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ABSTRACT
The most abundant energy source on earth is solar energy. Solar cells, also called photovoltaic
(PV) cells, convert the sunlight directly into electricity. The most efficient solar cells to date are
based on silicon. However, due to the high cost per kilowatt-hour of silicon based photovoltaic
(PV) devices, inexpensive semiconductor nanocrystals that exhibit quantization effects have
attracted a great level of interest. Here, we focus in particular on lead sulfide (PbS) colloidal
quantum dots (CQDs). PbS has a large Bohr exciton radius that allows wide band gap tunability
to absorb the Sun‟s broad spectrum. Solar cell technologies based on colloidal quantum dots are
low in cost and energy consumption since large area solution processing at low temperature is
available.
Although charge transport and recombination in CQD solids has been extensively
studied, reported mechanisms on transport states have been controversial. In this work, we
investigate the nature of charge transport and recombination, and identify the charge carrier
transport state in the most efficient PbS CQD photovoltaic devices. Our main tools are based on
transient mid-infrared absorption spectroscopy techniques measured over seven orders of
magnitude in time- 100 femtoseconds to microseconds. Collaborative efforts focused on
electrical measurements and computational studies strongly support our findings. We conclude
that it is the Stokes-shifted sub-gap state that mediates transport of photocarriers in the PbS CQD
solids. Based on our findings, we suggest pathways to achieve CQD solar cells with higher
power conversion efficiencies.
The findings on the charge transport state provide insights to understand different
features observed in the transient absorption spectra of n-type PbS CQD films. Furthermore,
preliminary data on environmentally benign SnS nanocrystals which are promising photovoltaic
absorber materials are introduced and discussed in this dissertation.
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Chapter 1 Introduction

1.1 Motivation
It is predicted that over 30 TW (= 3x1013 W) of new global energy will be needed by 2050.1 In
other words, energy needs across the globe will be about twice what we use now. There is no
doubt that these “energy problems” are one of the most critical challenges facing humanity
especially when taking into account today‟s rapid global development and population growth.
Solar energy is frequently cited as a promising alternative to current fossil-fuel-based electricity
generation but the cost of the currently most efficient photovoltaic devices based on crystalline
silicon remains expensive. Due to the high cost per kilowatt-hour of silicon based photovoltaic
(PV) devices, research on development of non-silicon-based PV materials has attracted great
interest.
In order to achieve high efficiency, it is essential to effectively harvest the broad
spectrum of the Sun. Half of the Sun‟s energy reaching the earth is in the visible range, while the
other half lies in the infrared region. Silicon solar cells, known to produce high power conversion
efficiencies (PCE) of over 20 %, are in fact only a few percent away from the Shockley-Queisser
limit of ~30 %. The Shockley-Queisser limit or the detailed balance limit2 represents the
theoretical limit of the efficiency of an ideal single p-n junction solar cell which was first
calculated by William Shockley and Hans Queisser in 1961. The maximum efficiency for any
type of single p-n junction cannot exceed 33.7 %. The limit of the efficiency is determined by the
non-avoidable intrinsic losses primarily related to the energy gap for photon absorption. If the
incident photons have energy higher than the energy gap, the photons are absorbed. However,
incident photons of lower energy are not absorbed but either reflected or transmitted.
Furthermore, the portion of the absorbed energy greater than the energy gap is mainly lost in the
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form of heat. Thus, it is essential for the material to have a band gap matching the Sun‟s
spectrum and convert the Sun‟s energy to electricity at low cost. In this sense, inexpensive
colloidal quantum dots (CQD) are potential alternatives to costly silicon solar cells since they are
able to effectively absorb the broad solar spectrum owing to their tunable optical band gaps.3
Multijunction solar cells comprised of two or more CQDs of various band gaps can overcome the
Shockley-Queisser limit. Theoretical calculations show that under 1 Sun irradiation, a tandem
structure of two cells can reach 42% efficiency, three-layer cells can achieve 49 % efficiency, and
a theoretical infinity-layer cell can produce 86% efficiency of the concentrated sunlight.4 Due to
quantum confinement which is explained in detail in the next section, the energy gaps of the
quantum dots can be tuned by varying the nanocrystal size during synthesis so that tuning of the
absorption spectra can match the broad spectral distribution of sunlight spanning the visible, the
near-infrared (NIR) and a considerable portion of the short-wavelength IR.

3
1.2 Inorganic Semiconductor Nanocrystals
The fundamental optical and electrical properties of a material change remarkably as a function of
size, particularly in semiconductors. In semiconductors, the Fermi level lies in the gap between
the conduction band (CB) and the valence band (VB), such that the band edges play a crucial role
in the low-energy optical and electrical behaviors. For example, the optical excitation of the band
gap, or the minimum energy required to excite an electron from the ground state valence band
(VB) into the vacant conduction band (CB) leaving a hole in the valence band, is strongly
dependent on the size of the semiconductor. In the same manner, electrical transport heavily
relies on size due to the large variation in energy necessary for addition or removal of charge
carriers.5
The fundamentals of the size dependent properties of semiconductors can be understood
by picturing the space in which the charge carriers (electrons and holes) are confined. In a bulk
semiconductor, electrons and holes, which are formed by absorption of a photon of energy greater
than the band gap energy Eg, are free to move and the energy spectra of the conduction band and
valence band are almost continuous (Figure 1-1). If one carrier approaches the other, the electron
and hole can be bound by weak Coulombic attraction forming a Wannier-Mott exciton especially
in an inorganic semiconductor where the dielectric constant is typically large. Such an electronhole pair is analagous to the proton and electron of a hydrogen atom and can be thought of as the
lowest excited state of the bulk semiconductor. The distance between the electron and hole in the
bound state is known as the exciton Bohr radius (aB) and is on the nanometer length scale. As the
radius of the particle (a) becomes smaller than the exciton Bohr radius of a given material, the
motion of the charge carriers becomes confined and energy bands become quantized or discrete
resulting in an increase of the band gap.6 In these nanocrystals, the density of electronic energy
levels lies in between the atomic and molecular limit of discrete density of electronic states and
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the extended crystalline limit of continuous bands as seen in bulk materials (Figure 1-1). The
Bohr radius of a material is given as:
𝑎𝐵 = 𝜀

𝑚
𝑎
𝑚∗ 0

where ε is the dielectric constant of the material, m* is the mass of the particle (e.g. hole, electron,
exciton), m is the rest mass of the electron, and a0 is the Bohr radius of the hydrogen atom. There
are three different limits of confinement when considering the Bohr radii of the electron (a e), the
hole (ah), and the electron-hole pair or exciton (aexc) relative to the radius of the particle (a) which
is formed due to the Coulombic attraction between a hole and an electron:
1. Strong confinement regime: when a < ae, ah, aexc, the electron and hole are each
strongly confined.
2. Weak confinement regime: when ae, ah < a < aexc, only the center-of-mass motion of
the exciton is confined.
3. Intermediate confinement regime: when ah < a < ae, aexc, only the electron is confined
and the hole is not.
Naturally, the confinement regimes depend on the nanocrystal material and size since the exciton
Bohr radii are unique characteristics of the material and the size can be tuned during synthesis. 7
A quantum dot (QD) is produced when the charge carriers are confined by potential
barriers in three spatial dimensions, while two-dimensional confinement and one-dimensional
confinement create quantum wires or rods and quantum wells, respectively. 8 Quantum dots are
also often referred to as nanocrystals (NCs) although the term nanocrystals cover a range of
shapes other than spherical in the nanoscales and are not necessarily quantum confined. Other
shapes of nanocrystals include nanowires, nanotubes 9, nanorods, nanoribbons10, etc.
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The exciton binding energy Eb that characterizes the strength of the electron-hole
interaction depends on the dielectric constant which affects the Bohr radius of the
semiconductor. 11
𝐸𝑏 =

𝑒2
𝑒 2 𝑎𝐵
=
𝜀𝑎𝐵
𝑚∗ 𝑚 (𝑎𝐵 )2

The main quantum dot material used in this dissertation is lead sulfide (PbS) which has a high
dielectric constant (~ 160) and a large Bohr radius of 18 nm. As a result, the exciton binding
energy is weak, and electrons and holes separate more easily. In addition, due to the large Bohr
radius of PbS, strong quantum confinement can be achieved even in relatively large
nanoparticles. For example, controlled variation in quantum dot diameter from 1 to 10 nm
produces band gaps tunable between 850 nm and 1800 nm.12
QDs can be formed either by epitaxial growth from the vapor phase such as molecular
beam epitaxy (MBE) or metallo-organic chemical vapor deposition (MOCVD) processes or by
chemical synthesis such as colloidal chemistry or electrochemistry.6 Among the various routes
to synthesize QDs, wet-chemistry synthesis of colloidal QDs is the cheapest and allows large
scale preparation of QDs of various sizes, shapes, and composition with narrow size distribution
and strong confinement. 13 In this work, these colloidal quantum dots were used.
The band gap of a quantum dot was given by L. Brus14 as
𝐸𝑔 𝑁𝐶 = 𝐸𝑔 +

ℏ2 𝜋 2 1
1
1.8𝑞 2
+
−
2𝑅 2 𝑚𝑒 𝑚
𝜀𝑅

where R is the quantum dot radius, Eg is the band gap of the bulk material, ε is the dielectric
constant, and me and mh are the electron and hole effective mass, respectively. This equation was
based on the effective mass approximation where an exciton is considered to be confined to a
spherical volume of the crystallite and the mass of electron and hole is replaced with effective
masses (me and mh) to define the wave function. The first term on the right hand side of the Brus
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equation is the band gap of the bulk material, which is characteristic of the material. The second
term is the quantum confinement term which has a 1/R2 dependence on the band gap energy. The
third term corresponds to the Coulomb interaction of the electron and hole that has a 1/R
dependence, which is often neglected due to the high dielectric constant of inorganic
semiconductor materials. Importantly, the Brus equation indicates that the smaller the radius of
the semiconductor nanocrystal, the larger the band gap. Therefore, the band gap can be tuned by
changing the size of the nanocrystal. In colloidal solution synthesis, the size or shape can be
controlled by adjusting the ratio of the concentration of the chemicals making the nanocrystal to
that of the selected capping or passivating material. 15
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1.3 Colloidal Quantum Dot Photovoltaic Devices
Solar cells made of colloidal quantum dots as the active material are of great interest especially
due to their ability to harvest the full spectrum of the Sun, low fabrication cost and solution
processability. For solution-processed materials, the active light absorber (quantum dots) is
dispersed in a solvent that evaporates during the photovoltaic manufacturing process offering less
cost per area. 16 Through low-temperature spray-coating or inkjet printing from the solution
phase, which can be combined with roll-to-roll processing, large-area coverage can be obtained.
In this manner, coating can be carried out using continuous-flow methods rather than sequential
wafer handling used for crystalline solar cells. 17
In most photovoltaic devices, the CQD solutions are deposited onto substrates to form
thin films of close-packed semiconductor nanocrystals known as quantum dot solids. For
efficient electrical transport, the initially long aliphatic ligands that were attached during the
solution-phase synthesis for protection and colloidal stability must be replaced with shorter
organic18 or inorganic ligands19. This ligand exchange process, performed during solid-state film
formation, reduces the inter-particle distance, thereby enhancing the electronic coupling and
charge carrier mobilities between particles. However, it has also been widely accepted that trap
states arise during these film fabrication techniques due to incomplete or suboptimal surface
passivation.20 High trap state densities due to imperfect passivation can be an obstacle to device
performance of solar cells using CQDs that have a very high surface-to-volume ratio.
Figure 1-3 shows the current density as a function of voltage (J-V) characteristic of a
solar cell under illumination. The power conversion efficiency (PCE) η is given by:
η=

