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Abstract

EFFECT OF SURFACE
PASSIVATION OF NANOCRYSTALS
ON ELECTRICAL PROPERTIES OF
POLYMER-NANOCRSYTAL

SOLAR CELL

DONGGU LEE

DEPARTMENT OF ELECTRICAL ENGINEERING
AND COMPUTER SCIENCE

COLLEGE OF ENGINEERING
SEOUL NATIONAL UNIVERSITY

Colloidal semiconductor nanocrystals (NCs) have been widely investigated due to
their tunable optical and electrical properties through shape- and size control.
Moreover, low cost solution based device fabrication processes such as inkjet
printing or spin-casting are applicable to build NCs based optoelectronic devices.

Tunable band gap and possibility to harvest excess energy as additional charge



carriers via multiple exciton generation attracted much attention toward colloidal
NCs based solar cells.

The surface states originating from the non-bonding orbital of surface atoms
has been regarded as the critical issues to deteriorate electrical and optical properties
of NCs. several modification methods have been suggested to passivate surface traps
and to reduce an insulating organic shell thickness.

However, in spite of the improvement in device performance, the chemical
status of surface modified NCs still has not been clear; remnant or exchanged
surface ligands and thickness of surface ligand shell are sensitively altered by
temperature, concentration of additional ligands, and reaction time. Because of this
complexity most reports have only described about the device performance before
and after surface modification of NCs.

In this thesis, we investigated the relationships between surface chemistry
changed by surface treatment (i.e., amount of surface ligands exchanged and average
ligand chain length) and correlated device physics (i.e., charge separation, extraction,
and recombination) in polymer-nanocyrstal hybrid solar cells.

Through the 'H-NMR analysis, we observed different nature of ligands
exchange according to functional group (carboxylic acid and amine group) and
process sequence, and correlated their effect on Poly(3-hexylthiophene)
(P3HT):CdSe quantum dot (QD) BHJ solar cell performances (current density-
voltage (J-V) characteristics, incident photon-to-current conversion efficiency
(IPCE)). Photogenerated charge carrier collection properties in active layers were
studied using incident light intensity dependent J-V characteristics. Device
performances depending on the thickness of active layer and donor: accepter blend
ratio and the effect of thermal annealing were also investigated. By reducing

insulating ligand shell thickness with sequential ligand exchange and passivating
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surface trap states with 1-hexylamine ligand, carrier transport and collection
property, and solar cell performance were significantly enhanced with 2% of power

conversion efficiency (PCE) and 72% of carrier collection efficiency (77 ).

However surface ligand modification in solution phase could alter the colloidal
stability of NCs, and therefore, inevitable change of P3HT:NCs BHJ morphology
is arisen. Since surface chemistry of NCs as well as nanoscopic morphology of the
active layer are correlated with device performances, systematical study needs to
clarify the effect of surface ligand on the device performances with fixed
nanoscopic morphology. To prevent morphology change followed by surface
ligand modification and resolve reliability problem, we propose a modular
fabrication procedure to assemble CdSe TP nanocrystal/P3HT hybrid
heterojunction. Such a modular approach enables the independent control of
nanoscopic morphology and surface chemistry of the nanocrystals in reproducible
manner, which are generally known to exhibit complex correlations. This modular
fabrication separates the breakwaters-like nanocrystal network formation (step 1),
the nanocrystal surface modification via chemical treatments (step 2), and the
intrusion of polymers into the nanocrystal network (step 3). Accordingly, CdSe
TP/P3HT hybrid heterojuctions could be assembled with their nanoscopic
morphology and surface chemistry is simply under control without any
morphology change. Thanks to the modular fabrication, nanocrystal could be
surface modified simply with pyridine and 1-hexylamine and solar cell
performance could be systematically examined through temperature-dependent J-))
measurements at varying illumination light intensities.

We found that a 2-fold increase in short circuit current with 1-hexylamine

ligands, compared with the value based on pyridine ligands, originates from the
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reduced depth of trap states, minimizing the trap-assisted bimolecular recombination
process.

This thesis demonstrates the practical approaches to enhance efficiency of
polymer-NC hybrid solar cells, covering the tailored surface modification of NCs,
suitable device structure, and novel processing method. This approach is believed
that could be applied not only polymer-NC hybrid solar cells but also other kinds of

optoelectronic devices.

Keywords: Polymer-Nanocrystal Hybrid Solar Cells, Surface Modification,
Quantum Dot, Tetrapod, Poly-3-hexylthiophene (P3HT)
Student Number: 2010-30224
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Chapter 1

Introduction

There has been an enormous increase in the global demand for energy in recent
years as a result of industrial development and population growth. However, fossil
fuels generate greenhouse gas such as carbon dioxide (CO,) that cause serious air
pollution and climate change. The risks associated with CO, emissions and global
warming have spurred interest in renewable energy, for instance, hydropower,
geothermal, municipal waste, wood, biomass, solar, wind, and so on.

Among the renewable energy resources, clean and infinite solar energy is
considered important future energy source. The U.S. Energy Information
Administration forecasted that solar energy remains the forth important renewable
energy source, after hydro, biomass, and wind power, having highest growth rate of
9.8% in terms of global energy generation through 2040 (See, Figure 1.1). The
common solar cell that many of us have seen is called a photovoltaic (PV) cell,

which converts light energy directly into electrical energy. Since 2012, the world’s
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cumulative PV solar cell capacity surpassed the 100-gigawatt (GW) installed
electrical power mark, achieving just over 102 GW. This capacity is capable saving

more than 53 million tons of CO, every year.
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Figure 1.1 Projection for renewable energy generation in U.S. (Source: U.S. Energy

Information Administration (Oct 2013)).



1.1  Colloidal Nanocrystal Based Solar Cells

The PV solar cells can be classified into so-called 1st, 2nd and 3rd generation. 1st
generation solar cell is consist of pn-junction based on silicon wafers and dominate
the commercial market (Figure 1.2). Si solar cells have a quite high efficiency, but
very pure Si is needed, and the price is high compared to the power output. To
provide a truly widespread primary energy source, solar cells must be be cost-
competitive with fossil based electricity at utility scale.

Hence, improvements in efficiency as well as reducing manufacturing costs
must be substantially required for cost-competitive solar cells. Concepts consuming
less material based on thin film technology are considered as 2nd generation solar
cells (for instance, amorphous Si cells, polycrystalline silicon on low cost substrate,
Copper Indium Gallium Selenide (CIGS) cells, Cadmium Telluride (CdTe) cells).

To achieve high cost-effective and efficient solar cells, not only cost reduction
in existing manufacturing process, but also science and technology breakthroughs
requires. 3rd generation solar cells aims to overcome the so-called Shockley
Queisser (SQ) limit. The third generation is somewhat ambiguous in the
technologies that it encompasses, though generally it tends to include, among others,
non-semiconductor technologies (including polymer cells and biomimetics),
quantum dot (QD), tandem/multi-junction cells, intermediate band solar cell, hot-

carrier cells, photon up-conversion and down-conversion technologies.
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Colloidal QDs based solar cells have been attracted great attention due to their
superior optical and electrical properties, and possibility to harvest that excess
energy as additional charge carriers via multiple exciton generation (MEG). MEG is
a process that absorption of a high energy photon bearing at least twice the bandgap
energy produces two or more electron-hole pairs. This phenomenon can occur in
semiconductor nanocrystals (NCs), or QDs.

State-of-the-art research NC solar cell efficiency is very low compare to
conventional Si solar cells but NC solar cells could be achieved theoretically higher
than SQ limit of 32% [2-4]. In addition, incorporating NC solar cells into a solution
process and flexible substrate is important issues that make it possible to fabricate
solar cells with low cost mass product manufacturing such as roll-to-roll processing.
Flexible and lightweight NC solar cells make many new applications possible. For
instance, solar cells could be integrated into clothing which operates as wireless
power without batteries.

Primarily, three kinds of solar cells based on colloidal NCs have been
developed: (i) polymer-NC hybrid solar cell, (ii) NC-sensitized solar cell (NC-SSC),
and (iii) all inorganic NC junction solar cell. Table 1.1 shows best power conversion
efficiency (PCE) achieved by each type of NC solar cells.

Since Greenham, Peng, and Alivisatos reported photoconductivity between
polymer and NC composite film [3], polymer-NC hybrid type solar cells have been
developed. The polymer-NC hybrid system could have both advantages of polymer
(solution processable, flexible, light, and transparent) and NCs (tunable bandgap,
wide absorption range, and MEG). The polymer-NC solar cells were construted with
nanostructured BHJ of polymer and NCs processed from solution [5]. Therefore
device morphology cannot be precisely controlled on such a small scale. In addition,
efficient transport of charge carriers to their respective electrodes before

recombination is important to achieve high efficiency. High electron and hole
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mobilities, controllable nanomorphology, and a well-structured interface are critical
performance factors for developing efficient hybrid solar cells.

Second kind of NC solar cell is originated from dye-sensitized solar cell (DSSC)
structure which is mainly composed of a sensitizer for light absorption, a nanoscale
semiconductor porous photoanode (widely used TiO,) for photogenerated electrons
transfer from the sensitizer, an electrolyte to shuttle between the photoanode, and the
counter electrode for the sensitizer regeneration. Elementary works to apply NCs as
the sensitizer in DSSC configuration were first demonstrated by Vogel, Pohl, and
Weller [6]. Two general approaches have been developed for depositing QDs onto
TiO, electrodes: (i) direct growth of QDs on TiO, films using successive ionic layer
adsorption and reaction (SILAR) [7, 8] or chemical bath deposition (CBD) [9] and
(ii) postsynthesis assembly using presynthesized QDs [10].

All inorganic NC junction solar cells using thin film assembly of colloidal NCs,
was first developed by Sargent et al. in 2007 [11]. In the first stage of the NC
junction solar cells employed Schottky junction to separate charge. Typical Schottky
junction NC solar cells were constructed with low bandgap p-type NCs such as PbS
or PbSe, and shallow work function metals such as Mg or Al [12]. Due to the low
upper bound on the built-in potential of Schottky barriers, Schottky junction NC
solar cells have low open circuit voltage (Vo). Moreover, Schottky junction NC
solar cells have a limitation that incident light enters through nonrectifying side
(ITO side) of the solar cells, since built-in potential formed at the back electrode
side. To resolve these problems, depleted heterojunction NC solar cell in which an
n-type transparent metal oxide such as TiO, induces a depletion region in the p-type
NC solid, was developed. The depleted heterojunction solar cells have rapidly
attracted attention as an effective architecture for extracting photogenerated current
from NCs, and exhibited the highest power conversion efficiency (PCE) of 8.5%,
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short circuit current (Jsc) of 22.7 mA/cm?, Voc of 0.62 V and fill factor (FF) of 61%
[13]. In addition, Semonin, Luther, Joseph et al., demonstrated EQFE of over 100%,

which denote MEG in depleted heterojunction solar cell structure [14].

Table 1.1 Best power conversion efficiency (PCE) achieved by each types of NC

solar cell.
Type Structure Materials PCE (%) | Ref.
Polymer-NC bulk )
Hybrid heterojunction PDTPBT:PbS,Se,., 33 [5]
SILAR or CBD PbS:Hg 5.6 [7]
NC-SSC
Colloidal NCs CdSe 5.4 [10]
Schottky PbSe 4.6 [12]
NC junction
Depleted .
heterojunction Ti0,/PbS 8.3 [13]




1.2 Polymer-Nanocrystal Hybrid Solar Cells

Since Huynh, Dittmer, and Alivisatos demonstrated the frist hybrid solar cells with
BHJ structure of P3HT and CdSe QDs in 2002 [15], various combinations of
electron donor polymers and electron acceptor NCs, for example, CdSe [16-26],
CdS [27, 28], PbS,Sei [5], ZnO [29] and TiO, [30] have been investigated to
improve efficiency. In addition, the anisotropic structure of NCs such as nanodot
(ND) [5, 17, 20-22, 24, 26, 28, 29], nanorod (NR) [16, 19, 23, 27, 30], tetrapod (TP)
[18, 31], and hyperbranched structures [32], have been employed to facilitates
electron transport.

The surface ligands surrounding NCs are also recognized as important factor to
determine their colloidal stability as well as electrical characteristics. Greenham et al.
reported that long ligands used in the NC synthesis were harmful to the charge
transfer process between polymers and NCs [33]. They investigated the PL
quenching of MEH-PPV:CdS NC blends, where either trioctylphosphine oxide
(TOPO)-coated or pyridine-treated NCs were used. For the blends with pyridine
treated NCs exhibited signficant quenching of PL, implying efficient electron
transfer from the polymer to NCs. However, no PL quenching was observed with
TOPO covered on the NC surface, indicating no electron transfer from MEH-PPV to
CdS NCs. Therefore ligand exchange processes for exchanging a long synthesis
ligands to short ones, are needed to obtain good device performance.

In 2003, the Alivisatos group investigated the issue of ligands and PL in more
detail using P3HT:CdSe blends. They found that excess pyridine could be removed
by pumping the device under low pressure (<10 mbar) and/or thermal annealing,
due to the low boiling point of pyridine. The device performance could be

significantly improved with the thermal annealing process.

% " | 5
8 ":I"\-"i =] !, (=]



The pyridine treatment of NCs [16-18, 23, 25, 26, 30-32] has been challenged
recently, since devices based on NCs treated with other short ligands (like amines
[21], thiols [5, 19, 24, 28], or acids [20, 22] based ligand) have been reported to
outperform those based on pyridine-treated NCs. (See Table 1.2 for performance of
various polymer:NC hybrid solar cells.).

In 2005, Sargent and coworkers treated PbS NCs with octylamine, and blended
NCs with MEH-PPV. Although the device efficiency was low, significant
improvement compared with devices fabricated from oleic acid (OA)-coated NCs
were achieved, proving the effectiveness of amine treatment [34]. Carter and co-
workers also investigated P3HT:CdSe blends with different short ligands on the NC
surface, including tributylamine, butylamine, and pyridine, and as a result, devices
based on butylamine-treated CdSe NCs gave the highest efficiency [35].

In 2010, Wu and Zhang managed to perform thiol treatment using a vapor
annealing method. They spin-coated blends of P3HT and pyridine-treated CdSe NCs,
and then, the substrate was left for vapor annealing using benzene-1,3-dithiol at
120°C. As a result, they observed replacement of original ligand to the benzene-1,3-
ditiol, and significant enhancement of short-circuit current and power conversion
efficiency were achieved compared with the control device which was not vapor-
annealed [19].

Chou and co-workers achieved a power conversion efficiency of 3.2%
combining with polymer and device structure engineering. They employed a
functional conjugated polymer of mono-aniline-capped poly[(4,4'-bis(2-ethylhexyl)-
dithieno[3,2-b:2’,3'-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]
(PSBTBT-NH,) as a donor (D) and cadmium telluride (CdTe) NCs comprising a

tetrapod or nanorod-shape as an acceptor (A) and solvent—vapor annealed with



benzene-1,3-dithiol (BDT) to improve the charge separation at the D/A interface and
efficient charge transportation. [36].

