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Abstract

As we use more energy as a society, there is a greater need to become less reliant
on non-renewable energy sources. Photovoltaics (PV), as a method of harvesting sunlight
and converting it into electricity, provide a potential way of producing clean renewable
energy.

Organic bulk heteojunction (BHJ) solar cells featured with low-cost, large-area
and thin-film manufacture, have become more viable with the recent demonstration with
power conversion efficiencies (PCE) as high as10.7%. However, there is still a room for
further improvement to reach the thermodynamic PCE limit of ~22%. For organic BHJ
solar cells, the efficiency is essentially limited by the low short-circuit current density,
which is determined by four sequential steps that are necessary to transform incident
photons to free charge carriers. These steps are photo absorption and exciton formation,
exciton diffusion, polaron pair dissociation and free polaron collection. In order to know
the extent to which each of these steps limits the efficiency, a systematic study to analyze
the limiting mechanisms is beneficial.

In this work, we report approaches that are capable of providing insight into these
processes by applying several complementary experimental techniques and theoretical
calculations. The material system that are studied are poly(3-hexylthiophene) (P3HT):
phenyl-Cg,;-butyric acid methyl ester (PCs1BM), poly(3-
hexylthiophene—thiophene—diketopyrrolopyrrole ~ (P3HTT-DPP-10%): PCqBM
benzothiadiazole (BTD) and thienopyrazine (TP) based polymers (P3HTT-BTD and

P3HTT-TP): PC¢BM. Compared to P3HT: PCs;BM solar cells, the other three solar cells
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have a much broadband absorption, but have a big variation in short circuit current.
Therefore, it is quite intrigue to explore the reasons behind that.

For absorption, the optical transfer-matrix theory is applied on the multi-thin-
layer structure of organic BHJ solar cells. The complex refractive index is extracted.
Meanwhile, the optical electric field and the absorption efficiency are calculated and
compared. The exciton diffusion efficiency is analyzed by using J-V measurements at
large reverse bias. The breakdown mechanisms are also discussed and the tunneling
effect is found to be dominating in most devices. The polaron pair dissociation efficiency
is analyzed using the well known Onsager-Braun model. It is found that polaron pair
decay rate plays an important role on polaron pair dissociation since other parameters are
similar for all the cells. For free polaron pair collection, three techniqgeus: transient
photoconductivity, forward-to-zero transient-current response, and electric field
dependent photoresponse techniques, are developed and used to measure the
recombination lifetime of organic BHJ solar cells. Meanwhile, by measuring V,. vs. light
intensity, deep trap-assisted SRH recombination is found in P3HTT-TP:PC¢BM solar
cells, and trap-assisted Auger recombination is found in P3HTT-BTD:PCsBM solar
cells. In addition to the experiments, a new organic BHJ solar cell numerical model
including non-uniform photon absorption, exciton diffusion, non-geminate
recombination, and the effect of series resistance, R,, and shunt resistance, Ry, are
considered and added to the classic drift-diffusion model. The I-V curves have been
simulated under AM1.5 condition and compared with experiment data. The combination
of these studies show that trap assisted recombination is still restrictive in some BHJ solar

cells.
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Chapter 1. Introduction

1.1 Motivation

In the past two decades there has been renewed interest in solar energy, as a source
of renewable energy. The total solar energy absorbed by Earth’s atmosphere, oceans and
land masses is enormous: ~3.86x10%* J per year [1]. In 2008, this was four orders of
magnitude higher than the total world primary energy consumption in one year [2].
Photovoltaics (PV), as a method of harvesting sunlight and converting it into electricity,
provide a potential way of producing clean energy.

In the PV market, different types of solar cells are characterized by different
efficiencies and cost [3]. Multijunction concentrators, single-junction GaAs, crystalline
Si, multicrystalline Si, copper indium gallium selenide (CIGS), and organic photovoltaics
(OPV) are the primary types of cells, with highest efficiencies of 37.5+1.3%, 28.8+0.9%,
25.0+0.5%, 20.4+0.5%, 19.6+£0.6%, and 10.0+0.3%, respectively. The most widely used
commercial cells are fabricated from inorganic semiconductors, because of their higher
efficiency and stability. On the other hand, organic solar cells are attractive because of
their ease of processing, mechanical flexibility, and potential for fabrication of low-cost
large-areas cells [4, 5].

The bulk heterojunction (BHJ) structure device, one type of organic solar cell, has
recently achieved 10.0+£0.3% power conversion efficiency [3]. The breakthroughs in
OPV performance have stimulated intensive research on the device physics of organic

solar cells [6-8] and synthesis of new organic compounds [9, 10]. Meanwhile, there is



still room for further improvement since the thermodynamic efficiency limit estimated
for single junction binary blend bulk heterojunction (BHJ) solar cell is 22% [11] with
realistic estimates of the ultimate achievable efficiency for binary blend BHJ solar cells

between 10 — 12% [12, 13] and 14 — 15% is in case of organic tandem solar cells[12, 14].

1.2  Device physics: charge transfer processes

The heterojunction solar cells can be realized in two approaches, as it’s shown in
Fig.1-1. The bi-layer heterojunction structure consists of two active layers: acceptor layer
and donor layer, while a bulk heterojunction solar cell is formed by one active layer with
donor properties and acceptor properties together. Compared with the bi-layer
heterojunction structure, the charge transfer at the donor-acceptor interface of a BHJ solar
cell is facilitated because more donor-acceptor interfaces are created and the length scale

of the donor and acceptor phases are on the order of the exciton diffusion length.

Bi-layer heterojunction Bulk heterojunction

1100 nm

Cathode
Acceptor
Donor DfA blend
ITO ITO
Substrate Substrate
Light Light
Direct path for charge carriers to Large interfacial area due to phase separation
electrodes in the blend, but percolation needed
(a) (b)

Figure 1-1. Two approaches to heterojunction solar cells.



In BHJ devices, the operation of a bulk heterojunction solar cell can be summarized
in four basic steps: (a) photon absorption and exciton generation, (b) exciton diffusion to
the donor/acceptor interface, (c) polaron pair dissociation and (d) free polaron collection
[15, 16]. In order to improve the efficiency of this type of solar cell, it is important to
know the loss mechanisms associated with each of these sequential effects and to
determine the extent to which each limits the efficiency. This work will focus on
analyzing charge transport and loss mechanisms in BHJ solar cells. Several possible

methods to improve the power conversion efficiency are also suggested.

1.3 Photovoltaic characteristics

The power conversion efficiency (PCE) of organic solar cells is defined as n =
(Jse'VoeFF)/ P, where Jy. is the short-circuit current density, V,. is the open-circuit
voltage, FF is the fill factor and P;, is input power in the form of solar radiation.
Consequently, simultaneous optimization of the above mentioned parameters is necessary
to maximize the solar cell efficiency.

Open circuit voltage (V,.)

The open circuit voltage is the voltage at which the current is zero. In organic solar
cells, V,. of the solar cell can be roughly approximated as the difference between the
highest occupied molecular orbital (HOMO) level of the donor and the lowest
unoccupied molecular orbital (LUMO) of the acceptor [17] even though other factors are
found to influence the V,. [7, 18, 19]. It can be expressed as [20, 21]

AE'HL _k_Tln(( kr )krecNHOMONLUMO)
q q kdiss Jx /aO

V =

oc

(1-1)




where AEy; is the energy difference between HOMO of the donor and LUMO of the
acceptor; k. and kg are the polaron pair recombination and dissociation rates,
respectively; k... is the recombination coefficient; Nyoyo and Niyao are donor HOMO
and acceptor LUMO edge densities of states; Jy is exciton current density that reaches the
heterojunction; and ay is the initial distance between polaron pairs.
Short circuit current density (J,.)

Short circuit current is the current for which the voltage drops to zero, which is
illustrated a point a in Fig. 1-2. In organic BHJ solar cells, the short circuit current is

strongly related to the four steps to generate current discussed above.

Current (A

Voltage (V)

Figure 1-2. A typical current versus voltage curve of a solar cell under illumination.

Fill factor (FF)

The fill factor (FF) is defined as the ratio of the actual maximum power delivered by
the solar cell to the product of /. and V,.. Ideally, the FF should be unity, but losses due

to transport and recombination result in values between 0.2 and 0.7 for organic



photovoltaic devices [5]. The value of FF on the other hand can be attributed to the active
layer morphology [22, 23] and charge transport through the bulk [24].
Series resistance (R;) and shunt resistance (R,;,)

The series resistance and shunt resistance are two other important parameters that
can affect the power conversion efficiency by influencing the fill factor of the solar cells.

The series resistance is from ohmic loss, which could be estimated from the
current-voltage curve slope at large forward voltage where the current flow is not longer
limited by the internal carrier recombination but by the potential drop [25]. It’s well
known that a high series resistance reduces the fill factor, thus reducing cell efficiency
[26, 27]. For BHIJ solar cells, the series resistance consists of two parts: contact resistance
and bulk resistance. Because the bulk resistance is high, the series resistance of a BHJ
can achieve 20 Q cm’ and the loss due to I’'R is ~30% of the total output power [28].
Optimizing the active layer thickness and the annealing temperature during the
fabrication could lower the contact resistance, as well as the bulk resistance [29].

The shunt resistance is from leakage current and could be extracted as the slope of
the illuminated I-V curve at Ji. It’s well known that a low shunt resistance reduces the
fill factor, thus reducing cell efficiency. The Ry, typically comes from leakage currents.

In practice, the shunt resistance has much less effect than the series resistance [26].

1.4  Thesis goal and organization

The primary focus of this work is to study the photocurrent limitation mechanisms
on organic bulk heterojunction solar cells. By applying complementary simulation tools

and experiment techniques, the efficiency of each charge transport step was determined



for four different polymer/phenyl-C61-butyric acid methyl ester (PCs;BM) BHJ solar
cells.

The dissertation is divided into eight chapters. Chapter 1 introduces the
motivation and goals of this dissertation. Chapter 2 provides the fundamentals of organic
BHJ solar cells, including device physics and models, device fabrication and
characterization methods. Chapter 3 to Chapter 6 analyze the charge transport efficiency
for absorption, exciton diffusion, exciton dissociation and free polaron transport of BHJ
solar cells, respectively. For each step, four different polymer/ PCsBM solar cells are
measured and compared. In Chapter 4, the breakdown mechanisms are also investigated
based on the current density versus voltage at large reverse bias. In Chapter 6, the thermal
annealing effects on mobility and free polaron recombination lifetime are also discussed
in order to give a better understanding of recombination mechanisms. Numerical
simulations are presented in Chapter 7. The free polaron distribution, electrical field and
potential are analyzed under dark condition, short-circuit condition and open-circuit

condition. The conclusion and the future works are discussed in Chapter 8.



Chapter 2. Fundamentals of organic bulk
heterojunction (BHJ) solar cells
2.1  Organic BHJ solar cells physics model

2.1.1 Metal-Insulator-Metal (MIM) model

Al

Polymer:fullerene

PEDOT

ITO

GLASS

Figure 2-1. A typical BHJ solar cell structure, which consists of an anode (Indium Tin
Oxide (ITO)) layer, a Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT)
layer, a polymer:fullerene layer and a cathode (Al) layer.

3.3eVv ’—\:9
— 3.7 eV F\«e-
L_NL 4.3 eV LUMO PCBM
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Figure 2-2. (a) Schematic of the energy levels (b) Device model in flat band condition for a
poly(3-hexylthiophene) (P3HT): phenyl-C61-butyric acid methyl ester (PCgBM).



A typical BHJ solar cell structure is shown in Fig. 2-1. It can be described as a MIM
(metal-insulator-metal) sturcture (Fig. 2-2) [30]. The metals are represented by their
Fermi levels, whereas the valence and conduction bands of the semiconductor correspond
to the lowest unoccupied molecular orbital (LUMO) level of the acceptor and highest

occupied molecular orbital (HOMO) level of the donor.
2.1.2 Basic equations

The basic equations [30] used in this model are the Possion equation

a—zw(X) =L [n(x)- p)], 2-1)
0x

0*r
where ¢ is the elementary charge, ¢) is permittivity of free space, & is relative
permittivity, w(x) is the potential and n(x), p(x) are the negative and positive free polaron

densities, respectively. The current continuity equations can be written as

2 J,(x) = qU, (x), (2-22)
ox

27,0 =-qU, (x). (2-2b)
0x

where J,4)(x) 1s the negative(positive) free polaron current density and U,q)(x) is the
negative(positive) free polaron net generation rate.

In order to solve the above equations, a set of current density equations are given
below

J=J,+J,, (2-3)

d
J, =-qu,pE-qD, d—i , (2-4a)

J, =-qu,nE +4D, dn , (2-4b)
dx



where D, , are the carrier diffusion coefficients and u, , are the carrier mobilities.

2.1.3 Generation and recombination

The charge generation and recombination process is shown in Fig. 2-3. As we
described in the chapter 1, the excitons are first generated when photons are absorbed.
Some of excitons will diffuse to the donor-acceptor interface and become a polaron pair.
The bound polaron pair will either decay to the ground state with a decay rate ks or
dissociate into free polarons with a dissociation rate k4. The dissociation probability is

Piss=kaiss/( kaisstky). The free polarons will either be collected or reform polaron pairs.

[30]
k(li.s's
Polaron ——> Free Collected
Photon ——) Exciton —— B e —
R Polaron

ke

Ground State

Figure 2-3. The charge generation and recombination process.

From the process above, the continuity equations for polaron pair and positive

polaron are written as

aXx
E = Gpp —kfX—kde +R, (2-53)
dn 19 ; ik, X-R, (2-5b)

dt_qax
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where X(cm™) is the concentration of polaron pair, n(cm™) is the concentration of
positive polaron, Gpp is the polaron pair generation rate, which is related to photon
absorption and exciton diffusion and R is the free polaron recombination rate.

2.1.4 Boundary conditions

In order to solve Eq. 2-1 — Eq. 2-4, it is necessary to specify the carrier densities and

potential at both contacts as follows

n(0) =N, 0> (2-6a)

PIO) = Ny exP= ) (2-6b)
Z

p(d) = NHOMO > (2-6¢)

n(d) =N o0 €Xp(— i?ﬂ R (2-6d)
q

l/}(d)_z/j(o)=AEHL _I/a’ (2-7)

where Nyunmo and Npowmo are the effective density of states of the donor HOMO level and
acceptor LUMO level, respectively. AEy; is the energy difference between the HOMO
energy of the donor and the LUMO energy of the acceptor. k is Boltamann’s constant and

V, is the applied voltage

2.2 Fabrication of organic BHJ solar cells

Polymer choice

Recently, Thompson et al. demonstrated a new class of low bandgap donor-acceptor
poly(3-hexylthiophene) (P3HT) based semi-random polymers with broad and intense
absorption profiles and PCE approaching 6% [30-33]. As they are shown in Fig.2-4, the

incorporation of a small percentage of acceptor units into the polymer backbone is
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observed to significantly decrease the optical bandgap, which results in strong absorption
from the visible to the near infrared but at the same time important properties of P3HT
such as semicrystallinity and high hole mobility are retained.[31] Although all of these
polymers exhibit strong and broad absorption of the photon flux, the measured short-
circuit current densities of optimized polymer:fullerene BHJ solar cells exhibit a wide

range of values from 1.5 to 16.5 mA/cm’.