𝑉𝑚𝑎𝑥 𝐽𝑚𝑎𝑥
VOC JSC FF
x100% =
x100%
Pinc
Pinc

where Vmax and Jmax are the voltage and current density at the maximum power point, P inc is the
incident light intensity, Voc is the open circuit voltage, Jsc is the short circuit current, and FF is the
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material fill factor (𝐹𝐹 =

𝑉𝑚𝑎𝑥 𝐽 𝑚𝑎𝑥
V OC J SC

). The short-circuit current density (JSC) is the current density

when the voltage across a device is zero, which is equivalent to the maximum number of
photogenerated carriers per unit area extracted from the solar cell. The open-circuit voltage (VOC)
is the voltage when the current density in the device is zero or the maximum voltage that a solar
cell can generate. It results from the difference between the quasi-Fermi level of electrons in the
n-type material and the quasi-Fermi level of holes in the p-type material in a p-n junction
described below.
The conductivity of a semiconductor material is changed by adding impurity atoms to the
semiconductor material. This technique is called doping. If electrons are added to the conduction
band without creating holes in the valence band, the resulting material is referred to as an n-type
semiconductor. On the other hand, if holes are added to the valence band due to vacated electron
positions, a p-type material is formed. In an n-type semiconductor, electrons are the majority
carrier and holes are the minority carrier while it is vice versa in a p-type semiconductor. The
addition of impurity atoms changes the distribution of electrons and holes in the semiconductor
material leading to changes in the Fermi energy which is related to the distribution function.
When the electron concentration is larger than the hole concentration, as in n-type material, the
Fermi level moves toward the conduction band. In contrast, if the density of holes is greater than
the density of electrons, the Fermi level is shifted towards the valence band. 21
When a p-type and n-type semiconductor material come together to form a p-n junction, a
depletion region is created via diffusion of majority carriers (holes in p-type and electrons in ntype). This depletion width W is:
2𝜀𝑘𝑇
𝑁𝐴 𝑁𝐷
𝑊=
𝑙𝑛
2
𝑞
𝑛𝑖 2

1
1
+
𝑁𝐴 𝑁𝐷

1/2

where ε, k, T, q, ni, NA and ND are the permittivity, Boltzmann‟s constant, temperature,
elementary charge, intrinsic carrier density, acceptor (n-type) density and donor (p-type) density,
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respectively. The permittivity ε is the product of the dielectric constant (or relative permittivity)
and the vacuum permittivity. The depletion region is wider in the material with less doping
according to the following equations:
𝑊𝑝 =

𝑊
1+𝑁𝐴 𝑁𝐷

and

𝑊𝑛 =

𝑊
1+𝑁𝐷 𝑁𝐴

where Wp is the depletion region width on the p-side and Wn is that on the n-side.
The doping density also affects the built-in potential V0 which reflects the potential
change within the depletion region. The product of the built-in potential V0 and the elementary
charge q is the difference between the quasi-Fermi level of electrons in the n-type material (Fn)
and that of holes in the p-type material (Fh).
𝑉0=

𝑘𝑇
𝑁𝐴 𝑁𝐷
𝑙𝑛
𝑞
𝑛𝑖 2

Charge carriers migrate via drift in the depletion region and via diffusion in the quasineutral region. The quasi-neutral region refers to the region outside of the depletion region of the
p-n junction where there is no built-in potential. The drift length ldrift is dependent on the built-in
field E, carrier mobility µ and carrier lifetime τ, and the diffusion length ldiffusion depends on the
diffusion coefficient D related to carrier mobility µ and the carrier lifetime.
𝑙𝑑𝑟𝑖𝑓𝑡 = 𝜇𝐸𝜏

and 𝑙𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝐷𝜏 where 𝐷 =

𝑘𝑇
𝑞

𝜇

Under illumination, photogenerated electrons and holes in the depletion region move to
the edges of the depletion region due to the built-in field. These photogenerated carriers along
with carriers in the quasi-neutral region diffuse across the quasi-neutral region to their respective
electrodes. A schematic diagram of a p-n junction is depicted in Figure 1-2.22
The highest-efficiency CQD devices to date have incorporated the depleted
heterojunction architecture where a p-n junction is formed by bringing together a p-type colloidal
quantum dot film and an n-type transparent conductive oxide such as TiO2.23 Ideally, when a ptype absorbing film free of trap states is illuminated, electrons are excited into the conduction
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band (CB) leaving holes in the valence band (VB) and relax to the edges of the CB. As a result,
there is an excess free-carrier density in the band edge and two distinct quasi-Fermi levels, one
for the electron and one for the hole, are formed. In a non-ideal semiconductor where trap states
exist within the band gap, however, photogenerated carriers are likely to find defect states: 1)
mid-gap trap states, also known as recombination centers, or 2) shallow trap states. Carriers
ending in the deep mid-gap trap states are recombined with the opposite carrier, resulting in loss
of carriers prior to extraction. Shallow traps are less destructive in that they extend the lifetimes
of the carriers at the price of lower mobility.
To date, the performance of CQD photovoltaic devices has significantly jumped from
below 1% to a certified AM1.5 solar power conversion efficiency of 7.0% which was achieved by
using PbS CQDs.24 These advances were possible due to improvements in surface passivation
and new device architectures tailored towards the properties of CQD films.

11

Figure 1-1. Electronic energy states of a semiconductor in the transition from bulk crystals to
nanosized crystals and atom.

12

Figure 1-2. Schematic illustration of a p-n junction.
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Figure 1-3. Current density (J) – voltage (V) curve of a solar cell under illumination. The gray
rectangle represents the maximum power output.
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Chapter 2 Instruments

2.1 Steady State Absorption Spectroscopy

2.1.1 UV-Vis-Near IR Spectroscopy
UV-Vis-Near IR absorption spectroscopy measures transitions from a lower electronic state to a
higher electronic state. The light source is a deuterium discharge lamp for ultraviolet (UV) range
measurements and a tungsten-halogen lamp for visible and near-infrared (NIR) measurements. A
monochromator spatially separates the light from the sample into its component wavelengths. A
silicon photodiode is used as the detector. The instrument used in Chapter 5 is the Beckmann
DU-520 UV-Vis Spectrophotometer (Beckman Coulter Inc.). The UV-Vis-Near IR absorption
spectra in Chapter 3 were measured by Kyle Kemp in Dr. Edward Sargent‟s group at the
University of Toronoto using a Varian Cary 500 UV-Vis-Near IR spectrophotometer at room
temperature.

2.1.2 Photoluminescence (PL) Spectroscopy
PL spectra of different sizes of quantum dots in Chapter 3 were measured by Kyle Kemp in the
Sargent group by using a focused 640 nm diode laser with an intensity of approximately 10
W/cm2 for excitation at room temperature. Signals were analyzed on a fiber-coupled near-IR
spectrometer equipped with an InGaAs array detector (Ocean Optics). The concentration of the
samples was ~ 2 mg/ mL quantum dots in octane.
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2.1.3 Dispersive Infrared Spectroscopy
Dispersive infrared spectroscopy is used to collect steady state linear infrared spectra. In our lab,
the dispersive IR setup is as follows. Light from a compact ceramic globar light source
(Newport) is illuminated on the sample which is usually deposited on a reflective substrate, and
the reflected light is chopped at 30 Hz with an optical chopper (Newport) for lock-in
amplification before entering the grating monochromator (HORIBA Jobin Yvon). In the
monochromator, light is spatially dispersed into its component wavelength by a 150 lines/mm
grating and the data are collected by a liquid nitrogen cooled 1 x 1 mm 2 mercury cadmium
telluride (MCT) single-element detector (Infrared Associates, Inc.). The output of the MCT
detector is amplified by a preamplifier (Infrared Systems Development) followed by analogdigital conversion (National Instruments). In order to eliminate atmospheric absorption by CO 2
and H2O, the instrumental components were protected by a homemade cover where the inside
was purged with dry compressed air. For most experiments, the samples were mounted in a
vacuum-evacuated cryostat (Janis). The schematic of the dispersive IR instrument is shown in
Figure 2-1.

2.1.4 Fourier Transform Infrared Spectroscopy1
A Fourier transform infrared spectrometer (FTIR) can acquire steady state infrared spectra with
high speed and larger signal-to-noise per unit time than dispersive IR does. Unlike dispersive IR
spectrometer which uses a grating monochromator, FTIR can collect all wavelengths
simultaneously using a Michelson interferometer. Light from a source is passed through a
Michelson interferometer to the sample before reaching a detector. After the signal is amplified,
the data are converted to digital from by an analog-to-digital converter and transferred to the
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computer for Fourier-transformation. A Michelson interferometer consists of a beamsplitter and
two perpendicular plane mirrors, one of which can move in a direction perpendicular to the plane
and the other is fixed. A beamsplitter bisects the planes of these two mirrors. If a collimated
beam is passed into an ideal beamsplitter, half of the incident radiation is reflected to one of the
mirrors while the other half is transmitted to the other mirror. The two beams are reflected from
these mirrors and return to the beamsplitter where they recombine and interfere. Due to the
movable mirror, a path difference between the two beams can occur. This path difference is
formally called the optical path difference (OPD). If the OPD is the multiples of the wavelength
(λ), constructive interference occurs and maximum signal intensity is observed by the detector.
However, if the OPD is (n+1/2)λ, where n = 1, 2, 3, …, then destructive interference occurs
resulting in minimum signal intensity. If the OPD is neither nλ nor (n+1/2)λ, the signals are
between minimum and maximum. Since the moving mirror moves back and forth, the signal
intensity increases and decreases producing a cosine wave. This plot is called the interferogram.
The resulting interferogram goes through Fourier transform process by a computer to produce the
desired spectrum. The main FTIR used for this dissertation is the RS-10000 FTIR from Mattson
Instruments, Inc. A block diagram of a typical FTIR instrument is illustrated in Figure 2-2.
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2.2 Pump-Probe Spectroscopy

2.2.1 Time-Resolved Infrared Spectroscopy
In this dissertation, time-resolved or transient infrared (TRIR) spectroscopy has been used to
examine electronic states involved in charge transport in CQD solids because the technique
provides information both on the broad electronic transitions in the mid-IR region (2.5-50 µm,
4000-200 cm-1) and on the narrow vibrational features of the functional groups of the passivating
ligands.2 The timescale measured with TRIR lies in the nanoseconds to microseconds. A 10 ns
duration second harmonic (532 nm) pulse from a 30 Hz neodymium-doped yttrium aluminum
garnet (Nd: YAG) laser (Continuum) and a continuous-wave infrared probe light generated by a
compact ceramic Globar Light Source (Newport) are overlapped and focused on the sample. The
infrared continuum is dispersed in a monochromator (HORIBA Jobin Yvon) by a 150 lines/mm
grating, and transient absorption measurements are collected by a liquid nitrogen cooled 1 x 1
mm2 mercury cadmium telluride (MCT) single-element detector (Infrared Associates, Inc.). The
output of the MCT detector is amplified by a preamplifier with band-pass frequencies of 1.5 Hz
to 1.0 MHz (Infrared Systems Development) and digitized by a 16-bit 20 MHz computer
mounted analog-digital converter (National Instruments). In most of the experiments, the sample
films were mounted in a vacuum-evacuated cryostat (Janis) to prevent oxidation of the samples.
Figure 2-3 is a schematic illustration of the TRIR instrumental setup.
The resulting spectrum shown on the computer is the change in transmittance measured
when the sample interacts with the pump pulse (Tp) and when it is not interacting with the pump
pulse (Tnp). The transmittance difference is then divided by the transmittance of the sample when
it is not interacting with the pump pulse, which is obtained by measuring the dispersive IR
spectroscopy.
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A transient absorption is represented as a positive signed signal while a negative signed signal is
produced when there is reduced ground state absorption, often known as “bleach”. Stimulated
emission from an excited state also results in a negative signed signal.