Alternatively, Prasad and coworkers employed a post-ligand exchange method
to replace OA ligands with 1,2-ethanedithiol (EDT) based on bulk hetrojunction
solar cells with poly(2,6-(N-(1-octylnonyl)dithieno[3,2-b:20,30-d]pyrrole)-alt-4,7-
(2,1,3-benzothiadiazole)) (PDTPBT) and OA-capped PbS NCs. They spin-coated
blends of PDTPBT and PbS NCs, and then, EDT solution in acetonitrile was spin-
coated on the blend film to exchange OA. They introduced a layer of TiO, NCs as
the hole-blocking layer beneath the cathode. The device exhibited a high power
conversion efficiency of 3.78% [37]. In the meantime, Ren et al. reported a high
efficiency of 4.1% for hybrid PVs based on P3HT and CdS NCs, which were also
treated with EDT. The EDT-treated device showed 70% improvement in device
efficiency compared with the non-treated one [28].

More recently, Brutchey and co-workers demonstrated polymer/NC solar cells
fabricated from blends of tert-butylthiol-treated CdSe nanocrystals and P3HT and
obtained an efficiency of 1.9%.1The thiol-treated CdSe nanocrystals are found to
consistently exhibit high open circuit voltage of 0.80 V, implying that the LUMO
and HOMO levels of NCs changed to a favorable band alignment between the P3HT
HOMO and the CdSe LUMO with tert-butylthiol treatment [24].

In 2010, Kriiger and co-workers proposed the acid treatment using hexanoic
acid (HA). The CdSe NCs covered with a long synthesis ligand, hexadecylamine
(HDA), were washed using HA. this acid treatment form an organic salt which
effectively remove the HDA, and obtained a power conversion efficiency of 2%
with bulk hetrojunction solar cells consisting of P3HT and the acid-treated CdSe
QDs [38]. Later on, they found that this acid treatment method could also be applied

to CdSe NCs covered with trioctylphosphine (TOP)/OA ligands [39].
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Thanks to the efforts of many researchers (introduction of low bandgap donor
polymer and NCs, and novel surface treatment), the best power conversion
efficiency of polymer:NC hybrid solar cell has so far been known as 5.5% with a
structure of PDTPBT/PbS,Se; QDs [5].

However, in spite of the improvement in device performance, the chemical
status of surface modified QDs still has not been clear; remnant or exchanged
surface ligands and thickness of surface ligand shell are sensitively altered by
temperature, concentration of additional ligands, and reaction time. In addition,
device structure of hybrid solar cells still unchanged since 2002. Therefore, the
relationships between surface chemistry changed by ligand manipulation and
correlated device physics in polymer:NC solar cell systems should be investigated

and novel device structure have to be developed to make full use of the NCs.
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Table 1.2 Selected performance parameters of polymer:NC hybrid solar cells.

Surface J, sC VOC FF PCE
Rl Acceptor treatment (mA/cmz) V) | (%) | (%) Ref.
pyridine 2.6 0.67 | 36 | 0.65 | [17]
butylamine 5.5 0.78 | 47 2.0 | [21]
CdSe QDs
tert-butylthiol 5.6 0.80 | 43 1.9 | [24]
hexanoic acid 5.8 0.62 | 56 2.0 | [20]
pyridine 8.79 0.62 | 50 | 2.9" | [16]
CdSe NRs
pyridine/dithiol 9.7 0.55 | 49 | 2.65 | [19]
P3HT
CdSe TPs pyridine 4.83 6.33 | 52 | 149 | [31]
Hyperbranched o
CdSe NCs pyridine 7.1 0.60 | 51 | 2.18 | [32]
butylamine/1,2-
CdS QDs cthancdithiol 10.9 1.1 35 4.1 | [28]
CdS NRs N/AT 9 0.65 | 48 2.9 | [27]
ZnO QDs N/AT 52 0.75 | 52 2.0 | [29]
TiO, NRs pyridine 2.73 0.63 | 56 | 0.98 | [30]
CdSe QDs pyridine 9.2% 0.78% | 49* | 3.5 | [26]
CdSe QDs hexanoic acid 8.7 0.63 | 56 3.1 | [22]
PCPDTBT CdSe NRs pyridine 12.1 0.63 | 45 | 3.42 | [23]
CdSe o
QDs+NRs” pyridine 13.9 048 | 51 3.5 | [25]
CdSe TPs pyridine 10.1 0.68 | 51 | 3.19 | [18]
1,3-
PDTPBT | PbS,Se;QDs benzenedithiol 14.66 0.57 | 66 5.5 [5]

“Correcting for spectral mismatch between solar simulator and the true AM1.5G spectrum

gives an AM1.5G PCE of 2.6%. 'in-situ growth of NCs in polymer matrix. *Device applied
ZnO NDs for optical spacer. For the device without a ZnO NDs layer, Jgc = 7.2 mA/cm,, Voc
=0.78 V, FF = 48%, and PCE =2.7%, " NDs:NRs = 27:63 wt. ratio.
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1.3 Outline of Thesis

This thesis consists of five chapters including Introduction and Conclusion. In
Chapter 1, brief history of solar cells based on colloidal nanocrystals and research
issues of surface modification and shape control of nanocyrstals are introduced. In
Chapter 2, basic solar cell theories including equivalent circuit models and light
intensity dependent characteristics are described. In addition preparation of
nanocrystals and solar cell fabrication and characterization methods are described.
The chemical structures of organic materials which used in this thesis are depicted.
In Chapter 3, the relationships between surface chemistry changed by surface
treatment and correlated device physics are investigated based on P3HT:CdSe QD
BHJ solar cells. Through the 'H-NMR analysis, we observed different nature of
ligands exchange according to functional group and process sequence, and
correlated their effect on P3HT:CdSe QD BHIJ solar cell performances (current
density-voltage (J-V) characteristics, incident photon-to-current conversion
efficiency (IPCE)). Photogenerated charge carrier collection properties in active
layers were studied using incident light intensity dependent J-J characteristics.
Device performances depending on the thickness of active layer and donor: accepter
blend ratio and the effect of thermal annealing were also investigated. However
surface ligand modification in solution phase could alter the colloidal stability of
NCs, and therefore, inevitable BHJ morphology change is arisen. In Chapter 4, to
identify the effect of surface ligand on device performance without morphology
change, we propose a modular fabrication method to assemble CdSe TP
nanocrystal/polymer hybrid heterojunction solar cells, which provides uniform and
reliable TP film morphology and simple chemical modification of CdSe TP with
fixed morphology. Consequently, the influence of nanocrystal surface modification
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on the as-assembled solar cell performance could be systematically examined
through temperature-dependent current density-voltage measurements at varying

light intensities.

‘ A& )8



Chapter 2

Theory and Experimental Methods

2.1 Basic Solar Cell Characteristics

2.1.1 Solar Cell Performance Parameters

Performances of solar cells are characterized by current density-voltage (J-V) curve
under illumination of a light source that resembles the solar spectrum. The main
parameters that are used to characterize the performance of solar cells are maximum
power point power (P,,,), short-circuit current density (Jsc), open-circuit voltage
(Voc), and fill factor (FF). Power conversion efficiency (PCE) of a solar cell is
determined from these parameters. A typical J-J curve of a solar cell is shown in

Figure 2.1.

15 r3



(\JA

E s}

>

e -

N

:.? 0

(7))

c -

()]

©

T T

£y

- b ssssnnnnnay

5 SC :

o 10 1 1 1 F
A 0 1 Vgoe 2

Voltage (V)

Figure 2.1 Typical current density-voltage (J-V) curve of solar cell.

The Jyc is the current density that flows through the external circuit when the
electrodes of the solar cell are at short condition (zero bias). In terms of Jsc, optical
properties (band gap and extinction coefficient) as well as electrical properties
(efficient exciton dissociation, charge carrier transport, recombination and collection)
of active layer are critical factor to determine Jyc.

The Vo is the voltage at which no current flows through the external circuit. It
is the maximum voltage that a solar cell can deliver. In the MIM picture, the Vyc
originated by the built-in potential generated by difference in work function of the
cathode and anode. But in the case of polymer:fullerene solar cells, Voc is
empirically proportional to the difference between the highest occupied molecular
orbital energy of donor and the lowest unoccupied molecular orbital energy of
acceptor [40, 41]. The built-in potential of polymer:NC hybrid solar cells, in

common with polymer solar cells, should be originated from energy level difference
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of polymer and NC. Therefore to achieve high Vy, size, composition, and materials
of NC should be designed and tailored to match with energy level of polymer.

The point where the electrical power (P = I x V) reaches the maximum value
called the maximum power point (P,,,) which represents the condition where the
solar cell can deliver its maximum power to an external load. The FF is the ratio
between the maximum power generated by a solar cell and the product of Vo and
Jsc. Typical polymer:NC hybrid solar cells exhibit 20-70% of FF due to transport

and recombination losses.

_ P (2.1)

FF =
Jsc xVoc

The PCE is the most commonly used parameter to compare the performance of
one solar cell to another. The PCE is the percentage of the solar energy to converted
electrical power by solar cell. The PCE is calculated by dividing P,,, by the input
energy (Pjgn). By convention, PCE are measured under standard test conditions,
which are a temperature of 25 °C and an irradiance of 1 sun (100 mW/cm®) with an
air mass 1.5 global (AM1.5G) spectrum. These conditions correspond to a clear day
with sunlight incident upon a sun-facing 37°-tilted surface with the sun at an angle

of 41.81° above the horizon

PCE (%) = Ele.ctrlc Power _ Joo XVyo xFF X100 (%) 22)
Light Power Plight

The quantum efficiency (QF) is the ratio of the number of carriers collected by
the solar cell to the number of photons of a given energy incident on the solar cell.
There are two types of QF of a solar cell which are often considered: external
quantum efficiency (EQE) and internal quantum efficiency (/QF). EQE is the ratio
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of the number of charge carriers collected by the solar cell to the number of photons
of a given energy shining on the solar cell from outside (incident photons) and IQE
is the ratio of the number of charge carriers collected by the solar cell to the number
of photons of a given energy which are absorbed by the cell. EQFE and IQF are

functions of the photons' wavelength ().

number of electrons in external circuit

EQE (%) = 2.3
OF (%) number of incident photons (2-3)
10 (%) = number of electrons in external circuit 2.4)
number of absorbed photons
EQE EQE
1QE (%) = 0 Q (2.5)

Total Absorption " 1—Reflection — Transmission

Spectral responsivity (SR) is a similar with QF, but it has different unit (A/W).
SR is defined as current comes out of the solar cell per incoming photon of a given

energy and wavelength:

SR(A) = J g)c(% ) (2.6)

where @ is incident optical power per unit area in W/m® and Jc is short circuit
current density in A/m’.

QEF can be converted from SR as follows:

QE (%) = SR(1)x % x 100 (%) 2.7)

Where 4 is wavelength of photon, /4 is the Planck constant, c is the speed of light in a

vacuum, and ¢ is the elementary charge.
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Incident photon-to-current conversion efficiency (/PCE) is typically considered
as EQE. Ideally, if we know standard solar spectrum or solar simulator spectrum, Jg¢

can be calculated by integrating /PCE spectra.

P(M)x 4 IPCE(2)

A 28
he 00 ¢ 28

Jsc:j

2.1.2  Equivalent Circuit Model

J-V curves of solar cell can be described with equivalent circuit models which
consist of diode, series and shunt resistance (Figure 2.2). From the equivalent circuit,
current density flowed by the solar under illumination is a summation of the dark
diode current density (J4.q), leakage current density (Ji..x), and the photo-generated

current density (J,;), given as
J = Jdiode + Jleak - Jph (29)

Voltage drop across the Ry and then, considering Kirchhoff’s law, V' can be

expressed as

VleeakRSh +']RS (210)
Equation (2.9) and (2.10) lead to
V —JRg
J:Jdiode +—_Jph (2.11)
Sh
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The current density flows through the diode is expressed by the Shockley diode

equation:

Vdiorle

Jaote =Jo €™ =1 (2.12)

where Jj: reverse saturation current density, #: diode ideality factor, kp: Boltzmann’s
constant and V4. voltage across the diode. Therefore, J can be derived as

following equation:

J (2.13)

ph
Sh

I (v-Jrs) —
JJ{ I}M

In the case of short circuit condition (V=0) and open circuit condition (J=0), Jsc and

Voc are given by

4 (~JscRy) J.R
Joo =Jo| €™ —1 -5y, (V=0) (2.14)
Sh
! Voo V
0=Jyle™  —1|+-2<-J, (J=0) (2.15)
Sh

Considering high-quality solar cell, which have low Rg and J), and high Ry, the Js¢

and Vyc can be expressed :

Tsc =—J (V=0) (2.16)
J
Voo ~ ”k;T 1n(l“+ 1j (J=0) 2.17)
0
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Figure 2.2 Equivalent circuit diagram of solar cell. J,,: photogenerated current
density, Jy.q: diode current density, J,.: leakage current density, Rg: series

resistance, and Rg,: shunt resistance.

2.1.3 Light Intensity Dependence of Solar Cells

Incident light intensity dependent J-V measurement provide carrier collection [42-44]
and recombination characteristics [45, 46] of solar cells. The incident light intensity

dependence of Js¢ follows a power law dependence upon the light intensity (/g
with the incident light intensity scaling exponent (), i.e. Jgc oclﬁ‘gh,. The o

correlates with a carrier loss mechanism, which is if a = 1, the carrier loss
mechanism originates from the monomolecular recombination, whereas if the
bimolecular recombination arises, «reduce to 0.5. This could be interpreted as a
result of competition between recombination of charge carriers and extraction before
recombination. If extraction of charge carriers is faster than recombination,
recombination mechanism is dominated by monomolecular recombination, and

therefore, o should be close to 1, whereas if the recombination of charge carries is
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comparable with carrier extraction, the bimolecular recombination arises and then
a will reduce.

In equivalent circuit model for solar cells, the J,.. has been introduced in the
solar cells which consisted of disordered materials, such as, amorphous silicon solar
cell or organic solar cell (Figure 2.4). The J,.. represents an additional loss term of
Jpnin active layer, which increases significantly with the forward voltage. Equation
(2.13) can be modified as following equation from the modified equivalent circuit

model.

nKkpg Sh

ety eafel[ -]} R e

All linear fit of J-V curves of various incident light intensity at short circuit
conditions (V=0), intersect the x-axis at a single point of voltage, which is called

collection voltage (V) and short circuit resistance (Rsc) can be defined as a

reciprocal slope of the J-V curve at V=0, i.e., V¢ = RscJsc. The V¢ provides carrier

collection properties in the solar cells.