(b) P3HTT-DPP-10% )/
a) P3HT _
( ) C'-.Fql-‘ I ﬁ_{(,j”. / /

-—_ AN

A P N\ s\
s’ oo X T
m =

m=0.8, n=0.1, 0=0.1

(c) P3HTT-TP (d) P3BHTT-BTD S—n
e NN Lt Ne A

e ms 'n‘ A g7 A 1 (n X

m=0.8, n=0.1, 0=0.1 m=0.8, n=0.1, 0=0.1

Figure 2-4. Structures of P3HT, P3HTT-DPP-10%, P3HTT-TP and P3BHTT-BTD polymers

Table 2-1. Photovoltaic properties of P3HT, P3HTT-DPP-10%, P3BHTT-TP and P3HTT-
BTD with PC4BM as an acceptor.

Thickness Jse Voe FF PCE

(nm)® (mA/cm?)° V) (%)

P3HT:PCs BM 85 8.07 0.577 0.58 2.70
P3HTT-DPP-10%:PCs BM 100 9.99 0.579 0.54 3.14
P3HTT-TP:PCsBM 64 1.90 0.373 0.33 0.24
P3HTT-BTD:PC¢;BM 180 227 0.566 0.36 0.46

“Measured by profilometer. ° Not mismatch corrected.
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In particular, benzothiadiazole (BTD) and thienopyrazine (TP) based polymers
(P3HTT-BTD and P3HTT-TP) have significantly lower short-circuit current densities
(Js¢) than P3HT and poly(3-hexylthiophene—thiophene—diketopyrrolopyrrole (P3HTT-
DPP-10%) in BHJ solar cells, as shown in Table 2-1. It is of great interest and importance
to understand the origin of such drastic performance differences in order to establish
future design strategies for efficient semi-random copolymers.

Fabrication of organic BHJ solar cells

The structure of a typical BHJ solar cell is shown in Fig.2-1. BHJ solar cells in a
conventional device configuration ITO(280nm)
/PEDOT:PSS(40nm)/polymer:PCs;BM/Al(100nm) were fabricated in air. Here, four
different polymers that were synthesized by University of Southern California Barry C.
Thompson  group  were used. The polymers are P3HT, poly(3-
hexylthiophene—thiophene—diketopyrrolopyrrole (P3HTT-DPP-10%), benzothiadiazole
(BTD) and thienopyrazine (TP) based polymers (P3HTT-BTD and P3HTT-TP). [31, 32]

The P3HT: PCsBM devices were prepared using the following procedure: P3HT and
PC¢BM (American Dye Source Inc. supplier) were dissolved and stirred separately in
chlorobenzene overnight. Then, when fully dissolved, the two solutions were mixed
forming a 55:45 (P3HT:PCBM) wt% solution at a concentration of 10 mg/ml for P3HT
and 8.18 mg/ml for PCBM. ITO-coated glass substrates were first cleaned with acetone
and isopropyl alcohol and subsequently air-dried. A 40 nm-thick, highly-conductive
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (H. C Starck
supplier) layer was then spin-coated on the ITO-coated glass substrate. After baking the

PEDOT:PSS under vacuum at 120° for 50 minutes, spin-casting was used to deposit the
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blend solution. Then a 100 nm Al layer was deposited as the top electrode using a
thermal evaporation deposition system. Finally, the sample was annealed in vacuum for
30 minutes.

For P3HTT-DPP-10%: PCsBM solar cells, separate solutions of P3HTT-DPP-10%
and PC¢ BM were prepared in dichlorobenzene solvent. The solutions were stirred for 24
hours at 50-70 °C to form a homogeneous mixture. Mixture solution in dichlorobenzene
containing 10mg/ml P3HTT-DPP-10% and 13.5mg/ml PCsBM was then stirred at 50-70
°C for at least 12 hours. After that, PSHTT-DPP-10%: PCs;BM was spin cast from the
mixture solution on the 40nm PEDOT coated ITO glass. After placing the devices in the
nitrogen cabinet for 20 minutes, the devices were placed in the thermal evaporator and a
100nm Al layer was deposited. No thermal annealing following fabrication is required.

For P3HTT-TP:PC¢BM and P3HTT-BTD:PC¢BM solar cells, separate solutions of
polymer and PC¢ BM were prepared in dicholorobenzene solvent. The solutions were
stirred for 24 hours at 70-90 °C to form a homogeneous mixture. Mixture solutions in the
desire ratios were then stirred at 70-90 °C for at least 12 hours. After that, the P3HTT-TP:
PC¢BM layer was spin cast from a solution in dichlorobenzene containing 7mg/ml
P3HTT-TP and 5.53mg/ml PCs;BM on the 40nm PEDOT coated ITO glass. The P3HTT-
BTD: PC¢BM layer was spin cast from a solution in dichlorobenzene containing 7mg/ml
P3HTT-BTD and 35mg/ml PCs;BM on the 40nm PEDOT coated ITO glass. Then the
devices were placed in the vacuum cabinet for 30 minutes at 100 °C and cooled down to
the room temperature prior to electrode deposition. At the final stage, a 100nm Al layer is
deposited. No thermal annealing is carried out for P3HTT-TP: PCs;BM, while 10mins

100 °C thermal annealing under vacuum is needed for P3BHTT-BTD: PC¢BM solar cells.
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Encapsulation of organic BHJ solar cells

It is well known that the organic based solar cells degrade very fast under normal
environmental conditions. This is due to their limited resistance to oxygen, moisture,
elevated temperatures and light [33-36]. Since it takes at least five days to finish all the
experimental characterization, it becomes very important to encapsulate the solar cells
after the fabrication.

The encapsulation procedure is shown in Fig. 2-5. On the top of the aluminum
contact, an ultraviolet (UV) cured epoxy (DELO-Katiobond LP655) layer is applied first.
The reason why we choose this product is because this UV cured epoxy is demonstrated
to be flexible and transparent enough to protect the sensitive chemicals in the devices
from humidity and oxygen [37]. After the epoxy is applied, a 0.9mm-thick cover glass is

put on the epoxy to further isolate the air. At last, the device is cured in a UV lamp with

@ UV lamp

/i\

50mW/cm? intensity for 10mins.

Glass cover Glass cover

Epoxy Epoxy Epoxy

Al Al Al

v Polymer:fullerene Polymer:fullerene

sy i PEDOT — PEDOT
ITO ITO ITO
Glass substrate Glass substrate Glass substrate

Step 1 Step 2 Step 3

Figure 2-5. Encapsulation procedure for solar cells.
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2.3 Characterization of organic BHJ solar cells

2.3.1 Refractive index measurement

The complex refractive index n = n+ix is usually measured by variable angle
spectroscopic ellipsometry. Here, # is the dielectric constant, indicating the phase speed
of the light in a material. x is the extinction coefficient, revealing the amount of
absorption loss when the electromagnetic wave propagates through the material. Since a
single measurement is insufficient to measure thickness and both components of n,
multiple angle-of-incidence and multiple-wavelength measurements are performed. For
BHI films, the fitting of the spectroscopic ellipsometry data is difficult because numerous
numerical assumptions are necessary and optical birefringence must be accounted for.
Ellipsometric fitting techniques fail for thin films with strong absorption and high surface
roughness [38].

In order to overcome these difficulties, a Pekin Elmer Lambda 950 UV/VIS
spectrometer is used to extract the refractive index. A thin film blend is first spin coated
on a glass. Then the film thickness is measured with a Dektak Stylus Profiler. After that,
the transmission and reflection of the film on glass and the glass are characterized by the
spectrometer. By knowing the thickness, transmission and reflection, the refractive index
is finally extracted by the transfer-matrix-theory [39], which will be discussed in Chapter

3.

2.3.2 Current-voltage and capacitance-voltage measurements

The current-voltage characterization of the device consists of a dark current

measurement, an AMI1.5 photocurrent measurement, a transient photocurrent
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measurement, and a forward-to-zero transient current response measurement. The dark
current of a solar cell is the current when a voltage is applied in the absence of light. The
AM1.5 photocurrent of a solar cell is the current when a voltage is applied under the
standard AM1.5 solar spectrum. Both were measured with a Keithley source meter and
an ORIEL SollA solar simulator using the four-terminal sensing method. The dark and
photocurrents are useful to determine the efficiency of the solar cells, as well as other
characteristics such as recombination and breakdown. In order to analyze the breakdown
mechanisms, a Janis Model ST-100-FTIR low-temperature probe station is used to
measure dark current and photocurrent in different temperatures. This probe station has
three windows that allow the light to shine on the devices. The transient photocurrent
measurement and the forward-to-zero transient current response measurement were used
to characterize the free polaron recombination lifetime, which will be discussed in
chapter 6.

The capacitance-voltage is measured with an HP 4275A multi-frequency LCR meter.
The open-circuit and short-circuit calibrations are performed prior to the measurements
of the solar cells. The capacitance-voltage measurement is used to extract the dielectric

constant of the blend.
2.3.3 External quantum efficiency measurements

The external quantum efficiency (EQE) is the ratio of the number of free carriers
collected to the number of photons incident on the solar cell. It indicates the amount of
current that the cell will produce when irradiated by photons at a specific wavelength.
The EQE is measured using a 1kW Xenon arc lamp, a monochromator, a chopper, a lock-

in amplifier and a reference silicon photodiode. The lock-in amplifier measures the
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photocurrent of the device. The photocurrent response of the calibrated silicon
photodiode to the same light source is also measured. To calculate the external quantum
efficiency of the device the ratio of the device photoresponse to that of the calibrated

sensor is multiplied by the known external quantum efficiency of the silicon reference.

2.3.4 Mobility measurements

The transport of free polarons in organic semiconductors is realized by a hopping
transport mechanism. The Marcus model[40, 41] and the Miller-Abrahams[42] model
provide insight into how to calculate the hopping rates and macroscopic properties of
charge transport in such disordered systems. The theoretical value of charge mobility can
be derived by Monte Carlo simulations[43] or hopping master equations[44]. Charge
mobilities can also be determined by various experimental techniques, such as time of
flight (TOF)[41-43], space charge limited current (SCLC)[45-47], and source-drain
current versus gate voltage in field effect transistors (FETs)[48, 49]. Several factors, such
as molecular packing, temperature, and electric field influence the charge mobility as
well.[50, 51]

In this dissertation, SCLC is utilized to measure the hole and electron mobilities. To
fabricate “hole-only” devices, palladium was evaporated as the top contact for an ITO/
PEDOT:PSS/ P3HT:PCBM structure.[46] For “electron-only” devices, in order to
suppress hole injection in P3HT, a 1nm LiF/80nm Al layer was used as both top and
bottom contacts. The 1nm LiF layer enables the work function of Al to be lowered to 2.8
eV[52]. For the electron only and hole only devices, the SCL current is approximated

by[50]
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2

J = ggogrﬂo (2-8)

8 d’
where J is the current density; &is the permittivity of free space; ¢, is the relative

permittivity of the material; uy is the zero-field mobility; V' is the applied voltage; and d

is the thickness of the active layer.
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Chapter 3. Photon absorption and exciton
generation

3.1 Introduction

When photons with energy above the absorption edge are incident on the cells, some
of them will be absorbed. Usually, the absorption band of polymers is not as broad as that
of inorganic semiconductors because of their relatively narrow energy bands. Therefore,
the so—called donor-acceptor approach[53, 54] and donor-acceptor copolymer[31, 32] are
often used to broaden the spectral absorption. However, the spectral absorption is still not
as broad as that in silicon, which is illustrated in Fig.3-1. It is clear that absorption is still
one of the primary challenges to achieve higher efficiency. Therefore, it is important to

know the absorption of organic BHJ solar cells.

100 - ——P3HT
—— P3HTT-DPP-10%
single crystalline Si
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Figure 3-1. Absorption of poly (3-hexylthiophene) (P3HT), which is a typical
semiconducting polymer, and poly (3-hexylthiophene-thiophene-diketopyrrolopyrrole-10%)
(P3HTT-DPP-10%), a donor-acceptor copolymer, and single crystalline silicon.
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The absorption of a thick layer of material is usually calculated by transmission and
reflection, which are measured with a spectrometer. However, for a BHJ solar cell, there
are additional considerations. As shown in Fig. 3-2, a BHJ solar cell consists of several
thin film layers having dimensions on the order of the wavelength of light; therefore the
effect of optical interference cannot be ignored. Here, we apply the optical transfer-
matrix-theory model[39] on organic BHJ solar cells to get the optical electrical field and
absorption at a single wavelength. Then, the total absorption percentages for AM1.5

global photon flux are calculated by integration.

3.2  Multi-layer thin-film interference model

The optical transfer-matrix-theory was first introduced by Heavens[39] and was

recently applied to organic BHJ solar cells.[55-57]

Air Substrate  Layer / Layer m Air
+ ~ + + +
E 0 E bi E m E m+]
Iy — N

—)

—————— | ————

EU- EI- Em- Em+l-

Figure 3-2. The solar cell consists of a stack of m thin-film layers. Light is incident on the
substrate from the left, with intensity I, and travels to the right. Each layer j (j=1, 2, ..., m)
has a thickness dj. The optical electric field inside each layer is described as E+ for waves
traveling from left to right and E- for waves traveling from right to left.

As shown in Fig. 3-2, the device consists of a transparent substrate and a stack of m

thin-film layers, each of which is described by its complex refractive index n = n+ix and
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thickness d. A matrix that characterizes the interface between layer j and & can be written

as

I [(nj+nk)/2nj (nj—nk)/2n‘,} (3-1)

- (n;=n)/2n, (n,+n)/2n,

Similarly, the layer matrix characterizing the propagation through layer j is described by

LA=

J

—lbjd» 0
. a | (3-2)
e’

where §=2nn;// and A is the wavelength. Therefore, the optical electric field for the total
system can be written as

Ey
Eq

; (3-3)

where S, the total transfer matrix, can be expressed as

Sll S12
3-4a
|:‘5121 S22] (H (v—- l)v v m(m+l) ( )

In order to calculate the optical electric field in layer j, S can be divided into two subsets,

S=SijSj
~ }11 S}lz SJ” S (3-4b)
S.;‘Zl S;‘ZZ S_/21 S_/zz

Next, we need to define complex reflection and transmission coefficients for layer j in

terms of the matrix elements.

.S, ,
}"j = {21 ) tj = 'L,
SjI;II Sjll (3_5)
r;=S{;21, t”-=;
S Y

Combining Egs. 3-4 and 3-5, we obtain
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E? t
+_ ) J
J E+ 1 —r — i2€jd/ ’
0 i (3-6)
E ;
6 =—L=rre™"
s EO
Therefore the total optical electric field in layer j is given by
E,(x)=E (x)+E;(x)=t][e"" +re" "™ E;. (3-7)
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————————— iy

Figure 3-3. The whole structure considering the substrate.