2.2.2 Ultrafast Transient Infrared Spectroscopy (UF-IR)
UF-IR measurements were performed by Kwang Seob Jeong in the Asbury Group in the
Chemistry Department at Penn State University. An ultrafast Ti: sapphire laser was used to
generate 800 nm wavelength centered pulses with 100 fs duration at 1 kHz repetition rate. The
outcoming beam was split in front of an optical parametric amplifier (OPA, Light Conversion),
producing a pump pulse and probe pulse. The probe pulse was generated by pumping the OPA
which converted the laser fundamental into the mid-IR range (3-6 µm). The pump and probe
pulses were overlapped on the sample with beam diameters of 500 µm and 300 µm, respectively.
A monochromator (Horiba Jobin-Yvon) dispersed the mid-IR probe pulses to a liquid nitrogen
cooled 64-element mercury cadmium telluride (MCT) dual array detector (Infrared Associates/
Infrared Systems Development). The detector allowed simultaneous detection of 32-probe
frequencies with single-shot normalization.
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2.3 Temperature-Dependent Measurements
The following temperature-dependent measurements pertain to Chapter 3.

2.3.1 Temperature-Dependent TRIR Kinetic Traces Measurement
Temperature-dependent TRIR kinetic traces were used to measure activation energies for charge
transport. The sample films deposited on a reflective substrate (MoO3 deposited Au substrate
used here) were cooled in a liquid nitrogen flow cryostat (Janis Research Co.) where the
temperature was controlled at the cold finger with a temperature controller (Lake Shore). The
temperature of the sample holder was separately monitored using a thermocouple (Omega).

2.3.2 Temperature-Dependent Short-Circuit Current and Photoconductivity Measurements
These measurements were performed by Kyle Kemp in the Sargent group. The sample was
placed in a liquid nitrogen cryostat (Janis Research Co.) which was controlled by a temperature
controller (Lakeshore). Using a quartz tungsten halogen (QTH) lamp (Sciencetech Inc.), a white
light bias was applied. 1 Sun intensity was achieved by controlling the intensity using neutral
density filters.

2.3.3 Temperature- dependent photoconductivity measurements
Photoconductivity measurements were carried out by Kyle Kemp in the Sargent group. Two gold
inter-digitated electrodes were placed on a two layer thick quantum dot film. A bias of 6 V was
applied across a 5 µm channel. A modulated 640 nm laser with 200 mW/cm 2 intensity was used
for optical excitation. The sample was placed in a closed cycle liquid helium cryostat (Advanced

23
Research Systems) and thermally anchored to the cold finger using thermal conductive grease.
Transient measurements were done using an oscilloscope and a 120 kΩ resistor which was
replaced in series with the photoconductor.
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2.4 Materials

2.4.1 Synthesis of PbS Quantum Dots
Synthesis of quantum dots was done by Dr. Edward Sargent‟s group in the Department of
Electrical and Computer Engineering at the University of Toronto. Metal halide precursors were
prepared by dissolving cadmium chloride (0.30 g) and tetradecylphosphonic acid (TDPA, 0.033
g)) in oleylamine (5 mL) by pumping under vacuum for 16 h at 100°C. The solution was stored
at 80°C to prevent solidification. PbS colloidal quantum dots were synthesized by following a
previously published method.3 A Schlenk line was used to carry out the synthesis. PbO (0.45 g),
oleic acid (1.5 mL), and degassed octadecene (3 mL) were mixed and pumped under vacuum at
95°C for 16 h, producing lead oleate stock solution. This lead oleate stock solution (4.5 mL) and
octadecene (15 mL) were mixed and heated to 125°C using a heating mantle under Ar.
Bis(trimethylsilyl) sulfide (TMS, 180 µL) in octadecene (10 mL) was swiftly added to the
solution. For 1.30 eV and 1.22 eV quantum dots, metal halide precursor (1.0 mL) was added into
the reaction flask after sulfur source injection during the slow cooling process. A 6:1 Pb: Cd
molar ratio was maintained during synthesis. For 1.46 eV dots, a 4:1 Pb:S precursor ratio was
used and the injection temperature was raised to 160°C. The Cd-halide precursor concentration
was decreased to one half that used for 1.30 eV and 1.22 eV dots. The Pb: S precursor ratio for
0.93 eV dots was adjusted to 2.1: 1 and the injection temperature was 90°C. When the solution
cooled to 30-35°C, acetone was added to isolate the nanocrystals by centrifugation. The dots
were then dispersed in toluene and precipitated again with acetone/ methanol (1:1 volume ratio),
then redispersed in anhydrous toluene. After washing with methanol two or three times, the dots
were dispersed in octane (50 mg/mL).
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2.4.2 Synthesis of SnS Nanocrystals
The SnS nanocrystals were synthesized by Dimitri Vaughn II, a graduate student working under
the supervision of Dr. Ray Schaak in the Chemistry Department at Penn State University. SnS
nanoparticles were made using a hot-injection colloidal synthesis technique. In general, 1octadecene (ODE, 5 mL), oleic acid (OLA, 4.5 mL), trioctylphosphine (TOP, 3 mL) and tin (IV)
chloride (SnCl4, 0.25 mL) were added to a 3-neck round bottom flask and degassed under heating
and vacuum for ~30 min. Upon reaching ~120 °C under vacuum, the solution was opened to an
inert Ar atmosphere and cooled to <100 °C where 1 mL of hexamethyldisilazane (HMDS) was
directly injected, forming a cloudy white solution. The reaction mixture was then heated to ~170
°C and a separately prepared solution of oleylamine (OA, 10mL), TOP (3 mL), and thioacetamide
(TA, ~75 mg) was injected directly forming a dark brown product representative of SnS
nanoparticles. The final product was aged at 170 °C for ~5 min and quickly removed from the
heating mantle to discontinue the reaction. The SnS nanoparticles could be precipitated by direct
addition of ethanol and were washed twice with a 1:1 toluene: ethanol mixture with centrifugation
and redispersion in between each wash.
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2.5 Film Fabrication

2.5.1 PbS CQD Films
PbS CQD films were made using a layer-by-layer spin-coating process under ambient conditions.
All spin-coating steps were done at 2500 r.p.m. For each layer, PbS CQD solution (50 mg/mL in
octane) was deposited on substrates and spin-cast for 15 s. For MPA treatment, the surface was
flooded with 1% v/v of 3-mercaptopropionic acid (MPA) in methanol for 3 s before spin-cast to
dry the film. Two washes of methanol were used to remove unbound ligands. Each film
consisted of 8-12 layers. For EDT and HDT treatment, 1% v/v solution in acetonitrile was used
in place of the MPA solution. Bromide (Br-) treatment was performed by flooding the film with
10 mg/mL of cetyltrimethylammonium bromide (CTAB) in methanol solution for 1 min and
spinning for 3 s. The CTAB treatment was repeated two more times before the film was washed
with methanol two times.

2.5.2 N-type PbS CQD films
In order to form n-type PbS CQD films, films were fabricated in an inert environment by our
collaborators in the Sargent group. In short, n-type halide treated PbS colloidal quantum films
were fabricated by a layer-by-layer spin-coating process inside the glovebox. A film consisted of
8-12 layers. For each layer, PbS CQDs in octane (25 mg/ mL) of 1.3 eV band gap were dropped
onto indium tin oxide (ITO) substrates and spin-cast at 2500 r.p.m. at 10 s. The substrate was
dispersed with 10 mg/ mL of cetyltrimethylammonium bromide (CTAB) in methanol for 1 min
and spun at 2500 r.p.m. until dry, followed by two washes of methanol. For chloride treatment,
10 mg/mL hexadecyltrimethylammonium chloride (HTAC) in methanol solution was used in
place of CTAB in methanol.
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2.5.3 SnS Nanocrystal Films
The film fabrication process was developed with the help of REU student Karson Brooks from
the University of Alabama who worked at Penn State University during the Summer in 2012. To
the SnS nanocrystal in octane solution, ethyl acetate was added. The solution was centrifuged at
10,600 r.p.m. for 1 min. The supernatant was removed and the remaining nanocrystals were
dispersed in chloroform. For each layer, two drops of SnS nanocrystal in chloroform solution
were deposited on a substrate and spin-coated at 2500 r.p.m. until dry. The film was flooded with
10% v/v 1, 2-ethanedithiol (EDT) in acetonitrile solution for 10 s and spun at 2500 r.p.m. until
dry. The film was rinsed with methanol twice. A film consisted of a total of 8-12 layers.
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2.6 Thin-Film Transistor (TFT) Measurements
TFT measurements for Chapter 5 were carried out by Jwala Adhikari in Dr. Enrique Gomez‟s
group in the Department of Chemical Engineering at Penn State University. The SnS nanocrystal
film was the active layer on the bottom-gate, bottom-contact field effect transistor (FET). SiO2
was used as the substrate and gate dielectric. Since the semiconductor film is deposited onto the
dielectric layer, TFT performance is strongly dependent on the semiconductor/dielectric interface.
Thus, commonly used dielectric surface treatments such as hexamethyldisilasane
((CH3)3SiOSi(CH3)3, HMDS) and octadecyltrichlorosilane (C18H37SiCl3, OTS) were
4

incorporated. Source and drain electrodes consisted of 100 nm thick evaporated gold. Devices
with channel length of 10 µm, 20 µm, 40 µm and 80 µm were measured. The channel width was
constant at 220 µm. The source-drain voltage (Vsd) for the drain current (A) – gate-source voltage
(Id-Vgs) measurement was 50 V.

2.7 Density Functional Theory (DFT) calculations
Computational studies using DFT in Chapter 3 were carried out by Oleksandr Voznyy in the
Sargent group. DFT simulations were performed on a spherical non-stoichiometric Pb-rich 3 nm
CQD (~ 700 atoms in the core) exposing {1 0 0}, {1 0 0} and {111} facets using the SIESTA
software5 based on pseudopotentials and numerical atomic orbitals as a bases (double-zeta plus
polarization quality). A schematic of a 3 nm PbS quantum dot capped with chloride ligands used
in simulations is shown in Figure 2-4.
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Figure 2-1. Instrumental setup for dispersive IR spectroscopy.
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Figure 2-2. Block diagram of an FTIR spectrometer.
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Figure 2-3. Instrumental setup for the time-resolved IR spectroscopy.
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Figure 2-4. Structure of 3 nm PbS quantum dot capped with Cl- ligands.
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Chapter 3 Stokes-Shifted Sub-Gap State is the Charge Carrier Transport
State in PbS CQD Solids

3.1 Introduction
There have been great interest and effort to understand the mechanism of charge transport in
colloidal quantum dot films. However, reported mechanisms underlying charge transport in CQD
solids have been controversial. This chapter describes the results of a collaborative effort to
identify the nature of the transport states of photogenerated carriers in world-record solar cell
efficiency producing PbS colloidal quantum dot solids from transient absorption infrared
spectroscopy, photoconductivity and short-circuit current measurements, combined with density
functional theory computational calculations to investigate the origin of the transport state. The
main effort of our group was to find evidence for a sub-gap state responsible for charge transport
using ultrafast transient IR spectroscopy and locate the Stokes shifted electron transport state via
quantum dot size-dependent time-resolved infrared spectroscopy measured in the microsecond
timescale. We also measured the activation energies required for charge transport using
temperature-dependent time-resolved IR spectroscopy and compared our results with those
measured by our collaborators who used temperature-dependent photoconductivity and shortcircuit current measurements. Density functional theory computational calculations were carried
out by our collaborators to study the origin of the transport state in PbS CQD films.