@ | A (b)

A J 4
TR >V >V
- : g
A 1" . Parallel
- a-Si:H solar cell - ¢-Si solar cell

Figure 2.3 Schematic representation of the theoretical behavior of J-V curves of (a)

a-Si:H solar cell and (b) ¢-Si solar cell (figure was redrawn from [47]).
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Short circuit resistances (Rsc, reciprocal slopes of the J-V curve at V=0, i.e., V¢

= RscJsc) can be described based on the modified equivalent circuit model in Figure

2.4. From the equation (2.18), the 0J/0V can be expressed as following equation:

-1 exp[q (v - RSJ)} AL
aJ _ nk nk,T Ry, OV (2.19)

v
oV q q R
1+R.——J, e V—-RJ)|+—
S 0 Xp{ kT( s )} R

B nK g Sh

Thus, if we take into account short circuit condition (V=0), we can derive the Ryc:

7_J, exp{— 1 RSJ}+1+8J""C
1 _ nkBT nkBT RSh oV V=0
= - (2.20)
¢ 1+ Rrg—1y, exp{— RSJ}LS
nkgT nkpT Ry,

Since all parameters except J,..are determined from dark J-J characteristics,
the Rgc reflect the recombination term (J,..) under various light intensity. If we
consider Rg;, >> Rs, and moderated applied voltage (J,; >> Jyioae), Rsc and J can be

expressed :

1 oJ
—x (2.21)
RSC 8V V=0
JxJd, -, 2.22)
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Recently, Voz et al. derived a compact expression for the current density near
the short circuit condition under these assumptions (constant electric filed, drift-

driven collection and monomolecular recombination [44]:

J =~ qGL (1 - Ll/ 2] (2.23)

C

where /¢ is the collection length, which is defined as the sum of the drift lengths of
electrons (/, = w,7,E) and holes (/, = u,7,E), G is the effective generation rate of
charge carriers per unit volume, and L is thickness of active layer. The /¢ implies
conceptually the maximum travel distance of separated electron and hole driven by
electric field (£) before recombination. Since we assume the constant electric filed,
E within the active layer can be expressed:

ViV

—= (2.24)

E=

If we introduce effective p7product, yz.; = 1,7, + 14,7, lc1s derived as following:

v, -V

2.2
7 (2.25)

lC = /’lreff

The built in potential (V};) of solar cells, which have sandwich structure of two
different electrodes, is determined by work function difference of the electrodes. In
most case of organic solar cells constructed with PEDOT:PSS and Al electrode, V;

can be estimated around 0.7 eV [44].
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In equation (2.23), photogenerated current density (J,,) is can be identified as

qGL, and then, Jg¢c can be described using short circuit collection length (/):

lCO

where Icg = ut;V5i/ L, which means collection length evaluated at V’=0. Finally, we
can obtain the analytical expression of recombination term, J,.. at moderated applied
voltage (J ,;, >>J ioge ):

L/2 %72
e =J =J (2.27)

J
Mg e 1ty (Vi V)

According to equation (2.21), (2.26), and (2.27), the Ry can be evaluated:

Ree = leo Vi :[ leg _lj Vi (2.28)
Li2J,, \L/2 )Jg

Therefore, V- can be examined as following:

/
V.= _1|V,. 2.29
C (L/Z j bi ( )

From the equation (2.23), collection efficiency (7¢) of photogenerated charge

carriers can be defined:

e =1-=— (2.30)
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Now, we can evaluate uz,; and collection efficiency at short circuit condition (77¢y)

from the V.
L L[V
T.=1,—= < +1 2.31
/u « < Vbi 2I/bl (Vbi J ( )
nCO—l—L/zzl— 1 (2.32)
R J
W=
e
¢ Jdiode Jleak +
A
Jrec v Jon g Ry, \4

Figure 2.4 Modified equilvanet circuit diagrams for solar cells. J,..: recombination
current density, J,,: photogenerated current density, Jyoq: diode current density, Jiu:
leakage current density, Rs: series resistance, and Rg,: shunt resistance., J..

represents an additional loss term of J,;, in active layer.
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2.2 Materials

2.2.1 Synthesis and Surface Modification of CdSe Quantum Dots

In order to prepare CdSe QDs, synthetic procedure proposed by Zhong et al. was
slightly modified [48]. Briefly, a Cd stock solution was obtained by reacting 10
mmol of CdO and 10 mL of oleic acid in 10 mL of ODE at 270 °C for 20 min under
N, flow. Then, 6 mmol of Se powder and 3 mL of n-trioctylphosphine were loaded
into 100 mL 3-neck round flask and heated up to 150 °C for 20 min under N, flow.
After Se powder is fully dissolved, 50 mL of oleylamine was added and heated up to
300 °C. Next, 12 mL of Cd stock solution (6 mmol) was swiftly injected into the
reaction flask within 1 sec and the temperature was set to 280 °C. After 10 min of
reaction time, the product was cooled down to room temperature and purified three
times through precipitation/redispersion procedure with acetone/methanol (v/v =2 :
1) and toluene. At the end of purification process, the precipitate was dried under N,
atmosphere for 10 min and dispersed in chloroform.

In a typical procedure for ligand exchange, 200 mg of QDs in 4 mL chloroform
and 4 mL of ligands (1-hexylamine or hexanoic acid) were placed in an air-tightened
vial, and sonicated for 15 min. And then the resulting QDs were purified for three
times by precipitation with the excess of methanol and re-dispersion with
chloroform. At the final step of purification, the precipitate was dried under N,
atmosphere for 5 min, and dissolved in 3 mL of chloroform. For the sequential
ligand exchange, the QDs were firstly modified with hexanoic acid, purified twice,
and then modified with 1-hexylamine. The final product was purified one time to

remove residual 1-hexylamine.
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However, for the NMR measurement, we purified the final product three times
in order to remove residual 1-hexylamine on QD surfaces. Surface coverage of
ligands was characterized by using a 500 MHz "H-NMR, using CdCl; as a solvent
and bromoform as internal concentration reference. In order to remove reaction
byproducts in QD dispersion or weakly-bound ligands on QDs, every sample for 'H-
NMR were purified three times with methanol and chloroform, and dried under N,

atmosphere for 10 min.

2.2.2  Synthesis and Surface Modification of CdSe Tetrapods

Modified synthetic procedure by Lim et al. was adopted for the synthesis of CdSe
TPs [49]. Cd and Se precursor solutions for arm growth were prepared as follows.
Cadmium oleate (Cd(OA),) solution was prepared by dissolving 10 mmol of CdO in
7.8 mL of OA, 6.2 mL of ODE, and 1 mL of TOP in a round bottom flask at 280 °C
under N, flow. After the mixture became optically clear, the round bottom flask was
cooled down to 50 °C and 0.14 mmol of CTAB was added. Separately, 12 mmol of
Se and 6 mL of TOP were mixed in a 50 mL round bottom flask with a condenser
and heated at 200 °C. Once the mixture became transparent, the TOPSe solution was
cooled down to room temperature. 5 mL. of TOPSe solution was then added to the
Cd(OA); solution and the resulting mixture was stirred for 5 minutes.

To prepare CdSe seeds with zincblende crystal structure, 0.5 mmol/mL of
Cd(OA), solution was prepared by reacting 5 mmol of CdO, 5 mL of OA, and 5 mL
of ODE at 280 °C under N, flow for 15 min and then the reaction mixture was
cooled down to room temperature. Following, 1 mmol of Se and 10 mL of ODE
were loaded into a 100 mL 3-neck round flask and heated up to 300 °C under N,

flow. When the Se/ODE solution became optically clear, 4 mL of Cd(OA), solution
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(2 mmol) was rapidly injected into the solution and reacted at 270 °C for 15 min.
Finally, 6 mL of ODE was added into the seed solution and the reaction mixture was
cooled down to room temperature.

Using the as-prepared injection solution and the CdSe seeds, CdSe TPs were
synthesized by continuous precursor injection approach. For a typical synthesis to
attain 76 nm-long CdSe TPs, 2.5 mL of seed solution, 2.25 mL of OA, 1.5 mL of
TOP, 23.75 mL of 1-ODE, and 0.21 mmol of CTAB were placed in a 3-neck round
bottom flask and then were heated up to 260 °C. At this elevated temperature, 30 mL
of injection solution was injected into the reactor in a stepwise manner: 0.5 mL/min
for 6 min, 0.6 mL/min for 6 min 40 sec, 0.7 mL/min for 8 min 35 sec, (the
temperature was set to 280 °C at this step), and 0.8 mL/min for 8 min 45 sec. After
finishing precursor injection, the reactor was quenched rapidly. To purify the
product, 2 mL of chloroform and an excess amount of acetone were added into the
cooled reactor until the solution became turbid. After the centrifugation at 3000 rpm,
the supernatant was decanted and the precipitate was re-dispersed in organic
solvents such as chloroform, toluene, or hexane. The precipitation and re-dispersion
was repeated until the samples were sufficiently purified.

5 mL of oleate-capped CdSe TP solution (40 mg/mL) was collected through
precipitation using excess ethanol and following centrifugation at 3000 rpm. After
discarding transparent supernatant, the precipitate was dissolved with 5 mL of
hexane. 5 mL of N,N-dimethylformamide (DMF)/0.5 mL of HBF, solution (48 wt%
in H,O) was then added to the CdSe TP solution dissolved in hexane. After short
voltexing for less than a minute, CdSe TPs were collected in the polar DMF phase
and oleic acid was remained in the non-polar hexane phase. After removing the
upper phase containing oleic acid, 5 mL of hexane was added and the mixture was
vortexed again to wash out oleate ligands in the DMF/H,O phase. After repetitive
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washing steps for three times, the mixture was precipitated with excess amount of
acetone. To remove oleate ligands completely, HBF, treatment was conducted once
again with same amount of DMF, HBF, solution, and hexane.

To modify bare CdSe TPs with oleylamine ligands, the bare CdSe TPs were
precipitate with excess acetone and re-dispersed in chloroform/oleylamine mixture
(chloroform : oleylamine = 8 : 2 (v/v)). After 10 minutes, the excess amount of
acetone was added to the CdSe TP solution and then the solution was centrifuged at
3000 rpm to remove remnant HBF4 or water. Finally, the preciptates was re-

dispersed in 3 mL of chloroform/oleylamine (chloroform: oleylamine = 30 : 1 (v/v)).

2.2.3 Synthesis of ZnO Nanoparticles

ZnO nanoparticles were synthesized modifying the method reported by Pacholski et
al. 3 g of Zn(ac),"2H,0 and 120 mL of methanol were first placed in a 3-neck round
bottom flask and heated to 60 °C. At 60 °C, a 60 mL KOH solution containing 1.51
g of KOH was added dropwise into the Zn(ac),"2H,O solution under strong agitation.
The reaction mixture was kept at 60 °C for 2 hr 15 min to yield a milky solution
containing ZnO nanoparticles. The ZnO nanoparticles were then isolated by
centrifugation at 4000 rpm followed by repetitive washing using methanol. Finally,

the product was centrifuged again and re-dispersed in 5 mL of butanol.

2.2.4 Organic Materials

Poly(3-hexylthiophene) (P3HT, PHO148) for donor polymer and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios P) as a hole
buffer layer were purchased from 1-Material Inc. and Heraeus, respectively. All

chemicals were used as purchased.
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Figure 2.5 Chemical structure of the P3HT and PEDOT:PSS.

23 Device Fabrication Methods

The polymer:NC hybrid solar cells were fabricated based on all-solution
process except metal electrode. Patterned indium tin oxide (ITO) glass substrates
(~10 /o) were cleaned in an ultrasonic bath with acetone, isopropyl alcohol, and
deionized water, respectively for 20 min, and then blow-dried with a N2 stream.
Then, PEDOT:PSS solution for hole buffer layer or ZnO NPs solution for electron
buffer layers were spun-casted. After soft baking, P3HT:CdSe QD blend solution or
CdSe TPs solution were spun-casted. On the top of that, Al electrodes (100 nm) or
MoO; (for hole extraction layer, 10 nm)/Al (100 nm) were deposited via thermal
evaporation. The active area of these solar cells was 0.09 cm’”. Detailed fabrication
methods for the solar cells (P3HT:CdSe QD BHIJ solar cell, P3HT/CdSe TPs HJ

solar cell) will be described in the each chapter.
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2.4 Thin Film Characterization Methods

UV-Visible absorption: UV-Visible absorption spectra were measured using an
Agilent 8454 UV-Vis diode array spectrometer in room temperature.

Nuclear magnetic resonance (NMR) spectrascopy: Surface coverage of ligands was
characterized by using a 500 MHz 1H-NMR instrument manufactured by Brunker
Corporation, using CdCl; as a solvent and bromoform as internal concentration
reference. In order to remove reaction byproducts in NC dispersion or weakly-bound
ligands on NCs, every sample for IH-NMR were purified three times with methanol
and chloroform, and dried under N2 atmosphere for 10 min.

Auger electron spectroscopy: Atomic contents of the polymer:NC hybrid films were
characterized by an Auger electron spectroscopy (Perkin-Elmer PHI 660), equipped
with a LaB6 electron gun, an Ar ion beam, and a cylindrical mirror analyzer.
Fourier transform infrared (FT-IR) spectroscopy: FT-IR spectra of NCs films were
acquired using a Perkin-Elmer Frontier FT-IR spectrometer in a transmission mode.
All samples were fabricated on dual-side-polished Si wafer for characterization,
which prevents the accumulation of charge during the radiation of high-energy beam
or light scattering during the transmission of infrared beam.

Electron microscopy: Transmission electron microscopy (TEM) images of NCs and
polymer:NC BHJ films were taken using a JEOL JEM-2100 and a JEM-3010. Top
and cross-sectional Scanning electron microscope (SEM) image of CdSe TP

networks and polymer:TPs hybrid films were taken with a Carl Zeiss SUPRA 55VP.
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2.5 Device Characterization Methods

J-V characteristics: Typical J-V characteristics of the solar cells were measured
using a Keithley 237 source measurement unit under AM1.5G condition and an
illumination intensity of 100 mW/cm2 generated by a Newport 91160A solar
simulator. Incident light power was varied with neutral density filters. For
temperature-dependent J-J measurements between 200 and 300 K, the solar cells
were loaded on to the cold finger of a closed-cycle He cryostat with LakeShore 331
temperature controller.

Incident photon to current conversion efficiency (IPCE): IPCE was measured using
an Oriel QE/IPCE Measurement Kit which was composed of a 300W xenon lamp, a
monochromator (74125), an order sorting filter wheel, a Merlin lock-in amplifier

(70100) and a chopper.

