks (c)
Undulated nanowires (d) Zigzag/Helical nanowires Reanched nanowires (f) Straight
nanowires. Inset shows a zoom-in view of the naresvi(co-surfactants used for each
shape: undulated (no co-surfactant); zig-zag/heligeexadecylamine); star shape
branched (octanoic acid); straight (n-tetradecy$pimnic acid); Scale bar: (a) 200nm (b)

100nm (c) 50nm (d) 100nm (e) 100nm (f) 500 nm
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3.3.2 Current-Voltage Characterization and Photovoltaic Performance

Comparison

Bulk heterojunction solar cells were fabricateud characterized with the device
structure of ITO/PEDOT:PSS/P3HT:PbSe/LiF/Al. A thayer of LiF (1nm) was used to
reduce the work function of Al from 4.2 eV to 3.9? to facilitate electron injection.
The PEDOT:PSS serves as hole transport layer aondthes the surface between ITO
and active layér ** Figure 3.4(a) shows the |-V curves of the devilmesP3HT:PbSe
blends with the typical photovoltaic performancée3e devices demonstrated a low
power conversion efficiency of 0.01-0.08% witg df 0.2-0.8 mA/cr V. of 0.25-0.35
V and FF of 0.25-0.38. This result is consistenthwhe performance of P3HT:PbSe
based solar cells published by other research@rsThe variation of devices’
characteristics arises from several factors: 1)ityuaf PbSe nanocrystals varies. Due to
the nature of wet-synthesis, the nanocrystals fbfierent batches exhibited a small
difference in size and concentration; 2) stock dom of PbSe nanocrystals solution.
PbSe nanocrystals are sensitive to oxygen and mayxidlized with ambient air contact,
which in turn leads to the formation of lead oxi@esl the loss of ligands and Pb atoms
and therefore reduces the size of the nanocrystafs Surface oxygen can also
potentially p-dope the PbSe nanocrystals to swikeh polarity of nanocrystd$§ (3)
variations in the mixing and processing conditidndevice fabrication. TEM image
(Figure 3.4(b)) was used to indicate the dispexsitybSe nanocrystals in P3HT polymer
matrix as in the film. PbSe formed superlattice agdregation in small areas and may

cause microscopic non-uniformity in the electrigadperties across the interface.
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Based on the poor energy conversion efficiencyciwiwas lower than 0.1%, we
hypothesized that sufficient charge separation nwyexist between P3HT and PbSe, in
which case a solar cell with P3HT alone as thevaataterial will display a similar
efficiency. To investigate the role of P3HT and Bh®&nocrystals, control devices of
P3HT, PbSe, and P3HT/PCBM have been fabricatedsardied. Schottky solar cells
were fabricated with the device structure of ITOIRH:PSS/P3HT/LIF/AL In this
configuration, the charge separation mainly ocairshe interface between P3HT and
metal electrode (Al). The P3HT devices demonstratgawer conversion efficiency of
0.04% with L. of 0.4 mA/cnf and Vi of 0.3 V, and FF 0.35, which is in a comparable
range with the performance of P3HT/PbSe heterojomcsolar cells. These results
indicate that PbSe nanocrystals may not provideedpected function as n-type material
to introduce charge separation at the interfacerdt P3HT and PbSe, while the charge
separation occurs predominantly at the interfacevéen P3HT and LiF/Al. PbSe
Schottky solar cells have also been fabricated. ¢l@n the devices exhibited poor
performance and shortcuts because of the rouglacgunin these early devices. To
understand and compare an n-type material, PbSenetal was replaced with PCBM
as the electron acceptor and solar cells based3siT Rnd PCBM blends with same
device layout were fabricated. PCBM is an excellsalution processable electron
acceptor, with high electron affinity to supporfi@ént charge separation at the p-n

heterojunctiof®

Current-voltage characterization demonstrated igh hpower
conversion efficiency of 2.9% with Isc of 13.9 mAf Voc of 0.46 V and FF of 0.45 as
shown in Figure 3.4(d). The efficiency is nearlyotarder of magnitude higher than that

of P3HT:PbSe solar cells (0.01-0.08%). The largergpancy between P3HT:PbSe and
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P3HT:PCBM performance as bulk heterojunction sokdls and the similarity between
P3HT:PbSe and P3HT performance provide the firgtezxe of the absence of charge
separation between P3HT and PbSe. And we conchale for the PbSe NCs with
specific size range we used (4-10 nm in diameteBHT:PbSe devices essentially

function as single layer Schottky solar cells, eatthan the expected heterojunction solar

cells.
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Figure 3.4. (a) Representative current-voltage characterisiic®3HT:PbSe (red-blue
shows device performance variation) hybrid soldlsag) TEM image of P3HT:PbSe
nano-composites, which represents the blends f6iTH&Se solar cell (¢) Current-

voltage characteristics of P3HT Schottky solarsc@dl) Current-voltage characteristics of
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P3HT:PCBM bulk heterojunction solar cells. All dess were tested under the
illumination of AM 1.5G, 100 mW/cf

3.3.3 Optical Study

To investigate whether there is photoinduced chaegesfer between PbSe quantum
dots and P3HT, photoluminescence (PL) quencfliexperiments were employed. P3HT
has a strong spontaneous emission in the red regiom optical excitation. When in
proximity to another acceptor material, a depletayer will form at the interface, and
therefore charge transfer will lead to the decréaslee intensity of PL signal. In
addition, if the acceptor material has smaller lgmpdand the absorption spectrum of the
acceptor material overlaps with the emission spetf the donor material, energy
transfer could occur, resulting in the decreasth@fntensity of PL signal. The donor-
acceptor interfaces between 1) P3HT and PbSe aR@HJ and PCBM were compared.
In Figure 3.5(b), the PL spectra of the P3HT filnda blend of P3HT and PCBM film
showed that the PL of P3HT is quenched by neadg 8hen mixed with PCBM,
compared with that of a pristine P3HT film. Thiglicates effective charge transfer
between the two components, which is consistert prig¢vious current-voltage
characterization results of high efficiency soleli< In contrast, in Figure 3.5(d), the PL
spectra of P3HT and the P3HT:PbSe blended film#/sidy 10-20% quenching in the
PL signal. This small reduction more likely resdftsm 1) absorption or scattering by
PbSe and/or 2) the slight difference in film thieks (absorption peak of P3HT is slightly
higher than that of P3HT:PbSe blend film (Figur&(®)). The lack of PL quenching
indicates the absence of both energy and chargsféra We believe that there are two

main factors which attribute to the lack of PL qcig@ing and poor solar cell performance:
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1) long oleate capping ligands around the PbSeangsials surface may serve as an
electrical insulating layer between PbSe and P3Energy level alignment of P3HT
and PbSe may not be suitable to form a type-Ilirbgtaction for the efficient
photoinduced charge separation at the interfacth ators have been investigated and

will be discussed in the next two sections.
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Figure 3.5. (a) Schematic diagrams showing the photoluminesceuenching process.
(b) Photoluminescence spectrum, showing photoluseerce of pristine P3HT thin film
is significantly quenched in the presence of PCBiY1 YV-Vis absorption spectra of
P3HT and P3HT:PbSe film (d) Photoluminescence spectshowing no significantly

guenching in the presence of PbSe.
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3.3.4 Direct Synthesis of PbSe Nanocrystalsin P3HT and Photovoltaic Application

To minimize the insulating effect of oleate fagtant, oleic acid free synthesis has
been developed. The long oleate capping ligandsndrohe PbSe nanocrystals surface
may hinder charge transfer between the polymerreambcrystals and cause the poor
device performance. A novel method of synthesiBb&e NCs/NWs using P3HT as the
surfactant instead of oleic acid has been expldrethis synthesis, the electron donating
sulfur of P3HT is anticipated to bind to Pb, forguia similar structure as lead oleate
precursor. During the reaction, its long hexyl sateins will provide necessary steric
hindrance to stabilize nanocrystal, aid growth anelvent large scale phase separation
and precipitation. The as-synthesized PbSe:P3HB-namposites can be readily used
for solar cell fabrication without further treatmen

As the TEM image shown in Figure 3.6 (a), Pbi&xs elongated dots/short rods was
obtained from synthesis with dimethylsulphoxide (B®) and dichlorobenzene (DCB)
as co-solvents. And interestingly, the samples whbrt rods grow into microns long
nanowires at room temperature after sitting foh24rs in the glovebox (Figure 3.6(b)).
As a comparison, PbSe synthesized with oleic aitypically stable over weeks. The
shape evolution is believed to result from dipoheluced oriented attachment and
colloidal self-assembly of the PbSe nanocrystalsth weaker binding P3HT surfactant.
Since DMSO is a coordinating solvent and P3HT rasdgsolubility in dichlorobenzene,
it is possible that the bound P3HT surface ligaadsgradually released from the PbSe
surface, promoting the growth of nanowires. Stamsilake shape PbSe nanocrystals

were obtained from synthesis with 1-octadecenegh hoiling point non-coordinating
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solvent. The difference in nanocrystal shape andohaogy could be attributed to

different coordinating properti*? and2) different polarity of two solvent syste®?.