It is important to understand the charge transport mechanism of colloidal quantum dot
solids since more efficient charge transport can immediately result in improved device
performance. For example, enhancing the electronic coupling between nanocrystals (NC) by
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using shorter ligands to passivate the surface has led to higher power conversion efficiencies in
CQD based solar cells.1
Transport mechanisms in inorganic semiconductor nanocrystals can be studied by
looking at how conductivity occurs in disordered systems. In this section, the fundamentals of
variable range hopping (VRH), nearest-neighbor hopping (NNH) and tunneling between adjacent
nanocrystals are introduced.

Variable range hopping (VRH)
There are two types of variable range hopping mechanisms depending on the temperature
dependence of the conductivity: Efros-Shklovskii variable range hopping (ES-VRH) and Mott
variable range hopping (M-VRH). Typically, ES-VRH is the main conduction mechanism at
very low temperature and M-VRH is observed at higher temperature. VRH was originally
developed for lightly doped semiconductors and the hopping rate or conductance (G) is usually
assumed to obey the Miller-Abrahams expression2:
𝐺 = 𝐺0 𝑒𝑥𝑝 −

2𝑟 ∆𝐸
−
𝑙
𝑘𝐵 𝑇

where, G0, r, l, ∆E, kB, and T are the pre-exponential factor, the hopping distance or the distance
between the two nanocrystals, the localization length, the energy difference between the two
nanocrystals, the Boltzmann constant, and the temperature, respectively. The localization length l
represents the exponential decay length of the wave function of the nanocrystal.
Mott assumed that there is a constant density of states (DOS, g0) as a function of energy
near the Fermi level (i.e., g(E) = g0) and showed that ∆E is related to r as ∆E ~ 1/ g0 r3 in a 3dimensional system. As a result, in M-VRH the relation between conductance and temperature is
given as:
ln 𝐺 ∝

1
𝑇

1 4
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The Mott law implies that the density of states is independent of energy. However, later
Efros and Shklovskii showed that due to electron-electron repulsions, a gap in the density of
states arise near the Fermi level. This gap is known as the Coulomb gap or Coulomb barrier.3,4,5
It was derived that there is a parabolic energy dependence of the DOS function which leads to the
following conductance-temperature relation:
1
ln 𝐺 ∝
𝑇

1/2

Above a certain critical temperature TC, the Coulomb effect becomes negligible and the
conductance follows Mott‟s law while below TC the Efros and Shklovskii‟s law is effective. TC is
given by
𝑇𝐶 =

𝑒 4 𝑎𝑔0
𝑘𝐵 (4𝜋𝜀𝜀0 )2

where e, ε, and ε0 are the elementary charge, the macroscopic dielectric constant, and the vacuum
permittivity, respectively. 6 7

Nearest neighbor hopping (NNH)
At a high enough temperature, when thermal energy is available, the nearest-neighbor-hopping
mechanism dominates. In this case, the optimal hopping distance is of the order of the nearest
neighbor distance and the first term in the exponent of the Miller-Abraham‟s equation becomes a
constant. Hence, the conductance (and mobility) follows an Arrhenius type behavior 8:
𝐺 = 𝐺00 𝑒𝑥𝑝 −
And thus,
ln 𝐺 ∝

1
𝑇

∆𝐸
𝑘𝐵 𝑇
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In this model, charge transport occurs through sequential hopping between neighboring localized
states.

Tunneling
Hopping is the predominant transport process when a charge carrier is transported from a
nanocrystal of lower energy to that of higher energy. In this case, the Boltzmann term is included
in the conductance or transition rate since hopping is an activated process. However, unlike
hopping, tunneling through a potential barrier is a temperature-independent process. As observed
in the equation below, the inter-NC distance or NC center to center distance (d) is the dominant
parameter governing the tunneling rate.
𝑘 = 𝑘0 exp −𝛽𝑑

(β: tunneling decay constant)

The simple single exponential equation describes the exponential drop of the tunneling rate with
increasing inter-NC distance due to less wave function overlap and hence inter-NC coupling
energy.9

The PbS quantum dots used in this work are the highest-performance dots to date
synthesized by our collaborators in Dr. Edward Sargent‟s group in the Electrical and Computer
Engineering Department at the University of Toronto, Toronto, Canada. 10 Their devices
exhibited remarkably high photocurrent densities up to 24 mA/cm 2 under AM 1.5 illumination. A
hybrid passivation method was incorporated where a metal halide salt CdCl 2 dissolved in a
mixture of tetradecylphosphonic acid (TDPA) and oleylamine was introduced during solutionphase synthesis of the CQDs. The role of the halide ions (Cl -) is to bind to sterically hindered
inter-cation trenches in the Pb rich surfaces of PbS CQDs while the introduction of the metal
cation (Cd2+) binds unpassivated surface chalcogens (S2-) in order to increase the majority carrier
(holes) mobility by targeting the removal of valence-band associated trap states. During the
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solid-state film fabrication, treatment of the film with an organic cross-linker, 3mercaptopropionic acid (MPA), replaced the long oleic acid (OLA) ligands that the halides were
unable to remove. Transient photovoltage spectroscopy revealed that the density of mid-gap
states in the MPA passivated hybrid CQD films was reduced by five times compared to
conventional organic cross-linked and inorganic-only CQD films. The resulting hybrid
passivated device measured a certified efficiency of 7.0%, which is the highest PCE in the CQD
solar cell device to date.
This chapter describes experimental and computation evidence for leading to the
conclusion that the Stokes-shifted sub-gap state mediates the photocarriers for transport in CQD
solid films. The content of this chapter has been submitted for publication in Nature
Communications.