Monochromator

Xenon lamp

Light
chopper

Solar cell

IPCE

E

Lock-in amplifier

Computer

Figure 2.6 Schematic diagram for [IPCE measurement set-up.
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Chapter 3

Influence of Ligand  Exchange
/Elimination Procedure on CdSe

Quantum/P3HT Hybrid Solar Cell

Performance

The surface ligands surrounding NCs are recognized as important factor to
determine their colloidal stability as well as electrical characteristics. In the early
stages, to eliminate long alkyl chain ligands and to attain better exciton dissociation
and carrier transporting properties, as-synthesized NCs were modified by pyridine.
However, the pyridine-based ligand exchange has several drawbacks: a long
reaction time varying from several hours to days as well as poor colloidal stability.

Because of the small size of pyridine molecule, the QDs capped with pyridine
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cannot be sufficiently stabilized by the steric effect. In addition to these constraints,
the formation of surface states originating from the non-bonding orbital of surface
atoms has been regarded as the critical limitation to achieve highly efficient hybrid
solar cells [21, 50].

Against to those drawbacks, alternative modification methods have been
suggested to avoid the pyridine treatment and to reduce an insulating organic shell.
For instance, Olson et al. reported the effect of short butylamine ligands on the
performance of poly-3-hexylthiophene (P3HT):CdSe QD solar cells comparing with
several other ligands such as pyridine, steric acid, tributylamine, and oleic acid [35].
Radychev et al. also reported the superiority of butylamine ligands over pyridine—
butylamine ligands had better passivation of Cd-dangling bonds while pyridine
introduced additional hole traps [21]. In the meantime, Zhou et al. demonstrated that
the organic shell comprised of hexadecylamine was easily reduced by the addition of
hexanoic acid [20]. Thanks to the reduced resistance at the interface, P3HT:CdSe
QD solar cells with a thin ligand shell showed considerable improvement in power
conversion efficiency (PCE).

However, in spite of the improvement in device performance, the chemical
status of surface modified QDs still has not been clear; remnant or exchanged
surface ligands and thickness of surface ligand shell are sensitively altered by
temperature, concentration of additional ligands, and reaction time. Because of this
complexity most reports have only described about the device performance before
and after surface modification of QDs. Moreover, Lokteva et al. reported that
insufficient removal of surface ligands of QDs results in higher solar cell
performance than perfect removal of the surface ligands [50]. It is therefore
important to understand intermediate states during surface ligand manipulation and

their influence on solar cell performance.
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In this context, we investigated the relationships between surface chemistry
changed by surface treatment (i.e., amount of surface ligands exchanged and average
ligand chain length) and correlated device physics (i.e., charge separation, extraction,
and recombination) in polymer:QD solar cells.

We selected two kinds of short alkyl chain ligands, such as weakly bound
alkylamine ligand (1-hexylamine) and covalently bound carboxyl acid ligand
(hexanoic acid) to investigate the influence of the surface treatment on insulating
ligand shell of CdSe QDs. Through the 'H-NMR analysis, we observed different
nature of ligands exchange according to functional group and process sequence, and
correlated their effect on P3HT:CdSe QD BHJ solar cell performances (current
density-voltage (J-V) characteristics, incident photon-to-current conversion
efficiency (IPCE)). Photogenerated charge carrier collection properties in active
layers were studied using incident light intensity dependent J-J characteristics.
Device performances depending on the thickness of active layer and donor: accepter

blend ratio and the effect of thermal annealing were also investigated.

3.1  Fabrication of P3HT:CdSe QD BHJ Solar Cells

The P3HT:CdSe QD  solar cells with the  structure of
ITO/PEDOT:PSS/P3HT:CdSe QD/Al were fabricated by following method. 1.5 wt%
of P3HT solution in dichlorobenzene and 1.5 wt% of CdSe QD solution in
chloroform were blended with 1:3 wt/wt ratio for making P3HT:CdSe QD blend
solution.

In the meantime, patterned ITO glass substrates (~10 Q/0) were treated with

oxygen plasma for 10 min, and then, PEDOT:PSS was then spin-coated onto the
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substrate (4000 rpm, 30 sec). The films were annealed in a vacuum oven at 120 °C
for 30 min. The resulting PEDOT:PSS film thickness was 60 nm.

Subsequently, the P3HT:CdSe QD solutions were deposited through spin-
casting at 1000 rpm. The thickness of P3HT:CdSe QD films were around 90 nm.

On the top of that, Al electrodes (100 nm) were deposited via thermal
evaporation. Fabricated solar cells were post-annealed on a hot plate in an Ar glove
box at 150 °C for 10 min.

As shown in the energy band diagram in Figure 3.1, the energy levels of
CdSe QDs, taken by a photoemission spectroscopy and optical band, and

P3HT make type II band alignment which is favorable for exciton separation.

The energy level of CdSe QDs was in agreement with the value in a previous

report [51].
3.0eV
3.5eV
4.3 eV
P3HT CdSe A
QD
4.7 eV
_ITO 5.0 eV —
PEDOT v e
e 5.4 eV

Figure 3.1 Energy band diagram of P3HT:CdSe QD BHJ solar cell
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Figure 3.2 UPS spectrum of the as synthesized CdSe QDs.
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3.2 Ligand Exchange/Elimination of CdSe Quantum Dots

3.2.1 Surface Modification Procedure of CdSe QDs

As-synthesized CdSe QDs have two or more ligands originating from the reaction
condition such as unreacted cadmium oleate, n-trioctylphosphine selenide (SeTOP),
n-trioctylphosphine, oleylamine, or unknown byproducts. The presence of various
ligands impedes the accurate examination of surface ligands and their change during
surface modification process. Therefore, we thoroughly purified the QDs with
chloroform and acetone/methanol to remove excess ligands and byproducts, and
then, we added hexanoic acid (HA) or 1-hexylamine (HAm) for the surface
modification. In terms of surface modifications procedures, we prepared four
different CdSe QDs (see, Figure 3.3), which are pristine CdSe QDs capped with
oleate ligands (CdSe A), QDs ligand-exchanged with HAm (CdSe B) or HA (CdSe
C), and QDs sequentially ligand-exchanged with HA followed by HAm (CdSe D).
The absorption spectra of ligand-exchanged CdSe QDs had same spectra with
pristine CdSe QDs (Figure 3.4). This denotes ligand exchange dose not deteriorate
physical properties of pristine QDs, such as, radius of QD and optical band-gap.
Figure 3.5 shows the TEM images of pristine and ligand-exchanged QDs. The
removal of oleate ligand on pristine CdSe QDs can be represented by decrease of
inter-dot distance after sequential ligand exchange. The size of CdSe QD was
estimated to be 5.4 nm from the first excitonic absorption peak (figure 1(b)) [52] and

confirmed by TEM image.
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— Hexanoate
— Hexylamine
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\ HAm \ly
CdSe A —> P o ol
HAm: hexylamine CdSe C CdSe D

HA: hexanoic acid

Figure 3.3 Schematic diagram of the ligand exchanging and elimination procedure.

—— CdSe A (OA)
—/— CdSe B (HAm)
~{+ CdSe C (HA)
~>~ CdSe D (HA->HAm)
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POPPPIIIN
400 500 600 700 800
Wavelength (nm)

Figure 3.4 Absorption spectra of the pristine CdSe QD and ligand-exchanged CdSe
QDs (avg. d ~ 5.4 nm) and P3HT thin film.
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(a) CdSe A (OA) ~ (b) CdSe B (HAM)

(c) CdSe C (HA) (d) CdSe D (HA->HAm)

Figure 3.5 TEM images of CdSe QDs with four different CdSe QDs: (a) as-
prepared (oleate capped), surface modified with ), (b) hexylamine, (c) hexanoic acid

and (d) hexanoic acid followed by hexylamine.

3.2.2 Quantitative Analysis on the Surface Ligands of CdSe QDs

Before '"H-NMR measurement, we purified the resulting QDs for three times in
order to exclude excess of ligands after surface modification process. In the case of
CdSe A, phosphorus and amine species were not detected by 'H-NMR (Figure 3.6)
and *'P-NMR (Figure 3.7), but signals from oleate ligands were only observed.
Broadened resonance peak at 5.3 ppm (denoted as (i) in Figure 3.6(a)), from two
protons bound to a double bond, is a characteristic peak of oleate ligands. For the
quantitative analysis on the surface ligands, we focused on the signals from 0 to 3.4
ppm (denoted as (i) and (iii) in Figure 3.6 (a)) in '"H-NMR spectrum, representing
the protons in saturated alkyl chains ((ii) for -CH; and (iii) for -CH,-). The
integrated area from 1 ppm to 3.4 ppm contains the total number of protons in the -
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CH,- units. In addition to the integrated area from 1 to 3.4 ppm, a sharp peak at ~
0.9 ppm (denoted as (ii) in Figure 3.6 (a)) reflects the total amount of protons at the
end of alkyl chains (-CH;) and enables us to quantify the number of surface ligands
in the sample. All ligands have one terminal methyl group, thus, the peak at 0.9 ppm
is directly related to the amount of overall alkylchain. Based on this information, we
can establish a barometer of the amount of surface ligands: the ratio of overall
proton ((i) + (ii) + (iii)) integral to terminal proton (ii) integral, defined as a proton
ratio (Ro/r). For instance, the theoretical Ry of oleate is calculated as 10.33 (= 31/3)
and it will be decreased as the oleate ligands are removed or exchanged with shorter
alkyl chains. Although such information is not faithfully correlated with the exact
average of two or more ligands with different end groups, it gives us an insight on
the change in thickness of insulating ligands shell during surface modification
process.

In addition to the Ry, the resonance peak (ii) shows us the information about
the areal density of surface ligands: dividing the total amount of terminal carbons by
overall surface area of QDs (i.e., C.cys; / 47zr2CQD, where C; is concentration of i,
respectively and r is average radius of QDs. See Experimental Section for detailed
procedure). The average areal density of surface ligands can be calculated
from following information: molar concentration of ligands and QDs as well
as the diameter of QDs. All surface ligands involved in the present study
have a terminal -CH3 group, thus, dividing the molar concentration of protons
in -CHj3 by 3 (proton ratio) yields the molar concentration of surface ligands
(C.cm3). First of all, C_cy3 can be calculated using the integration area of -CHj
peak (at 0.9 ppm, for three photons) and CHBr; peak (at 6.8 ppm, for one

photon) as follows;
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Integration area of - CH, pealy

C_cn, x Conc. of bromoform (50 mmol/L)

- Integration area of bromoform peak

where the bromoform was used as the concentration reference. Next, the
diameter and concentration of QDs are estimated from the absorption spectra
of QDs in the NMR samples. Known amount of QD solution (0.05 mL) is
extracted from the NMR samples and diluted them using chloroform (1/1010)
to acquire the position of 1% exciton peak and its optical density. The
diameter of QDs is estimated from 1% exciton peak-diameter correlation by
Yu et al. [52] and an empirical absorption coefficient (& in L / mol cm) is
calculated from a diameter-absorption coefficient relationship. For instance,
1% exciton peak at 617 nm yields 5.4 nm of diameter and 5.2 x 10° L / mol
cm of absorption coefficient. Using those information, the molar
concentration of QDs (Cyp), ranging hundreds of gmol/L, yields based on
Beer-Lambert law (4 = Cop * ¢ x d, A is an optical density of QDs at 1%
exciton peak and d is a light beam path of the cuvette, 1 cm). Finally, the
concentration of surface ligands (C.cy3) divided by the product of a surface
area of a QD and molar concentration of QDs (7’ Cop) gives the areal

density of surface ligands.
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Figure 3.6 (a) 'H-NMR spectra of oleate capped QDs (CdSe A, black), HAm

exchanged QDs (CdSe B, blue), HA exchanged QDs (CdSe C, green), and

sequentially exchanged QDs (CdSe D, red). The peaks are classified into three types:

from double bond (-CH=CH-, denoted as (i)), the end of alkyl chain (-CH;, denoted

as (ii)), and the middle of alkyl chain (-CH,-, denoted as (iii)). (b) The ratio of

overall proton to terminal proton (Ror) of the CdSe QDs. The areal density of the

ligands is listed as a table.
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Figure 3.7 *'P-NMR spectrum of oleate capped QDs (CdSe A) after purification.

Change in the Ror and overall areal density of surface modified QDs are
summarized in figure 2(b). For the CdSe A, the Ry is smaller than the theoretical
value due to impurity in oleic acid (~ 90%, technical grade) used in the synthesis of
QDs. The surface treatment with HA or HAm showed fairly different tendency on
the Ry and areal density. The CdSe B exhibited decreased the Ror to 8.6 and
overall areal density to 1.4 nm'z, while CdSe C had decreased the Ry to 6.5 but
hardly changed the overall areal density. This difference stems from the reaction
mechanism of HAm and HA to QD surface.

In a case of HAm, the oleate ligands are removed from the QD surface as a
form of cadmium carboxylate, coordinated with amines [53]. However, we observed
the presence of residual HAm in CdSe B (a sharp peak at 1.1 ppm from 'HNMR,
signal from alpha-carbon was diminished due to heavy broadening). This can be
considered that HAms are captured within alkyl chain ligands by hydrophobic
interaction, which impedes the reduction in the ligand shell. The amine-assisted
elimination of oleate is so slow that the surface modification requires long reaction

s % X2

-

L

LT



time or high temperature. In the present study, the reaction time was fixed at 15 min
and HAm was washed out immediately, so the oleate ligands were not fully
eliminated from QDs.

On the contrary in the case of CdSe C, the HA doesn’t eliminate the cadmium
oleate, but replace oleate ligands by proton transfer pathway. Thus, it hardly changes
the number of surface ligands and only reduces the average length of ligands
(namely, Ror is decreased). Although every oleate ligand was not completely
exchanged with HA under given reaction condition, it is clear that HA is more
effective ligand than HAm for reducing the insulating ligand shells.

In contrast to the small decrease in an areal density of CdSe B, sequential treatment
of HA followed by HAm (CdSe D) significantly reduces the R, to 5.4 and areal
density to 1.2 nm™. This considerable difference is responsible for the steric
hindrance effect of oleate ligands; the oleate ligands prevent the approach of HAm
to inner region of ligand shell, so the elimination of ligands is retarded. Once the
ligands are exchanged with HA, then, HAm can more effectively penetrate into the
ligand shell and resulting cadmium oleate-HAm complex also easily escape from the
ligand shell. Therefore, the sequential treatment of CdSe QDs with HA followed by

HAm accomplishes the fast and effective reduction in the insulating ligand shell.
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3.3 P3HT:CdSe QD BHJ Solar Cell Performances

3.3.1 Donor:Acceptor Blend Ratio Dependence of P3HT:CdSe QD

BHJ Solar Cells

In this study, J-V characteristics of various polymer:CdSe QD blend ratio were
investigated. The blend ratio is significant factor for determine solar cell efficiency
since blend ratio related with the optical and electrical characteristics of active layer.
Therefore, finding the optimal ratio is crucial for efficient device operation. We
characterized blend ratio (from 43-87% of QD wt. ratio) of hybrid solar cells with
CdSe QDs which were prepared with sequential ligand exchange of HA followed by

HAm. The solar cells were fabricated with a structure of Figure 3.8.

dSe.@PS

Figure 3.8 Device structure of P3HT:CdSe QD hybrid BHJ solar cells.
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A Percentage of QD wt. occupation ratio was calculated from polymer:QD
blend ratio. The QD wt. ratio below 75% could not achieved reasonable solar cell
performances. This can be interpreted that high QD population is required to
interconnect each other for efficient electron transport. When the ratio of QDs is
increased, Jsc, Voc, and FF increased and this denotes efficient charge transport of
electron and hole thorough QDs and high built in potential with optimal
donor:acceptor ratio. Over the 75% of QD wt. ratio, Jsc start to decrease. This can be

caused by decreased interface area between QD and polymer with high QD

concentration.
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Figure 3.9 J-V curves of P3HT:CdSe QD BHIJ solar cells as a function of

polymer:QD blend ratio under AM1.5G 1sun illumination.
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Table 3.1 Blend ratio dependence of hybrid solar cell performances under the AM
1.5G 1sun illumination (average values of Jsc, Voc, FF, PCE from four individual

cells on the same substrate).