Figure 3.6. TEM image of (a) e-synthesized PbSe nanocrystals with P3HTa

surfactant and ananhydrous solution of dimethylsulphoxide (DMSO)
dichlorobenzene (DCB) (1:2 volume ratio) the reaction solvent (b) sampla after
sitting in the glovebox for 24 hours (c) oleic acid (OAyppad PbSe nanocryss (d)
samplec after sittingin the glovebox for 20 days (e,f)-synthesized PbSe nanocryst

with P3HT as reaction surfacteusing the high boiling point solvent;dctadecene(ODE)
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as the reaction solvent. Scale bar: (a) 50nm (BN&0(c) 50nm (d) 50nm (e) 50nm (f)

20nm

Figure 3.7(a) shows X-ray diffraction (XRD) datof as-synthesized PbSe
nanocrystal-P3HT composite (DMSO:DCB as solventg] atandard pattern for bulk
PbSe structure (JCPDS card no. 6-0354). The st(@@@) diffraction peak intensity
around @ = 5.4° and the higher order (200) diffraction paal® = 10.8° indicates good
semi-crystallinity for P3HT. The other 3 intensedasharp diffraction peaks can be
assigned to (111), (200), and (220) planes corredipg to the bulk cubic structure of
PbSe indicating high crystallinity of the nanocayst

To compare the performance of oleic acid frgetlesized PbSe with previous
experiment results, bulk heterojunction solar cekse fabricated and characterized. The
as-synthesized P3HT:PbSe composite was washed Rettane, re-dispersed in
chloroform and spin-coated on the ITO/PEDOT follogvstandard fabrication procedure.
Figure 3.7(b) shows the I-V curves of the devices P3HT:PbSe composites.
Unfortunately, these devices only demonstratedva power conversion efficiency of
0.015% with § of 0.15mA/cn3, Vo of 0.4 V, and FF of 0.25. Therefore, removing tdea
capping ligands did not improve P3HT:PbSe devicesrfopmance. Further
characterization is needed to determine if the ctligynthesis of P3HT/PbSe is a

promising route for solar cell applications.
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Figure 3.7. (a) XRD pattern of PbSe synthesized in P3HT. JCE&8 no. 6-0354 for
bulk PbSe structure is marked with red line forerehce. (b) Current-voltage
characteristics. As-synthesized solution was predtgd with hexane and then re-

dispersed in chloroform, and then was used asdiieedayer for a solar cell device.
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335 Ligand Exchange of Wet Synthesized PbSe Nanocrystals and
Characterizations

One critical requirement for sufficient charge gepian and transfer is the formation
of favorable type Il band alignment. To better altbe energy levels of PbSe with P3HT,
surface ligand exchange has been explored to tumenergy level positions of PbSe
nanocrystals. A variety of organic molecules haeerbexplored to adjust the energy
levels/band position by introducing surface dipdte¥. However, most research has
focused on the modification on 2-D bulk surfaceghwonly a few research groups
reporting successful band shifting controlled lgahd exchange treatment for colloidal
nanocrystals such as In®sand PbSe NWS& Here we explored 6 commonly used
ligands, ethanethiol, thiophenol, benzenedithithaeedithiol, pyridine, and hydrazine.
Thiolates, pyridine and hydrazine have demonstrttedbility to tune the band position
or to modify the surface and enhance the chargsfeaat the interfac® *° Figure 3.8

depicts surface ligand exchange process with ethishe
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Figure 3.8. Schematic of surface ligand exchange process,isgaive oleate ligands on
PbSe surface replaced by much shorter thiolatesidBs the dominated oleate ligands, 0-
5% of TOP may also be presented as capping Zgewtich is omitted here in the

cartoon.)

UV-Vis spectra of PbSe nanocrystal films haveerb measured to verify the
preservation of quantum confinement after ligandhexge. Samples exchanged with
ethanethiol, thiophenol, ethanedithiol, benzen&alithnd hydrazine retained most of the
guantum confinement. However, the peak position w&itth has changed to different
extents in these samples, among which ethaneditbmhzenedithiol and hydrazine
treated samples exhibit broader peaks post-excha#ige, the absorption of PbSe was
shifted to the red region, indicating possible aggtion and enhanced electronic
coupling of nanocrystal during the treatnferimong all six treatments, the pyridine
exchanged sample lost quantum confinement, indidayethe largest broadening in both

the red and blue regions, which could be attributed) the increase in the nanocrystal
119



size distribution; 2) the additional wave functidistortion caused by surface chafjes
and 3) enhanced interparticle electronic couplwgich arises from the proximity of

nanocrystals with shorter surface ligatfds
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Figure 3.9. UV-Vis absorption spectra of PbSe nanocrystaldilon quartz with different

capping ligands (OA: oleic acid, ET: ethanethidR: Thiophenol, BDT: benzenedithiol,

EDT: ethanedithiol, N2H4: hydrazine and Py: pyr&)in

Electrochemical measurements were used to ghelyelectronic structure of PbSe
before and after ligand exchange, and to charaetehe alignment of its energy levels
relative to P3HT. Figure 3.10(a-c) shows cyclictamimograms collected for drop cast

films of PbSe nanocrystals with different cappingahds on a platinum working
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electrode. The HOMO value was derived based on dwelation peak. For
benzenedithiol, the peak onset (relative to oleapgped PbSe) has been used to calculate
the HOMO value because of the broadening of pelak.L TUMO value was calculated by
adding the optical bandgap to the HOMO value. Esellts are summarized in Table 3.1.
Based on these measurements, most of the PbSe esaf@®A capped or ligand
exchanged) do not provide favorable energy levelfotm type-ll heterojunction with
P3HT, which has LUMO of -3.1eV and HOMO of -5.1 e@nly benzenedithiol and
pyridine exchanged samples indicate a favorabli staving the bandgap below 5.1eV
(P3HT HOMO). However, this is not sufficient to iohathat the exchanged PbSe forms a
type-Il heterojunction with the commonly studiedymoers P3HT. The reasons include:
1) even for the lowest HOMO obtained, -5.17eV issel enough to P3HT HOMO (-
5.1eV) and charge transfer direction remains unkno#y the P3HT HOMO value is
calculated based on the onset of peak, and thera éot of debates on the real value
relative to vacuuh® *? 3) influences of solvents, ions, and surfaceatéfare present in
electrochemical measurements, and interfacial ckteynand interactions between the
materials in blends in working solid-state devie#so play important roles for band
alignment®. Consistent with these complications, the devie¥scharacterization with
exchanged PbSe didn't show any improvements tcestigige existence of photo-induced
charge transfer at the interface. These findingsiathe lack of induced charge transfer

is consistent with the results reported by Ginged & around a similar time.
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Table 3.1. Optical and electrochemical properties of Pb$er éifand exchange

Modifying Absorption HOMO LUMO Eq (€V)
Ligand (nm) (eV) (eVv)
oleic acid 1955 -5.02 -4.39 0.63
ethanethiol 1938 -4.97 -4.33 0.64
thiophenol 1930 -5.06 -4.42 0.64
ethanedithiol 1940 -5.04 -4.4 0.64
benzenedithiol 1970 -5.17 -4.54 0.63
hydrazine 1989 -5.02 -4.4 0.62
pyridine 1950 -5.14 -4.5 0.64
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Figure 3.10. (a-c) Cyclic voltammograms of OA capped (untreptedSe and ligand
exchanged PbSe with different ligands, measurea #wsn film on a platinum working
electrode in an acetonitrile solution of 0.01 M TB&. (d) Energy level alignment of
P3HT and PbSe (with various treatment), value @erifrom cyclic voltammograms, in

reference to vacuum.