Now, consider the substrate effect. The whole structure can be seen as a thick slab

and a thin film, as shown in Fig.3-3. The transmission of the films on glass is

.
= ]r;+1 - I;+1 ]_v
+ + +
IO ]s IO
2
=T |+ PaT e 4 Te ™R R +..Te““R"R") , (3-8a)
0
—ad,
:nm+1 < P Tse

m+1 g

770 1-RmRSe-2“sds)
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where R is the reflectance of the multilayer stack #;; R, and T are the reflectance and

transmittance of the substrate; and o, is the absorption coefficient of the substrate; and the

reflection of the films on glass is

1 2 2a

R=ﬁ=ﬂe AR TR R +..T'e”*“R "R’
‘ . (3-8b)
Tze—Za;ds R

1-R Re>

Therefore, the intensity of light incident on the interface between the substrate and the

multilayer structure, /;, can be calculated based on [55, 58], which is expressed as

. ]—;e—asds
IS =[OW=[OT;M. (3-8C)

By combining Eq. 3-7 and Eq. 3-8, the light intensity at a distance x within layer j can be
expressed as

1 2
Ij(x)=§c,9077j‘Ej‘

. . 2
wp x| i (2d-x)
t;le” +re” " T]E;

1
_505077,-

, (3-9
:i]2 i£x if/(zd/‘x)] ? 9

ti[e

+I"j€

s

| o ") -a;(2d,;-x) " —ad; "
wl|l;| e +p/e +2pe cos[4zn,(d; -x)/ A+0,]}

N I1,T,
n

N

where n; = 5,+ik; is the refractive index of the substrate, p] and (5] are the argument

and the phase of rj , and o;= 4mi/A 1s the absorption coefficient . Then the absorption

intensity /, and absorption efficiency #, in layer j are described as

1, = fa,1,(x)dx (3-10)
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f a1, (x)dx

3-11
I (3-11)

and n,

3.3 Refractive index

Table 3-1. Photovoltaic properties and absorption efficiency of P3HT, P3HTT-DPP-10%,
P3HTT-TP and P3HTT-BTD with PC61BM as an acceptor.

Thickness Na %) n @) Js. PCE

(nm)* at 630nm for AM1.5 (mA/ cm?)’ (%)

P3HT:PC¢ BM 85 10.8 11 8.07 2.70
P3HTT-DPP-10%:PCs; BM 100 51.0 18 9.99 3.14
P3HTT-TP:PCs;BM 64 359 16 1.90 0.24
P3HTT-BTD:PCsBM 180 43.6 13 2.27 0.46
“Measured by profilometer.  ° Not mismatch corrected

In order to determine the absorption, the refractive index is first extracted by a
simplified optical matrix-transfer-theory model with the substrate and a one layer film.
As explained in chapter 2.3.1, the absorption and reflection of the glass and blend on
glass were measured. The thicknesses of the layers are shown in Table 3-1. Using Eqgs. 3-
8a and 3-8b, a system of nonlinear equations with two variables blend refractive index 7z

and « is established, which it’s shown as

T;neasure (A’) = T;alculated (77’ K’ A’) 2 (3_ 1 23)

Rmeasure (A’) = Rcalculated (77’ K’ A’) 2 (3- 1 2b)

where Teasure aNd Riyeqsure are the measured transmission and reflection of the films on

glass, respectively. Tiucuiatea a0d Reaicuiaea are the calculated transmission and reflection
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from Eq. 3-8a and Eq. 3-8b. By solving the equations by using MATLAB, the refracted

index components 7 and x as a function of the wavelength were extracted, as shown in

Fig. 3-4.
4 2.5
—— P3HT:PC,BM ——P3HT:PC,BM
—— P3HTT-DPP-10%:PC ,BM 2.0 —— P3HTT-DPP-10%:PC_,BM
—— P3HTT-TP:PC,BM ——P3HTT-TP:PC,BM
= P3HTT-BTD:PC,,BM 15 ——P3HTT-BTD:PC,,BM
= X
1.0
2
0.5
1 : T - : . . ) 0.0+ T T T 7 T v !
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 3-4. (a) Refractive index n and (b) Extinction coefficient k of four polymer:PCsBM
thin films.

3.4  Optical electrical field profile

After obtaining the refractive index, the optical electric field profile is calculated
based on Eq. 3-7. Plots of electric field profiles for the four types of cells studied in this
work are shown in Fig. 3-5. In Fig. 3-5, regions I, II, III and VI represent 280nm ITO
layer, 40nm PEDOT:PSS layer, active layer (polymer: PCs;BM) and 100nm Al layer,
respectively. As expected, the optical electrical field exhibits spatial peaks and nulls
rather than a simple exponential decay in the active layer. The light interference is so
strong in this multi-thin-layer structure that the Fabry-Perot cavity effect cannot be
neglected. The Al layer reflects light back to the active layer to enhance absorption. Fig.

3-4 only shows the optical electrical field at 630nm. I have also simulated the optical
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electrical field at other wavelength from 280nm to 1000nm with 2nm step for all four

types of solar cells.
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Figure 3-5. Optical electrical field inside the (a) P3HT:PCqBM, (b)P3HTT-DPP-10%:
PC¢BM , (¢) PBHTT-TP:PC¢;BM and (d) P3BHTT-BTD: PCg BM solar cells at 630nm. In
this figure, region I, I1, III and VI represent 280nm ITO layer, 40nm PEDOT:PSS layer,

active layer (polymer: PCq;BM) and 100nm Al layer, respectively.
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3.5 Total absorption of AM1.5

Based on the optical electric field intensity inside the active layer, the full spectrum
absorption or the photon absorption percentage 7, at each wavelength was calculated

using Eq. 3-11 and is depicted in Fig. 3-6.
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<
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Figure 3-6. Absorption of four polymer: PCqBM thin films.

As can be seen, the other three semi-random polymer:PCsBM thin films exhibit
significantly broader absorption spectra compared to P3HT:PCsBM. P3HTT-DPP-
10%:PCs;BM and P3HTT-TP:PCsBM blends exhibit two peaks, while P3HT:PCs;BM
and P3BHTT-BTD:PC¢ BM have only one peak. The short-wavelength band (~ 500 nm) is
due to m-m* transitions and the long-wavelength band (~ 700 nm) is attributed to
intramolecular charge transfer (ICT).[59] The peak near 350 nm is a result of the
PC¢BM absorption.[32] Also, vibronic shoulders at 600 and 750 nm are present in the

P3HT:PCs;:BM and P3HTT-DPP-10%:PC¢BM films, which is a general indication of
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interchain vibrational absorption induced by a high degree of ordering and strong
interchain interactions.[60] No vibronic shoulders are present in the P3HTT-TP:PCs;BM
and P3HTT-BTD:PC¢ BM thin films possibly indicating a less ordered nature of the
films.

The total absorption percentages of AM1.5 global photon flux is calculated based on

[N |
the equation # = fN(A)di , where N = R/(hc/ A) is the number of photons per

second at A, R(W/m’/nm) is AML1.5 spectral irradiance at 4, and 7, is the photon
absorption percentage at 4. By integrating the number of photons at each wavelength, the
total absorption percentages of global photon flux are calculated to be ~ 11%, 18%, 16%
and 13% for P3HT:PCsBM, P3HTT-DPP-10%:PCs;BM, P3HTT-TP:PCsBM and

P3HTT-BTD:PCs BM, respectively. All the important numbers are listed in Table 3-1.

3.6 Exciton generation

After photons are absorbed, strongly Coulomb-bound electron-hole pairs are
created in singlet exciton states. Unlike in inorganic semiconductors, the exciton binding
energy in conjugated polymers is high, so the thermal energy at room temperature is not
sufficient to dissociate the excitons into free charge carriers. Therefore, they need to
diffuse to a donor/acceptor interface where the interface enables dissociation. [15, 16] In

this study, we assume 100% of the absorbed photons will give rise to excitons
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Chapter 4. Exiton diffusion

4.1 Introduction

After excitons are generated, they need to diffuse to the donor-acceptor interface in
order to get sufficient energy to dissociate. However, excitons only diffuse a short
distance before they recombine. It follows that the domains should ideally comparable to
the diffusion length in order to maximize the number of excitons that reach the interface
[61]. Spectrally resolved photoluminescence quenching (SR-PLQ) is a convenient and
accurate method to measure the exciton diffusion length of organic materials used for
solar cells [62]. Experimentally, the exciton diffusion length for donor polymers is ~5-
15 nm[61, 63, 64] and ~ 40 nm for acceptor fullerene Cgp [65], while another typical
acceptor PCs;BM, has an exciton diffusion length of only 5 nm [66]. The domain size of
donor and acceptor material is typically determined by the solution concentration, spin
coating speed and thermal annealing temperature [67-69]. However, for some polymers
such as PC¢ BM the diffusion length is so short it is difficult to achieve a good match to
the dimention fo the domains. Therefore, it is important to know the exciton diffusion
efficiency for the materials used in BHJ solar cells.

Exciton diffusion efficiency 7.4 is defined as the ratio of the number of excitons that
diffuse to the donor/acceptor interface to the number of excitons generated inside the
cells. In this chapter, exciton diffusion efficiency is investigated using current density
versus voltage (J-V) measurements at large reverse bias. The efficiencies for four
polymers combined with PC;BM are listed and compared. Under high reverse bias, the

current exhibits a significant decrease for fields greater than E=6x10" V/m, which is
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contrary to the voltage independent behavior predicted by the Onsager-Braun model[70].
The current drop is analyzed in terms of the breakdown mechanisms, and the tunneling

effect is found to be the dominate breakdown mechanism in most devices.

4.2 Theory: determine the exciton diffusion efficiency by

measuring J-V curves

As discussed in Chapter 2, the exciton diffusion efficiency can be determined using

the exciton and free polaron continuity equations, which can be written as

‘;_)tf G-k Xk, X+R, (2-52)
and
dn L0 vk X-R. (2-5b)
dt q ox

Recall that X(cm™) is the concentration of polaron pair, n(cm™) is the concentration of
positive polaron, Gpp is the polaron pair generation rate, which is related to photon
absorption and exciton diffusion and R is the free polaron recombination rate. Under the

equilibrium condition, dX/d=0 and dn/dt =0, which yields

Gpp —k, X =k, X - R, (4-1a)
and
liJn =-k, X+R. (4-1b)
q ox

As stated in Chapter 2, kyis=[Puaiss/(1-Paiss)]kr. Then, Eq. 4-1b becomes
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10
~ %) -(1-P.)R-P, G
q ax n ( dlSS) diss — PP , (4_10)

(1= By )R = By Meq Gexciton
where Geciron 18 the exciton generation rate, which is equal to the photon absorption
rate under the assumption that all the absorbed photons create excitons. Here, we also
assume 7.4 is the average exciton diffusion efficiency, which is independent of the
depth x inside the active layer.
The electric field inside an organic BHJ solar cell can be approximated as
E=|Voc-Val/d, (4-2)
where V, is the applied voltage, V. is the open circuit voltage and d is the thickness of
the active layer[71]. We want to note that this equation is only valid when V, <0.
When ¥V, >0, the electric field is not uniformly distributed anymore inside the active
layer. For more details, please see Chapter 7 Fig. 7-6, Fig. 7-13, Fig. 7-19 and Fig. 7-
25. Typically, under the large reverse bias, the electric field can reach ~10° V/m and
the polaron pair dissociation probability is ~1".
*Please see Chapter 5 for more details.

Under these conditions equation 4-1c becomes

1 a
o Jn = _ned exciton * (4-3)
q ox
By integrating the distance x from 0 to the active layer thickness, /, we get
J (0)=0
(4-4a)”

/
Jn (l) = _qned f Gaxcimn (x)dx
x=0

Similarity, the current density for the positive free polaron at the boundary is given by
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J (0) = _qned f exciton (X)d.x

J,()=0

(4-4b)’

*J,(0) and J,(/) are calculated from numerical simulation, which is described in Chapter 7.
Therefore, the current density J=J,+J, under the high reverse bias is equal to

i
_qned f exciton (X)dx (4_40)

x=0

and the exciton generation rate is given by

a; (M, (x, A)

Grion(X) = [F———— A x N(A)dA, (4-5)

where a; is the absorption coefficient of active layer j, [i(x,4) is the light intensity of
active layer j at location x and wavelength A, N = R/ (hc/ A) is the number of photons
per second at 4, and R(W/m’/nm) is the spectral irradiance. Combining Eq. (3-9), Eq.

(4-4c), Eq. (4-5) and the measured J-V curve, the exciton diffusion efficiency can be

extracted.



33

4.3 Exciton generation rate, J-V curve, and exciton diffusion

efficiency under AM1.5 illumination
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Figure 4-1. Exciton generation rate for (a) P3HT:PC4BM, (b)P3HTT-DPP-10%: PCsBM ,
(¢) PBHTT-TP:PC4BM and (d) P3BHTT-BTD: PC4BM solar cells.

The exciton generation rates as a function of depth x for four different solar cells were
calculated under AM1.5 one sun condition and are shown in Fig. 4-1. Fig. 4-2(a) shows
the J-V curves for the four types of solar cells in Fig. 4-1. Fig.4-2(b) plots the current
density in term of the electrical field E=|V,.-V,|/d inside of the devices. Initially the

current density decreases slightly with increasing electric field. However, the current
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decreases dramatically after the electric field reaches ~2x10"V/m. For P3HTT-BTD:
PC¢BM devices, the current becomes very unstable after the electric field reaches
~2x10"V/m. We also observed that the I-V curve of P3BHTT-BTD: PC¢;BM solar cells
can not be reproduced once the cells are applied by voltage of -7V. The Onsager-Braun
model[70] predicts constant current density after the electric field is sufficient for the
polaron pair dissociation probability to reach unity. However, as shown here, we observe
a breakdown characteristic. We note, however, that different devices on the same wafer
exhibit different breakdown voltages due to variations in fabrication. The plots shown

here are the characteristics a typical device.

30 -

——P3HT:PC,_ BM
| | — P3HTT-DPP-10%:PC_ BM
10 1 P3HTT-TP:PC_BM

| | — P3HTT-BTD:PC_BM

20

J(mA/cm’)
~

-6 -5 -4 -3 -2 -1 0 1
Voltage (V)

(a)



35

50 -
0 —
g
-50 4
= ——P3HT:PC_BM
§ —— P3HTT-DPP-10%:PC_BM
100 P3HTT-TP:PC_BM
—— P3HTT-BTD:PC_BM
10° 10° 10’ 10°
E (V/m)
(b)

Figure 4-2. (a)J-V curves and (b) J versus electric field, E, curves for solar cells under
AML1.5 illumination.