QD wt.
Polymer:QD Jsc Voc FF PCE
ratio
wt. ratio (mA/cm?) V) (%) (%)
%)
1:6.75 87 6.03 0.57 47.6 1.65
1:3 75 6.27 0.60 50.0 1.87
1:1.75 64 1.97 0.49 38.6 0.37
1:1.125 53 0.81 0.53 40.7 0.18
1:0.75 43 0.59 0.50 31.4 0.09

From the incident light intensity dependence of Jgc (Figure 3.11), we can
evaluate charge carrier recombination characteristics with light intensity scaling
exponent (). The a had similar values of 0.83-0.85, for all blend ratios. This
denotes recombination characteristics weakly depend on the blend ratios but
strongly depend on the surface chemistry from previous experiments.

Figure 3.12 shows IPCE spectra of solar cells with various blend ratios. IPCE
spectra exhibited different shape with the blend ratios. As expected, the solar cell
with high QD concentration had pronounced IPCE at the CdSe QD absorption

region, while at the low QD concentration, IPCE had pronounced at P3HT
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absorption region. At the 75% of QD wt. ratio, both of P3HT and QD absorption

region had high IPCE, denoting optimal blend ratio.
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Figure 3.11 Light intensity dependence of Js¢ as a function of QD wt. ratio. The

light intensity scaling exponents () are summarized in the legend.
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Figure 3.12 IPCE spectra of P3HT:CdSe QD BHJ solar cells as a function of QD wt.

ratio.

3.3.2 Active Layer Thickness Dependence of P3HT:CdSe QD BHJ

Solar Cells

In BHJ solar cells, thickness of active layer is also important factor for device
operation. Thicker films can absorb more photons while thinner films have smaller
series resistance, which intimately relate with the FF. We characterized blend the
thickness dependence (30-200 nm) of hybrid solar cells with CdSe QDs which were
prepared with sequential ligand exchange of HA followed by HAm.

Figure 3.13 shows J-V curves of hybrid solar cells depending on thickness of
active layer. The blend ratio of solar cells were fixed 1:3 wt. ratio of P3HT:CdSe
QD. The hybrid solar cell characteristics as a function of thickness of active layer

are shown in Figure 3.14 and Table 3.2. Ry and Ry, were evaluated from the J-V

= AT




characteristics under the AM 1.5G lsun illumination. The mean values and error
bars in Figure 3.14 are derived from four individual cells on the same substrate.

The solar cell with 30 nm thickness of active layer exhibited poor solar cell
characteristics and hardly operate as diode. This can be understood that connection
of the top and bottom electrodes due to the thin active layer. As a result of
increasing thickness, the leakage path connecting the both electrodes could be
suppressed, and therefore, Ry, increased. However, thick active layer could cause
increase of bulk resistance, which was denoted by increase of Rs, and as a result, Jg¢
decreased rapidly over the 80 nm. In addition, FF also decreased over the 100 nm.
Therefore, the highest Jg¢ is achieved at the thickness of 80 nm and reasonable FF'

resulted optimal solar cell performance with 80 nm thickness.
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Figure 3.13 J-V curves of P3HT:CdSe QD BHJ solar cells as a function of thickness

of active layer under AM1.5G 1sun illumination.
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Table 3.2 Thickness dependence of hybrid solar cell performances characteristics
under the AM 1.5G 1sun illumination. (The average values of Jsc, Voc, FF, PCE are
derived from four individual cells on the same substrate). Rs and Rg;, are evaluated

from the best J-V curve.

Thickness JSC VOC FF PCE RS RSh
(nm) (mA/cm®) | (V) (%) (%) (Qem?) | (Qemd)
30 0.93 0.08 27.8 0.02 11.5 100.6
60 4.43 0.40 43.8 0.79 11.5 439.1
80 6.27 0.60 50.0 1.87 14.9 421.1
100 4.53 0.62 54.0 1.51 14.6 795.2
120 1.16 0.69 46.8 0.37 58.8 1775.4
200 0.46 0.64 36.6 0.11 187.0 2894.4

IPCE are proportional to a product of carrier generation, dissociation and
extraction efficiency. The IPCE shape except 80 and 100 nm thickness exhibited
poor IPCE at the P3HT absorption region. For thick solar cells more than 120 nm,
we can assume this inefficiency is caused by the poor carrier extraction and/or
recombination before extraction, and then, charge collection through CdSe QDs are
more efficient than through P3HT since CdSe QDs have higher mobility than P3HT.
For films of CdSe QDs with small surface ligands, the electron mobilities reported to
date are on the order of 10? cm?/V-s [54-57] and hole mobilities of typical P3HT

films are on the order of 10° cm?/ Vs [58, 59].
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In the case of thin solar cell below 60nm, the shape of IPCE seems very similar
to the IPCE of high QD wt. ratio at around 87% (see, Figure 3.12). This denotes
current flows dominantly through the CdSe QDs at thin active layer. At the optimal
thickness (80—100nm), the solar cells had efficient carrier extraction both P3HT and

CdSe QDs.
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Figure 3.15 IPCE of P3HT:CdSe QD BHIJ solar cells as a function of thickness of

active layer.
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3.3.3 Solar Cell Performances with Surface Modified CdSe QDs

The electrical properties of CdSe QDs with different ligand exchange procedures
were investigated with P3HT:CdSe QD BHIJ solar cells. We built devices with the
structure of ITO/PEDOT:PSS/P3HT:CdSe QD (1:3 wt. ratio)/Al (Figure 3.8) using
four kinds of CdSe QDs as described in Chapter 3.1; solar cells fabricated with
CdSe A (pristine), CdSe B (treated with HAm), CdSe C (treated with HA), and
CdSe D (sequential treatment with HA followed by HAm) are denoted as Device A,
B, C, and D, respectively.

Figure 3.16 shows the current density-voltage (J-V) characteristics of the
solar cells under air mass 1.5 global (AM 1.5G) Isun illumination. Their
photovoltaic performances in terms of short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) are
summarized in Table 3.3. We found that the decrease in Ro,, from Device A to
Device D, led to the improved solar cell characteristics. Interestingly, even Ry/r is
not approaching to zero which denotes extant ligands on QDs, the Device D
recorded 1.98% of PCE, 6.20 mA/cm® of Jsc, 52.2% of FF, and 0.61 V of Vo,

comparable to the previous reports based on CdSe QDs modified with pyridine.
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Figure 3.16 Current density-voltage (J-V) characteristics (a) under the AM 1.5G 1
sun illumination and (b) dark condition of the solar cells with various ligand
exchanged CdSe QDs: oleate capped QDs (A, black circle), HAm exchanged QDs
(B, blue triangle), HA exchanged QDs (C, green square) and sequentially exchanged

QDs with HA followed by HAm (D, red diamond).
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Table 3.3 Short circuit current density (Jsc), open circuit voltage (Voc), fill factor

(FF), and power conversion efficiency (PCE) of the P3HT:CdSe QD BHJ solar cells

with various ligand exchanged QDs under AM1.5G 1sun illumination.

Device Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
A 0.39 0.68 25.3 0.067
B 2.47 0.55 37.7 0.51
C 6.41 0.55 38.9 1.38
D 6.20 0.61 52.2 1.98

The J-V characteristics and parameters of solar cells can be analyzed using the

solar cell equivalent circuit model, as shown below (See, Chapter 2.1.2 and 2.1.3):

q V-R.J
J==J,+ Jo{expﬁ T = RSJ)H - 1} + R—S +J. (3.1)

Sh

In equation (3.1), J is the current density, V is the applied voltage, J, is the reverse
saturation current density, ¢ is elementary charge, » is the diode ideality factor, k3 is
the Boltzmann constant, 7 is the absolute temperature, Ry is the series resistance, Ry,
is the shunt resistance, J,, is the photogenerated current density, and J,.. represents
an additional loss term of J,,in active layer, which increases significantly with the
forward voltage. Without light illumination (J,;, and J.. = 0), the diode

characteristics including Jj, n, Rs, and Ry, can be estimated (evaluated parameters

are summarized in Table 3.4). The solid lines Figure 3.16(b) denote a calculated
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current density with evaluated parameters. The detailed calculation method was

followed from elsewhere [60].

Table 3.4 Series resistance (Rs), shunt resistance (Rg;), diode ideality factor (n),
saturation current density (Jy) of P3HT:CdSe QD BHJ solar cells with various ligand

exchanged QDs. Rs, Ry, n, Jy were calculated from the dark J-V curve.

Rs Ry 5
Device n Jo (nA/em”)
(Q cm’) (Q cm®)
A 726.8 5644 9.64 2210
B 24.1 7731 2.45 53.2
C 16.1 1828 1.99 30.3
D 13.4 3587 1.69 1.58

Evidently, the diode characteristics of P3HT:CdSe QD BHJ solar cells shows a
significant correlation with Ry, connected to the thickness of insulating ligand
shells. Overall, from Device A to Device D, decrease in Ry by surface treatment
resulted in a better diode characteristics and solar cell performance. Particularly,
reduction in Rs with decreasing Ry is closely related to the carrier transport
between QDs, which represents an improved carrier transport between QDs by
reducing the thickness of insulating ligand shell. As well as the reduction in Rs, the
improvement in diode characteristics (# and J) implies that the insulating ligands
between QDs, acting as tunneling barrier in spite of small distance (< ~1.5 nm),

significantly limits the extraction of photocurrent and results in low Jyc.
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In addition to the carrier transport, we found that the insulating ligand also
largely prohibited exciton dissociation at interface between P3HT and CdSe QDs.
From investigation of PL quenching (Figure 3.17) and nanoscopic morphology
(Figure 3.18) of P3HT:CdSe QD hybrid films, decrease in Ry led to the formation
of well-distributed CdSe QD aggregates and complete PL quenching. Considerable
transition on the PL quenching and aggregation morphology occurred at below Ro/r
of 6.5 (Device C and D), which can cause sufficient interfacial area with direct
contact between P3HT and CdSe QD aggregates network to dissociate excitons [61].
Summing up the diode characteristics, PL quenching, and nanoscopic morphologies
of devices, we conclude that the reduction in the chain length of insulating ligand
shell strongly improve the carrier transport as well as the exciton dissociation, even

if the insulating ligands are still remained.
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Figure 3.17 PL spectra of CdSe QD:P3HT BHJ films with various ligand
exchanged QDs: oleate capped QDs (A, black), HAm exchanged QDs (B, blue), HA
exchanged QDs (C, green) and sequentially exchanged QDs with HA followed by

HAm (D, red).
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(a) P3HT:CdSe A (OA) (b) P3HT:CdSe B (HAm)

(c) P3HT:CdSe C (HA) (d) P3HT:CdSe D (HA->HAm)

Figure 3.18 TEM images CdSe QD:P3HT BHJ films with various ligand exchanged
QDs: (a) oleate capped QDs, (b) HAm exchanged QDs, (c) HA exchanged QDs and

(d) sequentially exchanged QDs with HA followed by HAm.



Although n, J), and Rs display the clear correlation with Ry as mentioned
above, Ry, FF, and Vo of each device represent complex behavior. Particularly,
when comparing Device C with Device D, the Device C had lower FF, Vyc and Ry,
than those of Device D. The inferior FF' of Device C can be interpreted as an
increase in recombination current, which is indicated by the low Rg;, of 1828 Q cm’
and high n of 1.99 of Device C—Device D had higher Ry, of 3587 Q cm’and n of
1.69. Those variations can be understood by the influence of HAm ligands on
surface states of CdSe QDs. Theoretically [62] and experimentally [21], recent
publications on the surface states have suggested that the surface state can be
generated, altered, or eliminated by several factors: charge imbalance due to off-
stoichiometry, extra surface ligands generating or altering a midgap state, or binding
modes of surface ligands. We believe that the surface states on QDs are existed in
spite of the presence of covalently-bound oleate or hexanoate ligands (i.e., Device
C). And those surface states act as recombination centers during carrier generation,
transport, and recombination. By introducing HAm ligands subsequently (Device D),
those trap states are passivated, and therefore, high FF, Ry, and low n could be
achieved. At the same time, low Voc of Device C can be also interpreted as the

influence of surface states, based on the equivalent circuit model as below [63, 64]:

Insc (3.2)

The reduction of V¢ of Device C implies that the increase of J,is due to the
exposed surface traps, resulting in the leakage of diode current. As a result of
efficient removal of oleate ligand and surface trap passivation with HAm, Device D
exhibited the highest performances, 1.98% of PCE, 6.20 mA/cm?® of Jsc, 52.2% of

FF, and 0.61 V of Voc.
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Figure 3.19 plots the incident photon-to-electron conversion efficiency (IPCE)
of all devices. Device C exhibited a considerable difference in the IPCE curve
compared with the others. While the Device C displays a pronounce peak below 450
nm, Device B and D show two comparable peaks around 360 nm and 510 nm.
Considering the absorption spectra of CdSe QDs and P3HT (see Figure 3.4), we can
interpret that Device C has significant loss of photocarriers generated in P3HT
domain, but Device B and D do not. Improved IPCE values of Device B and D
around 510 nm are attributed to the HAm employed during the surface treatment,
passivating the trap states on CdSe QDs. Taking into account the J-J characteristics,
surface trap states of CdSe QDs capped with carboxylate ligands lead to

recombination loss of photocurrent.
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Figure 3.19 IPCE spectra of the hybrid solar cells with various ligand exchanged
QDs: oleate capped QDs (A, black circle), HAm exchanged QDs (B, blue triangle),
HA exchanged QDs (C, green square) and sequentially exchanged QDs with HA

followed by HAm (D, red diamond).
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3.3.4 Light Intensity Dependence of Hybrid Solar Cell Characteristics

We carried out incident light intensity dependent J-V measurement of the devices
and analyzed collection voltage (V) [43, 44, 47] and Jgc [45, 46] to further
investigate carrier recombination and collection characteristics of solar cells with
different ligand exchange/elimination procedure.