Kyle W. Kemp*, Kwang S. Jeong*, Jihye Kim, Oleksandr Voznyy, Sjoerd Hoogland, Susanna
M. Thon, Alex H. Ip, Robert J. Stewart, Edward H. Sargent, John B. Asbury.
Dark States Mediate Photocarrier Transport in Colloidal Quantum Dot Solids.
Submitted to Nature Communications.
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3.2 Results and Discussion
In colloidal quantum dot (CQD) solids, it has been believed that the lowest band edge 1S states
are the high mobility charge transport states. 11,12 Figure 3-1 depicts the band structure diagram
based on the conventional view of charge transport in CQDs where a photoexcited electron is
transported to a neighboring quantum dot via the lowest band edge 1Se state. However, our
experimental results reveal that this is not the case of PbS CQD solids that produce the most
efficient photovoltaic devices. Here we show that in these world record hybrid passivated PbS
CQD solids, it is the Stokes shifted states lying within the band gap of the quantum dots that
mediate transport of photocarriers.
We used time-resolve infrared spectroscopy (TRIR) to obtain microsecond time scale
transient mid-IR absorption spectra of quantum dots of varying band gaps (Figure 3-2). In TRIR,
the CQD solids are photoexcited to give rise to broad electronic transitions and narrow vibrational
features associated with ligands passivating the quantum dots. Since the same ligand, 3mercaptopropionic acid (MPA), was used for all sizes of dots, we focus on the transition energies
of the broad electronic peak for now. UV-Vis-Near IR absorption spectra of the quantum dots
revealed the first excitonic peaks (1Sh-1Se band gap) of the quantum dots to appear at 0.93 eV,
1.22 eV, 1.30 eV, and 1.46 eV (Figure 3-3). The TRIR results demonstrated a marked decrease
of mid-IR transition energies with smaller band gap materials. We compared the size-dependent
mid-IR transition energies with the quantum confined 1S-1P energy splitting and Stokes shift
energies (Δs) of the corresponding materials. The assignment of 1S-1P transition energy
originates from the second derivative analyses of the UV-Vis-Near IR absorption spectra
(Appendix 1) and the Stokes shift energies were obtained by comparing photoluminescence
results with the first excitonic transition peaks (Figure 3-2). Details on the assignment of the 1S1P transition energies are described in Appendix 1. Surprisingly, the comparison revealed that
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the TRIR transition energy in the mid-IR region well matches the energy sum of the calculated
1S-1P and Stokes shift (Figure 3-4). This result suggests that mid-IR transition energies in the
TRIR may result from absorption of electrons from sub-gate states lying at the Stokes shift
energy below the optically bright band edge state into the delocalized 1P state.
We found additional evidence that the Stokes-shifted sub-gap state is responsible for the
mid-IR transition by comparing TRIR and steady state photoluminescence (PL) spectroscopy of
quantum dot films passivated by varying ligands. Films of 1.3 eV band gap PbS quantum dots
treated with bromide (Br-), 3-mercaptopropionic acid (MPA), 1,2-ethanedithiol (EDT), and 1,6hexanedithiol (HDT) showed the same order in intensities measured by TRIR and PL spectra
(Figure 3-5). These data confirm that the same sub-gap states are responsible for both mid-IR
and PL electronic transitions in PbS quantum dots.
For further supporting results, ultrafast transient IR spectroscopy (UF-IR) measured in
the picosecond time scale was used to provide additional information on the presence and role of
the sub-gap state. From the ultrafast transient decay rates measured at excitation densities low
enough to produce less than one exciton per quantum dot, we learned that the sub-nanosecond
Auger recombination process, in which an electron-hole pair recombines non-radiatively with the
energy transferred to a third particle, is transport limited. In other words, excitons or charge
carriers are able to migrate to neighboring quantum dots that have also been excited (see
Appendix 2 for more details).
Interestingly, initial transient absorption signal intensities measured on the picosecond
time scale depend sensitively on the type of the ligands passivating the quantum dot surface
(Figure 3-6). If 1Se states were to be the transport state as conventionally perceived in other types
of colloidal nanocrystal solids, the initial signal intensities of same sized dots would be the same
regardless of the nature of the passivating ligand since photoexcitation would populate the 1Se
state with electrons that would be promoted to higher delocalized states (1P e). Transitions
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between delocalized states are dependent on the size of the dots and not on the type of ligand
treatment. Thus, the ligand-dependence of the initial ultrafast signal intensities indicate that there
must be states lying inside the optical band gap and that the density of these sub-gap states
depend on ligand treatment.
To find out whether the Stokes-shifted sub-gap states revealed from TRIR and UF-IR
measurements are involved in transport, we investigated the activation energies for charge
transport of the minority carrier (electron) in three different sized dots (band gap of 0.93 eV, 1.30
eV, and 1.46 eV) by using temperature-dependent studies of short-circuit current,
photoconductivity, and TRIR kinetic traces measurements. If 1Se is the main pathway for
electron transport, then photoexcited electrons that are cooled to the Stokes-shifted sub-gap states
must be thermally promoted to 1Se states. The activation energies then should be equal to the
Stokes shift energies of the PbS CQDs (Figure 3-7A). The natural logarithm of decay traces
obtained from temperature-dependent TRIR kinetic decay measurements are plotted against the
inverse of temperature in Figure 3-8. The temperature-dependent kinetic decays of the three dots
measured by TRIR are shown in Figure 3-9. In all three samples, the initial amplitudes increase
with decreasing temperature because the rate of charge recombination is slowed down at low
temperature. Charge recombination occurs in the sub-nanosecond timescale through rare deep
traps, also known as midgap recombination centers 13,14, so that charge carriers must undergo
transport through neighboring quantum dots before recombined at these recombination centers.
Thus, temperature dependent changes of the charge recombination rates are proportional to
changes in the charge carrier mobilities. Appendix 3 describes how the temperature-dependent
transient mid-IR decays are connected to the activation energy. Arrhenius behavior of the decay
rates in the measured temperature range, i.e. the natural logarithm of decay trace is proportional
to the inverse of temperature, suggests electrons are transported via nearest-neighbor hopping.
Activation energies are obtained from the slope of the Arrhenius plots. Table 1 demonstrates all
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the activation energies obtained from the three different analysis procedures, and we find that
they are in quantitative agreement with experimental precision with each other. Clearly, the
activation energies are much smaller than the Stokes shift energies (Figure 3-7B) suggesting that
the charge transport states are not 1Se states but Stokes-shifted sub-gap states.
Based on the observations mentioned above, we propose a band structure model depicted
in Figure 3-10, where optically excited electrons are quickly cooled to Stokes-shifted sub-gap
states that serve as electron transport states, states that we term the ETS. In other words,
electrons do not need to be thermally promoted to the 1Se conduction band edges for transport but
they can hop among ETS of neighboring quantum dots with relatively small activation energies
on the order of 60 meV or less. Trap states present below the ETS and their densities depend on
the ligands used to passivate the quantum dots. We recall Figure 3-6 where the initial picosecond
time scale transient absorption signal intensities depend on the type of ligand treatment. After
photoexcitation, some of the electrons that relax to ETS are able to relax further into trap states.
Ligand passivation strategy determines the density of trap states. Thus, better passivation
strategies that lead to high mobility (such as bromide and MPA treatment) have fewer traps so
more electrons remain in ETS resulting in higher initial signals. On the other hand, poorer
passivation strategies (e.g. EDT, HDT) leading to low mobility PbS solids have more traps and
thereby smaller absorption signal intensities.
We attribute the different activation energies of various sizes of dots to polydispersity
among the PbS CQDs. Comparison of the Guassian fits of the first excitonic peaks of 0.93 eV
and 1.46 eV band gap quantum dots in Figure 3-10 shows that monodisperse 0.93 eV band gap
dots produce remarkably low activation energies, suggesting that elimination of polydispersity
may make activationless electron transport among ETS possible.
To investigate the origin of the Stokes shifted ETS, a computational study using density
functional theory (DFT) was incorporated. In a spherical, face-centered-cubic (fcc) structured
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system like PbS, the 1S states are 4-fold degenerate. 15 DFT calculations show that there are two
different symmetries in the degenerate 1S states which are labeled as „odd‟ and „even‟ in Figure
3-12. Transitions between symmetry states are optically forbidden due to weak spatial overlap
between electron and hole states. In a perfectly passivated quantum dot, the closest-lying
conduction and valence band edge states are „odd‟ and „even‟ so that optical transition is allowed.
In this case, the optical band gap (absorption) and the electrical band gap (PL) are nearly
identical. On the other hand, under-coordinated surface Pb atoms reorder the symmetry of the
conduction band edge so that the transition between the closest-lying conduction band and
valence band states is no longer optically allowed due to forbidden even-even symmetry
transitions. However, since photoexcited electrons rapidly cool to the lowest lying energy
states16, PL transition occurs from this state to lower energy valence band state. The result is a
large difference of the optical and electrical band gaps or Stokes shift in imperfectly passivated
PbS quantum dots.
The findings of the influences of surface passivation on Stokes-shifted ETS are
corroborated by the presence of narrow vibrational features in TRIR spectra of MPA passivated
PbS CQD films. The narrow vibrational features at around 0.17 eV and 0.19 eV arise from
symmetric and asymmetric stretches of carboxylate groups of surface bound MPA. The TRIR
spectrum in Figure 3-13 is measured from a non-hybrid passivated MPA treated PbS CQD solid.
Hybrid passivated samples also do show similar vibrational features but at smaller amplitudes
since the quantum dot surface is passivated by Cd and Cl ions during synthesis leaving less room
for MPA to passivate the remaining surface dangling bonds. The appearance of vibrational
features in TRIR implies that vibrational modes of MPA molecules are perturbed by the presence
of photoexcited electrons in the ETS. Therefore, we can conclude that ETS is partly coupled to
the surface chemistry of the quantum dots.
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Despite the fact that the Stokes-shifted ETS is influenced by surface passivation
treatment, these states possess a strong core-like character. Transitions from these states to the
delocalized excited state (1Pe) would not be allowed if ETS were mainly localized due to the
weak electronic overlap of the states involved in such transitions. Moreover, the Stokes shift
energy increases with stronger quantum-confined QDs and the role of the Stokes-shifted ETS as
high mobility transport state strongly support that ETS has a core-like nature.
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3.3 Conclusion and Future Directions
We conclude that it is the highly efficient transport of photoexcited charge carriers via
sub-gap electronic states that accounts for the increase in currents observed in the highest
efficiency PbS CQD solids. The electron transport state (ETS) is formed by mixing of surface
and core states. Since the quasi-Fermi levels determining VOC are limited by Stokes shift energy,
a reduction in this Stokes shift energy will provide a pathway to enhance the efficiencies of the
CDQ photovoltaic devices. Results from computational studies suggest that higher surface
coverage by ligands provides a means to minimize Stokes shift by reducing the influence of
surfaces on delocalized states. The extent of surface coverage is determined by the steric
hindrance of the ligand rather than the type of their end functional group. Thus, more focus
should be put on how thoroughly the ligands passivate the danging bonds of the surface which is
related to the size and shape of the ligands. Another approach to reduce the Stokes shift can be
achieved by reducing the symmetry so that the formally forbidden even-even or odd-odd parity
transitions become optically allowed. Ternary alloys such as PbSxSe1-x or PbxCd1-xS may be an
effective strategy to enhance the photovoltage and thereby produce higher efficiency photovoltaic
devices.
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Figure 3-1. Band structure diagram based on conventional view of charge transport. Charge
carriers migrate to neighboring quantum dots on the sub-nanosecond time scale giving rise to a
transport-limited Auger recombination process.
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Figure 3-2. TRIR spectra measured 500 ns after band gap excitation of hybrid passivated MPA
treated PbS CQD films with band gaps of 0.93, 1.22, 1.30, and 1.46 eV. Dotted vertical lines
indicate the average mid-IR transition energies which are correlated with the band gaps of the
quantum dots. Smaller band gap quantum dots (larger in size) generate smaller mid-IR transition
energies.
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Figure 3-3. Absorption and photoluminescence spectra of quantum dots of various band gaps in
solution.
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Figure 3-4. Comparison of the TRIR mid-IR transition energies (blue squares) with the sums of
1Se-1Pe energies (black bars) and the Stokes shift energies (red bars) of four different sized
CQDs.
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Figure 3-5. Comparison of photoluminescence intensity and TRIR intensity of ligand passivated
PbS CQD films.
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Figure 3-6. Ultrafast transient absorption kinetic traces of films passivated with different ligands.
The initial signal intensities sensitively depend on the ligand.
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Figure 3-7. A) If 1Se states are the transport states, the activation energy for charge transport
would equal the Stokes shift energy since electrons need to be promoted to 1S e states from
Stokes-shifted sub-gap states for transport to neighboring quantum dots. B) If the Stokes-shifted
sub-gap states are the transport states, the activation energy is expected to be much smaller than
the Stokes shift energy.
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Figure 3-8. Arrhenius plots indicating activation energies for charge transport measured in hybrid
passive MPA-PbS CQD films of varying band gap using temperature-dependent transient infrared
absorption kinetic decay measured near the corresponding average mid-IR transition energies of
the full TRIR spectra shown in Figure 3-2.
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Figure 3-9. Temperature-dependent TRIR kinetic decay traces measured in three different sized
hybrid-passivated MPA-PbS CQD films. In all cases, the initial amplitudes increase with
decreasing temperature because the rate of charge recombination slows down at lower
temperature.
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Figure 3-10. Proposed band structure model of PbS CQD solids. Photoexcited electrons relax
into the Stoke-shifted optically dark state and hop among neighboring quantum dots via this
electron transport state (ETS). Transient mid-IR absorption signals measured by TRIR and
ultrafast-IR arise from transitions from ETS to 1P e. Trap states are present below the ETS and
their densities depend on the passivating ligands.
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Figure 3-11. Activation energies are dependent on the extent of polydispersity. The first
excitonic peaks of each dots are fitted using a Gaussian function. The 0.93 eV band gap QDs is
more monodisperse compared to the 1.49 eV band gap ones, resulting in averaged activation
energies of 5 meV and 29 meV, respectively.
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Figure 3-12. Band structure diagrams obtained from density functional theory calculations with
split states of different symmetry in the 1S state manifold labeled as „even‟ and „odd‟. A) In
perfectly passivated quantum dots, the absorption and PL correspond to nearly identical
transitions because optical transitions are allowed between the two closest lying states of different
symmetry. B) Imperfect passivation of the Pb surface atoms reorders the symmetry of the states
in the conduction band so that optical transitions between the closest lying states are not allowed
due to forbidden even-even symmetry transitions. As a result, there is a large difference between
the optical and electrical band gaps which corresponds to a large Stokes shift energy.

58

Figure 3-13. A close-up view of the vibrational features appearing in the TRIR absorption
spectra. The lower frequency and higher frequency asymmetric carbonyl vibrational modes of
MPA are red shifted by 28 and 64 cm-1 respectively after band gap excitation. Such changes are
due to changes in electrostatic potentials at the quantum dot surface arising from the presence of
electrons in the Stokes-shifted dark state or the electron transport state (ETS).
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Table 1. Activation energies for electron transport states in PbS CQD solids measured by
temperature-dependent transient IR spectroscopy, transient photoconductivity and short-circuit
measurements.

Band gap

Stokes Shift

Transient IR

Photoconductivity

Temperature

1Sh – 1Se (eV)

(meV)

Spectroscopy

Transient Ea (meV)

Dependent Jsc

Ea (meV)

Ea (meV)

0.93

50

812

310

31

1.30

130

4711

636

632

1.46

190

1611

292

422

The error bars are determined by standard deviation from multiple measurements.
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Chapter 4 N-type CQD solids