There are three effects that contribute to breakdown [26]: (1) thermal instability, (2)
tunneling, and (3) avalanche multiplication. Thermal instability is typically due to the
positive feedback of the temperature and the current. Owing to heat dissipation caused by
the reverse current at high electric field, the junction temperature increases. This
temperature increase, in turn, increases the reverse current relative to its value at lower
voltages. The thermal instability is important at room temperature, but becomes less
important compared with the other two mechanisms at very low temperatures. Tunneling
effect is a quantum-mechanical phenomenon by which carriers can tunnel through a
potential barrier if this barrier is sufficiently thin. This thin barrier is usually induced by a
large electric field. Tunneling can occur at the p-n junction or at the contacts. The

tunneling current of a p-n junction is described as
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* 3 * 432
J - \N2m g EV, exp(—ﬂ \2gm ¢L ’ (4-6)
47°h, |E, 3 h E

where m* is the effective mass of the material, V% is carrier velocity, % is Planck constant
and ¢p is the barrier height. The breakdown voltage due to the tunneling effect has a
negative temperature coefficient; i.e., the breakdown voltage decreases with increasing
temperature. Avalanche breakdown is a phenomenon that can occur in both insulator and
semiconductor materials. It occurs when the carriers in the transition region are
accelerated by the electric field to excite additional free carriers through impact
ionization. Compared to the tunneling effect, avalanche breakdwon is characterized by a
positive temperature coefficient. To determine which mechanism dominates, the
photocurrent was measured at different temperatures. Due to equipment limitations in our
lab, the measurements were only conducted using a Helium-Neon laser source, which
will be described in section 4.4.

Table 4-1. Exciton diffusion efficiency of P3HT:PCq,BM, P3BHTT-DPP-10%: PC¢BM,
P3HTT-TP: PC¢BM and P3HTT-BTD: PC4BM solar cells.

Hed (%) S PCE

for AML.5 (mA/em’) (%)

P3HT:PCqBM 100 8.07 2.70
P3HTT-DPP-10%:PCqBM 100 9.99 3.14
P3HTT-TP:PCe;BM 33.8 1.90 0.24

P3HTT-BTD:PCs;BM 69.6 2.27 0.46
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Considering the validation of Eq. 4-4c and the breakdown effect, the current density

of Eq. 4-4c is extracted at E=1x10" V/m. The exciton diffusion efficiency for these

materials is presented in Table 4-1.

4.4 Breakdown mechanism study by varying the

temperature

Figure 4-3 shows the J-V and J-E curve for four different devices under a 532 nm
laser illumination. By tuning the intensity of the light source, the short circuit current

density is set to match the J;. under AM1.5 condition at room temperature. These curves

are similar to the plots in Fig. 4-2.
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Figure 4-3. (a)J-V curves and (b) J-E curves for solar cells under a 532nm laser

illumination.
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Figure 4-4. (a) Dark current and (b) Photo current for PSHT:PCB61M solar cells.
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Figure 4-5. (a) Dark current and (b) Photo current for PSHTT-DPP-10%:PCB4 M solar
cells.

In order to analyze the breakdown mechanisms, four types of devices were tested at
three different temperatures 200K, 250K and 300K. To differentiate tunneling and impact
ionization breakdown, the dark and photo currents were both measured. These are shown
in Fig.4-4 to Fig.4-7. Here, the photocurrent is the difference between the total current
and the dark current. For P3HT:PCB¢ M and P3HTT-TP:PCB4M solar cells, the dark
current drops by a factor of 200 times for electric field > 6x10" V/m, while the
photocurrent drops by only a factor of 5. The slow drop of photocurrent indicates that
impact ionization is not significant. For both curves at the same current density, the
higher the temperature the lower is the electric field. The negative temperature coefficient
of the p-n junction and the sharp dark current breakdown indicate strong tunneling[26],
which is due to the ultra thin active layer of the solar cell structure. The simulation
results in chapter 7 show that the electrical field near the contact is even higher, which
also enhances the tunneling current between metal and semiconductor contact. For

P3HTT-DPP-10%:PCB¢s M solar cells, impact ionization appears insignificant because
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the photocurrent drops linearly at high electrical field region. However, tunneling still
dominates since the dark current drops 60 times. For P3HTT-BTD:PCB¢ M solar cells,
the reason for the breakdown is unclear. We observed that the J-V curve could not be
recovered after applying an electric field of 6x10° V/m. The curves exhibit big gaps
between 300K and 250K due to the device deterioration. The characterization was

terminated at ~ 6x10° V/m, otherwise no data could have been obtained at 200K.

0
_ 50
e —
= g
£ -100 <
= E
—— 300K 2
450 —— 250K 15
— 200K —— 250K
—— 200K
-200 . . ek a5
7 7 7 7 L] b T 1
2x10 - 4x10 6x10° 8x10° 10 10° 107 10°
m
¢ ) E (V/im)
(a) (b)

Figure 4-6 (a) dark current and (b) photo current for PZHTT-TP:PCB4 M solar cells.
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Figure 4-7. (a) Dark current and (b) Photo current for PSHTT-BTD:PCB¢ M solar cells.
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4.5 Summary

In this Chapter, exciton diffusion efficiency is analyzed by using J-V measurements
at large reverse bias. The efficiencies for four polymers with PCs;BM are presented.
Under large reverse bias, the current shows a large drop after the electric field reaches
E=6x10" V/m. This is contrary to the field-independent current predicted by the Onsager-
Braun model. The current drop is analyzed in terms of the the breakdown mechanisms,
and the tunneling effect is found to be the dominate breakdown mechanism in most

devices.
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Chapter 5. Polaron pair dissociation

5.1 Introduction

After the excitons reach the donor/acceptor interface, they do not directly dissociate
into free charge carriers. Instead, first a bound polaron, also referred to as pair charge
transfer (CT) complexes or geminate pairs will be formed. This is a crucial intermediate
step between exciton dissociation and free charge generation [72-76]. At the interface, the
CT complexes will either dissociate into free polarons or recombine. V. D. Mihailetchi
and et al.[77] found that for the poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene
vinylene) (OC;C;o-PPV):PC¢ BM blend at room temperature only 60% of the generated
geminate pairs dissociated and contributed to the short-circuit current. M. Limpinsel and
et al.[78] calculated that the dissociation efficiency of geminate pairs in the bulk was
40%-60% for P3HT:PC¢ BM at zero field. Geminate pair dissociation is still considered
as a major loss mechanism for BHJ solar cells.

In this chapter, the well-established Onsager-Braun model [70] is introduced first.
Then, the polaron pair dissociation efficiency is analyzed with the Onsager-Braun model

for four different polymers combined with PC¢;BM to form solar cells.

5.2 Onsager-Braun model

The Onsager-Braun model [70] describes a balance between CT recombination
and dissociation rates. The net generation rate, G, for free charges can be expressed
as[70, 77, 78]

G(T,E)=G, P, (T,E), (5-1)

T
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P (1,E) = —FasE)
kdiss (E) + kf

(5-2)
where G4 1s the maximum polaron pair generation rate, Pgs(7,E) is the probability for
free charge creation at the donor-acceptor interface, ky;ss(E) is the dissociation rate of a

bound geminate pair, and kr is the decay rate of the pair to the ground state. This model

yields the following expression for the rate

3 J1(2V-2D)

e

ra,’ \=-2b ’

where ay is the initial separation distance of the geminate pair at the interface, Ez=q/(4me

ki(E) =y (5-3)

€:y) is the polaron pair binding energy, J; is the Bessel function of order one. The term b
can be expressed as b=¢’E/8 mey ek°T, where e is the charge of an electron, E is the
internal electric field, gy is permittivity of free space, ¢, is relative permittivity, k is the
Boltzmann constant, and 7 is absolute temperature. kz is given by Langevin[79]:
kr=q<u>/ €9~ &>, where <u> is the spatially averaged sum of electron and hole
mobilities and < &> is the spatially averaged dielectric constant. As a result, Eq. 5-2

should be integrated over a distribution of separation distances
P(T,E)=N, ﬁ)‘” P(x,T,E)F(x)dx, (5-4)

where P(x,T,E) is the probability that free charges are generated at a separation distance,
x, temperature, 7, and electric field, E. F(x) is the distribution function of donor-acceptor
separation and Np is a normalization factor for the function F(x). The normalization
factors for different distribution functions F(x) are given by:

(1) Delta distribution- F(x)=0(x-a,), N.=1 (5-5a)

(2) Gaussian distribution- F(x)= PR’ , N, =——; (5-5b)
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(3) Exponential distribution- F(x) = e N, = BS ; (5-5¢)
a,
(4) 7 Exponential distribution-  F(x) = %™, N, = % (5-5d)
a,

5.3  Polaron pair dissociation probability

Based on the model, the polaron pair dissociation probability was simulated using
MATLAB. Here, we use the delta function distribution since it has been found to be
consistent with measured J-V curves and binding energies [78, 80]. The fitting

parameters used in the Eq. 5-2 are listed in Table 5-1 and Table 5-2.

Table 5-1. Parameters used in the Onsager-Braun model calculation for P3BHT:PC,BM and
P3HTT-DPP-10% :PC,BM solar cells.

P3HT.PC,,BM P3HTI-DPP-10%:PC, BM
£, 34 34
k, (1/s) 5x10° 6x10°
a, (nm) 1.9 1.9
U (cm*V's™) 2.4x10™ 2.3x10™
E, (eV) 0.223 0.223
Neq (%) 91 85

Table 5-2. Parameters used in the Onsager-Braun model calculation for P3HTT-
TP:PC¢BM and P3BHTT-BTD:PCy,BM solar cells.
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P3HTT-TP.PC,BM

P3OTT-BID:PC,,BM

g, 3.0 34
k, (1/s) 7.1x10° 5%10°
a, (nm) 1.8 1.9
w(em®*V's™ 2.5%x10™ 2.1x10™
E, (eV) 0.266 0.223
Neq (%) 53 27

The mobility was measured by the space charge limited current (SCLC) method [81]
as described in chapter 2. The relative dielectric constant ¢, was extracted from the
geometrical capacitance of the solar cells. Figure 5-1 shows the C-V curves for four types
of solar cells. Typically, the capacitance-voltage curves are characterized by three regions
[82, 83]. At reverse bias where V<<V, (region I), the active layer is totally depleted and
therefore the measured capacitance is constant and corresponds to the geometrical
capacitance Cg.,=¢c,A/d. In the low forward bias region where V<Vy,; (region II), the
capacitance exhibits a bias dependence Mott-Schoottky behavior [84]

2V, -
C—Z = EV;H V) , (5-6)
Aqee, N,
where A is the area of the device and N, is the concentration of acceptor impuries. With

further increase in forward bias (region III), the capacitance decreases again due to

injection.
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Figure 5-1. C-V curves for (a) P3HT:PCqBM, (b)P3HTT-DPP-10%: PCsBM , (¢c) P3HTT-
TP:PC¢BM and (d) P3BHTT-BTD: PCgBM solar cells.

The initial separation of polaron pair @, for P3HT is set to 1.9nm [78]. Based on
the grazing-incidence X-ray diffraction (GIXRD) results [31, 32], the P3HTT-DPP-10%
and P3HTT-BTD show the similar interchain distance as P3HT. Therefore the initial
separations of polaron pair for them are both set to 1.9nm. For P3HTT-TP, on the other
hand, seems to be completely amorphous by GIXRD study. As a comparison with three
other polymers, we set the initial separations of polaron pair as 1.8nm. Polaron pair
(geminate pair) decay time kr was extracted from J-V curves [45]. As can be seen, the

decay rate of the geminate pair to the ground state is a little higher for P3HTT-
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TP:PCs;BM and P3HTT-BTD:PC¢;BM than for the materials P3HT:PCs;BM and
P3HTT-DPP-10%:PCs;BM. At the same time, the initial separation length of the
geminate pairs and the geminate pair binding energies are similar for polymer:fullerene

pairs and correlate well with previously published data [8, 80, 85].
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Figure 5-2. Polaron pair dissociation probability for four different polymer:PCqBM solar
cells.

The simulated polaron pair dissociation probability as a function of electric field at
room temperature is shown in Fig. 5-2 and the calculated geminate pair dissociation
probabilities at short-circuit condition are listed in Table 5-1 (5.4). As can be seen,
P3HT:PCs;BM and P3HTT-DPP-10%:PCs;BM solar cells have significantly higher
geminate pair dissociation efficiency to form free polarons than P3HTT-TP:PCs;BM and

especially P3HTT-BTD:PCsBM OPVs. Since the initial separation lengths of geminate
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pairs and geminate pair binding energies for all polymer:fullerene pairs are found to be
similar, the faster recombination of the geminate pairs to the ground state for TP- and
BTD-based solar cells is determined to be responsible for drop of #... We note, that the
molecular weights (M,) of all the polymers are similar (15,000 — 20,000 g/mol), which
eliminates M, differences as an explanation for the differences in lifetime of the geminate

pairs [86].

5.4  Summary

In this Chapter, polaron pair dissociation efficiency is analyzed using the well known
Onsager-Braun model. At short circuit condition, 7., is 91%, 85%, 53% and 27% for
P3HT:PCs;BM, P3HTT-DPP-10%:PCs;BM, P3HTT-TP:PCs;:BM and P3HTT-
BTD:PCsBM solar cells, respectively. The big variance arises from the difference in
polaron pair decay rates. However, the underlying physical mechanisms for the different
decay rates necessitates further study. The capacitance characteristics are also tested and
analyzed. For four different polymer:PCs;BM solar cells, C-V curves exhibit similar

behavior, which verified the available C-V theory for BHJ solar cells.
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Chapter 6. Free polaron collection

6.1 Introduction

Once the free charges are generated by dissociation of bound polarons at a
donor/acceptor interface, they will either be collected by the electrodes through diffusion
or drift, or recombine by one of a variety of mechanisms. In this chapter, we focus on the
analysis of free polaron collection efficiency. The free polaron collection efficiency (7.)
[87], can be described as the ratio of the free polaron collection rate, R, to the free
polaron generation rate, R,, which can be expressed as:

R 1/t,, 1

C

- - - , (6-1)
R +R 1/t +1/t. 1+t /¢t

776'()

where ¢, is the average recombination lifetime and ¢, is the sweep-out time. #,, is
determined by the internal voltage Vi, the free polaron mobility x, and the thickness of

the drift region d, which is

d2

_ , 6-2
nAUI/int ( )

sw

where n can be 1 or 2, depending on whether or not free polarons are generated
throughout the whole device.

The sweep out time can be measured by the time of flight (TOF) [88-90] method or
the transient photoconductivity method [71]. For TOF, the films have to be several
micrometers thick to ensure that some of the polarons are generated within a small space
near the surface of the device and then traverse the whole bulk heterojunction region.
However, making the films thick may alter the device characteristics to the extent of

negating the applicability of the measured #,,. Transient photoconductivity, on the other
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hand, has the advantage that measurements can be made on thin films. For visible
wavelengths, free polarons are created relatively uniformly throughout a ~ 100 nm-thick
solar cell. For this case, n in Eq. 6-2 is equal to 2.