All linear fit of J-V curves of various incident light intensity at short circuit
conditions (¥=0), intersect the x-axis at a single point of voltage, which is called V¢
(figure 4). We can evaluate collection efficiency at short circuit condition (77¢) and
utyrfrom the Ve Voz et al. employed the Ve to calculate carrier collection efficiency
(717¢) in polymer solar cells under these assumptions (constant electric filed, drift-
driven collection and monomolecular recombination) [44].

Short circuit resistance (Rsc, reciprocal slopes of the J-V curve at V=0, i.e., V=

RscJsc) which reflects the recombination term (J,..) under various light intensities

and V¢ can be expressed as follows.:

Ry = (2%02—1)% (3.3)
Ve = (ZI,L/OZ - IJ V., (3.4)

with
le = utyy Vo —V’ leo = /”'eﬁ’% (3.5)
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where /¢ is a collection length, and L is a thickness of the active layer. The /- implies
the maximum travel distance of separated electron and hole driven by electric field
before recombination. /¢ is the collection length at short circuit condition. The uz,;
denotes effective prproduct, ie, ury = w,7, + u,7,. Detailed derivations of
equations are provided in Supporting Information. The collection efficiency (77¢) of
photogenerated charge carriers and collection efficiency (7cy) at short circuit

condition can be defined:

c 21_L1_22, 77c0=1_L—/2 (3.6)

Figure 3.20 shows J-V curves of Device B, C and D under various incident
light intensity (2-100 mW/cm®) and determined Vc by tangent of J-V curves at
around /' = 0. In the case of Device A, all linear fits at /"= 0 doesn’t intersect at a
single voltage due to poor fill factor. In the case of Device B and C, linear fits under
10 mW/cm® doesn’t intersect at a single point because the J-V curve is dominated by
shunt resistance. If we consider V;; of 0.7 V, the collection efficiency at short circuit
condition, 77 of Device B, C, and D are evaluated as 59, 63, and 72%, respectively.
The corresponding w7, product for L = 90 nm are 1.4, 1.6, and 2.1 X 10" em®/V,
respectively, which is similar value for P3BHT:PCBM solar cell [44]. Since the these
coefficients are related with carrier transport, the 77¢y and 7,5 product had consistent
tendency with J-V characteristics. This denotes again that decreasing Ror provide
enhanced carrier transport and moreover, passivation of traps states with HAm could

achieve better carrier transport and collection efficiency.
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Figure 3.20 Collection voltages (V¢) of the P3HT:CdSe QD BHIJ solar cells with
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Inset: extracted Rgc- at around V = 0 and calculated V- from the relation Ve = RycJgc.



Table 3.5 Collection efficiency at short circuit condition (77¢y), (7 product
and incident light intensity scaling exponent (&) of P3HT:CdSe QD BHIJ

solar cells with various ligand exchanged QDs.

) Nco HToy
Device (04
(%) (cm?/V)
A - - 0.65
B 59 1.4 %1071 0.74
C 63 1.6 x 107 0.75
D 72 2.1 %101 0.89

The incident light intensity dependence of Jgc of the devices is shown in Figure
3.21. Jy¢ follows a power law dependence upon the light intensity (/;g) with the

incident light intensity scaling exponent () which correlates with a carrier loss
mechanism, i.e. Jgo o/ ﬁ’ght. The o could be interpreted as a result of competition

between recombination of charge carriers and extraction before recombination. If
extraction of charge carriers is faster than recombination, recombination mechanism
is dominated by monomolecular recombination and & should be close to 1., whereas
if the recombination of charge carries are comparable with carrier extraction, the
bimolecular recombination arises and then areduce to 0.5 [45, 46]. The « of all

devices are summarized in Table 3.5.
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Device A exhibited the lowest . This denotes recombination mechanism is

dominated bimolecular recombination due to the poor charge extraction with

insulating oleate ligands. Device B and C exhibited similar «, having similar

collection length at short circuit condition (/cy = 1.1, and 1.2 % 10” cm, respectively).

Device D had the highest ¢, meaning that the bimolecular recombination loss was

suppressed owing to the efficient charge collection by the removal of oleate ligands

and efficient surface trap passivation with HAm (Icp = 1.6 x 10° cm, for

comparison).
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Figure 3.21 Light intensity dependence of short circuit current density (Jsc) of the

P3HT:CdSe QD BHIJ solar cells with various ligand exchanged QDs. Dotted lines

denote fitted curves using Jgc o L,

70



3.4 Influence of Thermal Annealing on P3HT:CdSe QD

BHJ Solar Cells

34.1 P3HT:CdSe QD BHJ Thin Film Characteristics with Thermal

Annealing

Absorption and photoluminescence (PL) experiments of CdSe QD films reveal not
only optical characteristics but also physical characteristics of QDs such as surface
state and aggregation of QDs. By thermal annealing at 150°C, first excition peak of
CdSe QD film slightly red shift from 585 to 590 nm (Figure 3.22(a)). Red shift of
first exciton absorption peak can be caused by increased electronic coupling
between the QDs, which results extended band states with lower energies. The
Electronic coupling will increase when the inter-dot distance decrease. Therefore,
red shit of annealed film denotes reduce of inter-dot distance caused by removal of
surfactant with thermal annealing.

Since PL efficiency of QDs depends on the surface traps which act as
recombination center of excitons, efficient trap passivation with surface ligand is
important issues for increasing PL efficiency. In the case of thermal annealed CdSe
QD film, almost perfect PL quenching was observed (Figure 3.22(b)). This

represents the removal of surfactant by the annealing.
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Figure 3.22 (a) Absorption and (b) PL spectra of as-cast and 150°C annealed CdSe

QD film.
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Absorption and PL spectra of P3HT:QD BHIJ film were also investigated with
thermal annealing (Figure 3.23). The BHJ films exhibited hardly change in
absorption spectra but almost PL of P3HT was quenched after thermal annealing. In
the case of polymer materials, vibronic absorption shoulder denotes ordering of
conjugated chains. Therefore, no significant change of absorption spectrum denotes
that BHJ morphology such as aggregation of QDs or polymer ordering, dosen’t
change by the thermal annealing. In addition, PL quenching of annealed film
denotes exciton generated by P3HT dissociate more efficiently compared to as cast
BHJ film since electrical interaction between P3HT and CdSe QDs are enhanced

due to the removal of surface ligand.
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Any noticeable changes in morphology of the P3HT:CdSe QD BHIJ film in
accordance with thermal annealing were not observed (Figure 3.24 and Figure 3.25).
There was slight increase of root mean square (RMS) roughness from 18.1 to 19.2
nm after thermal annealing but the phase image of as-cast and annealed P3HT:CdSe

QD films had similar grain size.
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Figure 3.24 (a, b) AFM topography and (c, d) phase image of as-cast and 150°C
annealed P3HT:CdSe QD BHJ film.
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Figure 3.25 TEM images of (a) as-cast and (b) 150°C annealed P3HT:CdSe QD
BHI film.

" A



3.4.2 P3HT:CdSe QD BHJ Solar Cell Performance with Thermal

Annealing

The effect of thermal annealing on P3HT:CdSe QD hybrid solar cells were
investigated. The red shift of CdSe QD absorption spectra after annealing revels that
thermal annealing increase electrical coupling of QDs, and almost perfect quenching
of P3HT PL after annealing denotes improved exciton dissociation efficiency.
Therefore, annealing of hybrid solar cells could improve Jsc.
Using the diode equivalent circuit models, we can extract the diode parameters from
the J-V curves (see, Table 3.6). From the equivalent circuit model, n, J), Ry are
reudced and Ry, is remained unchanged after thermal annealing. Increase in Ry
denotes enhanced carrier transport due to the enhanced electronic coupling and
unchanged Rg, and reduced.J, denote that leakage path does not generated since the
morphology of P3HT:CdSe QDs BHJ film does not change noticeably.

Decrease in V¢ interpreted with the decrease in diode ideality constant (1)

after thermal annealing since Vyc is proportional to 7.

J
Ve ~ ”k;T ln(—Ph+ 1} (3.7)
0

Although V¢ decreased after thermal annealing, thanks to the enhanced Jsc, PCE is
improved after annealing.

The IPCE increased after annealing over all wavelengths. This denotes
improved carrier transport by thermal annealing resulted enhanced collection of
photo carriers since carrier transport is independent from incident photon

wavelength.
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Table 3.6 Characteristics of as-cast and 150°C annealed P3HT:CdSe QD BHJ solar

cells (The average values of Js¢, Voc, FF, PCE are derived from four individual cells

on the same substrate. n, Jy, Rs, Ry, are evaluated from J-V curve in Figure 3.26(b)).

as-cast 150°C annealed

Jsc (mA/cm?) 4.58 6.05
Voc (V) 0.56 0.50
FF (%) 46.1 47.9
PCE (%) 1.19 1.46
n 2.03 1.66
Jp (nA/em?) 24.4 13.0
Rs (Q) 97.6 61.2
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Figure 3.27 IPCE spectra of as-cast and 150°C annealed P3HT:CdSe QD BHIJ solar

cells
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To further investigate recombination and carrier collection properties, we
measured J-V curves under various illumination light. P3HT:CdSe QD BHIJ solar
cell before thermal annealing exhibited short collection voltage (V) compared to
after annealing. . In the case of the solar cell after thermal annealing, linear fits
under 10 mW/cm® doesn’t intersect at a single point because the J-V curve is
dominated by shunt resistance. The collection efficiency at short circuit condition
(77co), and p7, can be evaluated from the V¢ with the V), of 0.7 V. the 7¢y is slightly
improved after thermal annealing from 77 to 79%, and uz.; enhanced slightly from
2.52102.70 x 10™° cm’/V.

The light intensity scaling exponent () which correlates with a carrier loss
mechanism, i.e. Jgo oc/ ;fght , exhibited small decrease after thermal annealing. This

denote slight arise of bimolecular recombination after annealing due to the increased

charge generation.
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3.5 Summary

Ligand exchange/elimination procedure of colloidal CdSe QDs for optoelectronic
device application were investigated. P3HT:CdSe QDs had optimal device
performances at 1:3 wt. ratio and at around 100 nm thickness. Thermal annealing of
the hybrid active layer enhanced electron coupling of CdSe QDs and resulted
improved Jgc. Surface ligands properties on CdSe QDs, such as overall proton ratio
and areal ligand density, were quantitatively analyzed through 'H-NMR
measurement. Because of the binding mode of oleate ligands on CdSe QDs, proton-
donating HA effectively replaced the olate ligands, while HAm eliminated oleate
ligands ineffectively. However, in the case of sequential treatment with HA
followed by HAm, HAm eliminates hexanoate ligands effectively, which is
attributed to reduced steric hindrance of the ligand shells. The decrease in the
average ligand shells thickness directly improved the carrier transport properties of
P3HT:CdSe QD BHJ solar cells. Large proportion of oleate ligand in the ligand
shells (Rpr > 8) distinctively hampered the transport of charged carrier between
QDs. However, the QDs with the thin ligand shells (Ror < 6.5) showed the
considerable improvement in R, Jsc, and PCE. Moreover the presence of remnant 1-
hexylamine ligands enhanced the overall device performance (Jsc= 6.20 mA/cn’,
Voc = 0.61 V, FF = 52.2%, PCE = 1.98%) and carrier collection efficiency (7. )
higher than 1-hexylamine-free ones. In addition, recombination mechanism is
dominated by monomolecular recombination due to enhanced carrier collection
length (/cp). These improvements are originated from the passivation effect of

primary amines on the surface states of QDs.
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Chapter 4

Modular  Fabrication of Hybrid
Heterojunction Solar Cells Based on

CdSe Tetrapod Nanocrystal Network

Since the pioneering work of hybrid solar cell has first been introduced by
Alivisatos and coworkers [15], multilateral approaches to improve the solar cell
efficiency have been investigated: i) modifying nanocrystal structures (e.g.,
spherical dots [21, 28, 35, 39, 65], rods [16, 19, 66], tetrapods [18, 36, 67-69], and
hyper-branched nanocrystals [32]), ii) proposing new device architectures [70], and
iii) developing new nanocrystal surface passivation processes [19, 24, 39]. More
recently, employing low bandgap conducting polymers [18, 36, 71] or organic

nanowires in the hybrid structure [28] resulted in significant enhancement in PCE.
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Among various nanocrystals available, tetrapod (TP) semiconductor
nanocrystals are a promising structure to improve the performance of hybrid solar
cells. This is because the four branches of a tetrapod that are 3-dimensionally
extended increase the absorption cross section [72] and also provide conductive
pathway to enhance overall charge transport through TP ensembles [31]. Also, by
forming hybridized structures with conducting polymers, the increased interfacial
area between TPs and conducting polymers is expected to facilitate the exciton
dissociation. More importantly, the porous network formed by TPs, which resembles
tetrapod-breakwaters, results in an ideal structure to form a bulk heterojunction with
the hybridizing organic counterpart.

To fully utilize the benefits offered by the TPs for solar cell applications, the
proper elimination of bulky ligands attached to TP surface is essential, which are
originally employed to prevent TP aggregation during synthesis, storage, and
processing. This is because the bulky and insulating natures of typical surface
ligands prevent efficient interfacial contact between TPs and conducting polymers
within the hybrid structure. However, the steps for ligand removal or exchange have
unfortunately hampered the advances in the TP/polymer hybrid solar cell research.
Namely, the poor colloidal stability prevents reliable and reproducible formation of
TP/polymer hybrid active layers in terms of nanoscopic morphology, particularly if
the ligand removal/exchange processes are inserted prior to forming binary
dispersions of the two materials. On the other hand, if the ligand removal/exchange
steps are introduced after the formation of TP/conducting polymer hybrid films,
independent control on the nanoscopic morphology and the surface chemistry of TPs
is not possible, which are the two critical factors determining the final solar cell
performance. This is because the TP surface modification in such a manner would

inevitably influence the inter-particle distance or spatial distribution of TPs within
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the final hybrid structure. Consequently, systematic analysis on TP/polymer hybrid
solar cell operations could not be carried out, and thereby rational guidelines for
improving the TP/polymer hybrid solar cell performance were not provided.