4.1 Introduction
Most colloidal quantum dot based photovoltaic devices have relied on p-type conduction of the
quantum dot solid, requiring the p-type light absorbing material to be combined with an optically
transparent n-type electrode such as TiO2 to form a depleted heterojunction photovoltaic device. 1
A p-n homojunction, or also known as a quantum junction, consisted of the same CQD material
would eliminate the need for fabricating high-temperature-sintered TiO2. In addition, in a
depleted-heterojunction solar cell architecture, one major challenge is to carefully tailor the band
offset, or the relative alignment of the bands at a heterojunction, between the p-type solid and the
n-type electron acceptor so that it is sufficient to support electron extraction but not so large as to
compromise the operative voltage. The higher conduction band of strongly quantum-confined
CQDs serves as the driving force for electron injection from the p-type CQD to the n-type
electron acceptor electrode. Small-band gap CQDs, on the other hand, may result in an
unfavorable junction spike. In a quantum junction solar cell, however, size-effect tuning on each
side of the junction offers an inherent match in band alignments between n-type and p-type
CQDs. Spatial band diagrams of the quantum junction cell and the depleted heterojunction are
illustrated in Figure 3-1. To note, a favorable band offset enhances the short-circuit current
density (JSC), but once it is sufficiently large, further increase in the band offset does not give
further device benefits due to decrease in VOC.2 Optoelectronic simulations demonstrated that
current is lost once the band offset is unfavorable in a depleted heterojunction while optimal
current, voltage, and power are achieved over a wide range of band gaps in a quantum junction
device.1,3 By constructing a solar cell where the junction itself is fully quantum-tuned, the
limitations of realizing tandem and multijunction cells could be overcome. Tandem and
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multijunction cells have attracted great attention as approaches to exceed the Shockley-Queisser
efficiency limit of 33.7% in single junction cells. 4,5,6
The doping type (p-type or n-type) of PbS CQD film is dependent on the stoichiometry of
the dot, chemical treatment and processing environment. Synthesized PbS quantum dots are rich
in Pb cation.7 Theoretical and experimental studies demonstrate that oxygen, a well-known
acceptor in bulk PbS8, is a key p-type dopant in the Pb-rich PbS quantum dots.9 The
incorporation of oxygen can move PbS CQD toward being p-type at double the rate-per-species
of typical monovalent ligands (oxidation state of -1) due to its oxidation state of -2. Unlike
oxygen, halides can act as either a p-dopant or an n-dopant. When a halide is adsorbed on the
CQD surface, there are no net doping results. However, when a halide substitutes for a sulfur
atom, the number of excess electrons increases by 1, corresponding to the contribution of a free
electron, and n-type doping occurs. Thus, films fabricated in a rigorously inert nitrogen
environment, where the oxygen level is very low, turn out to have n-type conductivity especially
when treated with halides for passivation.8
In this work, we use time-resolved infrared spectroscopy (TRIR) to measure optical
properties of n-type PbS CQD films and compare the results with observations from p-type
materials which can provide insights to understanding the results obtained from n-type materials.
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4.2 Results and Discussion
PbS films fabricated in ambient environment possess p-type conductivity. To form an n-type
film, the quantum dot surface needs to be well protected from oxygen. It turned out, however,
that processing the film in a glovebox is not sufficient when using organic ligands for passivation.
Due to steric hindrance arising from organic ligands, the surface of the nanocrystals is not
perfectly passivated. Recent efforts found out that small halide ligands provide excellent
passivation of the surface dangling bonds associated with initially unpassivated Pb cations.
Furthermore, X-ray photoelectron spectroscopy (XPS) analysis showed that these halides assist
formation of n-type CQD films not only by passivating surface cation sites but also by
substituting sulfur.3
Our group sought to obtain optical characteristics from the n-type PbS films using timeresolved infrared spectroscopy (TRIR). The band gap of the quantum dot was excited with a 532
nm pulse laser and transitions in the mid-IR region were probed with a continuous wave (cw) IR
globar. Details on how TRIR works are described in Chapter 2. Surprisingly, unlike the p-type
PbS films which produced positive signed signals in the TRIR spectra (details in Chapter 3),
negative signals appeared in 1.3 eV band gap n-type films (Figure 4-1). In p-type PbS CQD
films, positive signed signals arise from electrons being promoted from Stokes-shifted sub-gap
states or electron transport states (ETS) below the conduction band edge (1Se) into excited
delocalized 1Pe states. However, the negative signed peaks occurred in n-type samples imply that
there is more light reached at the detector when the samples are photoexcited than when they are
not.
One important thing to note is that the center frequencies of the two negative peaks that
appear in both bromide and chloride passivated n-type PbS films (Figure 4-2) closely match those
corresponding to the transition between the electron transport state (ETS) and 1Pe state and to the
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transition between the 1Se and 1Pe states of the same sized p-type PbS films (1.3 eV band gap). If
we neglect the sign of the peaks, we consider the first negative peak at 0.24 eV to be close to the
energy arising from the 1Se-1Pe transition, based on the fact that the 1Se-1Pe transition of 1.30 eV
band gap MPA capped p-type hybrid PbS films is 0.19 eV calculated from second derivative
analysis of the absorbance spectrum (more details in Chapter 3). The second negative peak at
0.35 eV can be assigned as the transition energy corresponding to the ETS-1Pe (0.33 eV) or the
broad TRIR transient absorption (0.35 eV) measured from p-type films.
To be able to find the source of the negative signals, we need to consider the position of the
Fermi level. The Fermi level of the studied n-type film is likely to lie near the conduction band
edge, supported by the fact that the mobility of these n-type films is two orders of magnitude
higher than the mobility of p-type films of the same size.1 This suggests that a great portion of
electrons are populating the conducting ETS in the ground state and that the 1S e state is likely to
be at least partially occupied by electrons. Furthermore, Gaussian fittings of the steady state
linear IR absorption spectra of the n-type film propose that there are transitions of high oscillator
strength present at equilibrium (Figure 4-3). The sum of the two Gaussian fit functions is nearly
overlapped with the steady state absorption peak. The measured spectral range was determined
by the spectral range of the MCT detector used. One Gaussian fitted peak centered at ~ 0.24 eV
can be correlated with the 1Se-1Pe transition (~0.24 eV). It is not sure, however, where the second
Gaussian fit centered at 0.45 eV arises from. The ETS-1Pe transition energy (~ 0.35 eV) is too
small to be able to be related with this fit function. Trap states, whether shallow or deep traps,
filled with electrons may be associated with this peak. Another possibility is that the second fit at
~ 0.45 eV might correspond to transitions from 1Se to a higher excited delocalized state than 1Pe
such as 1De. A peak corresponding to the ETS-1Pe transition may have been masked by complex
and multiple transitions present in these films.
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In TRIR, there are two conditions that can produce negative peaks: 1) when there is
ground state bleach due to reduced absorption after photoexcitation, and 2) when there is
stimulated emission from an excited state species. Since the transient spectra are measured 500
ns after excitation with a 532 nm laser pulse, it is unlikely the latter case holds true because 500
ns is a long time for an excited state species to exist. Populated relaxation from excited states
within the band is known to occur on the sub-femtosecond time scales.10 We therefore conclude
that the negative signals are due to reduced absorption after photoexcitation. As discussed above,
since the Fermi level lies near the conduction band edge, there is a high possibility that the ETS
and 1Se are already at least partially populated by electrons in the ground state, i.e. before
photoexcitation. In the ground state, the IR globar can promote electrons from the ETS and 1S e
to the 1Pe state. Photoexcitation then populates the 1Pe state and less ETS-1Pe and 1Se-1Pe
intraband transitions occur, giving rise to two distinct bleaches in the transient absorption spectra.
A possible energy diagram for the n-type PbS CQD film is depicted in Figure 4-4. Since the
states involved in these transitions are weakly involved with localized states, the positions of the
bleach signals are more dependent on the size of the quantum dots than on the type of ligand
passivating the n-type quantum dot, so n-type bromide-passivated films and n-type chloridepassivated ones generate similar TRIR spectra.
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4.3 Conclusion
We attempted to understand the behavior of charge carriers in n-type PbS CQD films
based on transient mid-IR absorption spectra measured in the microsecond timescale. Unlike ptype films of the same band gap materials, n-type films produce negative signed signals. Based
on the assignments made earlier to p-type films, it is likely that the signals in the TRIR arise from
1Se-1Pe and ETS-1Pe transitions. This is due to the Fermi level of n-type films lying near the
conduction band edge or in the conduction band resulting in electrons occupying the electron
transport state at equilibrium which is supported by the fact that carrier mobility of n-type
samples is two orders of magnitude higher than that of p-type films.
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Figure 4-1. Spatial band diagrams for the quantum junction architecture and the depleted
heterojunction solar cell. In the quantum junction solar cell, size-effect tuning on each side of the
junction offers an inherent match in band alignments between n-type and p-type CQDs. In the
depleted heterojunction solar cell, however, stoichiometric tuning of the n-type (electron
acceptor) material is required to achieve a desired band offset.
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Figure 4-2. TRIR spectra of same sized (1.3 eV band gap) p-type film and n-type film. The ptype film is passivated by MPA ligands and the n-type film is capped with bromide. The ETS1Pe transition peak of the p-type film corresponds with the one peak of the n-type film.
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Figure 4-3. TRIR spectra of n-type PbS films passivated by bromide and chloride. The band gap
of the PbS quantum dots is 1.3 eV. Negative signed peaks at ~0.24 eV and ~0.35 eV are
observed.
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Figure 4-4. Steady state IR spectrum of n-type PbS film passivated by Cl- (solid black). The sum
of two Gaussian functions (dashed blue and dashed red) is represented as the solid gray curve.
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Figure 4-5. Possible energy diagram for n-type PbS CQD film. The Fermi level lies near the
conduction band so that the electron transport state (ETS) and 1Se state are substantially
populated by electrons in the ground state. Photoexcitation of the band gap then populates the
1Pe state, resulting in bleach signals of the ETS-1Pe and 1Se-1Pe transitions in the TRIR spectra.
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Chapter 5 SnS Nanocrystals

5.1 Introduction
Environmentally benign materials for photovoltaic devices have attracted much attention as
concerns with respect to toxicity and disposal requirements of heavy metals (e.g. Pb, Hg, and Cd)
increased. Tin sulfide (SnS), a group IV-VI chalcogenide semiconductor compound, is considered
as one of the most promising photovoltaic absorber materials due to its high optical absorption in
the visible range, earth abundancy, inexpensiveness and low toxicity. 1
SnS is an orange-to-grey intrinsically p-type semiconductor.2 However, depending on Sn
content, SnS may be p-type, n-type or change its conductivity upon heat treatment, making it
possible to prepare a SnS p-n homojunction.3 Most of the SnS that have been synthesized so far
possess an orthorhombic layered crystal structure which is like a distorted NaCl structure
although there are few reports on the synthesis of meta-stable zinc-blende phase structure. This
orthorhombic phase is thermodynamically preferred over the meta-stable zinc-blende phase.4 The
following methods have been reported to obtain nanostructured SnS particles: vacuum
evaporation2, two-stage process5, solvothermal process6, chemical vapor deposition7,8,9, electroand electrochemical deposition10,11, chemical bath deposition12, spray pyrolysisof the water
solution13,14, mild solution route15, hydrothermal synthesis16, molecular beam epitaxy17, modified
solution dispersion method18, successive ionic layer adsorption and reaction (SILAR) method 19,
ultrasound-assisted method20, and chemical synthesis. 21
The high absorption coefficient ( > 104 cm-1) of SnS for photons with energies greater
than 1.3 eV, and thus allowing light absorption at narrow thickness, also makes SnS a promising
material for solar cell applications.2 Experimental studies show that bulk SnS has a direct band
gap of 1.3 eV and an indirect band gap of 1.09 eV.22 A semiconductor band gap refers to the
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energy difference between the top of the valence band and the bottom of the conduction band. In
a direct band gap semiconductor such as GaAs, the maximum of the valence band and the
minimum of the conduction band are positioned at the same momentum, as shown in Figure 5-1.
Thus, there is no momentum transfer required for an electron to excite from the valence band to
the conduction band. On the other hand, when the maximum of the valence band and the
minimum of the conduction band do not occur at the same momentum as in Figure 5-2, the
semiconductor has an indirect band gap as in silicon. As a result, absorption of light requires an
electron to interact not only with the photon to gain energy but also with the lattice vibration or
phonon to gain or lose momentum in order to obey the law of conservation of momentum. Since
changes in both energy and momentum are involved, the excitation process in an indirect material
occurs at a slower rate. The same principle applies to recombination process which is mediated
by a phonon making indirect band gap materials not suitable for light-emitting diode (LED)
applications.23
The optical band gap of SnS can be estimated by using the following equation, also
referred to as Tauc‟s law24, which describes the relationship between the type of optical transition
responsible for optical absorption and the band gap energy:
αhν

n

= A(Eg − hν)

