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Interface Engineering and Interfacial Charge
Transfer Dynamics in Quantum Dot Solar Cells
and Perovskite Solar Cells

Abstract

Solar photovoltaics (PV) propose a direct and practical solution to the daunting
challenges of facing the energy crisis and environmental pollution in the world.
Although traditional solar cells have been commercialized for many years, their
inherent shortcomings, e.g., high production costs and high pollution have slowed down
its implementation worldwide. Recently, colloidal quantum dot solar cells (CQDSC)
and perovskite solar cells (PSC) have rapidly become new stars in the solar cell field
and are considered to be promising candidates for low-cost and high-efficiency solar
energy. This is due to its low cost. Solution-based technology and high theoretical
power conversion efficiency. However, the current research on these both types of
emerging solar cells is mainly focused on the device fabrication and materials control,
the dynamics of carriers (i.e., carrier transport and recombination) at the interface still
lacks systematical study, which is favorable to the understanding of the factors that limit
their performance. The central aim of this thesis is that to understand the influence of
interface engineering on of carrier dynamics of CQDSCs and PSCs, and on this base to
obtain a more efficient solar cell.

This thesis will systematically investigate the effects of the interface engineering on
the performance of CQD DHSCs, especially for carrier transmission and recombination,
and use energy level control to modify the interface of CQDSCs and PSCs to enhance
the charge collection in CQDSCs and PSCs.

In this thesis, | explore the development of air atmosphere solution-processed
TiO2/PbS QDs/Au QDHSCs by engineering the energy-level alignment (ELA) of the
active layer via the use of a sorted order of differently sized QD layers (four QD sizes).
We find that introduce the ELA structure at the PbS QDs/Au interface can enhance Js
greatly. In comparison to an ungraded device (without the ELA), the optimized graded
architecture (containing the ELA) solar cells exhibited a great increase (21.4%) in Jsc.
A Jsc value greater than 30 mA/cm? has been realized in the PbS QDHSCs, and a high
efficiency of 7.25% has been achieved. We have investigated the mechanism through
characterization of Vo decay and light-intensity dependences of Voc and Jsc. We have
clearly demonstrated that enhancement of Jsc in the QDHSCs results from reducing the
recombination at both the QD active layer and the interface using the ELA structure.

I also explore a method to enhance the charge collection efficiency in CQDSCs by
tunning conduction band offset (CBO) between the electron-transport layer and the PbS
QDs. It is generally believed that the conduction band minimum (CBM) of the ETL



should be lower than that of the QDs to enable efficient charge transfer from the QDs
to the collection electrode (here, FTO) through the ETL. However, by employing Mg-
doped ZnO (Zn1.xMgxO) as a model ETL in PbS QDHSCs, we found that an ETL with
a lower CBM is not necessary to realize efficient charge transfer in QDHSCs. The
existence of shallow defect states in the Zn1.xMgxO ETL can serve as additional charge-
transfer pathways. In addition, the CBO between the ETL and the QD absorber has
been, for the first time, revealed to significantly affect interfacial recombination in
QDHSCs. We demonstrate that a spike in the band structure at the ETL/QD interface is
useful for suppressing interfacial recombination and improving the open-circuit voltage.
By varying the Mg doping level in ZnO, we were able to tune the CBM, defect
distribution and carrier concentration in the ETL, which play key roles in charge
transfer and recombination and therefore the device performance. PbS QDHSCs based
on the optimized Zn1xMgxO ETL exhibited a high-power conversion efficiency of
10.6%. Our findings provide important guidance for enhancing the photovoltaic
performance of QD-based solar cells.

I also systematically investigated the effects of the CBO between the ESL and the
perovskite layer in planar-heterojunction perovskite solar cells. | found that the charge
recombination at the interface between the ESL and the perovskite is strongly
dependent on the CBO values. A favorable CBO would be reducing charge
recombination at the ESL/perovskite interface and hence improves device performance.
In addition, we found an appropriate amount of Mg doping in ZnO can also reduce the
carrier concentration and improve the carrier mobility of ZMO, and thereby enhancing
the charge collection efficiency of the photoexcited electrons by the FTO electrode and
subsequently, the short-circuit current density (Jsc). The mechanism for this improved
performance is discussed in detail through characterization of photoluminescence (PL)
spectra, carrier lifetimes, charge injection and charge recombination through
fluorescence spectroscopy, transient photovoltage (TPV) decay measurement, and
ultrafast transient absorption (TA) spectroscopy.