In this chapter, we propose a so-called modular fabrication to assemble TP
nanocrystal/polymer hybrid bulkheterojunction solar cells to prevent morphology
change followed by surface ligand modification and resolve reliability problem.
Unlike prior approaches based on the binary dispersion of nanocrystals and
polymers with pre- or post-chemical treatments of the nanocrystals, our modular
fabrication separates the breakwaters-like nanocrystal network formation (step 1),
the nanocrystal surface modification via chemical treatments (step 2), and the
intrusion of polymers into the nanocrystal network (step 3). Accordingly, CdSe
TP/P3HT hybrid bulkheterojuctions could be assembled with their nanoscopic
morphology and surface chemistry under control. Consequently, the influence of
nanocrystal surface modification on the as-assembled solar cell performance could
be systematically examined through temperature-dependent current density (J) vs.

voltage (V) measurements at varying light intensities.
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4.1 Modular Fabrication of CdSe Tetrapod/P3HT

Heterojunction

4.1.1 Preparation of CdSe Tetrapod for Building Block of Network

Structured Films

Well-defined CdSe TPs with high morphological uniformity were synthesized
following the continuous precursor injection (CPI) method [49]. Careful control on
both injection rate of precursors and reaction temperature yielded oleate-capped,
lengthy CdSe TPs with excellent shape-selectivity (over 90%). The arm-length of
these TPs was ~76 = 3 nm (see Figure 4.1). Such well-defined CdSe TPs with
uniform lengthy arms are particularly beneficial for achieving highly conductive TP
networks. Moreover, the resulting breakwaters-like TP networks ensure formation of
heterojunction with polymer counterpart exhibiting a significant increase in
interfacial contact area with conducting polymers. The arm-diameter of these CdSe
TPs was ~8 nm. Such an arm thickness was necessary to improve the mechanical
robustness of the network structure and to maximize the light absorption window.
Although stable nanocrystal dispersions, necessary for further solution
processing, are achievable with as-synthesized TPs with oleate ligands attached to
the nanocrystal surfaces, the original ligands were replaced with oleylamines.
Oleylamine ligands, which also yield stable nanocrystal dispersions, have moderate
affinity to the surface Cd atoms of CdSe TPs and thereby the removal of oleylamine
ligands could be done simply by rinsing the nanocrystals with alcohols later in the
fabrication steps [73]. To replace the oleate ligands with oleylamine ligands, a two-

87 _:__: 2 1 &)



phase ligand exchange method was adopted using tetrafluoroboric acid (HBF,)
(Figure 4.2(a)). Vortexing a mixture of CdSe TPs (in hexane) and HBF, (in N,N-
dimethylformamide (DMF)/water) resulted in the phase transfer of CdSe TPs from
the hexane phase to the mixed DMF/water phase. The phase transfer occurred
because the surface Cd sites become positively charged and surrounded by BF,
counter ions, as HBF, donates protons to the oleate ligands that are detached from
the Cd surface as oleic acids [74]. The removal of oleate ligands upon repetitive
HBF, treatments was confirmed from the disappearance of the vibrational peaks
originating from alkylchains (2800-3000 cm™) in the FT-IR spectra (Figure 4.2(b)).
Even if the repulsive interactions among charged TPs may not yield completely
stable dispersions of CdSe TPs, the electrostatic repulsion was sufficient enough to
prevent irreversible nanocrystal aggregation. The charged CdSe TPs were then
quickly collected by centrifugation and re-dispersed in chloroform containing
oleylamines. As the oleylamines form coordination bonds with CdSe TP surfaces,
TPs could be well dispersed in organic solvents like chloroform. Also, the
vibrational peaks due to alkylchains re-appeared in the FT-IR spectra as the
evidence of TPs capped with oleylamines. We also note that the optical spectra of
CdSe TPs were unchanged upon the ligand exchange from oleates to oleylamines

(Figure 4.2(¢)).
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Figure 4.1 TEM images of CdSe tetrapods with 76 nm of arm length. Inset is

provided to show arm diameter.
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Figure 4.2 (a) A schematic on the ligand exchange procedure of CdSe TPs from
oleates to oleylamines. (b) FT-IR spectra of as-synthesized CdSe TPs with oleate
ligands (red), TPs after treatment with HBF, (blue), and TPs after capping with
oleylamine ligands (green). (c) Absorption spectra of as-synthesized CdSe TPs (red
dashed line) and oleylamine-capped CdSe TPs (green solid line). The inset is a

photograph of oleylamine-capped CdSe TPs dispersed in chloroform.
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4.1.2 Modular Fabrication of CdSe TP/P3HT Hetrojunction Solar Cells

The modular fabrication to fabricate CdSe TP/P3HT hybrid solar cells is

schematically illustrated in Figure 4.3.

Oleylamine-Capped 45 Thermal
CdSe TPs Annealing
EtOH Washing

ZnO on Top of ITO
Step 2. Surface Modification

Passivation
Ligands

Step 3. Infusion of Conducting Polymer

//’//”'

Thermal Evapoation CdSe TP/ P3.HT
Heterojunction

P3HT

Figure 4.3 Schematic illustration of the modular fabrication for CdSe TP/P3HT

heterojunction solar cells.
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In Step 1, an interconnected CdSe TP network (~200 nm thick) was first
formed by spin-coating a dispersion of oleylamine-capped CdSe TPs in chloroform
onto a transparent cathode. The oleylamine ligands were then removed by thermal
annealing and repeated ethanol washing. The removal of alkylchains after the
repeated ethanol washing for more than 90% was confirmed from FT-IR spectra
(Figure 4.5(a)). In addition, the absorption spectra (Figure 4.6(a)) and the highly
porous morphology (Figure 4.4(a)) of the CdSe TP network were hardly changed
after the ligand removal, confirming the robustness of TP network structure. We also
note that the resulting CdSe TP network was devoid of micro cracks, which have
often been observed from closely packed nanocrystal films due to large volume
contraction during the ligand exchange process [75]. The voids created during the
CdSe TP network formation are thought to mitigate the significant volume

contraction upon ligand removal.

Figure 4.4 Plan- (top) and cross-sectional (bottom) SEM images of (a) a bare CdSe
TP network film (Step 1), (b) a CdSe TP network film treated with 1-hexylamine
(Step 2), and (c) a CdSe TP/P3HT hybrid film (Step 3). All the scale bars in the

SEM images are 200 nm.
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In Step 2, the surfaces of bare TPs were further modified by spin coating short
ligands such as 1-hexylamine and pyridine directly onto the TP network prepared
from Step 1 (Figure 4.5(b)). The choice of 1-hexylamine and pyridine is an
interesting set of surface ligands, because these amines are known to cause an
opposite effect on the nanocrystal surface state, even if both ligands contain the
same nitrogen atoms that interact with nanocrystal surfaces through c-electron
donation. While 1-hexylamine could effectively reduce the surface states [76],
pyridine ligands are thought to form traps by delocalizing holes within the aromatic
rings [77]. After the TP surface modification, negligible change in the nanoscopic
morphology was observed (Figure 4.4(b)). We also note that the surface

modification did not cause significant change in the absorption spectra (Figure 4.6).
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Figure 4.5 Changes in the FT-IR spectra of CdSe TP network films (a) after ethanol

washing (Step 1) and (b) after the surface modification with 1-hexylamine (Step 2).
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Figure 4.6 Absorption spectra of CdSe TP network film: as-prepared (black solid
line), after Step 1 (green dashed line), and after step 2 (red dotted line for 1-
hexylamine and blue dash-dot line for pyridine). Inset represents an absorption edge

of all CdSe TP network films.

As the final step, voids left within the CdSe TP network were filled with
conducting polymers by spin-coating a P3HT solution onto the surface-treated TP
network. This final process guaranteed to create the bicontinuous TP/polymer hybrid
structure which is critical to serve as a solar cell active layer. The planar and cross-
sectional scanning electron microscope (SEM) images shown in Figure 4.4(c)
clearly demonstrate that the TP network is fully covered with the conducting
polymers. Atomic depth profiles of the TP/P3HT hybrid film obtained from Auger
electron spectroscopy, shown in Figure 4.7, also proves the complete infusion of
P3HT within the TP network. From the top portion of the hybrid film during the
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measurement of Auger electrons, we noted a dominant signal from sulfur over that
from cadmium. As the probing position penetrates into the hybrid film yielding
intense Cd signal, the signal from sulfur was retained, implying the abundance of
P3HT within the CdSe TP network. In addition, the mechanical robustness of the
CdSe TP network was again confirmed by removing the P3HT domains from the
CdSe TP/P3HT hybrid layer using chloroform: the recovered CdSe TP network
showed the absorption spectra and film morphology analogous to the original TP

network (Figure 4.8 and Figure 4.9).
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Figure 4.7 Depth profiles of sulfur and cadmium signals in a CdSe TP/P3HT hybrid

film (Step 3) taken by Auger electron spectroscopy.
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Figure 4.8 Absorption spectra of CdSe TP network film after step 2 (modified with
1-hexylamine), after step 3 (purple dash-dot line), and CdSe TP network film

recovered from the prior step by chloroform washing (blue solid line).

Figure 4.9 A top SEM image of CdSe TP network film yielded from CdSe

TP:P3HT hybrid film (Step 3) by chloroform washing.
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For the fabrication of actual solar cells, the hybrid TP/P3HT active layers were
assembled in the inverted solar cell configuration utilizing indium tin oxide (ITO)
substrates as cathodes to extract electrons and Al electrodes to collect holes. The
inverted device structure was employed because our modular-approach first requires
the formation of a CdSe TP network layer, which is n-type, onto an ITO substrate.
Also, for the effective charge collection along with reduced exciton quenching, a
hole blocking layer (~20 nm thick ZnO nanoparticle layer) and an electron blocking
layer (~10 nm thick MoO; layer) were placed between the active layer and two
respective electrodes (Figure 4.3). We noticed that the deposition of the ZnO
nanoparticle layer facilitated the stable anchoring of the TP network onto the
substrate, perhaps due to the enhanced atomic fusion between ZnO nanoparticles
and TPs. The entire solar cell fabrication was carried under inert argon atmosphere

to prevent undesired oxidation or degradation.
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4.2 CdSe TP/P3HT Heterojunction Solar Cell Performance

4.2.1 Performance of Heterojunction Solar Cells with Various Surface

Ligand

Figure 4.10 displays the J-V characteristics obtained under vacuum for the CdSe
TP/P3HT hybrid solar cells that were treated with pyridine and 1-hexylamine. Also,
the J-V curve of a hybrid solar cell fabricated with a bare TP network is included in
the figure as a reference. From the hybrid solar cell device containing TP networks
treated with 1-hexylamine, more than 2-fold increase in the short circuit current (Jsc)
was obtained along with the small reduction in both open circuit voltage (Voc) and
fill factor (FF), when compared with the reference device. The average solar cell
performance is summarized in Table 4.1. The best device, with TP networks treated
with 1-hexylamine, yieded the power conversion efficiency (PCE) of 2.24 %, Jsc of
7.56 mA cm™, Vo of 0.63 V and FF of 47.1 % that is comparable with the best
CdSe NC/P3HT hybrid solar cells treated with short alkylamines reported so far [21,
70]. Meanwhile, the Jsc of the solar cells with TP networks treated with pyridine
was slightly increased along with the small reductions in both Voc and FF when
compared with the reference device. The reductions of Voc and FF will be discussed

in detail later.
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Table 4.1 Summary of valence band maximum (VBM), conduction band minimum

(CBM), short-circuit current (Jsc), open-circuit voltage (Voc), fill-factor (FF), and

power conversion efficiency (PCE) of the hybrid solar cells. Statistics for the solar

cell characteristics are based on a total of 12 devices for bare and pyridine and 38

devices for 1-hexylamine.

Bare Pyridine 1-hexylamine
VBM (eV) 5.5 5.6 5.7
CBM (eV) 3.7 3.8 3.9
Jsc (mA/cm?) 2.84 +0.35 3.51+0.29 6.42 + 0.68
Voc (V) 0.78 +0.04 0.67 £0.05 0.62 £ 0.06
FF (%) 49.1£3.1 474+2.8 454 +4.0
PCE (%) 1.09 £0.12 1.11£0.13 1.80£0.18
PCEes: (%) 1.31 1.39 2.24




The Photoluminescence (PL) decay expriements of P3HT and P3HT/CdSe TP
films are related with the exciton dissociation efficiency of P3HT domain, since
CdSe TPs has no PL. The PL decay characteristics could be well fitted with single
exponential decay function. The solid lines in Figure 4.11 denote fitting lines. In
comparison with a neat P3HT film, CdSe TP/P3HT hybrid films showed distinct
decrease in PL decay lifetime (from ~930 ps to ~550 ps, probed at 650 nm for PL of
P3HT domain). The PL experiments proves that the excitons generated in P3HT
domains dissociated by TPs, and the exciton dissociation efficiency is hardly

influenced by surface ligands.
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Figure 4.11 PL decay spectra of P3HT and CdSe TP/P3HT films: CdSe TPs without
surface modification (black triangle), treated with pyridine (blue square), and treated

with 1-hexylamine (red circle)
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Figure 4.12(a) displays the incident photon-to-current efficiency (IPCE) of the
hybrid solar cells treated differently at varying wavelength. Over the entire
wavelength range, the IPCEs were higher for the active layers containing TP
networks treated with either 1-hexylamine or pyridine, compared with the IPCE
measured with devices containing pristine TP networks. Between these two, the
hybrid layers containing TP networks treated with 1-hexylamine ligands exhibit
much pronounced enhancement than those treated with pyridine. These results are
consistent with the higher Jsc values obtained from the devices treated with 1-
hexylamine ligands than those with pyridine ligands.

Interestingly, the shape of the IPCE curves exhibited clear discrepancy with the
absorption spectra of the active layers, as displayed in Figure 4.12(b). As an IPCE
curve reveals the photo-carrier generation efficiency (which is a product of photon
absorption efficiency and exciton dissociation efficiency) and the carrier extraction
efficiency of solar cells as a function of wavelength, the distinct difference in the
shape of the two curves indicates that exciton dissociation and/or carrier extraction
limits the performance of CdSe TP/P3HT hybrid solar cells. Since the carrier
extraction at the electrodes is independent on the illuminated wavelength, the
discrepancy should originate from the ineffective exciton dissociation at the CdSe
TP/P3HT interfaces.