where n is either 2 for a direct semiconductor or ½ for an indirect semiconductor, α is the
absorption coefficient, hν is the photon energy, and A is a constant relative to the material. The
optical direct band gap and indirect band gap energy are estimated by extrapolating the straight
line portion to intersect the photon energy (hν) axis from the (αhν)2 – hν curve and (αhν)1/2 – hν
curves, respectively.
The first report on photovoltaic behavior using ~ 6 nm SnS nanocrystals deposited on
TiO2 showed an efficiency of 0.1% under 1 sun illumination. 1 The highest solar conversion
efficiency for SnS-based solar cells to date is 2.1% which was achieved by optimizing the
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conduction band offset of SnS and Zn1-xMgxO which is a buffer layer sandwiched between the
transparent conductive indium tin oxide (ITO) and the light absorbing layer (SnS).25
In collaborations with Dr. Ray Schaak‟s group in the Chemistry Department at Penn State
and Dr. Enrique Gomez‟s group in the Chemical Engineering Department at Penn State, we took
initial steps to understand the characteristics of SnS nanocrystals and find ways to overcome
challenges in realizing SnS nanocrystal based photovoltaic devices.
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5.2 Results and Discussion
Various shapes and sizes of SnS nanocrystals were synthesized. By changing the Sn precursors
(e.g. SnI2, SnBr2, Sn(CH3CO2)2, etc.) and inclusion/exclusion of specific chemicals such as
hexamethyldisilazane (HMDS), various shapes and sizes of nanoparticles were obtained. Some of
them included different shapes of 2-D nanosheets (e.g. hexagons, discs, squares, rectangles) and
3-D nanoflowers of which sizes range in a few hundred to thousands of nanometers, and sub-10
nm ranged spherical SnS nanodots. For our initial studies, we focused on the spherical SnS
nanocrystals. From now on, all SnS nanoparticles and SnS nanocrystals will refer to SnS
nanodots.
The UV-Vis-NIR optical absorption spectrum of the SnS nanoparticles in octane is
shown in Figure 5-3. Using Tauc‟s law, the direct optical energy band gap of the SnS dots was
determined to be 3.2 eV and the indirect band gap was 1.2 eV as shown in Figures 5-4 and 5-5.
The absorption coefficient values were approximated based on literature values21 because the
exact concentration of the SnS nanoparticle solution could not be identified due to difficulties in
maintaining colloidal stability after redispersion. This is not a problem since the absolute
numbers of the absorption coefficient do not greatly affect how the direct and indirect band gap
are obtained, which is done by extrapolating the straight line portion of the plots to intersect the
x-axis. The diameter of the SnS dots is of the order of the Bohr radius of SnS (7 nm) 26 which
leads to a blue shift of 1.9 eV and 0.11 eV for direct and indirect transitions compared to the
corresponding values in bulk SnS. Thus, our SnS dots are quantum confined.
The as-synthesized SnS nanoparticles were passivated by long aliphatic chains such as
oleylamine (OAM), oleic acid (OLA), trioctylphosphine (TOP), and 1-octadecene (ODE) for
colloidal stability in solution-phase. These long passivating ligands were replaced with short
ligands through a layer-by-layer (LBL) process to produce a thin film of SnS dots. Ligand
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passivations with 1,2-ethanedithiol (EDT) and thioglycolic acid (TGA) turned out to be
successful. Figure 5-6 shows a comparison of the FTIR spectra of the films before ligand
passivation and after ligand passivation with EDT and TGA. The obvious reduction of the C-H
stretch peaks at ~ 2900 cm-1 indicates that a great portion of the originally long alkyl chains of
OAM, OLA, TOP and ODE were removed during the film fabrication process. The UV-VisNear IR spectra in Figure 5-7 measured before and after ligand passivation imply that the SnS
nanoparticles were not washed away from the substrate during the exchange process.
With the SnS dots passivated by shorter ligands, we attempted to obtain electrical
measurement results using thin-film transistor measurements. The non-ligand exchanged films
and ligand-exchanged films with 10% EDT were used as the active layer in thin-film transistor
(TFT) for drain current (A) – gate-source voltage (V) and drain current (A) – drain-source voltage
(V) measurements (Figure 5-8 and Figure 5-9). Unfortunately, no changes were observed in any
of the I-V curves between non-ligand exchanged SnS films and ligand-exchanged films,
indicating that improvements other than simple ligand exchange processes need to made for
device performance in the SnS films.
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5.3 Challenges and Future Direction

Although ligand exchange was confirmed in the SnS dots, the electrical measurement results
suggested that much improvement is needed for these materials to be suitable for device
applications. As one of the possible reasons for poor TFT results, it was pointed out that the
ligand exchanged films on the SiO2 substrates did not produce consistent morphology. In fact,
there have been difficulties in generating smooth and shiny films on the SiO2 gate dielectric
substrates whether untreated or treated with hexamethyldisilazane (HMDS) or noctadecyltrichlorosilane (OTS) which are self-assembled monolayers (SAM) that modify the
surface of the SiO2 substrate for improved electrical properties.25 Smooth and shiny thin films are
normally observed on calcium fluoride windows used for optical measurements. Improved
techniques or skills to make better films on different substrates are required for development of
the SnS dots photovoltaics.
There is also still room for improvement in the synthesis of SnS nanoparticles.
Producing SnS dots with high monodispersity and consistent shape remains a challenge.
Transmission electron microscope (TEM) images of the SnS dots show a wide size distribution of
SnS dots. Moreover, while the majority of the particles are dots, some square- and rectangleshaped particles can also be seen.
The SnS dots we obtained have an average diameter of the order of the Bohr radius of
SnS. However, improved quantum confinement effect is expected if the dots are smaller.
Development of synthetic strategies to produce monodisperse SnS dots of different sizes will
provide the opportunity to build a multi-junction solar cell to increase the energy harvested from
the Sun‟s broad spectrum.27
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Figure 5-1. Energy versus momentum diagram for a direct band gap semiconductor.
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Figure 5-2. Energy versus momentum diagram for an indirect band gap semiconductor.
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Figure 5-3. UV-Vis-Near IR absorption spectrum of spherical SnS nanoparticles.
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Figure 5-4. Plot of (αhν)2 versus hν of SnS nanoparticles. A direct band gap of 3.2 eV was
obtained.
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Figure 5-5. Plot of (αhν)1/2 versus hν of SnS nanoparticles. An indirect band gap of 1.2 eV was
obtained.
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Figure 5-6. FTIR spectra of SnS films before ligand exchange and after ligand exchange with 10
% v/v EDT and TGA. Reduction of C-H stretches at ~ 2900 cm-1 is indicative of successful
replacement of long insulating ligands with short ligands.
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Figure 5-7. UV-Vis-Near IR spectra of SnS films before and after ligand exchange with 10% v/v
TGA and EDT. The blank substrate (no film) is shown for comparison.
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Figure 5-8. Drain-source current (A) as a function of gate-source voltage (V) at drain-source
voltage of 50 V. Measurements of non-ligand exchanged and ligand exchanged SnS films are
similar. Channel length is 40 µm with 220 µm channel length. SiO 2 gate dielectric substrates
treated with OTS were used.
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Figure 5-9. Plots of drain-source current (A) as a function of drain-source voltage (V) at different
gate-source voltages. Results from non-ligand exchanged films and ligand-exchanged SnS
nanopartilce films (10 % EDT) are compared. No improvement in drain-source current with
ligand exchanged samples was observed. The channel length was 40 µm and the channel width
was 220 µm. SiO2 gate dielectric substrates treated with OTS were used.
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Chapter 6 Conclusions and Future Directions