3.4 Conclusion
In conclusion, we explored the synthesis anat@loltaic application of PbSe
nanocrystals in combination with P3HT and discugkedcharge transfer at the interface.
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Wet chemical routes were used to synthesize PhSzcnsstals tunable in size and shape
by tailoring the reaction temperature, growth tiamed selection of surfactants. PbSe
nanowires were also synthesized through orientedttanent in solution of nanocrystal

building blocks to form straight, zigzag, helicand branched nanowires. Near-IR
sensitive PbSe nanocrystals were integrated wighadityanic semiconductor P3HT to
fabricate organic-inorganic bulk heterojunctionasatells. Even after optimization, solar
cell performance was poor, with efficiency around39%6 which is similar to the

performance of P3HT Schottky cell. And this effiaig is consistent with the values
reported by other researchers using PbSe nandcrgstd polymer blends in

heterojunction solar cells. The low and comparaifiieiency of P3HT/PbSe devices and
P3HT only devices suggests that the working medmarfor P3HT/PbSe blends lean
towards Schottky diode solar cells rather than ltlék heterojunction solar cells as
previously expected. Consistent with that, reswtsphotoluminescence quenching
experiments also suggested a lack of charge tramstdends of PbSe NCs and P3HT.
Long oleate capping ligands on PbSe surface saram @nsulating layer and may hinder
the charge transfer at the interface. To minimiseinfluence, a novel route of direct
synthesis of PbSe nanocrystal/nanowires in polyR®HT solution without oleic acid

and postsynthetic solid exchange with short cappgand to replace oleic acid has been
explored. However, the direct synthesized PbSe/PBldids did not yield better device
performance, indicating that the oleate insulatiaaly not be the only cause of the low
performance. Electrochemical and current-voltage aratterization reveals a

misalignment of the two materials and a possibleety band alignment, which is

unfavorable for charge separation in solar cellliappon. Nanowires typically exhibit
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narrower bandgap than that of nanocrystal becalude darge size of the core (diameter
of nanowires}. So it will move the band towards even more unfabte position (higher
lying HOMO of acceptor) for type Il heterojunctidormation, which is the reason why
we decide not to further pursue the applicatiorPbSe nanowires in the P3HT:PbSe
hybrid solar cells. Therefore we conclude that #ieence of photoinduced charge
transfer and misalignment of energy levels in P3Be system suggests
incompatibility of these two materials to form efént heterojunction solar cells for the
specific PbSe NCs size range (4-10 nm) that we.u$ad worth to mention that, by
introducing PbSe NCs with even smaller size (1-3,ninis possible to increase the
bandgap and shift the HOMO level of PbSe towardaome favorable position when
combined with P3HT. Recently, the Alivisatos lalpoged the improvement of open
circuit voltage and significant enhancement of PBSkottky device performance using
the concept of “ultrasmall” size N&s And for PbSe NCs/P3HT solar cell devices,
adopting NCs with ultrasmall sizes could potenyiativercome the band mismatch
challenge. Beyond the ligand exchange work sholbwove FT-IR and photocurrent
measurements will be useful to understand surfaeentstry and how interface structure
affects charge transfer and carrier recombinaflame-resolved microwave conductivity
measurements and photoinduced absorption spegpswoll also give a better
understanding of photoinduced charge separatitimeanterface between the nanocrystal
and P3HT. Direct synthesis in P3HT provides a psomgi approach for many wet
chemical nanocrystal synthesis. The self-assemiolggss and dipole induced attachment
should be further investigated to have a bettetrobiver size and shape to tune the

optical and electrical properties. The Se precurs@PSe, can be replaced with TBPSe
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(tributyl phosphine selenide) to study the roleT@P ligands in this synthesis route.
Oriented dipole induced attachment in polymer sofutinder electric field with either a
lateral or vertical structure may provide us newderstanding of the assembly
mechanism, charge transport and charge transfeex@ample, monitoring PL quantum
yield and decay for polymer when slowly annealiogmfum dot in polymer matrix), and
opportunity for interesting applications such agjamic light emitting field effect

transistors.
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Chapter 4

Study of Organic-Inorganic Hybrid Solar Cells Based on P3HT and
Thiocyanate-capped CdSe Nanocrystal
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4.1 Introduction

Organic-inorganic hybrid solar cells offer excetlefiexibility for chemical
modification and different material combinations optimize optical and electrical
property. For the inorganic component, colloidahs®mnductor nanocrystals serve as the
most promising candidate for the electron accéptdn Chapter 3, we have investigated
P3HT/PbSe system and concluded that the lack ofopiduced charge transfer and
misalignment of energy levels in PSHT/PbSe systeggssts incompatibility of these
two materials for efficient heterojunction solatigeFor the next step, CdSe nanocrystals
were investigated to explore the surface chemigugntum confinement and processing
condition effects on the device performance. Amthreginorganic nanocrystal materials,
CdSe nanocrystals possesses three distinctive tdyem 1) tunable absorption covering
the entire visible spectrum rarigg) low lying HOMO and LUMO levels which makes it
a good electron acceptand 3) wet-synthesis route has been establishaltbte control
of the size and shape of CdSe nanocrystalin theory, P3HT/CdSe hybrid solar cells
should perform better than the P3HT/PCBM systemtduagher absorption coefficient
of inorganic semiconductor nanocrystals and ithéigntrinsic electron mobilifythan
that of PCBM®. However, the current performance of polymer/naystel hybrid solar
cells in the field is relatively poor compared ke polymer/fullerene based devités™
12 Our goal is to adopt different surface treatmevethods and new device design to
overcome the bottlenecks which limit solar cell@éncy.

One major challenge is to remove the long cappganbs used during the synthesis of
CdSe nanocrystals, which works as electrical irswgalayers and impedes efficient

electron transport in the solar cell. To overcommie trawback, extensive research has
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been carried out to develop ligand exchange methisdsy shorter capping ligands to
reduce the interparticle distance and facilitatectebn transport within inorganic
nanoparticle network and increase charge separatiothe polymer-CdSe interface.
Materials for ligand exchange, such as pyridifie thiols'* *> amine$ *° and chlorid&’
have been investigated and brought the power cesmorerefficiency to 1.8% for
P3HT/CdSe quantum dots (QDs) by utilizing pyridarel butylamine ligand excharige
Recently, several non-ligand-exchange alternafpm@aaches have also been explored to
remove the long capping ligands. Zhou and Krlugemalestrated a post-synthetic
hexanoic acid wash treatment to remove the longadesylamine capping group on
CdSe QDs and achieved power conversion efficierfcg.0% for P3HT/CdSe QDs
hybrid device¥. The other research effort involves utilizing wegikding ligands that
can be removed by thermal treatment or aging. Se&b Rrasad reported a thermal
decomposition method to cleave the ligands, whiolproved power conversion
efficiency of P3HT:CdSe bulk heterojunction solall rom 0.21% to 0.449%".

Besides surface treatments, the morphology coofrolanocrystals has proven to be
critical to enhance the power conversion efficien€ysolar cells. The ideal nanocrystal
structure shall provide high interfacial area ftvaxe separation between donor and
acceptor and directional percolation pathways petpelar to the substrate for electron
transfer, as discussed in the previous chaptergulidand Alivisatos have reported a
substantial enhancement of CdSe hybrid solar ¢etiiency by replacing CdSe quasi-
spherical quantum dots with elongated nanorodsaahteved an impressive efficiency of
1.79. In addition, 3-dimentional branched CdSe nandiglast have also been

investigated to further improve the efficiency gbrid P3HT:CdSe solar cells to 2.7%
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It is worth noting that, besides the optimizatidnCalSe nanocrystals, several labs have
also reported the synthetic efforts on the smajlanic molecule/polymer components
with high hole mobility and extended light absooptifor the solar cells which also led to
enhancement of device performaficé However, these are beyond the scope of our
study in this chapter.