Recombination lifetimes, on the other hand, should be a characteristic of the material
and relatively independent of film thickness. Usually, the recombination mechanism is
classified into two categories. The first is referred to as geminate recombination [91],
which means the recombining free polarons were both created by the same exciton. The
other process, non-geminate recombination, involves free polarons that were created by
different excitons. There are several types of non-geminate recombination mechanisms,
such as band-to-band recombination, monomolecular recombination through a Shockley-
Read-Hall (SRH) interface, and reverse-diffuse [reverse-diffuse or reverse-diffusion?]
recombination through contacts [92]. The approaches to determine recombination
lifetimes include time-resolved vibrational spectroscopy [93, 94], impedance
spectroscopy [95, 96], transient photoconductivity [71], and forward-to-reverse transient
response [97]. To date, however, there is a wide discrepancy (100 ns to10 ms) between
the lifetimes measured with these different techniques.

In order to provide insight into the recombination lifetime, I have used three different
measurement techniques, transient photoconductivity, forward-to-zero transient-current
response, and electrical field dependent photoresponse. Measurements on
P3HT:PCB61M solar cells show that these three measurement techniques yield consistent
results. I have used transient photoconductivity to characterize the recombination

lifetimes for four types of polymer: PCB¢ M solar cells because the sweep out time and
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the recombination time constant can be obtained simultaneously. The free polaron
collection efficiencies of these materials are also calculated and compared.

I have also investigated thermal annealing effects on mobility and lifetime. For
organic BHJ solar cells, thermal annealing plays an important part in the device
fabrication and performance since it can improve nanoscale morphology of the
interpenetrating donor-acceptor networks, crystallinity of the polymer, and transport
across the interface between the bulk heterojuntion material and the aluminum electrode
[98]. However, the mechanisms by which annealing affect charge transport are not fully
understood. In this chapter, mobility and recombination life times of free polarons, as
determined by SCLC and the transient technique [97], respectively, were measured at

different annealing temperatures in P3SHT:PCBM devices.

6.2 Transient photoconductiviy
]
source |

Optical pulse \\\\

Small input impedance
Oscilloscope

Figure 6-1. A typical circuit for measuring transient photoresponse.
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Transient photoconductivity is a common technique used to study the competition
between sweep-out and recombination of free charges in low mobility materials [99-102].
A typical circuit for measuring phototransient response is shown in Fig. 6-1. Under
constant voltage an optical pulse is incident on the test material at a fix frequency. Then,
the transient photoresponse is measured with an oscilloscope.

In order to get accurate results, several conditions need to be satisfied. First, the
circuit RC time constant, T = RC, should be smaller than the device response. The
capacitance of BHJ devices is usually very large, e.g., in the nF range for a typical 4 mm?®
device. Increasing the film thickness or decreasing the device area can reduce the
capacitance. However, since a thicker device may have different properties than a typical
solar cell structure, decreasing the area is more suitable. Second, the amount of charge
generated should be carefully considered. On one hand, it should be small enough so that
space-charge effects do not change the internal field significantly, i.e., the injected charge
q should satisfy the condition ¢ << CV. On the other hand, ¢ should be large enough for
good signal to noise response.

S. R. Cowan et al. have developed and applied this method to the two-carrier transient
photocurrent in BHJ solar cells [71]. They measured the carrier response times, 7,
defined as the point of 1/e signal decay, for the fast and the slow carriers. In each case,
the response time decreases with increasing internal voltage, i.e., high electric field, and
saturates at low electric field. Since the decay of the carrier density is determined by
recombination when the internal electric field approaches zero, the recombination

lifetime can be defined as the carrier response time 7, in the saturation region at low
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electric field. Here, we have not differentiated between fast and slow carriers, but assume
the current flow reflects the total number of carriers.

In this work, the optical source was a 640 nm diode laser driven with 10 ns pulses at 1
kHz repetition rate. We measured the transient photoconductivity from -0.5 V to 0.4 V in
order to see both sweep out and recombination characteristics. Fig. 6-2 shows a typical
transient photoresponse for a P3HT/PC¢BM solar cell. The response time, T, was
determined and then plotted versus the internal voltage in Fig. 6-3. In the high internal
voltage region, T/ increases as voltage decreases. This is due to the fact that the response
time is dominated by the sweep-out time #,. In the low internal voltage region, the
voltage dependence is greatly diminished as the internal voltage approaches zero and
recombination dominates. The recombination lifetime for free polarons is estimated to be

~ 1.2 us.
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Figure 6-2. Transient photocurrent at different applied voltages for a P3HT/PCqBM solar
cell at room temperature.
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Figure 6-3. T, as a function of internal voltage.

6.3 Forward-to-zero transient current response

6.3.1 introduction

The forward-to-zero transient response technique is a widely used method to
measure minority carrier lifetime in inorganic devices. It can also be extended to
measurement of the free polaron recombination lifetime in BHJ solar cells. In contrast to
the forward-to-reverse transient response technique, the internal electrical field is near
zero and, after switching, almost all the excess carriers will recombine prior to being
collected by the electrodes. A typical switching circuit for this type of measurement is

shown in Fig. 6-4(a). For t < 0, a forward current, /5, flows in the device. At t = 0, the
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switch is thrown to the right with initial reverse current, Iz. Fig. 6-4 (b) illustrates the

current and voltage switching characteristics of an organic diode.

IF ‘ R A
4>—/\/;’ / _.,AW I
ITO I P t
R /
v/
—_ BHJ (
V
] V(t) i
Al

(a) (b)

Figure 6-4. (a) Basic switching circuit apparatus and (b) typical current and voltage
switching characteristics.

Oscilloscope

« vi > Fasa=m
l ©O-O<ik
1M ohm Uj v g
Oscilloscope? — | —Channel 4
Pulse ] Channel 2 Rinput= 1M ohm
Generator — input = 50 ohm
) 50 ohm s o) '
Oscilloscop \: '
= Generator Adapter and
V1 -V2 V2 ~—— 1:10 probe

Figure 6-5. Measurement circuit to characterize the transient behavior of BHJ devices.

6.3.2 The theory for transient current response

The transient response can be determined by solving the continuity equations,

op(x,t) 1
=G, -, —;VJ[, (6-3)
et 6 _u vl (6-4)

ot q
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where p and n are the positive and negative polaron densities, respectively; G, and G, are
the positive and negative polaron generation rates that originate from external sources
such as optical excitation; and U, =Vn/7, and U, =Vp /7, are the recombination rates
for positive and negative polarons.

In order to solve the above equations, we use the following current density

equations [4]

J=J,+J, (2-3)
dp
J,=-qu,pE-4D, - (2-4a)
J, =-qu,nE +4D, @, (2-4b)
dx
OF ap d’p
VJ =- —+qu E-X)-gqD —=, 6-5a
,=—(qu,p o M ax) 9D, =5 (6-5a)
OF ] 9’
VJ, =~(qun—+quE ") +qD, . (6-5b)
0x 0x 0x

It is also necessary to define the recombination rates. Different from inorganic solar cells,
the current of organic solar cells is attributed to the majority carrier, i.e., free polarons.
This is equivalent to the high-level injection case in an inorganic solar cell. It follows that
the lifetimes of the positive and negative polarons are the same. Therefore, the

recombination rate can be expressed as:
U,=(p-p)/7, =Vp/7, (6-62)
U,=(n-ny)/t,=Vn/t. (6-6b)

An explicit expression for #; (the time interval from t = 0 to the time when the

voltage on the BHJ device drops to zero) can be obtained using a charge-control model.
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In the dark, G, and G, are zero. The total charge carrier Q in the device at time t is given

by the integral

O(t) = qA[(Ap(x,1) = An(x, 1)) dx (6-7)
which is obtained by subtracting Eq. 6-4 from Eq. 6-3, multiplying by g4, and integrating
x over the thickness of the active region. After the current is switched to the reversed
mode, Eq. 6-4 becomes

quap(x, t)dx ) quan(x,t)dx

ot ot

qu(Ap(x )= An(x,t))dx qu(VJ V)
q

T
q4 f (Ap(x,t) — An(x,1))dx
- T
oF 9’
——f( (qu oDtk E —) q pap)
6-8
w(qunE s qu B9+ gD i))dx o
W, ax 1wy ox 4 ox’
qu(Ap(x, )= An(x,t))dx
- T
dp dn
— A((~qu. pE - gD Py+(~qu nE +gD <
((-qu,pE -q pdx) (-qu,nE +q ,,dx))
Substituting Eq.6-7 into Eq. 6-8, yields
g 0
—==-71,(1). 6-9
P 2 (?) (6-9)
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Eq. 6-9 is essentially the same as that used to calculate the minority carrier lifetime for
inorganic semiconductor devices [22]. The solution to this first-order nonhomogeneous

linear differential equation is

L3 L
O@t)=e ’(—fefIR(t)dt+C). (6-10)
With initial condition Q(0) = Irtr and the boundary condition Q(t;) = 0, the recombination

lifetime for free polarons can be determined.

6.3.3 Experiment results and discussion
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Figure 6-6. Current and voltage switching characteristics of a P3HT:PCBM device.

The switching circuit of Fig. 6-4 was implemented with an Agilent Infinium
DSO081004B Oscilloscope and an Agilent 81110A pulse generator. The bandwidth of the
oscilloscope is 10 GHz with sample rate up to 40 GS/s. The input impedance of each

channel of the oscilloscope is 50Q. With an Agilent E2697A adapter, the input
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impedance of the oscilloscope can be transformed to 1 MQ. The measurement circuit is
shown in Fig 6-5. A 100 Hz square wave was generated by the pulse generator and
applied to the parallel circuit. The rise and fall times of the square wave are both 2 ns.
The current flow through the BHJ device was detected by the 50 Q input channel. The
voltage on the BHJ solar cell is the voltage difference between V1 and V2 (Fig. 6-5). The
current and voltage switching characteristics of a P3HT:PCBM solar cell are shown in

Fig. 6-6. Using Eq. 6-10, the recombination lifetime was estimated to be 1 ps to 4 ps.

6.4 Electrical-field-dependent photoresponse

The spectral external quantum efficiency, 1., is an important characteristic of a solar
cell. The higher the quantum efficiency, the larger will be the short circuit current.
External quantum efficiency is the ratio of the number of charge carriers collected by
the solar cell to the number of incident photons at a specific wavelength. It can be

expressed as a product of efficiencies,

n,=nn.4M.,M. - (6-4)
Here, 1, is photon absorption efficiency, which is the ratio of the number of absorbed
photons to the total number of incident photons. 7., is the exciton diffusion efficiency,
i.e., the ratio of the number of excitons that diffuse to a donor-acceptor interface to the
number of absorbed photons; 7. is the geminate pair dissociation efficiency; and 7. is

the free polaron collection efficiency. The external quantum efficiency can be written in

terms of the responsivity, R, as

hv
_ = (. 6-
779 (qPI) ]’ ( 5)
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where P; is the incident optical power. Combining Eq. 6-4 and Eq. 6-5, yields
hv
nanedncdncc = (_) I (6-6)
qf)

The electrical-field-dependent method utilizes measurements of responsivity at
different bias voltages and thus different internal electric fields (£;,). For the same
device and same incident light level at a specific wavelength, 1,, P;, and Av should be
independent of E;,. Since there are no reports that exciton generation and diffusion
strongly rely on internal electric field, here we ignore the electric field influence on 7.,. It

follows that

ncdlnccl = i (6_7)
77ch77ch ]2

where /; and I, are photocurrent values at different bias (£;,,) values. Combining Eq. 6-6

and Eq. 6-7, the average recombination lifetime can be expressed as

ncd 2
s

‘= Mear (6-8)

[1 771’d2 _ [2

Le -1t

swl

77001 1

In order to determine the recombination lifetime, it is necessary to determine three
quantities: the measured photocurrent ratio, the sweep out lifetimes, and the geminate

pair dissociation efficiency.
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Figure 6-7. Photo current versus applied bias and internal electric field.
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Figure 6-8. Transient photoconductivity for a PSHT/PCBM solar cell at room temperature.
(a) Transient photoresponse at different internal electric field. (b) The sweep out time is
determined by the intersection of two linear fitting lines.

The measured photocurrent response was realized with a tunable Helium-Neon laser

and a lock-in amplifier. The wavelength was 632 nm and the chopper frequency was 310
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Hz. The photocurrent versus bias and internal electric field (£) are shown in Fig. 6-7.
From the current-voltage characteristic, V,. was found to be 0.47 V.

The sweep-out time was measured by transient photoconductivity. The optical source
was a 640 nm diode laser that was pulsed at 1 kHz. An Agilent Infinilum DSO81004B
Oscilloscope was used to detect the photocurrent. The transient responses at different
electrical fields are shown in Fig. 6-8(a). The sweep-out time is determined from the
intersection of two linear fits as illustrated in Fig. 6-8(b) [88-90]. Using this approach, the

sweep out time was estimated to be 150ns, 280ns and 320ns for internal electric fields of

6.23-10" V/em, 3.29-10* V/em and 2.7-10* V/em, respectively.
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Figure 6-9. Probability of geminate pair separation versus internal electric field.

The geminate pair dissociation efficiency is calculated using the Onsager-Braun

model [70] for field-dependent geminate pair dissociation, as described in the Chapter 5.
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The parameters used in the model are shown in Table 5-1. Figure 6-9 shows a plot of
polaron pair dissociation probability versus internal electric field. Combining the data in
Fig. 6-7 and Fig. 6-9, the recombination lifetime is found in the range of ~1-4 ps.

In summary, the transient photoconductivity, forward-to-reverse transient response,
and variable field techniques, yield consistent free polaron recombination lifetime ~1-4
us for P3HT:PCsBM solar cells. Considering its simplicity and accuracy, transient
photoconductivity was selected to characterize the sweep out time and recombination

time for four types of polymer: PCs;BM solar cells.

6.5 Free polaron collection efficiency for four types of

polymer:PCB4; M solar cells

In order to characterize the recombination lifetime, voltages from 0 V to a voltage
near Voc was applied to each device. The transient photocurrent response for the four
types of polymer: PCs;BM solar cells are shown in Fig. 6-1. An over-shoot at the rising
edge was observed in P3HTT-DPP-10%:PCsBM, P3HTT-TP:PC¢BM, and P3HTT-
BTD:PC¢BM solar cells but not for the P3HT:PCs;BM solar cells. The peaks reflect the
imbalanced transport in amorphous materials. This could be attributed to trapping or the
inherently big difference between electron and hole mobility-lifetime products in these

material systems, which perturbs the internal electric field inside the devices[103].
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Figure 6-10. Transient photocurrent response of (a) P3HT:PC¢BM, (b) P3HTT-DPP-
10%:PC¢BM, (¢) P3BHTT-TP:PC¢BM and (d) PSBHTT-BTD:PC¢;BM solar cells at different
applied bias.