The purpose of above studies is to improve the understanding of charge carrier
dynamics in CQDSCs and PSCs, so that more efficient designing and optimizing the
interfaces, and ultimately the solar cell efficiency can be further improved.
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Chapter 1: Introduction and Motivation

1.1 The Research Significance of Photovoltaics

Currently, in the rapidly improving economic and social conditions, a growth in
energy demand is spurred by increasing population and prosperity. Notably, the world
continues to electrify, with electricity consumption growing actively. Almost 70% of
the increase in primary energy (e.g., coal, oil, gas, solar, wind) is used to generate
electricity, with electric power consumption growing three times more rapidly than that
of other energy sources.! The share of fossil fuel (e.g., coal, oil and natural gas) in the
primary energy that is used for power generation is still over 70%, and It is estimated
that by 2040 these energy sources will continue to account for approximately 60% of
the total electricity generation (Figure 1-1(a)).? However, the energy crisis and
environmental pollution (i.e., the threats of global warming and climate change) that
are caused by fossil fuel utilization are highlighted as critical global problems in the
21% century. To meet the increased energy consumption needs and phase down
environmental pollution, the share of renewable energy will need to exceed 40% for
power generation by 2050.2 According to a new report, namely, “BP Energy Outlook-
2018”, renewable energy accounts for approximately 50% of the increase in power, and
its share of total power generation will increase from its current level of 7% to
approximately 25% by 2040.2 The strong growth in renewable energy is due to the
growing competitiveness of wind and solar power. The sun offers a vast resource that
generates clean and sustainable electricity without toxic pollution or global warming
discharges. It is projected that global solar power usage in 2022 will be more than 150%
higher than in the base case of the 2015 Energy Outlook (Figure 1-1(b)). This difference
reflects that solar costs are falling faster than anticipated, with solar energy now
projected to be widely competitive by the 2020s.*

(a) (b)

Capacity growth (GW)
1200 9% e Addifonal-
b 0% accelearaled case

TO%

60% o Hydropower

[ B
40%

1000 - Other renewables

BOO

60O -

400 - 1 0% mm Wind
) 0%
Wr 200 - 109 == Forcentage from
o - - o% wind and solar FV
™ T ioge2004 | 20052010 20142016 20172022 (right &3}

1670 1880 1950 2000 40 2030 2030 M40

Figure 1-1. (a) Primary energy consumption in power generation. (b) Renewable electricity
capacity growth by technology.?

These beautiful visions are primarily the results of booming solar photovoltaic (PV)
deployment around the world, which is driven by continued research and development
of inexpensive photovoltaic technologies and policy support. Currently, limited by PV
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technologies and materials, the solar energy that is utilized by photovoltaic power
generation has yet to reach its enormous potential. Moreover, the cost of solar power is
not less than that of fossil fuels, which is a significant obstacle to the widespread
installation of photovoltaic equipment. This work focuses on photovoltaic technology.
We investigate solar cells in terms of the internal mechanism and study the potential for
improving their photoelectric conversion capability.

1.2 History and Types of Photovoltaics

In 1839, the basic science of photovoltaics, i.e., the photovoltaic effect, was first
discovered by French scientist Edmond Becquerel. Experimenting with metal
electrodes and electrolytes, he observed the production of an electric current when they
were exposed to light.> In the next few decades, with the discovery of the photoelectric
effect of selenium, the first solar cell, which was based on selenium wafers, was
invented by American inventor Charles Fritts in 1883.% Although the estimated power
conversion efficiencies of selenium solar cells were less than 1%, they proved that a
solid material could convert light into electricity without heat or with any moving parts,
which was an essential milestone for technological development. However, it was not
until the 1920s that scientists achieved a better understanding of photo-electricity based
on a seminal paper of Albert Einstein in 1905 on the photoelectric effect’, combined
with the discovery of the electron (1898).8 Daryl Chapin (Bell Labs) found that photo-
excited carriers can produce an efficient separation in the P-N junction that is formed
by combining n-doped and p-doped silicon. Then, the first practical photovoltaic cells,
with a power conversion efficiency (PCE) of 6%, were developed in 1954.° This
development laid the foundation for future solar cell designs. At this point, the
photovoltaic technology and industry entered a new era of vigorous growth.