Most research effort of efficiency improvement oc8HF and CdSe nanocrystals are
based on bulk heterojunction devices. In the beltetojunction structure, the challenge
of miscibility of organic and inorganic componentise difficulty to control nanoscale
morphology, and environmental concerns of the foxiaf commonly used pyridine for
ligand exchange treatment, all greatly limit itstgygial application and call for new
strategy.

Here we took advantage of the thiocyanate soluteschange method recently
developed by Dr. Aaron Fafarman in our lab, andium¢hogonal solvents to fabricate a
novel, solution-processable bilayer device via setjal spincoating. This technique
provides two distinct advantages to the basic rekeand applied science field: 1) it
allows investigation into the role of the separatmponents and interfaces in a
controllable manner, and 2) in practice, the abtiit optimize absorption, mobility and
morphology of both layers independently and thes eE#ssequential solution processes
are important for large-scale and low cost manufaweg of organic solar cells. In this
chapter, the photovoltaic application of thiocy@&natapped CdSe nanocrystals in
combination with P3HT in the bilayer device is dersivated. Several key factors that

influence device performance, such as nanocrystaland intermixing between the two
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components (diffuse bilayer heterojunction) will biéescussed in detail. Preliminary

results of inverted bilayer solar cells will alse @iscussed.

4.2 Experimental Section
4.2.1 Synthesis of CdSe Nanocrystals
Cadmium selenide (CdSe) nanocrystals were sgizéd by Benjamin T. Diroll from
Dr. Christopher B. Murray lab. A modified proceddirem literatur& ?®has been used.

“In a typical reaction, 20.0 g of trioctylphosphiride, 20.0 g of octadecylamine, and
2.1 g of cadmium stearate were dried under vacuu@®?8°C for 1 h and then heated to
320°C under nitrogen, whereupon 10.0 mL of 1.25 dleérsum in tributylphosphine
solution was rapidly injected. Growth was contina@@®90°C."[Adapted from Ref.23]

4.2.2 Thiocyanate ligand exchange of CdSe Nanocrystals

The thiocyanate ligand exchange process istaddmm the method developed and
published by Aaron T. Fafarman in our lab. For tigpical solution exchange, the
procedure below was follow&t

NH,SCN (Acros, 99.9%) was purified by recrystallizatidfrom anhydrous
isopropanol. 3-4 mL of NFBCN solution (100 mM in acetone) was added to 6aha
dispersion of CdSe nanocrystal in hexanes (to obthie concentration, CdSe solution
has been diluted/concentrated to have an opticaigearound 10 per chof solution at
the lowest energy excitonic absorption peak). Tlvdure was stirred at 3000 rpm for 2
min with vortex mixer. The solution turned cloudyickly, showing phase separation of
CdSe nanocrystals from the solution. Then it wadrdaged 2000 x g for 1 min. After

decanting the clear supernatant, CdSe nanocrystals re-dispersed in 10 mL
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tetrahydrofuran (THF), stirred at 3000 rpm for 2ymand then centrifuged 2000 x g for 1
min to precipitate the CdSe nanocrystals, follovbgdthe similar purification process
with toluene and finally re-dispersed in dimethytimmide (DMF). The exchanged CdSe
nanocrystals in DMF solution is not very stable atatts to precipitate over 1 h because
of particle aggregatidii So the fresh thiocyanate exchanged CdSe nanalyysts
always used within minutes after ligand exchangee Do the air sensitivity of CdSe
nanocrystals, all steps were performed inside @hitrogen glovebox.
4.2.3 Characterization

Cyclic voltammograms were obtained employinthr@e electrode C3 cell stand and
Epsilon electrochemical workstation. To preparedample for CV measurements, CdSe
nanocrystals solution was drop-cast onto platindecteode and dried in the vacuum
chamber. Absorption spectra were measured usingréary Cary 5000 UV-Vis-NIR
spectrophotometer. Photoluminescence (PL) specti@ \measured on a Fluorolog 3
spectrofluorometer (HORIBA Jobin Yvon, Ltd.) upomxc#ation at 450 nm. TEM
(Transmission electron microscopy) images wereiobtausing a JEM-1400 at 120kV.
AFM (Atomic force microscopy) measurements wereriedr out using a Digital
Instruments Multimode AFM operated in tapping mode.

4.2.4 Device Fabrication and Char acterization
Both bilayer and bulk heterojunction solar sdllave been fabricated. The whole

process was performed inside of the nitrogen fijex/ebox except for the ITO cleaning
step and PEDOT:PSS deposition step.

(1) Regular bilayer solar cells (ITO/PEDOT/P3HT/@d&I)
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The substrate cleaning and PEDOT:PSS deposwias similar as described in
Chapter 2. For the active layers, P3HT (5mg/mLhlombenzene) was first spin-cast on
the PEDOT:PSS coated ITO glass at 1000 rpm for 16 $ min, followed by the
spincoating deposition of CdSe nanocrystals at @00 for 1 min from DMF. For the
bilayer structure, P3HT was annealed before CdSe nanatsyd¢position at 140°C for
10 minutes followed by CdSe nanocrystals deposiimha 2 annealing at 140°C for 10
minutes. For thaliffuse bilayerstructure, P3HT was kept wet without any annealing
before depositing the CdSe layer. Then the acéiyerl(P3HT/CdSe) was simultaneously
annealed at 140°C for 20 minutes. A back electafd®0 nm aluminum (Al) as cathode
was deposited as described in Chapter 2.

(2) Inverted bilayer solar cell (ITO/TYWBCdSe/P3HT/Au)

The substrate cleaning was similar as describe@hapter 2. After thoroughly
cleaning, a 40 nm Ti©was deposited by the Atomic Layer Deposition (Aldambridge
Nanotech Savannah 200) on the ITO glass at 200°@daddify the ITO for electron
injection. Then the ITO/Ti@electrode was transferred into glovebox, and a kayer
(approx. 40 nm) of CdSe nanocrystals was spin-castop of TiQ, followed by the
deposition of P3HT layer and annealing at 140°Chakk electrode of 60-80 nm gold
(Au) as anode was deposited through the shadow.mask

(3) Heterojunction solar cells (ITO/PEDOT/pentac@uSe/Al)

The substrate cleaning and PEDOT:PSS deposwias similar as described in
Chapter 2. For the active layer mixture, 1 volunfepentacene precursor (13,6-N-
sulfinylacetamidopentacene) dissolved in chlorofoffdmg/mL) was mixed with 1

volume of thiocyanate capped CdSe nanocrystalsht Qoptical density around 60),
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followed by the spincasting of this mixture onte tREDOT:PSS layer. Then the devices
were baked at 200 °C for 90 s to anneal the demckconvert the pentacene precursor
(13,6-N-sulfinylacetamidopentacene) to pentacenbaék electrode of 80 nm aluminum
(Al) as cathode was deposited as described in @hapt

Current-voltage characteristics of the phottaiolcells were acquired using a Keithley
2400 source-meter under the illumination of AM 1.8@ar simulated light (1 sun, 100

mW/cnf) in air or in sealed nitrogen cell.