To determine if traps dominate, we also extracted the ideality factors (n) from V.
versus light intensity (/) at room temperature [20]. The light source we use is an AM1.5
solar smulator and different light intensities are realized by the neutral density filter. As
shown in Fig. 6-11, V,. changes linearly with /og, (I) and the ideality factor is extracted
from fitting the slope = nkT/q. The diode ideality factor phenomenologically describes

the exponentiality of the diode dark current in forward bias. In the ideal case (no

recombination), # is unity [26]. We observe that n>>1 for P3HTT-TP:PCs;BM, which is
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consistent with deep-level trapping in the material [104]. High ideality factors are a
characteristic signature of increased recombination loss or increased disorder the
electronic states [105]. For P3BHTT-BTD:PC¢BM solar cells, we observe n < 1, which
can be due to Auger recombination via trapping sites [26]. For P3HTT-DPP-10%:
PCs:BM, both ideality factor n=1 and longer lifetime indicate that trapping is not
significant. Although we still see the over-shoot in the transient photocurrent
measurement, this could possibly be due to other factors, such as exciton-exciton

annihilation, which still needs more investigation.

0801 e P3HT:PCq1BM n=1.38
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Figure 6-11. ¥V, vs. light intensity (I) at room temperature.

The recombination time was determined from the //e decay response time of the
transient photocurrent [71, 87]. The transient lifetimes are plotted in Fig. 6-12 versus
internal voltage. For P3HT:PCs;BM and P3HTT-DPP-10%:PC¢BM, the response time,

T1/e, decreases as internal voltage increases in the high internal voltage region. This is due
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to the fact that the response time is dominated by the sweep-out time under high electrical
field. For lower internal voltage, the voltage dependence is greatly diminished. As the
internal voltage approaches zero, recombination dominates and the recombination
lifetime for free charges is estimated to be ~ 0.9 us and ~ 0.8 us for P3HT:PC¢BM and
P3HTT-DPP-10%:PCs;BM solar cells, respectively. For P3HTT-TP:PCqBM and
P3HTT-BTD:PCsBM, the transient response is overwhelmed by the trap-mediated
dynamic interplay between the hole extraction and thermionic injection near the contacts
[106]. Under low forward bias, the transient response is almost constant owing to the
relatively small distortion of the electric field. As the applied voltage increases, charge
injection dominates, which is responsible for the subsequent decrease in the transient
response. In this case, the recombination lifetime for free charges is ~500 ns for P3HTT-

TP:PCs;BM and P3HTT-BTD:PCs;BM solar cells.
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Figure 6-12. The transient lifetimes for different polymer:PCgBM solar cells at different
applied bias.
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The sweep out time is measured at -2V. From Fig. 6-13, we can see that the sweep
out time is extracted from the intersection of the linear fitting lines. Therefore, the sweep
out times are 220ns, 270ns, 130ns and 220ns for P3HT:PC¢BM, P3HTT-DPP-
10%:PCs;BM, P3HTT-TP:PC;BM and P3HTT-BTD:PCsBM solar cells, respectively.
The charge collection efficiencies then are calculated based on Eq. 6-1, which is shown in
Table 6-1. We can see that the short lifetime of free polarons, which reflects the trapping

recombination, will affect the polaron collection. This will, in turn, degrade the short

circuit current density and the fill factor.
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Figure 6-13. Transient photoconductivity measurement for sweep out time. The black lines
are transient photoresponse at -2V and the red lines are linear fitting for the black curves.
The intersection of two red lines is the sweep out time point.
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Table 6-1. Photovoltaic properties and free polaron collection characteristics of four types
of polymer:PC4BM solar cells

ty(ns) 1. (ns) 7. (%) Jse FF
(mA/cm?)°
P3HT:PC;,BM 220 900 82.0 8.07 0.58
P3HTT-DPP-10%:PCs,BM 250 800 76.2 9.99 0.54
P3HTT-TP:PCs,BM 130 500 79.4 1.90 0.33
P3HTT-BTD:PC;BM 220 500 69 4 2.27 0.36

6.6 Thermal annealing effect on mobility and lifetime

For organic BHJ solar cells, thermal annealing plays an important part in the
device fabrication and performance. Free charge transport has traditionally been
characterized in terms of diffusion and drift lengths[4, 26, 107]

L, =utk, (6-9a)

drift

Ldifusian =N Dt = k_T;uT 9 (6'9b)
\ 4

where u is the mobility; 7 is the lifetime; £ is the internal electric field; D is the diffusion
coefficient; and k& is the Boltzmann constant. Therefore, the product u 7 is a very
important characterization parameter. In order to study the thermal annealing effects on
charge transport in organic BHJ solar cells, the mobility and lifetime of free charges, as
determined by SCLC and transient response technique[97], respectively, were measured

for different annealing temperatures in P3HT:PCBM devices.
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For mobility measurements, to fabricate ‘“hole-only” devices, palladium was
evaporated as the top contact for an ITO/ PEDOT:PSS/ P3HT:PCBM structure [46]. For
“electron-only” devices, in order to suppress hole injection in P3HT, Inm LiF/80nm Al
layer was used as both top and bottom contacts. The 1nm LiF layer enables the work
function of Al to be lowered to 2.8 eV[52]. The structures for hole-only and electron-only
devices are shown in the inset of Fig.6-14. As mentioned in chapter 2, the SCL current is

approximated by [50]

2

9 a
J = g«‘,‘oé‘rﬂo ? > (2'8)

where J is the current density; & is the permittivity of free space; & is the relative
permittivity of the material; uy is the zero-field mobility; V, is the applied voltage; and L
is the thickness of the active layer. The mobilities of electrons and holes were calculated
using Eq. 2-8 and are plotted in Fig. 6-14 versus temperature. Both hole and electron
mobilities increase with annealing temperature from room temperature up to 140 °C. The
increased hole mobility results from the crystallization of P3HT and increased size of the
P3HT and PCBM domains [54]. In addition, as temperature increases, the melting of
P3HT side-chains allows PCBM molecules to diffuse and form nanocrystalline domains
of pure PCBM which results in enhanced electron transport [108]. For annealing
temperature above 140 °C, both hole and electron mobility sharply decrease owing to the
fact that the fibrils of P3HT decompose into small grains along the fibril axis and the

formation of large PCBM aggregates, respectively.
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Figure 6-14. Dark current densities (J) in 55:45 wt. % blends of P3HT:PCBM devices as a
function of annealing temperature (a) electron-only device and (b) hole-only device.
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Figure 6-15. (a) Typical current and voltage switching characteristics of a PSHT:PCBM
solar cell and (b) lifetime as a function of annealing temperature.

In order to obtain the free charge recombination lifetime, the forward to reverse

transient behavior without illumination was measured. Typical current and voltage
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switching characteristics of a P3HT:PCBM solar cell are shown in Fig. 6-15 (a) and the
calculated lifetime is plotted versus anneal temperature in Fig. 6-15 (b). The peak of the
free polaron lifetime occurs near an annealing temperature of 140 °C. Recombination is a
primary determinant of free charge lifetimes in organic solar cells. Since the annealing
temperature affects crystallization and morphology of the blend, the recombination rate
should also be influenced. The lifetime dependence on annealing temperature may be
caused by the change of SRH interfacial states, which process was recently demonstrated
to be the dominant recombination process [92, 109] in BHJ solar cells. Using the
measured mobility and lifetime results in Figs. 14 and 15, respectively, the mobility-
lifetime product is estimated to be ~ 10™ - 10™"° cm?®/V for 140 °C annealing temperature.
This number is close to 10"° cm?/V that Street et al. [92] obtained using the transient

photoconductivity method.

6.7 Summary

In this chapter, three techniques were developed to characterize the free polaron
recombination lifetime. These techniques are transient photoconductivity, forward-to-
zero transient-current response, and electric field dependent photoresponse techniques.
Measurements on P3HT:PCB¢M solar cells show that these three measurement
techniques yield consistent results. The recombination lifetime for a P3HT:PCBg;M solar
cell is estimated to be ~1-4ps.

Owing to its simplicity and accuracy the transient photoconductivity method was
used to characterize the recombination lifetime for four types of polymer: PCB4;M solar

cells. The recombination lifetimes are 900ns, 800ns, 500ns and 500ns for P3HT:PC¢BM,
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P3HTT-DPP-10%:PCs;BM, P3HTT-TP:PCs;BM and P3HTT-BTD:PC4BM solar cells,
respectively. For P3BHTT-TP:PCs;BM and P3HTT-BTD:PC¢BM solar cells, the shorter
recombination lifetimes reflect the possibility of deep trapping inside the BHJ solar cells.
This was confirmed by light intensity dependent Voc measurements. The non-unity
ideality factor is consistent with deep trap assisted SRH recombination in P3HTT-
TP:PC41BM solar cells, and trap assisted Auger recombination in P3HTT-BTD:PCs,BM
solar cells. The free polaron collection efficiencies of these solar cell materials have been
calculated and compared.

In order to better understand the thermal annealing effect on charge transport,
recombination lifetime and mobility for P3HT:PCs;BM solar cells were measured for
different thermal annealing temperatures. 140°C was shown to be the optimum annealing

temperature, since that temperature yields the highest mobility-lifetime product.
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Chapter 7. Numerical simulation

7.1  Introduction and methodology

7.1.1 Introduction

At present, there are two widely used device modeling approaches that are used to
simulate the characteristics of solar cells [110]: the mesoscopic approach using a Monte
Carlo simulator and the macroscopic approach that uses a drift-diffusion model. The
Monte Carlo model takes the nanoscale morphology into consideration, but its
capabilities are limited to simulation of a few important factors such as exciton
dissociation. The substantial computation resources required for the Monte Carlo model
limit its utility as a comprehensive predictor of device performance. The drift-diffusion
model, on the other hand, is a powerful tool to simulate macroscale parameters, such as
Ve, Jse, carrier concentration, and electric potentials, but it fails to adequately account for
nanoscale morphology. In this chapter, we focus on analyzing the macroscale parameters
using the drift-diffusion model.

The Koster model [30] is a fundamental drift-diffusion numerical model for
calculating current-voltage characteristics of polymer:fullerene bulk heterojunction solar
cells. It addresses the role of contacts, drift, and diffusion of charge carriers as well as
charge carrier generation, and recombination. However, there are several factors that are
not considered in this model, e.g., non-uniform photon absorption, non-geminate
recombination, and the effect of series resistance, R,, and shunt resistnace, Ry;, on fill

factor and solar cell power conversion efficiency. In the literature, only one or two factors
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are adjusted to the Koster model [55, 110, 111] because other parameters are not well
known due to the lack of experimental data.

In this chapter, non-uniform photon absorption, exciton diffusion, non-geminate
recombination, and the effects of R, and R, are incorporated into the Koster model based
on our measurements. Current-voltage curves are simulated for P3HT:PC¢;BM, P3HTT-
DPP-10%:PCs;:BM, P3HTT-TP:PCs;:BM and P3HTT-BTD:PCs;BM solar cells. The
electric field, potential energies, positive polaron and negative polaron current densities,
and recombination rates are analyzed under dark, short circuit, and open circuit

conditions. Comparison is made and discussed between measured results and simulations.

7.1.2 Device model and numerical method

Device simulation without considering R, and Ry,

As mentioned in Chapter 2, an organic BHJ solar cell can be approximated as an
MIM structure. The basic equations used in the simulation are the Poisson equation, and
continuity equations for polaron pairs and free polarons. To obtain a unique solution, the
boundary conditions for free polaron density and electrical potential need to be specified.
It’s assumed that the contact between elctrodes and the active layer is ohmic. Using
Boltzmann statistics, the free polaron densities at the interface between electrodes and the

active layer are

1(0) = N, o5 (2-6a)

AE
p0) =N, .0 exp(- kTHL , (2-6b)
i’

p(d) = NHOMO > (2-6¢)
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AE'H

n(d) = Nyouro exp(—kT/L : (2-6d)
q

where N, and N, are the effective density of states of LUMO level and HOMO level,
respectively. Eg,, 1s the energy level difference between LUMO and HOMO. Meanwhile,
the boundary condition for electrical potential is
y(d)-y0)=E,, -V, (2-7)
where V, is the applied voltage. The numerical simulation has been carried out using
Silvaco TCAD organic tools, which utilizes the Newton nonlinear iteration strategy.
In order to characterize the non-uniform exciton generation, the transfer matrix
method has been applied on to the organic BHJ solar cells as detailed in Chapter 3. The

exciton generation rate Gycin(cm™ s) as a function of depth is extracted from
Gexc'f/o”('x) = fﬂa(l’,l)/\/(l)d/'\, ’ (7-1)

where 7,(x,4) is the absorption percentage at a single wavelength at depth x and N(4) is
the number of incident photons at a specific wavelength per second. The simulated
exciton generation rate was calculated using MATLAB and then imported to the Silvaco
C interpreter function file with a BEAM statement and F.RADIATE parameter.

For exciton diffusion calculation, a factor of 7., is added to Eq. 2-5, which yields

1o

5 a‘]n = (1 - })diss )R - PdissnedG (4-2)

exciton *

This modification is included in the BEAM statement bl in the Silvaco program.
As discussed in Chapter 6, several mechanisms contribute to non-geminate
recombination; these include band-to-band recombination, monomolecular recombination

through Shockley-Read-Hall (SRH) recombination at the heterojunction interface, and
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reverse-diffuse recombination through contacts. Based on our recombination lifetime
experiments and light intensity versus V,. measurements, we have included trap-assisted
SRH recombination in the P3HTT-TP:PCsBM solar cell model. SRH recombination,
first derived by Shockley and Read[112] and then by Hall [113], occurs through deep-
level traps accompanied by phonon scattering. Recently, a theory for the SRH

recombination rate has been developed for polymer solar cells [7]; it can be expressed as

(pn-n’)
RSRH Etra Etra ’ (7 3)
n+nexp(——-) p+p,exp(——>)
kT, kT,
N ( + )
C, C

where N, is the density of traps, C, and C, are capture coefficients, £, is the difference
between the trap energy level and the intrinsic Fermi level, and 7 is the lattice
temperature. The SRH recombination rate has been added to both polaron pair and free
polaron continuity equations in the Silvaco TCAD simulation. For P3HTT-BTD:PCs BM
solar cells, trap-assisted Auger recombination is introduced into the model. Auger
recombination occurs through a three particle transition where a mobile carrier is either

captured or emitted [114]. The Auger recombination rate is usually described as[115]
Rauger = C1AUGN (pn2 - nntz) + C1AUGP (l’lp2 - pnlz)’ (7_4)
where Cyygy and Cyygp are the capture coefficients for negative polarons and positive

polarons, respectively. Here, the Auger recombination rate is added to both polaron pair

and free polaron continuity equations in the Silvaco TCAD simulation.
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Figure 7-1. An equivalent circuit for a real solar cell.