6.1 Conclusions and Future Directions
The main topic of this dissertation was discussed in Chapter 3. Using optical and electrical
measurement along with computational studies, we found strong evidence for the role of Stokesshifted states lying within the band gap as electron transport states (ETS). Locating ETS is
crucial knowledge for researchers to develop CQD photovoltaic devices with higher power
conversion efficiencies. Based on the conclusions of Chapter 3, reducing the Stokes shift energy
is key to increasing the electrical band gap which corresponds to enhanced open-circuit voltage.
Selecting ligands of optimal size, shape and ordering will lead to higher surface coverage by
ligands, which in turn reduces the influence of surfaces on core states and thus decrease the
Stokes shift. Breaking or reducing the symmetry of the 1S state manifold is another approach to
maximize efficiency. Selection rules determining allowed and forbidden transitions are based on
spatial overlap of electron and hole wavefunctions so any reduction of symmetry could relax the
selection rule. Creating less symmetric nanostructures such as nanorods can be one way to relax
the selection rule. In addition to that, using ternary alloys such as PbSxSe1-x or PbxCd1-xS could
reduce symmetry and thus allow formally forbidden even-even and odd-odd parity transitions to
become allowed.
In Chapter 4, results from transient mid-IR absorption spectra of n-type PbS CQD films
were discussed. The n-type films produced two negative signed peaks in the TRIR which we
assigned as the 1Se-1Pe and the ETS-1Pe transition based on the assignments made using sizedependent TRIR results in Chapter 3. Since the Fermi level in n-type CQD solids lie near the
conduction band edge, there is a high probability of the electrons partially or fully occupying the
ETS and the 1Se band edge. Thus reduced ground state absorption is observed in the transient
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absorption spectra. Steady state linear IR absorption of the n-type film predicts the presence of a
transition of large oscillator strength at ~ 0.45 eV. Due to the large oscillator strength, it is likely
a transition involving delocalized states. In order to identify such transition, transient absorption
measurement at faster time scales (e.g. picoseconds) can be conducted. Electrically doping the ptype CQD films to convert to n-type will be able to confirm our interpretation on the TRIR results
of the n-type films, and further information regarding sub-gap states may be obtained. Steady
state optical measurement with electron and hole injection using an electrochemical cell have
been reported on PbSe quantum dots.1
It is very interesting to note that we have seen similar negative signed peaks in p-type
films made with larger band gap quantum dots. The band gaps of these dots are 1569 nm or 0.79
eV, corresponding to ~ 6.0 nm in diameter sized quantum dots. 2 This is almost twice the size of
quantum dots that have been most frequently used for the best-performance CQD solar cell
device applications which have band gaps of 1.3 eV and size of 3.1 nm in diameter.3 Figure 6-1
shows the TRIR spectra of the 0.79 eV band gap hybrid passivated PbS CQD film and the n-type
1.3 eV band gap Br passivated PbS CQD film for comparison. Interestingly, in the spectrum of
the p-type 0.79 eV band gap, positive features are observed unlike the spectrum of the n-type that
has no positive signed signals at all in the measured mid-IR range. One thing to note is that in the
p-type spectrum, there are narrow vibrational features at ~ 0.17 eV that correspond to the
asymmetric and symmetric stretches of the carboxylate of MPA bound to the surface of the
quantum dots that have been perturbed following photoexcitation. The two distinct negative
signed peaks in the p-type 0.79 eV band gap samples lie at slightly higher energy and have
narrower linewidths compared to those of the n-type film. While the bleaches in the n-type were
assigned as 1Se-1Pe and ETS-1Pe transitions, the same assignment cannot be made in the p-type
0.79 eV CQDs. Larger sized dots have less quantum confinement so the 1Se-1Pe splitting energy
should be much smaller than that of smaller dots. Moreover, as shown in Figure 3-2, the Stokes
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shift energy is also quantum confined so that its energy decreases with larger size nanocrystals.
Thus, it is unlikely that the negative signed signals appearing at ~ 0.25 eV and ~ 0.37 eV in the
TRIR spectra of p-type 0.79 eV films arise from 1Se-1Pe and ETS-1Pe transitions as was assigned
for n-type films. This statement is also confirmed by estimated 1Se-1Pe splitting and Stokes shift
energies obtained from early reports on similar sized dots (0.84 eV band gap).4 Surprisingly,
careful investigation of the steady state linear absorption spectrum of the p-type 0.79 eV sample
shows small positive peaks at ~ 0.25 eV and ~ 0.37 eV (Figure 6-2). Gaussian functions with the
same linewidth of the transient absorption bleaches were placed on top of the linear absorption
spectrum for comparison. Although the second fit with a mean of 0.37 eV is not obvious because
it may have been obscured by the C-H stretches at 0.36 eV originated from bound MPA and leftover oleic acid, a small peak at 0.25 eV is apparent. A possible reason why the C-H vibrational
peak at 0.36 eV is markedly high compared to those of previously ligand exchanged hybrid
passivated PbS CQDs is due to the overlapping of peaks from the methanol O-H stretches and
from the ground state peak at ~ 0.37 eV. To note, the spectrum was taken right after the film was
made so some solvent used during the film fabrication (methanol) may have remained, giving rise
to the broad peak at around 0.39 eV corresponding to the O-H stretching mode. Also, the peak at
0.21 eV arises from C=O stretches of unbound MPA and oleic acid which usually disappears
after the solvent is evaporated in a cryostat vacuum-evacuated at 10-2 Torr for overnight. Peaks at
0.17 eV (1390 cm-1) and 0.19 eV (1510 cm-1) arise from symmetric and asymmetric stretches of
bound carboxylate of MPA and little amount of unreplaced oleic acid. If the peaks having the
same transition energies as those of the bleaches observed in the TRIR spectra appear at ground
state, the two apparent bleaches are results of reduced ground state absorption.
Since the 0.79 eV band gap CQD film was made at ambient condition, it is highly
possible that the film has p-type conductivity (see the introduction section of Chapter 4 for details
on this topic). However, one should note that the size of these quantum dots (band gap = 0.79
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eV) is substantially larger than the dots of band gap of 1.3 eV that have been used in the most
efficient solar cell. Exposure to oxygen of the surface of quantum dots is key to converting the
intrinsically n-type PbS CQDs to p-type. Since larger quantum dots have a smaller surface-tovolume ratio, oxygen exposure is relatively lower compared to smaller dots. Thus, larger
quantum dots are “less p-type” than smaller dots so the Fermi level lies higher in energy relative
to the valence band edge compared to the Fermi level in “more p-doped” smaller quantum dots.
As a result, states lying above the valence band edge within the band gap are occupied by
electrons at equilibrium. In TRIR, electrons in these near valence band states may be promoted to
other sub-gap states by the IR probe. Previous studies by our collaborators in the Sargent group
identified surface related trap states at 0.1, 0.2 and 0.3 eV below the conduction band edge in 1.6
eV band gap PbS CQDs using temperature dependent transient photocurrent measurements.5
These trap states should be present in all p-type CQDs although the exact energy might slightly
differ since the trap state energy is determined by a combination of surface passivation and
quantum confinement.5
The author therefore proposes a band structure model of the 0.79 eV band gap dots
shown in Figure 6-3. Electrons from the Fermi level (EF) are promoted to the lowest lying trap
states which are visible as bleaches in the transient absorption spectrum. Transitions to the
highest lying trap states (0.1 eV from 1Se) may not have been visible due to the limit of the
detector spectral range. Hence, due to reduced ground state absorption arising from transitions to
trap states, the broad positive ETS-1Pe transition peak typically visible in p-type CQD films is
masked in the 0.79 eV sample. In p-type CQD films of smaller quantum dots investigated in
Chapter 3, the bleaches of these transitions to trap states are not observed since they should lie at
energies beyond the spectral range of the MCT detector. The author believes TRIR spectroscopy
in the near-IR range would produce bleaches in the transient absorption spectra using CQD films
made with larger band gap quantum dots.
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Reports on emission from trap states provide further understanding of the nature of the
bleaches. Time-resolved temperature-dependent luminescence measurements on 3.2 nm diameter
wurtzite CdSe quantum crystallites were reported to demonstrate emission from sub-gap states
related with surface traps to the ground state.6 Such formally optically dark transition was
interpreted to become optically bright due to strong resonant mixing between a strongly emitting
delocalized state and a weakly emitting, long-lived localized surface state. The presence of these
trap states were supported by sub-picosecond timescale transient pump-probe experiments, where
it was claimed that trapping into sub-gap surface states occurs very rapidly (~ 160 fs) resulting in
long-lived (~ 10-100 ns) bleach and induced absorption features.7 Temperature-dependent
luminescence decay results also suggested the presence of thermal equilibrium between the
surface trap states and higher delocalized states. 6,8 As the temperature decreases, band edge
emission decreases while emission from the trap state increases. At higher temperature, however,
electrons are thermally promoted to repopulate the band edge states resulting in stronger band
edge emission and smaller trap state emission intensity. As shown in Figure 6-4, TRIR spectra
measured at 115 K using the 0.79 eV band gap PbS CQD film produce larger negative going
peaks than at room temperature, suggesting that the transitions involving trap states are partially
suppressed as temperature increases since electrons are thermally promoted to higher lying states.
Therefore, additional experiments on the 0.79 eV band gap PbS CQD sample should be
able to offer stronger evidence and more clues to understanding the bleaches observed in the
TRIR spectra. Electrical measurements by our collaborators can offer information on the Fermi
level and doping densities in these samples.3 Moreover, temperature-dependent transient
photoluminescence experiments in the near-IR are expected to provide useful information on the
trap states in these larger dots. In addition, clues to charge trapping time may be obtained using
ultrafast transient absorption spectroscopy available in our lab.
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In Chapter 5, preliminary results on SnS nanocrystals were discussed. The most urgent
issue to be addressed is improving synthetic strategies in order to produce more monodisperse
SnS nanocrystals . Ligand exchanged SnS NC films did not produce smooth, consistent SnS
films on the gate dielectric materials used for thin-film transistors. Optimization of the ligand
exchange process (e.g. concentration of the ligand solution, spin-coating speed, etc.) is also
required. Basic studies using bulk SnS may provide insights and knowledge to understand the
fundamental properties of SnS.

98

Figure 6-1. TRIR absorption spectra of p-type 0.79 eV band gap hybrid passivated PbS CQD
film. The spectrum of n-type 1.3 eV band gap bromide passivated PbS CQD film is shown for
comparison.
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Figure 6-2. Linear IR absorption spectrum of 0.79 eV band gap PbS CQD film.
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Figure 6-3. Proposed band structure diagram for PbS CQD film of 0.79 eV band gap.
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Figure 6-4. TRIR spectra of 0.79 eV band gap p-type PbS CQD film measured at room
temperature and 115 K.
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Appendix

A-1. Assignment of 1S-1P transition energies of different sized dots.

Appendix Figure 1-1. Absorption and second derivative spectra of quantum dots of varying band
gaps.
UV-Vis-Near IR absorption spectra of four different sized dots are shown in the top panel
of each figure. To more easily identify the second and third quantum-confined transitions labeled
as E2 and E3, respectively, the second-derivative spectra were obtained. Assignments on E2 and
E3 have varied among reports. Some reports assign E2 as the formally forbidden 1Sh →1Pe or
1Ph→1Se transitions1,2,3, claiming the strong anisotropy in energy bands of bulk PbS or the
presence of permanent dipole moment in a non-perfectly spherical quantum dot render this
transition optically allowed. In this case, the third quantum-confined transition E3 is assigned as
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1Ph→1Pe optical excitation.1,2 Others view E2 to correspond to the 1Ph→1Pe transition. In this
view, the 1Se-1Pe transition is approximated as half the energy difference between the first and
second excitonic transitions or ½ (E2-Eg), which appear as the black bars in Figure 3-4.
Comparison of 1Se-1Pe transition estimates based on different assignments are shown in the
below figure (Appendix Figure 1-2). It is apparent that none of these estimates show the clear
decrease with smaller quantum dot band gap observed in the mid-IR TRIR transitions appearing
in Figure 3-2. However, when adding the Stokes shift energies to the 1S e-1Pe energy splitting
obtained when viewing E2 as arising from the 1Ph→1Pe transition, a correct trend with decreasing
quantum dot band gap is obtained. Moreover, the sum of the Stokes shift energies and the 1Se1Pe energy splitting quantitatively matches the measured average mid-IR transition energies
obtained from TRIR spectra of the CQD solids within experimental precision. Our findings are
consistent with assignments of mid-IR transitions in PbS quantum dots made by the Jiang group 4,5
and suggest that the second quantum confined peak in the UV-Vis-Near IR absorption spectra
corresponds to the 1Ph→1Pe transition.
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Appendix Figure 1-2. Comparison of 1Se-1Pe transition energy estimates based on various
assignments of the second and third quantum-confined optical excitations.
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A-2. Excitation density dependent ultrafast mid-IR transient absorption kinetics.

Appendix Figure 2-1. Normalized ultrafast transient IR absorption kinetic traces measured at
0.33 eV probe energy after 1.55 eV excitation.

The excitation energy density dependent ultrafast transient IR absorption kinetic traces indicate
that an Auger recombination process occurs even at excitation densities forming less than one
exciton per quantum dot. The fast tens- to hundreds-of-picosecond decay components observed
in every excitation density dependent ultrafast transient decay spectra confirm that Auger
recombination is present.2,6 An Auger recombination occurs when an electron and hole
recombine non-radiatively and the emitted energy is given to an electron in the conduction band.
Although Auger recombination at high excitation density producing more than one exciton per
dot can be easily explained in a single dot (Appendix Figure 2-2), Auger recombination at
excitation densities of less than one exciton per dot is clear only when involving a neighboring
dot. In this case, excitons or charge carriers migrate to neighboring quantum dots that have also
been excited, resulting in recombination of an electron and a hole which produces energy that is
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transferred to another electron in the conduction band as illustrated in Figure 3-1. The excited
electron then rapidly relaxes to lower lying energy states giving rise to the fast decay component
in the ultrafast transient IR kinetic trace. The Auger recombination process is thus transportlimited. Average exciton per dot values of 0.11, 0.23, 0.58, 0.93 and 1.8 correspond to incident
1.55 eV pump excitation densities of 20, 41, 101, 162, and 321 µJ/cm 2, respectively.

Appendix Figure 2-2. Auger recombination in a single dot.
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A-3. Connection between charge recombination lifetime and microsecond time scale initial
signal intensity

Appendix Figure 3. A) The microsecond time scale transient mid-IR intensities are sensitive to
the type of ligand passivating the PbS quantum dot surfaces. The faster charge recombination
rates in high mobility samples (Br- and MPA passivation) results in smaller initial signal
amplitudes. The signal size is determined by the time scale of charge recombination relative to
the finite instrument response function of the IR spectrometer. B) The initial signal amplitude is
a convolution of the fast component of the charge recombination kinetics with the instrument
response function (gray curve). C) The effect of convolution with the instrument response
function on the initial signal size is demonstrated. Convolution with faster time constant of the
model exponential function results in a smaller initial signal amplitude. The instrument response
function and the model charge recombination kinetic decay functions in D) were used to produce
convolution curves in C). Temperature dependent TRIR absorption kinetic decays in Figure 3-9
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were fit by convolving model exponential decay functions with the instrument response function
as in the above procedure. First, the best fit of the lowest temperature transient IR absorption
kinetic decay was obtained by varying the amplitude and time constant of the model exponential
function. The obtained amplitude from the fit was taken to represent the initial transient
absorption signal amplitude of an ideal instrument with unlimited time resolution. For all
subsequent fits at higher temperature, the initial amplitude was then fixed because the same
excitation density was used for all temperatures. We only varied the timescale of the model
exponential function for convolution to fit higher temperature TRIR kinetic traces.
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