4.3 Results and Discussions
4.3.1 Effect of CdSe Nanocrystal Size on Bilayer Devices Performance

To enhance photoconductivity of CdSe nanoclyssamd facilitate charge transfer
between CdSe nanocrystals and P3HT, solution ligaxwhange with thiocyanate has
been used to replace the traditional pyridine emgkaapproach. Wet-chemically
synthesized CdSe nanocrystals are often cappedamitf) insulating surfactants such as
trioctylphosphine oxide or oleic acid or octadeaylae. We have used NHCN for the
exchange in which the thiocyanate replaces themaligapping group. Prior to exchange,
CdSe nanocrystals are passivated by different tgpégands with a hydrophobic tail of
one or several alkyl chains which form stable sosywa in non-polar solvents such as
hexane or toluene. After ligand exchange, the cappidrophobic ligands are replaced
by thiocyanate, causing the CdSe nanocrystalsecigtate out from non-polar solvents.
After adding polar solvents such as DMF and DMS@ors negatively charged
thiocyanate can dissociate from the surface ofrtheocrystal and form electrostatic

double layer with the localized positive charges tbe nanocrystal surface, which
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stabilizes the nanocrystal dispersion in solverigsalectrostatic repulsiéh Therefore
thiocyanate capped CdSe nanocrystals will onlyibpetsible in polar solvents.

Figure 4.1(a,b) shows the schematic of devag®@ut and the energy level diagram
constructed from the reported work functions ofcetede materials ITO/PEDOT:PSS
and AF* % and reported HOMO and LUMO energies derived framclic
voltammograms for CdSe nanocrystals and P3HWhen blended with P3HT, both
HOMO and LUMO of CdSe nanocrystdiss below those of P3HT, forming an effective
type Il heterojunction at the P3HT and CdSe narsiaty interface with 0.1-0.4 eV
LUMO offset for efficient exciton separation andacpe transfer and a high built-in
potential (1.6-1.9 eV) that is larger than the bunl potential of the extensively studied
P3HT:PCBM system (0.7-1.3 eV as calculated fromréported ranges for the HOMO
level of P3HT and the LUMO level of PCBM), whichfesvorable to increase the open
circuit voltagé® #”. Absorption and photoluminescence spectra of P3ad CdSe
nanocrystals (approx. 4.5 nm in diameter) in tilim fire shown in figure 4.1(c).

To investigate whether thiocyanate ligand erdeaaffects the size distribution of
CdSe nanocrystal, the absorption spectrum of Cilfebefore and after ligand exchange
was characterized. Before ligand exchange, thehegited CdSe nanocrystals exhibit
fine resolution of the second excitonic peak andavwa full width at half-maximum
(FWHN, 30 nm) of emission peak, indicating that @#Se nanocrystal has a narrow size
distribution. The first exciton peak occurs at 5889 for the as-synthesized raw CdSe
nanocrystal thin film. After the thiocyanate ligaadchange, the first exciton absorption
peak of CdSe thin film is shifted to 606nm. The 7red shift of the first excitonic peak

suggests enhanced interparticle electronic coupliiigch arises from the proximity of
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nanocrystal with shorter surface ligaffisSThe narrow first exciton peak indicates the
thiocyanate ligand exchange process preserved ubateym confined optical property
and narrow size distribution of CdSe nanocrystals.

The shift between absorption peak and photoluscieiece peak is known as the Stokes
shift. CdSe nanocrystals exhibit a small Stoke#& ¢h0 nm) while the P3HT polymer
exhibits a large Stokes shift (120 nm) (Figure d))L(The Stokes shift observed in CdSe
nanocrystals is generally considered to result fexuahange splitting of the excitonic
states by electron-hole exchange interaéfiofhe large Stokes shift of P3HT can be
attributed to the photoexcitation conformation oblymer, which likely induces
conformation of P3HT backbone from non-planar tiground state, such as distorted

planar structure, to rigid planar excited state
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Figure 4.1. (a) Schematic of P3HT/CdSe bilayer heterojunctiedices (b) energy level
alignment of active layer components (value for €d%anocrystals adapted from
literaturé for CdSe QD size 2.5-5.5 nm) (c) Normalized UV-\dissorption spectra of
CdSe raw film without ligand exchange (black lirsg)d thiocyanate ligand exchanged
CdSe film (red line). (d) UV-Vis absorption specaad photoluminescence spectra of
P3HT (orange lines) and CdSe nanocrystals (rawrmabtethout ligand exchange, black

lines) in film
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CdSe nanocrystals of different sizes have lsy@hesized, followed by thiocyanate
ligand exchange, and incorporated into the P3HT& ifayer devices to test the optimal
size of CdSe nanocrystals. Due to quantum confinénedfects, the increase in
nanocrystal size will decrease the bandgap andneéxthe absorption to longer
wavelengths, which increases the total absorptiwh lgght utilization. However, as a
result of narrowing bandgap, the LUMO level of nenystal will move deeper in energy
and reduce the built-in potential, which causesatgreenergy loss during the exciton
dissociation process. Therefore, one challenge farte the size of CdSe nanocrystals to
find the optimal trade-off between maximizing alpgmn and reducing dissociation loss.

Figure 4.2(a) shows the UV-vis absorption sfgecf CdSe nanocrystals with different
sizes, controlled by adjusting nanocrystal growttet The average diameter (D) of CdSe
nanocrystals was calculated from the first exct@bsorption peak of UV-vis absorption

spectrum by using the following equation

D=(1.6122 10’ } *- (2.657% 104 °
+(1.6242< 10° }, 2— 0.427% -+ 41.57

Based on the equation, the average diameter (Dd&e nanocrystals was 2.6 nm, 3.8
nm, 5.2 nm. The optical bandgap of the CdSe nastalsyare 2.38 eV (2.6 nm), 2.14 eV
(3.8 nm), and 2.03 eV (5.2 nm), derived from tladisorption peak.

We then fabricated the bilayer heterojunctionolas cells  with
ITO/PEDOT:PSS/P3HT/CdSe/Al device layout using @uSe nanocrystals of different
sizes. And the current-voltage characteristics @fiaks with optimal performance are

shown in figure 4.2 (d) and summarized in Table 4.1
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The most prominent dependence on nanocrystal isi the short circuit current. It
increased monotonically from 0.53 mA/€to 3.01 mA/cm when the CdSe nanocrystals
size increased from 2.6 nm to 5.2 nm. The bettenllarger CdSe nanocrystals could
mainly be attributed to three reasons: 1) the edpdrabsorption range (compared with
2.6 nm nanocrystal, 5.2 nm nanocrystal extend bserption further, covering 550-650
nm region), 2) for the same transport distances legpping sites are required for the
electrons to transport from the p-n interface te tmetal electrode in the larger
nanocrystal film, and 3) fewer traps in cells wldrger nanocrystals compared with
smaller nanocrystals - as larger nanocrystal hasmaller surface to volume ratio and
hence a lower density of surface defects causathbgling bonds which will act as traps
and recombination centers for charge carriersléaat to a decrease of photocurrent. This
hypothesis is also consistent with the decreasiges resistance observed when
increasing the size of CdSe nanocrystal in theage\irable 4.1)

The open circuit voltage (Y decreased from 0.87 V to 0.61 V when the CdSe
nanocrystals size increased from 2.6 nm to 5.2 Time. theoretical maximum value of
Vo is determined by the built-in potential, which atputo the energy difference between
the HOMO level of the donor and LUMO level of thecepto?™. The decreasing electron
affinity of the CdSe nanocrystals (acceptor) wélgkr size reduces the built-in potential
and increases the energy loss when an electroeferanfrom the LUMO level of the
donor (P3HT) to the acceptor (CdSe nanocrystdisyefore reducing theyy It is worth
noting that the differences betweeg. ¥or devices based on 3.8 nm and 5.2 nm CdSe

nanocrystals are fairly small, which could be htited to the relatively flat size
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dependence of the LUMO levels of CdSe nanocrystfiés 4nni when the size of the
nanocrystal is close to or exceeds the Bohr raddiu€dSe.