In fact, the series resistance and shunt resistance are two important parameters
that can not be omitted when fitting I-V curves. An equivalent circuit for a solar cell is

shown in Fig.7-1 [4]. Generally, the I-V characteristic is described as

T _
1=1yen ™ oy YR

ph
sh

(7-5)

where 7 is the ideality factor, /j is the saturation current, U is applied voltage on the
device and [,, is the photocurrent. For organic BHJ solar cells, analytical solutions
obtained by deriving the I-V characteristics from the Poisson equation and the continuity
equations have not provided good fits to experimental results. As a result, simulations
have been pushed toward numerical solutions. Using Kirshoff’s current law and voltage

law [116], the current at node 1 in Fig. 7-1 follows

] — ] + U&Vma) , (7-53)

Silvaco R
sh

and the applied voltage on the device is
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U=U +R 7, (7-5b)

suraco T 4L
where / and U are the simulated current and voltage including a series resistance and a
shunt resistance, Isinaco and Usinaco are the simulated current and voltage by Silvaco.
Given a series resistance and a shunt resistance, the experiment I-V curve can be fitted.
We want to note here this method is similar to the Simulation Program with Integrated
Circuit Emphasis (SPICE) dc simulation [117]. SPICE is a general-purpose circuit
simulation program for dc, transient and linear ac analysis. In the SPICE netlist, analysis
modes and circuit description including device information need to be defined. Device
information syntax in the netlist is typically linked to a device property file which
includes device configuration and important electrical parameters. When a SPICE
simulation is running, the device property file will be called and used in the main
program. Here, our MATAB main program is like SPICE and the Silvaco device
simulation output file is like the device property file in the SPICE.
Simulation parameters

The simulation patameters are listed in Table 7-1 to Table 7-4 for P3HT:PCsBM,
P3HTT-DPP-10%:PCs;BM, P3HTT-TP:PCs;BM and P3HTT-BTD:PC4BM solar cells,
respectively. The bandgap is calculated from the difference between the HOMO level of
the PCs;BM and the LUMO level of the polymer. The HOMO level for PCs;BM is 3.8
eV [111] and the LUMO levels for P3HT, P3HTT-DPP-10%, P3HTT-TP and P3HTT-
BTD are 5.1eV [32], 5.2eV [32], 5.23eV [31] and 5.41eV [31], respectively. The exciton
diffusion efficiency is extracted from I-V curve under the large reverse bias, as it is

described in Table 4-1.
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As it is shown in Table 5-1, the dielectric constants were extracted from the
geometrical capacitance of the solar cells and the mobility were measured by the space
charge limited current methods. The initial separation of polaron pair for P3HT is set to
1.9nm [78]. Based on the grazing-incidence X-ray diffraction (GIXRD) results [31, 32],
the P3BHTT-DPP-10% and P3HTT-BTD show the similar interchain distance as P3HT.
Therefore the initial separations of polaron pair for them are both set to 1.9nm. For
P3HTT-TP, on the other hand, seems to be completely amorphous by GIXRD study. As a
comparison with three other polymers, we set the initial separations of polaron pair as
1.8nm.

The density of states of the polymers and PCs;BM, the polaron pair decay rate, series
resistance and shunt resistance are calculated for the best fittings of /-7 curves. This is
because V. is strongly affected by polaron pair decay rate, the density of states of the

HOMO level of PC¢BM and the LUMO level of the polymers, as V. is described as

AE'HL _k_Tln(( kr )krecNHOMONLUMO )
q q kdiss Jx /aO

V =

oc

(1-1)

Meanwhile, shape of /I-V curves is influenced by series resistance, shunt resistance and

polaron pair decay rate.

7.2 Simulation results for P3HT:PC4BM solar cells

7.2.1 Photon generation rate and simulation parameters

The photon generation rate has been calculated by MATLAB and is shown versus

distance from the surface in Fig.7-2. The exciton diffusion efficiency is arbitrarily set to
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1, as stated in chapter 4.3. The parameters used in the simulation are shown in Table 7-1.

The temperature was set to room temperature.
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Figure 7-2. Photon generation rate for P3HT:PC¢BM solar cells.
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Table 7-1. Simulation parameters for P3HT:PCgBM solar cells.

parameter value parameter value
Bandgap (eV) 1.4 Dielectric constant 34
Negative free polaron mobility | 2x10~ | Positive free polaron mobility | 2.8x10™
(cm?/Vs) (cm?/Vs)
Density of State 1x10” | Polaron pair decay rate (1/s) 5x10°
Nioso=Nrumo (cm™)
Initial separation of polaron pair 1.9 Excition diffusion efficiency 1
(nm) (%)
Sheet resistance (€2) 50 Shunt resistance (kQ) 10
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7.2.2 I-V curve simulation including R, and Ry,

The comparison between experiment data and simulation results are plotted in Fig. 7-
3. The dark curve is measured and the blue curve is the simulation data extracted from
Silvaco. The red dots curve is the simulation that includes the series and shunt
resistances. Figure 7-6 shows good agreement between experiment and the simulation

with R, and Ry;,. This demonstrates the affect of R, and Ry, on the fill factor.
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Figure 7-3. Comparison between experimental data and simulation results for
P3HT:PCqBM solar cells.

7.2.3 Short circuit condition, open circuit condition, and maximum
power condition

Having determined the open circuit voltage and the max power point, the electric
potential, electric field, recombination rate, and current densities have been simulated at

short circuit condition, open circuit condition, and maximum power condition. In order to

better know the device operating conditions, the open circuit point and maximum power



point are extracted from the experimental data. Here, the open circuit voltage is 0.577 V

and the maximum power point occurs at 0.45 V.
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Figure 7-5. Electric potential, electric field, recombination rate and current densities at

open circuit condition.
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Fig. 7-4 to Fig. 7-6 show that the electric field is almost constant in the middle of the

active layer at short circuit condition and the maximum power condition, while the field
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near the contact is very high. This demonstrates that tunneling is more probably near the
contact. The electric field in the middle of the active layer is almost equal to

E = (Voc-V,)/d, (4-2)
which confirms our assumption for the electric field in chapter 4.2. Under the open circuit
condition, the electric field exhibits large variation with depth. Thus, Eq. 4-2 is invalid
everywhere in the active layer. Fig. 7-7 shows the electric field changes with applied
voltage for P3HT:PC¢ BM solar cells. The electric field near the contacts is always high
at all applied voltages, while the electric field in the middle of the active layer decreases
largely with voltage increases. For other three polymer: PC¢ BM solar cells, the trend of
electric field vs. applied voltage is similar, as it is shown in Fig. 13, Fig.19 and Fig.25.
This is because the boundary conditions for free polaron density and electric potential are

under the same assumptions for all the solar cells.
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Figure 7-6. Electric potential, electric field, recombination rate and current densities at
maximum power condition.
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Figure 7-7. Electric field at different applied bias for P3HT:PCgBM solar cells.

The electric potentials at the contacts satisfy the boundary conditions and they
are spatially symmetric inside the active layer. The recombination rate changes
dramatically at different conditions; it becomes larger as the internal voltage approaches
to zero. At short circuit condition, the recombination rate at the contact is ~3 orders of
magnitude larger than that in the middle of the active layer. This is due to the large
density of free polarons at the contacts and the fact that the recombination rate is linearly

proportional to np-n;’.

7.3  Simulation results for P3HTT-DPP-10%:PC4BM solar

cells

7.3.1 Photon generation rate and simulation parameters
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Figure 7-8. Photon generation rate for PSHTT-DPP-10%:PCsBM solar cells.

Table 7-2. Simulation parameters for PSHTT-DPP-10%:PC4BM solar cells.

parameter value parameter value
Bandgap (eV) 1.4 Dielectric constant 34
Negative free polaron mobility | 2x10~ | Positive free polaron mobility | 2.3x10™
(cm*/Vs) (cm*/Vs)
Density of State 1x10” Polaron pair decay rate (1/s) 6x10°
Nioso=Nrumo (cm™)
Initial separation of polaron pair 1.9 Excition diffusion efficiency 1
(nm) (%)
Sheet resistance (€2) 40 Shunt resistance (kQ) 10

The photon generation rate has been calculated using MATLAB and is shown
versus distance from the surface in Fig.7-8. The exciton diffusion efficiency is arbitrarily
set to 1, as stated in Chapter 4.3. The parameters used in the simulation are shown in

Table 7-1. The temperature was set to room temperature.
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7.3.2 I-V curve simulation including R, and Ry,

The measured and simulated current-voltage curves are show in Fig. 7-9. The dark
curve is measured and the blue curve is the simulation data extracted from Silvaco. The
red dots curve is the simulation that includes the series and shunt resistances. There is
good agreement between experiment results and simulation results with R, and Ry,
considerations. Compared with a P3HT:PC¢BM solar cell, the series resistance of a

P3HTT-DPP-10%:PCgBM solar cell is 10 Q lower and the shunt resistance is the same.
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Figure 7-9. Comparison between experiment data and simulation results for PSHTT-DPP-
10%:PC¢BM solar cells.
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Figure 7-10. Electric potential, electric field, recombination rate and current densities at

short circuit condition.
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Figure 7-11. Electric potential, electric field, recombination rate and current densities at

open circuit condition.

The calculated electric potential, electric field, recombination rate, and current

densities at short circuit condition, open circuit condition and maximum power condition

are depicted in Fig.7-10 to Fig. 7-12, respectively. The open circuit voltage is 0.579 and
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the maximum power condition is at 0.44V. The electric field vs. applied voltage is shown
in Fig. 7-13. Compared with the P3HT:PCs;BM solar cells, the electric field, electric
potential, recombination rate, and current densities for PSHTT-DPP-10%:PCsBM solar

cells show similar trends.
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Figure 7-12. Electric potential, electric field, recombination rate and current densities at
maximum power condition.
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Figure 7-13. Electric field at different applied bias for PSHTT-DPP-10%:PC¢BM solar
cells.
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7.4  Simulation results for P3HTT-TP:PC4BM solar cells

Table 7-3. Simulation parameters for P3HT:PCgBM solar cells.

parameter value parameter value
Bandgap (eV) 1.43 Dielectric constant 3
Negative free polaron mobility | 2x10~ | Positive free polaron mobility | 2.5x10™
(cm*/Vs) (cm*/Vs)
Density of State 8x10” Polaron pair decay rate (1/s) 7.1x10°
Nrowo=Nrumo (cm™)
Initial separation of polaron pair 1.9 Excition diffusion efficiency 33
(nm) (%)
Energy level difference between 0.19 Capture coefficient Cp=Cn 1x10°
traps and HOMO/LUMO (eV) s
Trap density (cm™) 1x10" Lattice temperature (K) 297
Sheet resistance (€2) 150 Shunt resistance (Q2) 550

7.4.1 Photon generation rate and simulation parameters
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Figure 7-14. photon generation rate for PSHTT-TP:PCqBM solar cells.
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The photon generation rate has been calculated by MATLAB and is shown versus
distance from the surface in Fig.7-14. The exciton diffusion efficiency is arbitrarily set to
1, as stated in chapter 4.3. The parameters used in the simulation are shown in Table 7-3

.The temperature was set to room temperature.
7.4.2 I-V curve simulation including R, and Ry,

The measured and simulated current-voltage curves are plotted in Fig. 7-15. For the
P3HTTP:PCsBM solar cells, a large series resistance and small shunt resistance are
observed. The large series resistance is primarily due to two reasons [25]: interfaces
between the active layer and the contacts, and the charge transport process. The
resistance between the active layer and the contacts originates from the energy alignment
at the interface, which will affect the interface charge transfer. On the other hand, the
charge transport process inside the active layer also contributes significantly to the series
resistance. Usually, thicker active layer devices are limited by incomplete collection of
photogenerated charges [118], which results in a big series resistance. Here, although the
active layer of a PRHTTP:PCs;BM solar cell is only ~ 64 nm, the shorter recombination
time and the presence of the deep traps may ultimately inhibit charge transfer and thus
the series resistance.

The shunt resistance typically reflects the leakage of the diode. The leakage becomes
significant if the contact materials form complexes at localized points or non-uniformity
in interfacial layers is present. These conditions can result in local variations in contact
work functions, which will result in single carrier injection and give rise to leakage

current [119].
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Figure 7-15. Comparison between experiment data and simulation results for
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7.4.3 Short circuit condition, open circuit condition, and maximum

power condition
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Figure 7-16. Electric potential, electric field, recombination rate, and current densities at

short circuit condition.
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Figure 7-17. Electric potential, electric field, recombination rate, and current densities at

open circuit condition.
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Figure 7-18. Electric potential, electric field, recombination rate, and current densities at

maximum power condition.

The calculated electric potential, electric field, recombination rate and current

densities at short circuit condition, open circuit condition and maximum power condition

are depicted in Fig.7-16 to Fig. 7-18, respectively. The open circuit voltage is 0.373V and

the maximum power condition is at 0.23V. The electric field vs. applied voltage is shown

in Fig. 7-19. Compared with P3HT: PC61BM solar cells, the electric field under open

circuit condition shows a constant value throughout most of active region. The
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recombination rate is even lower than that of P3HT: PC61BM solar cells at open circuit
condition. This is due to the lower polaron pair generation rate and higher intrinsic carrier

density.
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Figure 7-19. Electric field at different applied bias for PSHTT-DPP-10%:PC¢BM solar
cells.

7.5  Simulation results for P3HT-BTD:PC4BM solar cells

7.5.1 Photon generation rate and simulation parameters

The photon generation rate has been calculated by MATLAB and is shown versus
distance from the surface in Fig.7-21. The exciton diffusion efficiency was set to 0.69, as
stated in chapter 4.3. The parameters used in the simulation are shown in Table 7-4. As

mentioned earlier, in addition to Langevin recombination, trap-assisted Auger
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recombination is also included in the model. The temperature was set to room

temperature.
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Figure 7-20. Photon generation rate for P3HT:PCqBM solar cells.

Table 7-4. Simulation parameters for PSHTT-BTD:PC4,BM solar cells.

parameter value parameter value
Bandgap (eV) 1.61 Dielectric constant 3.4
Negative free polaron mobility 2x10” Postive free polaron mobility | 2.1x10™
(cm*/Vs) (cm*/Vs)
Density of State 1x10%* Polaron pair decay rate (1/s) 5x10°
Nioso=Nrumo (cm™)
Initial separation of polaron pair 1.9 Excition diffusion efficiency 69.6
(nm) (%)
Auger capture coefficient for 0 Auger capture coefficient for | 9.9x10°
negative polaron (cm®s) positive polaron (cm®s) 3
Sheet resistance (€2) 75 Shunt resistance (k) 10.4
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7.5.2 I-V curve simulation including R, and Ry,

The measured and simulated current-voltage curves are plotted in Fig. 7-20. The dark
curve is measured and the blue curve is the simulation data extracted from Silvaco. The
red dots curve is the simulation that includes the series and shunt resistances. The
simulation curve that includes the series and shunt resistances (red circles) provides a
better fit to the measured curve than the simulation without series and shunt resistance
(blue curve). The sheet resistance is a little higher than that of a P3HT:PCs;BM and the
shunt resistance is almost the same. Compared to P3HTT-TP:PCs;BM solar cells, the
series resistance is 2 times smaller than that of a P3HTT-TP:PCs BM solar cell. That
means although we see a smaller recombination time and a non unity ideality factor for
P3HTT-BTD:PC¢BM solar cells, the influence of charge transport on series resistance is

not that significant as that on P3HTT-TP:PCs;BM solar cells.
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Figure 7-21. Comparison between measured (black curve) and simulated current-voltage
curves with (red dots) and without (blue curve) Rs and Rsh for PSHTT-BTD:PC¢BM solar
cells.
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Figure 7-22. Electric potential, electric field, recombination rate, and current densities at

short circuit condition.
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Figure 7-23. electric potential, electric field, recombination rate and current densities at

open circuit condition.
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Figure 7-24. Electric potential, electric field, recombination rate and current densities at
maximum power condition.
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Figure 7-25. Electric field at different applied bias for PSHTT-BTD:PCqBM solar cells.