The origin of poor exciton dissociation in these hybrid layers can be deduced from
the detailed features of the IPCE curves. It is clear that the highest IPCE is achieved
at wavelength below 440 nm, which should be mainly attributed to the absorption of
CdSe TPs rather than P3HT. Also, small but notable photon-to-current conversion
was observed at wavelength above 640 up to 700 nm. This finite current generation
should also originate from the absorption of CdSe TPs, as the energy in this
wavelength range is smaller than the optical band gap of P3HT. Meanwhile, the
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IPCE in the range between 440 to 640 nm (wavelengths that are absorbed
dominantly by P3HT domains) was not as pronounced as one would expect from the
location of the absorbance maximum. Overall, these results imply that excitons
generated in the P3HT domains are less efficiently dissociated to free electrons and

holes than those populated in the CdSe TP domains.
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Figure 4.12 (a) Incident photon-to-electron efficiency (IPCE) curves: CdSe TPs
without surface modification (black), treated with pyridine (blue), and treated with
1-hexylamine (red). (b) UV-visible absorption spectra of CdSe TP/P3HT active
layers treated with 1-hexylamine (solid red), P3HT only (dash-dot green), and CdSe

TP network only (dashed black).
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4.2.2 UPS Analysis of CdSe TP/P3HT Hybrid Solar Cells

To understand the change in Voc upon surface modifications, UV-photoelectron
spectroscopy (UPS) measurements were performed. Figure 4.13 shows the high
binding energy cut-off region (Figure 4.13(a)) and the valence band region (Figure
4.13(b)) in the UV-photoelectron spectra for CdSe TP networks treated with two
different ligands. A larger shift in the high binding energy cut-off region toward a
lower energy value was observed for the CdSe TP network treated with 1-
hexylamine compared with the TP network treated with pyridine. Meanwhile, the
optical bandgap obtained from absorption measurements remained constant (see the
inset of Figure 4.6). Combining these results indicate that the relative positions of
the valence band maximum (VBM) and the conduction band minimum (CBM) for
the CdSe TP networks are varied upon different chemical treatments. Compared
with the bare TP network, the energy levels of TP networks treated with 1-
hexylamine and pyridine ligands were lowered by 0.24 and 0.13 eV, respectively
(Figure 4.13(c)). Since Voc in heterojunction solar cells is typically determined by
the energy difference between the CBM of an acceptor layer and the VBM edge of a
donor layer, the results from the UPS measurements could favorably explain the
reduced Voc values for solar cell samples treated differently. The shift in the energy
levels for the solar cell devices treated differently is attributed to the formation of
different interfacial dipoles between the exchanged ligands and nanocrystal surfaces,

which either increase or lower the local vacuum level [78].
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Figure 4.13 (a) High binding energy cut-off region and (b) on-set region in the UPS
of CdSe TP network films: bare (black), modified with pyridine (blue), and modified
with 1-hexylamine (red). All spectra were referenced with an Au substrate with a

work function of 5.1 eV. (¢) The energy level diagram of CdSe TP/P3HT hybrid

solar cells with different passivation ligands.
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4.3 Temperature and Light Intensity Dependence of

TP/P3HT Solar Cells

To examine the influence of surface modification of CdSe TPs on hybrid solar cell
performance, we carried out temperature (7)-dependent J-7 measurements (200~300
K) at different light power (Lig, 3~100 mW/cm®) and analyzed the device

characteristics.

4.3.1 Light Intensity Dependence of Solar Cell Performance

Figure 4.12 exhibits incident light intensity (/i) dependence of TP/P3HT hybrid
solar cells with different surface ligands. The Jsc and V¢ exhibit linearly increase
with light intensity, but as displayed in Figure 4.14(b), it was found that the FF
values of CdSe TP/P3HT hybrid solar cells with increasing /jg, were differently
varied by surface ligands. Overall, 1-hexylamine and pyridine resulted in higher FF
values than the one without surface ligands at low /g, below ~20 mW/cm? but such
tendency was reversed at high /jg, over ~30 mW/cm>.

FF is closely related to the effectiveness of carrier extraction, achieved by high
carrier lifetime and their mobility. Since high carrier density can lower carrier
mobility and lifetime by scattering and annihilation of carriers during charge
transport and such deteriorating processes bring about reduction in FF. Since the
carrier density in the solar cells is proportional to the Jy¢, the incident light intensity
is strongly correlated with the carrier density in active layer. Plotting FF’ values as a
function of Jy¢ displayed more clear dependence of FF on carrier density. In Figure
4.15, the solar cells with 1-hexylamine always showed higher F/F’ values than other

solar cells when they have similar Jsc but larger Jsc caused further decrease in FF.
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Summing up, large charge carrier density lowered FF even if the trap states were

passivated by surface ligands.
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Figure 4.15 Short circuit current density (Jsc) dependence of fill factors (FF) for
CdSe TP/P3HT hybrid solar cells: without surface modification (black triangle),

modified with pyridine (blue square), and 1-hexylamine (red circles).

The light power-dependent Jsc reveals the nature of recombination process
within solar cells (Jsc ~ ign”, Where a is a scaling exponent). The value of unity
indicates that the carrier recombination is determined by a monomolecular process,
while the o value of 0.5 is associated with a bimolecular process [45, 46]. Deviation
in the scaling exponent o from unity toward a smaller value, therefore, implies the
presence of energetic traps that capture carriers, serving as recombination centers.

At room temperature, we found that the scaling exponent o was ~ 0.9 for the
solar cell containing a TP network treated with 1-hexylamine and ~ 0.8 for the rest

of device samples tested (Error! Reference source not found.(d)). The variance in
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o for the devices with different surface ligands implies that trap states are altered by
binding moieties in the surface ligands. As temperature is lowered, the a values are
decreased monotonically, while the o value for TP devices containing with 1-
hexylamine ligands remain higher than others at given temperatures. These results
imply that more frequent carrier trapping takes place at reduced temperatures but the
trapping from 1-hexylamine treated TP surface is less frequent than other devices at
given temperatures. As the active layer of the CdSe TP/P3HT hybrid solar cells is a
disordered system, in which the charge transport should be thermally assisted, more
trapping and thereby more recombination of charge carriers are likely to occur at
low temperatures. Overall, the enhanced Jsc for the hybrid solar cells modified with
I-hexylamine compared to that of the other devices can then be attributed to the
reduced bimolecular recombination due to efficient passivation of trap states in TP

network by 1-hexylamine ligands.
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4.3.2 Temperature Dependence of Solar Cell Performance

Overall, the hybrid solar cells follow the temperature-dependent behavior similar to
typical polymer/fullerene solar cells (Figure 4.17); Jsc and FF show positive
temperature coefficients while Ve displays a negative temperature coefficient [46,
79]. We think that thermally-assisted hopping conduction [80] in organic domains
governs the overall photocurrent of present hybrid solar cells. At the same time, the
increase in Vo is in good agreement with the analytical equation for Vo based on
the Shockley diode equation. Intercepts of the linear extrapolations of Vyc values (T
— 0 K) are very close to Ecr/q (Ecr is the energy of interfacial charge transfer state
and q is the elementary charge) [81-83], estimated from the UPS measurements. The
Voc at 0 K (1.17, 1.14 and 1.08 V for solar cell with bare TP, pyridine and 1-
hexylamine treated TP) denotes that Vo is strongly correlated with the energy level
difference of HOMO level of P3HT and conduction band of CdSe TP (1.3, 1.2 and

1.1 eV for bare TP, pyridine and 1-hexylamine treated TP).
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Figure 4.17 Temperature dependence of (a) Voc, (b) Jsc, (¢) FF, and (d) PCE of

CdSe TP/P3HT hybrid solar cells: bare CdSe TP network (black triangle),

modified with pyridine (blue square), and 1-hexylamine (red circle).

To analyze the trapping nature of carriers and their influence on Jsc, we

employed the Arrhenius relation between Jsc and T with different Lign, Jsc (7, Liigh) =

Jo (Liignt) €xp (—Ea/ksT), as shown in Figure 4.18. Here, J; is a pre-exponential factor

determined by photogeneration, recombination, and transport of carriers, £, is the

activation energy, and kg is the Boltzmann constant [46]. According to the theories

typically applied to organic solar cells, £, is associated with the depth of trap states

relative to the transport levels of charge carriers. As summarized in Figure 4.18(d),
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we found that the solar cells passivated with 1-hexylamine exhibit lower £, values
compared with other devices. Meanwhile the solar cells treated with pyridine
showed similar (at low light intensities) or higher (at high light intensities) £, values
compared with the reference devices.

The lowered E, and the reduced depth of trap states are perhaps due to the
altered energy levels of surface Cd atoms in the presence of 1-hexylamine. Namely,
the strong o-electron donation of 1-hexylamine modulates the non-bonding orbitals
of surface Cd atoms that are located near the CBM of CdSe nanocrystals and reduce
the depth of trap states [76]. Whereas, the relatively weak o-electron donation of
pyridine (supported by its lower basicity (pK;, ~ 8.7) compared with that of primary
amines (pK, ~ 3.3)) does not contribute to reducing the trap depth substantially.
Instead, pyridine is thought to delocalize holes within the aromatic ring to generate
hole traps [77, 84], and increases E ;.

Interestingly, E4 values increase consistently with increased light intensity for
all the solar cell devices tested in the present study. If we assume that £, is solely
determined by the depth of trap states, £, is expected to be independent on Zjigy [46,
85], as often observed in organic or quantum dot photovoltaic research. However,
our results do not follow such behaviors. Therefore, an alternative explanation is
necessary to describe the TP/polymer hybrid solar cell operation. The origin of the
such an intriguing observation is not clear yet. However, unusual light intensity-
dependent E, for our hybrid solar cells may arise from the physical nature of TP
nanocrystals with long arms. In other words, the exciton dissociation in our solar
cells containing tetrapod arms longer than its Bohr radius would be different from
that in typical so-called excitonic solar cells including organic and quantum dot solar
cells. Unlike the Frenkel-type excitons in typical excitonic solar cells, which are
dissociated only at the interfaces, the excitons in our system would more resemble
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the Wannier-type excitons. Further detailed investigation is necessary to clarify the
photophysical processes in the hybrid systems involving TPs with various arm

dimensions (i.e., length and diameter).
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Figure 4.18 Temperature dependence of short circuit current density (Jsc) of CdSe
TP/P3HT hybrid solar cells under various light intensity: (a) bare CdSe TP networks,
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represent the fitting lines with Arrhenius relation. (d) Light intensity dependence of
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4.3.3 Temperature Dependence of Carrier Collection Characteristics

Photogenerated charge carrier collection characteristics could be evaluated from the
J-V curves under various incident light intensity. Figure 4.19 display the J-V curves
of the P3HT/CdSe TP solar cells under various incident light and temperature. All
linear fit of J-V curves of various incident light intensity at short circuit conditions
(V=0), intersect the x-axis at a single point of voltage, Vc. We can evaluate
collection length (/) and efficiency at short circuit condition (77¢) as well as uzy

from the V¢ (see, Figure 4.20).
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Figure 4.19 J-V curves of the P3HT/CdSe TP solar cells with various surface
modified CdSe TPs under the various incident light intensity to evaluate collection

voltages (V¢): (a) bare, (b) pyridine, and (¢) 1-hexylamine.
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Collection voltages of P3HT/CdSe TP solar cells with 1-hexylamine surface
treated TP exhibits the highest temperature dependence compared with bare, and
pyridine treated TPs. This tendency of collection characteristics such as V¢, g, 7 co
and ut.sr, have similar tendency of Jsc and FF depending on the temperatures. This
can be interpreted as the solar cells with 1-hexylamine treated TPs need thermal
energy to overcome energy barriers which might be caused by insulting alkyl chains
of 1-hexylamine. As a result V¢ and Jgc exhibits stiff decreasing tendency as the

temperature decreased.
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Figure 4.20 (a) Collection voltages (V¢), (b) collection length at short circuit
condition, (c) collection efficiency at short circuit condition, and (d) effective ur
product of the P3HT/CdSe TP solar cells with various surface modified CdSe TPs:
bare CdSe TP network (black triangle), modified with pyridine (blue square), and

1-hexylamine (red circle).
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44  Summary

Modular fabrication for CdSe TP/P3HT heterojunction solar cells was demonstrated
and the influences of surface passivation of CdSe TPs on solar cell performance
were investigated. The modular fabrication enabled us to independently realize
inorganic CdSe TP networks devoid of insulating ligands, further modification of
nanocrystal surfaces, and finally the filling of semiconducting polymers into the TP
networks in a sequential manner. As a result, the modular approach allowed us to
establish a reliable and controllable framework to clarify the relationship between
surface chemistry of nanocrystals and device characteristics. We confirmed that the
passivation of CdSe TPs with 1-hexylamine ligands showed the best short circuit
current and power conversion efficiency. The improvements in device
characteristics associated with the hybrid solar cell containing TPs treated with 1-
hexylamine ligands, when compared with the treatment with pyridine ligands, are
attributed to the suppressed bimolecular recombination process within the active
layer due to the reduced depth of trap states. We believe that the modular fabrication
presented herein is one of versatile platforms to fabricate solution-processible
nanocrystal/conducting polymer hybrid solar cells easily applicable to different

semiconductor nanocrystals and other novel conducting polymers.
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Chapter 5

Conclusion

In this thesis, influence of surface ligand of CdSe QDs and CdSe TP on solar cell
performances have been systematically studied. The solar cells were constructed
with P3HT as electron donor and CdSe nanocrystals as electron acceptor. Efficiency
enhancement could be achieved by the surface modification of NCs, novel device
fabrication process and structures.

At first, ligand exchange/elimination procedure based on P3HT:CdSe QDs BHJ
solar cell application were investigated. Surface ligands properties on CdSe QDs,
such as overall proton ratio and areal ligand density, were quantitatively analyzed
through 'H-NMR measurement. Because of the binding mode of oleate ligands on
CdSe QDs, proton-donating HA effectively replaced the olate ligands, while HAm
eliminated oleate ligands ineffectively. However, in the case of sequential treatment

with HA followed by HAm, HAm eliminates hexanoate ligands effectively, which is
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attributed to reduced steric hindrance of the ligand shells. The decrease in the
average ligand shells thickness directly improved the carrier transport properties of
P3HT:CdSe QD BHJ solar cells. Large proportion of oleate ligand in the ligand
shells (Ryr > 8) distinctively hampered the transport of charged carrier between
QDs. However, the QDs with the thin ligand shells (Ror < 6.5) showed the
considerable improvement in R, Jsc, and PCE. Moreover the presence of remnant 1-
hexylamine ligands enhanced the overall device performance (Jsc= 6.20 mA/cm’,

Voc = 0.61 V, FF = 52.2%, PCE = 1.98%) and carrier collection efficiency (7. )

higher than 1-hexylamine-free ones. In addition, recombination mechanism is
dominated by monomolecular recombination due to enhanced carrier collection
length (/cp). These improvements are originated from the passivation effect of
primary amines on the surface states of QDs.

We also developed modular fabrication for CdSe TP/P3HT heterojunction solar
cells. The modular fabrication method provide robust and simple surface exchange
process without morphology change, and therefore, the influences of surface
passivation of CdSe TPs (with pyridine and 1-hexylamine) on solar cell performance
could be investigated. We confirmed that the passivation of CdSe TPs with 1-
hexylamine ligands showed the best short circuit current and power conversion
efficiency. The improvements in device characteristics associated with the hybrid
solar cell containing TPs treated with 1-hexylamine ligands, when compared with
the treatment with pyridine ligands, are attributed to the suppressed bimolecular
recombination process within the active layer due to the reduced depth of trap states.
We believe that the modular fabrication presented herein is one of versatile

platforms to fabricate solution-processible nanocrystal/conducting polymer hybrid
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solar cells easily applicable to different semiconductor nanocrystals and other novel
conducting polymers.

These approaches to enhance efficiency of polymer-NC hybrid solar cells,
including the surface modification of NCs, suitable device structure, and novel

processing method, could be expanded to other kinds of optoelectronic devices.
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