Fill factor (FF) also increased with the in@®g size of the CdSe nanocrystals. The
high fill factor was achieved by reducing the e@lewnt series resistance JRand
increasing the shunt (parallel) resistanceg)(Rhe series resistance is determined by the
bulk resistance of the active material and contasistance between each layer to the
current flow. The more efficient charge transpdridevices based on the larger CdSe
nanocrystals can reduce the series resistancetie#igc On the other hand, shunt
resistance is a measurement of leakage of curegmtelen the two electrodes, which is
typically dependent on the stacking morphology aeasitive to device fabrication
condition. So the shunt resistance is likely tarmeependent of CdSe nanocrystals sizes.
It is worth noting that most of the devices demmatst a high fill factor of 0.45-0.60,
suggesting a balanced hole and electron transpbig\aed in the devices. If the hole and
electron transport are unbalanced, either holéeztren accumulation will occur, leading
to the space-charge limited current, which follaavsquare-root dependence on applied
voltage. And in the case with space-charge effabtsfill factor will be smaller than
0.4'%3%2

In conclusion, bilayer heterojunction devicasdd on P3HT and various sizes of CdSe
nanocrystals have been fabricated using the thratgaligand exchange method and the
photovoltaic performance of these devices exhibite dependent behavior. By going
from smaller (2.6 nm) to larger (5.2 nm) CdSe naystals, the power conversion
efficiency has been improved from 0.19% to 1.06%ijnhy attributed to the increase of

lsc and FF. The M. decreases initially with the increasing size thavgs size independent
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LUMO levels after the size increased above 4 nm.bB&leeve that increasing the CdSe
nanocrystals size to even larger size (5.5-8 nml) further improve the device

performance. We have attempted to follow the sagandl exchange process to prepare
larger CdSe nanocrystal. However, the nanocrysigégegated and could no longer be
dispersed into DMF or DMSO. Optimization of thedigl exchange process is still under
investigation. Modification of ligand exchange pees such as adjusting the SCN to
CdSe nanocrystals ratio or adopting other solveaient mixture may help to

incorporate large size CdSe nanocrystals. In additsolid exchange of the CdSe thin
film, which does not require re-dispersion of Cd@anocrystals, may work as an
alternative solution. For the results discussedha following Section 4.3.2, CdSe

nanocrystals with size range 4.6-5 nm (absorptla&L0 nm) were used.
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Figure 4.2. Effects of CdSe nanocrystal sizes: (a) Normalid®dVis absorption spectra
of CdSe nanocrystals with different sizes (2.6 8t8,nm, 5.2 nm from bottom to top),
(b) graph adapted from literature[6], demonstrasige dependent HOMO levels (open
squares derived from electrochemical characteamatind filled squares based on
photoemission measurements) and LUMO levels (opémles derived from
electrochemical characterization and filled circlesased on photoemission
measurements) (c) Schematic energy diagram showing the effetisicreasing CdSe
nanocrystal size, (d) Current-voltage charactesstf P3HT/CdSe bilayer heterojunction
devices with different CdSe nanocrystal sizes (@6 3.8 nm, 5.2 nm from top to

bottom)
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Table 4.1. Performance parameters of the P3HT/CdSe bilaglar sells with different

CdSe nanocrystal sizes, under AM 1.5G illuminations

Cd(ﬁren)s'ze Ab?r?;f)“o“ lo(MA/C?)  Voo(V)  FF  Efficiency (%) 1, 1o
Q-cm Q-cm

2.6 520 nm 0.53 0.85 0.43 0.19 60 4768

3.8 580 nm 1.76 0.63 0.48 0.53 23 1153

5.2 612 nm 3.01 0.61 0.58 1.06 12 1395

4.3.2 Diffuse Bilayer Solar Cells

Compared to bulk heterojunction P3HT:CdSe dmsjicbilayer structure offers
advantages of easier, independent optimizationach dayer and less recombination
centers due to well separated donor and acceptasegh However, bilayer devices
typically suffer from limited interfacial area afess than optimal exciton utilization rate
due to short exciton diffusion length (typically aiter than 10 nm for P3HT polynté).
To overcome these disadvantages in the bilayer selh we took the advantage of "wet
deposition” and “simultaneously annealing” of edaher to develop "diffuse bilayer”
heterojunction device. A similar approach has besgrorted very recently ** through
intermixing while fabricating P3HT and PCBM bilaysslar cell with PCBM penetrating
into the P3HT layer through the P3HT amorphousareglhe comparable size of PCBM
domain and CdSe nanocrystal (2-6 nm) leads to atogous design in the experim&nt
The diffuse bilayer structure is conceptually invieen bilayer heterojunction and bulk
heterojunction, aiming to keep the advantages i besigns, such as large interfacial

area and separate pathways for opposite chargersarAn illustration of the device
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layout is shown in Figure 4.3. For the fabricatpyocess, P3HT was first spincast on top
of the PEDOT:PSS coated ITO from a high boilingnpaolvent (chlorobenzene or
dichlorobenzene). When the film is still wet, asea layer of CdSe nanocrystals in DMF
was spincast on top of P3HT immediately. Then tbeiagks were annealed together at
140 °C for 10-15 minutes. Partial intermixing ariffudion of CdSe nanocrystals and
P3HT could be driven by swelling of the wet P3HImfiand the following thermal

annealing proced$ *

(a) Al (b) Al | (c)
CdSe Cdse | . :.
P3HT P3HT | : :
ITO/PEDOT.PSS ITO/PEDOT.PSS
Bilayer Diffuse Bilayer

Figure 4.3. Schematic of an organic solar cell device withkiggyer heterojunction (b)
diffuse bilayer heterojunction (c) a zoom-in view the diffuse (intermixing) layer

showing CdSe nanocrystals diffuses into P3HT film.

The bilayer heterojunction solar cells with TREDOT:PSS/P3HT/CdSe/Al device
layout have been fabricated with simultaneouslyeafing (diffuse bilayer
heterojunction, CdSe nanocrystals spincast whenTH8%er is wet and both layers were
annealed together), and compared with devices wéparately annealing (bilayer
heterojunction, P3HT annealed before spincastinGaffe nanocrystals and each layer
was annealed separately). The current-voltage cteaistics of devices with typical

performance are shown in Figure 4.4 (c) and sunzedrin Table 4.2. The best device
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based on separately annealing P3HT/CdSe bilayemnsmated a power conversion
efficiency of 1.06% withd of 3.0 mA/cnf and Vi of 0.61 V. The best devices based on
diffuse (simultaneously annealing) P3HT/CdSe bilagaowed a power conversion
efficiency of 1.31% with & of 3.9 mA/cnfand Vi of 0.59 V, which represents a 24%
efficiency improvement over traditional bilayer dms using the simultaneously
annealing technique. Based on the measurementgedlifferent devices made under the
same fabrication conditions, the average efficieheg been improved from 0.89%
(bilayer, separately annealing) to 1.06% (diffuskyer, simultaneously annealing).
Breaking down the critical performance parametdes enhancement in device efficiency
is mainly attributed to the increased short cira@utrent. Bilayer solar cells with well-
known pyridine ligand exchanged CdSe nanocrystadsRBHT have also been fabricated
as a comparison (Figure 4.4 (d) and Table 4.2)chkvigxhibited much lower power
conversion efficiency than that of thiocyanate exaed CdSe nanocrystals and P3HT
bilayer devices due to less optimization and paéptlower electron mobility. But
they have also demonstrated the same trend of eetladevice performance using
simultaneously annealing technique. Based on sastparison, using thiocyanate as the
ligand exchange material for bilayer CdSe/polyn@arscell is clearly advantageous and
such wet-deposition/simultaneously-annealing tespmmican potentially be applied to
other bilayer solar cell fabrication process ad.wel

To explore the mechanism of increasing photecurin diffuse bilayer devices, the
absorption and photoluminescence spectra of P3HT, I€dSe film and P3HT/CdSe
bilayer under different annealing techniques weoengared. The absorption spectra

(Figure 4.4(a)) indicate a slightly red-shifted afpgion when both films were annealed
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together, featuring an enhanced shoulder represgtite first excitonic peak of CdSe
nanocrystals. The origin or this phenomenon is clear at this point. However, we
hypothesize that depositing the CdSe film on topthd wet P3HT film promotes
intermixing between the two layers, and the absmmpthange in each layer (P3HT,
P3HT/CdSe, CdSe) and reflection at the interfabemged the spatial distribution of the
squared optical electric-field strengtho facilitate the absorption of CdSe nanocrystals.
Also, the diffused CdSe nanocrystals results inhaker spatial distribution of
nanocrytals which could contribute to the increasedorption as wéfl. For the PL
spectra (Figure 4.4(b)), the photoluminescencedBefilm disappeared after the ligand
exchange possibly due to the insufficient surfaggsjvation which results in the increase
in the non-radiative decay process through surésfects and/or energy trdpsOn the
other hand, 80% of the P3HT PL signal was quencimedhe presence of CdSe
nanocrystals indicating an efficient charge anddoergy transfer between P3HT and
CdSe nanocrystals. According to the literatureth@ case of CdSe nanocrystals with
shorter ligand, this process is more likely to barge transfer dominat&d The slightly
stronger quench in the diffuse bilayer structure ba the result of intimate contact of
P3HT and CdSe nanocrystals in the intermixing negwhich is consistent with the
absorption spectra and implies the possibility eftdr charge transfer, and hence the

larger short circuit current.
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Figure 4.4. (a) UV-Vis absorption spectra of pristine P3HT,otthyanate exchanged

CdSe, and P3HT/CdSe bilayer film and diffuse bitaylen, (b) The photoluminescence

(PL) of pristine P3HT, thiocyanate exchanged Cd%eonrystals, and P3HT/CdSe

bilayer film, showing strongly quenched P3HT PLlile presence of CdSe nanocrystals.