The calculated electric potential, electric field, recombination rate and current

densities at short circuit condition, open circuit condition and maximum power condition

are depicted in Fig.7-22 to Fig. 7-24, respectively. The open circuit voltage is 0.566 and

the maximum power condition is at 0.36V. The electric field vs. applied voltage is shown
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in Fig. 7-19. Compared with P3HT:PCsBM solar cells, the electric field, electric
potential, recombination rate, and current densities for P3BHTT-BTD:PCs;BM solar cells
show the similar trends. The magnitude of the recombination rate is similar to that of the
P3HTT-TP:PCs;BM solar cells, which is an order of magnitude lower than that of
P3HT:PCs;BM solar cells. This arises from a lower polaron pair generation rate and

higher intrinsic density.

7.6  Discussion and summary

In summary, an organic BHJ solar cell numerical model is developed in this
chapter. Different from the basic Koster model, non-uniform photon absorption, exciton
diffusion, non-geminate recombination, and R; and Ry, effects are considered. These
considerations are constructed based on experimental measurements for four types of
polymer: PC¢ BM. Current-voltage curves are simulated under AM1.5 condition. Electric
field, electric potential, positive polaron and negative polaron current densities, and
recombination rates are analyzed under dark, short circuit and open circuit condition.

The results show that the trap-assisted recombination mechanisms will not only
affect the shape of the I-V characteristics, but will also influence the series resistance and

shunt resistance. This is particularly obvious in P3HT-TP:PC¢ BM solar cells.
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Chapter 8. Overview, summary, and future work

8.1 Overview of efficiencies

Table 8-1. Efficiency summary for four polymer:PCsBMS cells at 640nm.

Ma Nea Nea Nee  Mege () Nege (%0)
(%) (%) (%) (%) calculated measured
P3HT:PC;, BM 10.8 1000 910 82 8.1 9.1
P3HTT-DPP- 510 1000 850 762 330 339
10%:PC,, BM
P3HTT-TP:PCs BM 359 33.8 530 794 5.1 8.0
P3HTT-BTD:PC,,BM 43.6 69.6 270 694 5.7 6.5

The efficiencies of solar cells are generally expressed in three ways: power

conversion efficiency (PCE), external quantum efficiency (EQE) and internal quantum

efficiency (IQE). The short circuit current density, as an important parameter, strongly

influences the PCE and is linked to the EQE and IQE. In the preceding chapters, we

focused on the four sequential charge transport efficiencies. We now shift the analysis to

how these efficiencies relate to the EQE and IQE, and, thus, the short circuit current

density.

External quantum efficiency is defined as the ratio of the number of electrons

collected by electrodes to the number of incident photons at a specific wavelength.

Typically, the EQE in solar cells can be expressed as a product of the efficiencies of the

primary physical mechanisms, absorption efficiency, n,, exciton diffusion efficiency, 1eq,

bound polaron dissociation efficiency, 7.4, and free polaron collection efficiency, 7..:
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Ne =N Meaealce . (6_4)

The EQE usually reflects the losses by absorption and charge transportation. Internal
quantum efficiency, on the other hand, is defined as the ratio of the number of carriers

collected at the electrode to the number of photons absorbed in the device. The IQE is

usually described as

niqe = % = nedncd’?cc' (8-1)

Compared with EQE, IQE excludes the influence of absorption.

80 - —P3HT:PC, BM
——P3HT-DPP-10%:PC, BM
——P3HTT-BTD:PC, BM

60 + ——P3HTT-TP:PC, BM

40 -

EQE (%)

20

0o
300 400

T T T T | I =
500 600 700 800 900 1000
Wavelength (nm)

(a)



102

—P3HT:PC,_BM
1.0 - —— P3HT-DPP-10%:PC_,BM

P3HTT-BTD:PC, BM
0.8 ——P3HTT-TP:PC_BM
0.6 \b
L
g
0.4 1
0.2
0.0

T T T T T T 1
300 400 500 600 700 800 900 1000
Wavelength (nm)

(b)

Figure 8-1. (a) EQE and (b) IQE for four types of polymer:PCqBM solar cells.

Table 8-1 summarizes all the efficiencies at 640 nm. The complete spectral EQE
and IQE are plotted in Fig 8-1. There is a good correlation between the calculated EQE
using Equation 6-4 and the measured EQE at 640 nm for P3HT:PCs,BM, P3HTT-DPP-
10%:PCsBM and P3HTT-BTD:PCs;BM solar cells. For P3HTT-TP:PC¢BM solar cells,
the variance between measured EQE and calculated EQE is much bigger than for the
other solar cells. We note, that the efficiencies of each step in the photocurrent generation
of P3HT:PC¢BM obtained with the techniques described in this dissertation match
closely with the data obtained using TAS by Guo et al. [120]. These results demonstrate
the feasibility of applying these techniques to characterize the efficiencies of the key
processes to different polymer:fullerene systems. The results provide insight to identify

the most limiting step in the photoconversion process. The results presented above apply
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only to 640 nm excitation and may be different at other wavelengths. There are several
reasons for that. The first one is the light source for transient photocurrent measurement
is 640 nm, which means the collection efficiency is only accurate at this wavelength. If
we use a different wavelength pulse source, the spatial distribution of the absorption will
change, which will also affect the free polaron transport pathway. The second reason is
related to the light source for the exciton diffusion J-J measurements. A 632 nm light
source was used as the measurement wavelength and tuned to the intensity to match the
1-sun condition. Since it is not at 640 nm, we encounter a similar issue. There are also
other factors, such as surface scattering, the accuracy of the active layer thickness
measurement, and the uniformity of the films that may affect the results [121].

The IQE of an organic BHJ solar cell is rarely reported in the literature. This is
primarily due to inaccurate measurement of active layer absorption. As shown in Fig. 8-
1(b), the IQE exhibits larger variations for above bandgap illumination than inorganic
solar cells and is consistent with previous reports that IQE is not a consistant value for all
the wavelengths [121]. This is maybe due to surface scattering, the accuracy of the active

layer thickness measurement, and the uniformity of the films. Further study is needed.

8.2 Summary

Harvesting energy from the sun is an attractive and easy way to benefit human
society. Owing to their compatibility with flexible substrates, low-cost, and potential for
large-area manufacture, organic solar cells have been widely studied in recent years. The
increase in power conversion efficiency of single junction BHJ solar cells from 3% to

10.7% in the past 10 years can be attributed to multidisciplinary research and industrial
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development. However, there is still a room for further improvement to reach the
thermodynamic PCE limit of ~22%.

The goal of this work has been to study the photocurrent limitation mechanisms in
organic bulk heterojunction solar cells. The photocurrent in a BHJ solar cell is related to
four sequential charge transfer processes: photon absorption and exciton generation,
exciton diffusion, polaron pair dissociation, and free polaron collection. By applying and
developing complementary simulation tools and experiment techniques, the efficiency of
each step was determined for P3HT:PC¢BM, P3HTT-DPP-10%:PCsBM, P3HTT-
TP:PCs;BM and P3HTT-BTD:PCs;BM BHJ solar cells.

In order to overcome the inaccuracy of absorption determination due to optical
interference, the optical transfer-matrix-theory has been applied to organic BHJ solar
cells. The complex refractive index was extracted first. Then, the optical electrical field
and absorption profile were calculated for four different polymer: PCs;BM BHJ solar
cells. Compared to P3HT:PCs;BM, the other three semi-random polymer:PC¢;BM thin
films exhibit significantly broader absorption spectra and thus an increase in AM1.5
absorption.

The exciton diffusion efficiency was analyzed by using J-V measurements at
large reverse bias. The efficiencies for four polymers with PCs;BM are presented and
compared. P3HTT-TP: PCs;BM and P3HTT-BTD solar cells show much smaller
diffusion efficiency, which is possibly due to the shorter exciton decay time. Under large
reverse bias, the currents for all the cells show a large drop after the electric field reaches

E=6x10" V/m. This is contrary to the field-independent current predicted by the Onsager-



105

Braun model. The current drop is analyzed in terms of the breakdown mechanisms, and
the tunneling effect is found to be the dominate breakdown mechanism in most devices.

The polaron pair dissociation efficiency is analyzed using the well known
Onsager-Braun model. At short circuit condition, 7., is 91%, 85%, 53% and 27% for
P3HT:PCs;BM, P3HTT-DPP-10%:PCs;BM, P3HTT-TP:PCs;:BM and P3HTT-
BTD:PC¢ BM solar cells, respectively. The variation between materials arises from the
difference in polaron pair decay rates. However, the underlying physical determination of
the mechanisms for the different decay rates needs further study. The capacitance
characteristics were also tested and analyzed. For four different polymer:PC¢;BM solar
cells, C-V curves exhibited similar behavior, which verified the available C-V theory for
BHI solar cells.

For characterizing the free polaron collection efficiency, the sweep out time and
the recombination lifetime were studied. Three techniques were developed to analyze the
recombination mechanisms. These techniques are transient photoconductivity, forward-
to-zero transient-current response, and electric field dependent photoresponse techniques.
Measurements on P3HT:PCB¢ M solar cells show that these three measurement
techniques yield consistent results. The recombination lifetime for a P3HT:PCBg;M solar
cell is estimated to be ~1-4ps. The recombination lifetime for three other types of solar
cells were also measured by transient photodonctivity techniqeus. For P3HTT-
TP:PC¢1BM and P3HTT-BTD:PC¢BM solar cells, the shorter recombination lifetimes
reflect the possibility of deep trapping inside the BHJ solar cells. This was confirmed by
light intensity dependent V,. measurements. The non-unity ideality factor is consistent

with deep trap-assisted SRH recombination in P3HTT-TP:PCsBM solar cells, and trap-
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assisted Auger recombination in P3HTT-BTD:PCs;BM solar cells. The free polaron
collection efficiencies of these solar cell materials have been calculated and compared.
Meanwhile, the thermal annealing effect on charge transport, recombination lifetime and
mobility for P3HT:PCs;BM solar cells was measured for different thermal annealing
temperatures. 140°C was shown to be the optimum annealing temperature, since that
temperature yields the highest mobility-lifetime product and better morphology.

External quantum efficiency and internal quantum efficiency were also studied for
four types of polymer: PC;BM solar cells. At 640nm, the EQE is consistent with the
product of the four efficiencies discussed above. These results demonstrate the feasibility
of applying the techniques described above to characterize the efficiencies of the key
processes to different polymer:fullerene systems and to identify the most limiting step in
the photoconversion process.

In addition to the experiments, a new organic BHJ solar cell numerical model has
been developed. Based on the Koster model [30], non-uniform photon absorption, exciton
diffusion, non-geminate recombination, and the effect of series resistance, R,, and shunt
resistance, R,,, are considered and added to the drift-diffusion model. These
considerations are constructed based on measurements on four types of polymer:
PCs;:BM. The I-V curves have been simulated under AM1.5 condition. Electric field,
electric potential, positive polaron and negative polaron current densities, and
recombination rates were also analyzed under dark, short circuit and open circuit
condition. The results show that the trap-assisted recombination mechanisms will not
only affect the shape of I-V characteristic, but also influence the series resistance and

shunt resistance.
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8.3 Future work

The promising power conversion efficiency improvement of organic bulk
heterojunction solar cells provides opportunities for future experimental and theoretical

studies. In this section, some ideas for future work are presented.
8.3.1 Enhancement of absorption by fluorescence structure design

Compared to the inorganic solar cells, broadband and high absorption is still a big
challenge in order to improve the efficiency of organic BHJ photovoltaic cells. The
improvement of the absorption can be achieved by different methods, such as tandem
structures [14, 122-124], downconversion[125-131], upconversion[132-138], synthesis of
broad band absorption polymers[31, 32, 139-142], scattering, employing plasmonic
effects[143-148], and using fluorescence concentrators[149-154]. Considering our lab’s
capability, the fluorescence converter appears to be a viable approach.

As shown in Fig. 8-2, two different structures with back fluorescence converters are
proposed. Fig. 8-2(a) shows a typical BHJ solar cell with a back flourescence converter.
The key to this design is to find the right transparent cathode to match the work function
of Al and the right fluorescent material that exhibits high conversion yield. Fig. 8-2 (b)
shows another realization of a BHJ device with a fluorescence converter. The device
itself is an inverted solar cell, which means ITO is the cathode and PEDOT:Au is the
anode. This structure is typically used in the organic tandem solar cells to solve the
transparent cathode problem[148]. The use of gold in PEDOT could also induce the

plasmonic effect in the cells, which may enhance light absorption.
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Figure 8-2. BHJ solar cells with back fluorescence converter (a) a typical BHJ device with a
back fluorescence converter (b) a converted BHJ device with a back fluorescence converter.

8.3.2 Relationship between energetic disorder and fill factor by

numerical simulation

In recent years, it has become clear that the energetic structure of conjugated
materials is complex, and the reduction of a model to simple, well-defined, energy levels
is an oversimplification [155]. Experimentally, the low fill factor has been shown to be
related to the significant energetic disorder. This disorder leads to charge trapping in solar
cells, which in turn causes higher carrier concentrations and more nongeminate
recombination [156, 157]. Therefore, a systematic study of the relationship between
energetic disorder and fill factor is important and meaningful. By introducing the

energetic disorder to the density of states distribution, the fill factor can be simulated in
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the numerical drift-diffusion model, and the results could provide a design guidance for

new polymer synthesis.

8.3.3 Morphology effect on P3HTT-DPP-10%: PCBsM P3HTT-

TP: PCBs;M and P3BHTT-BTD: PCB¢ M solar cells performance

The morphology of the active layer of oganic solar cells is crucial to device
perfomance, since it reflects the domain scale, phase seperatation, and crystallization of
the material. The morphology of P3HT: PCBs;M has been well studied [158-161], while
the morphology effect on P3HTT-DPP-10%: PCB¢ M P3HTT-TP: PCB4;M and P3HTT-
BTD: PCB¢ M solar cells is not yet fully understood. The morphology analyses could be
conducted experimentally and theoretically.

The morphology of the devices is usually characterized by AFM, TEM and GIXD.
Several conditions could be applied on the solar cells to better understand the
morphology, i.e. the effect of thermal annealing, weight ratio of polymer and PCB¢ M,
and the thickness of the active layer. Meanwhile, Mesoscopic Monte Carlo simulation
could also be used to analyze the effect of morphology on the performance of organic

photovoltaics [162, 163].
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