PL spectra were measured on a Fluorolog 3 spestraimeter (HORIBA Jobin Yvon,

Ltd.) upon excitation at 450 nm. (c) Current-votagharacteristics of P3HT/CdSe

bilayer heterojunction devices and diffuse bilagerices withthiocyanateexchanged

CdSe nanocrystals and P3HT, (d) Current-voltageacieristics of P3HT/CdSe bilayer

heterojunction devices and diffuse bilayer devisgth pyridine exchanged CdSe

nanocrystals and P3HT (Bilayer: P3HT annealed kedpincasting of CdSe nanocrystals
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and each layer was annealed separately; Diffussydsii CdSe nanocrystals spincast

when P3HT layer is wet and both layers were anddalgether)

Table4.2. Performance parameters of the P3HT/CdSe bilatar sells showing
simultaneous annealing/wet film deposition effeatgjer AM 1.5G illuminations.

Ligand Anneal lsc(MA/cn) Voc (V) FF Efficiency (%)
| separately Best 3.0 0.61 0.58 1.06
Thiocyanate average 2.7+0.4 0.61+0.040.54+0.02 0.89+0.11
simultaneously Best 3.9 0.59 0.57 1.31
average 3.2+0.4 0.61+0.010.54+0.03 1.06%0.16
separately 0.004 0.71 0.21 0.001
Pyridine  simultaneously 0.036 0.76 0.34 0.093

In order to analyze the contribution of absoptat each wavelength to the
photocurrent generation, the spectral responsdénti photon conversion efficiency
(IPCE) of the devices as a function of excitatioergy was measured (Figure 4.5). From
the IPCE spectra, the diffuse bilayer device hgidn monochromatic external quantum
efficiency over the entire wavelength range. Thggbst enhancement over the bilayer
device lies in 500-600 nm region, which could kelaited to 1) increased absorption as
we observed in the UV-vis absorption spectruma)ér donor-acceptor interface and 3)
decreased “filter effect’. (The strong absorption of P3HT at 500 nm — 600rilcveate
an exciton generation profile close to the ITO/PHDESS side and these exciton is
located out of the diffusion length towards theerfdace between P3HT and CdSe
nanocrystals, therefore not contributing to the tpbarrent generation. However, the

diffused CdSe nanocrystals effectively shortendistance between exciton generation
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site and dissociation heterojunction interfacestiueakening the internal “filter effects”
and increasing photocurrent generation.) On therdtlnd, at shorter wavelength range
(420-500 nm), the photon conversion efficiency iffude bilayer device is also higher,
which cannot be explained by the absorption. Thiprovement may be attributed to

either the reduced “filter effects” or increasetkifacial area for exciton dissociation.
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Figure 4.5. IPCE and UV-vis absorption of P3HT/PCBM diffusdalger and bilayer
devices. ¢) IPCE for P3HT/CdSéliffuse bilayer solar cells, ) IPCE for P3HT/CdSe
bilayer solar cells,«) Absorption for P3HT/CdSdiffusebilayer and &) Absorption for

P3HT/CdSe bilayer

AFM characterization of as-spincast (un-anrmBabnd annealed P3HT films, in the

absence of CdSe nanocrystals, was performed tmmexfhe morphological difference
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between the surface and implication of P3HT anngalon the following CdSe
nanocrystals deposition. As shown in Figure 4.& tm-annealed film exhibits a
smoother (RMS 600 pm) surface with larger graire $llan annealed film (RMS 1000-
2000 pm). After annealing the polymer P3HT graianghtes in the z-direction. It is
possible that, after deposition of the second Ad$er, the CdSe nanocrystals swell the
P3HT surface and diffuse through the boundary diP§rain and then get solidified
together after simultaneously annealing. It is Warbting that for the annealed film, the
increased surface roughness and grain boundasesalbw the CdSe nanocrystals to
penetrate around grain boundaries to a certaimgxtéhich provides a relatively large
interface (than that of a sharp “real” bilayer) alikkly contributes to the decent
efficiency (0.9%) of PSHT/CdSe bilayer devices ewgtihout any intermixing treatment.
However, AFM measurements did not provide enouglcstral information in the bulk
nor interface between the two components afted#dposition of CdSe nanocrystals. To
more directly study the morphology difference baetwédilayer and diffuse bilayer with
intermixing layer, cross sectional SEM and EDS nmagpvas used to characterize the
interface. However, due to the facility limitatigstage shifting and low resolution), we
were not yet able to obtain the image of crossi@edif layers with good resolution on
the order of 10s nm. TEM images of the cross-sectall be useful to visualize
morphology of each lay& X-ray photoelectron spectroscopy (XPS) and Sweuadjle
neutron scattering (SANS) together will also previdseful information about the
relative distributions of P3HT and CdSe nanocrgstiatoughout the active layérThese
techniques require special expertise, and sampépapation skills and will be

investigated in the future to better understand P8dSe bilayer system.
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i

Figure 4.6. AFM topograph image and 3-D AFM height image BBHT film before ant
after annealing: (a) AFNbpography image (b) B-AFM height image oas spincast and
un-annealed P3HT filn(z-scale: £1.55nm), (c) AFM topograpliwage (d) 3-D AFM
height image ofannealed P3HT fili (annealed at 140C for 10 minutes)-scale:

+3.45nm).(Scanned sample size 5xBn)
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4.3.3 Inverted Bilayer Solar Célls

Previously, the regular device structure of IFEDOT:PSS/P3HT/CdSe/Al was used,
where PEDOT:PSS modifies the ITO layer and sergagb@anode contact, and the low-
work-function metal Aluminum serves as the cathollieis structure is typically not
stable in the air due to: 1) the low work functicathode oxidizes in air, and 2) the
thiocyanate ligand exchanged CdSe nanocrystalaia@nd moisture sensitive. Besides
measuring it in the nitrogen filled cell and lanting the device with epoxy and cover
glass to avoid air contact, an alternative methodverted device structure has been
explored to overcome the air sensitivity and deinstability by modifying the ITO layer
as the cathode and introducing a high work funcéinonde. ITO has a work function of
4.5-4.7 eV and lies in between the donor HOMO V) and acceptor LUMO (3.4-3.8
eV). In principle, it can serve as an anode by riyodj the contact with PEDOT:PSS
deposition (5.2 eV) or cathode by modifying the teoh with TiG*, zZnG*, and
Cs,CO;™, which lowers the charge injection barrier andlitates electron collection at
ITO electrode. In the inverted structure, the pofasf ITO was altered by depositing 40
nm TiO, via Atomic Layer Deposition technique on top ofOTand using it as the
cathode for electron extraction instead of holelection as in the regular device
structure. A high work function metal, such as g@d) was used as the anode for hole
collection. The inverted structure and correspogdiand diagram has been shown in
Figure 4.7(a) and the device layout and band dmdoa regular solar cells was included
as a comparison. In the inverted bilayer solarscéile high work function top electrode

(Au) is less air sensitive, which offers better @nb interface. Top Au electrode and
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donor material (P3HT) can protect the underneatBeCldyer to minimize oxidation of

the CdSe nanocrystals.
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Figure 4.7. (a) Schematic of CdSe/P3HT inverted bilayer lugteiction devices and
corresponding energy level alignment, (b) SchemafidP3HT/CdSe regular bilayer
heterojunction devices and corresponding energgl l@alignment. Value for CdSe
nanocrystals adapted from literatufer CdSe QD size 2.5-5.5 nm, Ti@nodified ITO

adapted from literatuf@and PEDOT:PSS modified ITO adapted from literdtur

Prototype devices based on ITO/7iCdSe/P3HT/Au have been fabricated and
characterized. The CdSe nanocrystal size is aboRt dn. The current-voltage

characteristics of devices with representativegrarance are shown in Figure 4.8. The
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device was typically tested every 3 minutes for tingt 10-20 minutes and every 10
minutes after that in air under continuous illuntioa. Initially, the as-fabricated device
showed a power conversion efficiency of 0.17% wigtof 1.12 mA/cni and Vi of 0.45

V. Improvements of Isc, ¥ and FF were observed over time when the devicewvdsr
AM 1.5G illumination as shown in Figure 4.8. Af2d minutes — 1 hour of light soaking,
the increase in photocurrent saturates, and thenmuax efficiency reached 0.42% with
lsc Of 2.4 mA/cnf, V. of 0.55 V and FF of 0.32. Similar behavior hasrbebserved by
other researchers when fabricating inverted bulkerogunction solar cells with
P3HT:PCBM blend and Ti©modified ITG**>° The enhancement in photocurrent is
mainly attributed to the increase of photocondustiof TiO, layer and decreased serial
resistance. It is believed that shallow electr@pgrexists in Ti@layer, which serve as
recombination center and impede electron traffsf& Illumination will generate
photoexcited electrons to fill these traps. Theodaksd oxygen on the surface (Pand
adsorbed hydroxyl groups from moisture will alsontribbute to filling the shallow
electron traps in Tig}® *°> When the traps are filled, photoconductivity 6T layer
increases and TiOlayer starts to transport electron efficiently, ieth explains the
gradually increasing photocurrent observed undigmihation in the I-V characterization
experiment. By comparing the performance paraméienseen the regular and inverted
structure, the main difference is the low fill facbbserved in inverted solar cells, which
is typically around 0.3 while FF in regular devigesaround 0.5 or larger. This is most
likely an indication of unbalanced electron/holansfer and defects at the interface
between TiQ and CdSe nanocrystalsThe optimization of Ti@layer is critical and still

under investigation in our lab. In addition, optang thickness of each layer and
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increasing nanocrystal size will also help to inyarodevice performance. Besides
improving air stability, the inverted structure @lprovides a convenient way to treat
CdSe nanocrystal films by solid ligand exchangejciwlovercomes the precipitation
challenge when incorporating larger nanocrystalsatution. In addition, P3HT layer
won't get affected because P3HT layer is deposaiedr CdSe deposition and solid

ligand exchange treatment in the inverted structure

\/ .
/ Increased exposure tim
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Figure 4.8. Current-voltage characteristics of inverted kelaysolar cells under
continuous AM 1.5G illuminations. Arrow directiomdicates increasing illumination
time. The typical total soaking time to saturatisn20-40 minutes, data collection

interval: ~3 min for the first 3 data points and i for the latter points.
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4.3.4 Bulk Heterojunction Solar Cells

CdSe nanocrystals have also been incorporattedbulk heterojunctionsolar cells
using thiocyanate exchange method. The main clg®ldrere is dispersing the CdSe
nanocrystals in polymer/small organic molecule semducting matrix. After ligand
exchange, thiocyanate capped CdSe nanocrystalsonill be dispersible in polar
solvents, while most popular semiconducting p-tyyaerial have poor solubility in polar
solvents. In order to accommodate the solubilitgdsefor different components, we
developed a solvent mixture consisting of a gootlesd for CdSe nanocrystals
suspension and a good solvent for the p-type ocgaoiecule. Here we used pentacene
precursor as the p-type electron donor. CdSe ngsiats were first dissolved in DMF to
form a suspension. Then a second non-polar solastadded into solution slowly until
CdSe nanocrystals start to precipitate out from &ture, which determines the
maximal ratio for non-polar component. In our expent, CdSe nanocrystals and
pentacene precursor could be co-dissolved in theéunei of DMF and chloroform (1:1
volume ratio), which was then spincast as the adtyer followed by an annealing at
200°C to thermally convert the pentacene precutsompentacene. Finally, a bulk
heterojunction layer consisting of dispersed Cd&sonrystals in pentacene is achieved.
The current-voltage characteristic of a test dewicdhout processing optimization is
shown in Figure 4.9. It exhibited a low power camsien efficiency of 0.14% withgd of
0.55 mA/cm2, V. of 0.63 V and FF of 0.40. The efficiency is maihipited by the low
lse. Further optimization of nanocrystal to organiegia and processing condition to

control film morphology may improve the device merhance.
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Figure 4.9. Current-voltage characteristics of pentacene:Cufleheterojunction solar

cells under AM 1.5G illuminations.

4.4 Conclusions

In Chapter 4, we demonstrated the photovolsgiplication of thiocyanate capped
CdSe nanocrystals in combination with P3HT. Orth@@olvents were used to fabricate
solution-processable bilayer solar cells via setjakspincoating. We took advantage of
guantum confined property of nanocrystals to omerthe short circuit current and open
circuit voltage and developed the wet depositiomidianeously annealing method to
promote intermixing between two components. Theiagsv performance improved
substantially after increasing the size of CdSeongystals and adopting intermixing
(simultaneously annealing) methods. The device Wi efficiency was achieved after
optimization. It is worth noting that this is theghest efficiency obtained for P3HT/CdSe

bilayer solar cells to our knowledge. With the ttasi significantly increased short circuit
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current upon increasing nanocrystal size, we exghattdevices with efficiency over 2%
are achievable by increasing CdSe nanocrystalasiaglopting other nanocrystal shapes,
such as nanorods or branched nanoparticle. Thaydsilapproach using the thiocyanate
ligand exchange method provides a new perspeabivéhée design of organic-inorganic
hybrid solar cells and also allows investigatiord amderstanding of the role of each
component and interfaces in a controllable mamwaich will benefit the optimization
and rational device design for bulk heterojunctswiar cells. In addition, the bilayer
sequential fabrication method is useful to be ipocated into multi-layer multiple
junction solar cells, which is believed to be thestnpromising approach to achieve high
efficiency organic solar cell for commercialization

For future research to better understand this sydteere are two main directions:

1) Morphological and structural study to understémintermixing mechanism. TEM
images of the cross-section shall be taken to limuaorphology of each lay®r The
resonant soft X-ray reflectivity (RSoXR) can be futdo characterize the interlayer
diffusion®®. X-ray photoelectron spectroscopy (XPS) and sm@madjle neutron scattering
(SANS) together will provide useful information altdhe relative distributions of P3HT
and CdSe throughout the active laYer

2) Further optimization of interfaces via adijnag process condition and optimization
of thickness for each layer. For example, solvensavent mixture can be carefully
chosen to better "swell" the P3HT surface to furlaeilitate the intermixing. And high
boiling point solvents and slow annealing in sotveapor can also be used to allow
sufficient time for interlayer diffusion and polymeself-assembly, which could

potentially improve device performance. In additigni-n structure could be adopted
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with a thin layer of P3HT as the hole transportelaya mixture of P3HT:CdSe diffuse
layer as intrinsic absorber layer and a highly do@elSe nanocrystals (indium doped
CdSe has been proven to successfully shift Fermiggnabove trap levels and provide
bandlike transport in CdSe quantum dot thin-filjres efficient electron transport layer.
The relative position of middle absorber can benoiged by controlling the thickness of
each layer, so as to form optical interferencegpatto enhance light absorbance in the
photoactive region to have better light utilizatiand reduce recombination loss at

contacts.
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