From the 1950s to the present, solar cell technologies have made tremendous
progress. They are typically divided into three generations: As the first-generation
photovoltaic devices, crystalline-silicon-based solar cells advanced substantially in the
past half-century, and their efficiency has grown from 6% to 27.6%.° Silicon-based
solar cells still dominate today’s PV market (share of over 90%).* It is necessary to
grow highly pure and crystalline silicon to produce highly efficient silicon cells.
However, building large crystals of pure silicon is difficult because it requires high-
temperature and dust-free processing under rigorous process-controlled conditions. In
addition, silicon is an indirect-bandgap semiconductor and is limited by its optical
bandgap (Eg=1.1 eV) that does not optimally match the solar spectrum; therefore, a
thick(~200 pm) silicon layer is necessary to allow photons with photon energies that
exceed the bandgap to be absorbed as thoroughly as possible.? The performance of
silicon solar cells is easily affected by the ambient temperature. When the temperature
exceeds 25 °C, the device loses efficiency, which imposes requirements for the
installation of silicon panels.® These factors result in silicon panels that are heavy,
bulky, inflexible, and high in cost. The production cost of this type of panel has
historically been the highest of all solar panels types.
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The disadvantages (e.g., high cost and unwieldy panels) of silicon cells have
prompted researchers to investigate the potential of other materials to replace silicon.
These investigations resulted in the second-generation photovoltaics, which use less
material and have a lower-cost manufacturing processes. Because they have much
thinner active layers (below one micrometer) than silicon cells, they are also called thin-
film solar cells. Thin-film solar cells are typically based on direct-bandgap materials:
amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium
selenide (CIGS). Their absorbing layer can be prepared on lightweight glass and
flexible substrates, which led to an enlarged range of possible applications (e.g., mobile
and wearable) compared with first-generation photovoltaics. Second-generation cells
are relatively lower in efficiency than crystal silicon cells: the record efficiencies for a-
Si, CdTe, and CIGS devices are 21.2%,'* 22.1%, and 23.3%,6 respectively. However,
the PCE of commercial thin-film PV modules has historically lagged below the PCE of
silicon modules. As of 2016, the market share of thin-film PV products was only 6%,
and the installed capacity of photovoltaic devices was nearly 4.9 GWp (Figure 1-2).
Recently, the thin-film PV modules have achieved a significant breakthrough in
efficiency: the CdTe and CIGS modules reached 18.6% and 19.2% efficiency,
respectively, which is very close to that of polycrystalline silicon modules (19.9%).’
However, the production of thin-film solar cells always requires vacuum and high-
temperature conditions; thus, the production of these cells still results in significant
energy consumption. In addition, the rare elements (indium and gallium in CIGS cells;
tellurium in CdTe) may also limit cost. Therefore, thin-film PV technology requires
further study.
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Figure 1-2. Percentage of global annual production of PV production by technology.*’

Based on the second-generation PV technologies, the third-generation photovoltaics
are intended to achieve higher efficiency and lower costs through improved material
utilization (i.e., the use of inexpensive, plentiful and environmentally friendly materials)
and fabrication technology (i.e., economical and scalable manufacturing technology),
and balancing of system costs. Large-area fabrication, flexibility, and light weight are
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also among the goals of this generation of solar cells. At present, the primary
exploration frontier is PV that is made of solution-processable materials, which allows
for high-throughput fabrication techniques to be used, such as flexographic printing,
spray coating, blade coating and spin coating. The scalability of third-generation
photovoltaic devices provides competition with traditional PV technology on a
commercial level, even if the current efficiency is not higher. Figure 1-3 shows plots of
the highest authenticated conversion efficiencies for a wide variety of research solar
cells from 1976 to the present, which were provided by the National Renewable Energy
Laboratory (NREL).!8 The emergence of PV technologies is related to the development
of solution processing fabrication techniques. These PV technologies include dye-
sensitized solar cells, various organic-based cells, inorganic cells (i.e., Cu2ZnSn (S,
Se)s), quantum dot cells and perovskite cells. Dye-sensitized solar cells (DSSCs) were
initially investigated in 1991 by Michael Gratzel and Brian O'Regan and opened up a
new field and rapidly advanced PV technology into the era of the third-generation solar
cells.’® Unlike a traditional P-N junction solar cell, a DSSC consists of a transparent
conductive substrate, a high-surface-area n-type semiconductor (usually TiO,), a dye
(sensitizers) that absorbs light and an electrolyte that contains a redox mediator and a
counter electrode.?® The DSSCs provides comparable PCE (the device PCE rapidly
increased from 7.1% in 1991 to 13% in 2014) at low material and manufacturing costs,
at a level that is suitable for commercial use.?! In addition, DSSCs outperform Si solar
cells under indoor conditions and in the utilization of flexible substrates for colorful
and transparent devices.?? However, the use of liquid electrolyte in DSSCs causes
serious problems such as temperature sensitivity (i.e., they are not stable at varying
temperatures), potential instability, and higher packaging requirements.? Organic solar
cells (OSCs), as another cost-effective possible third-generation photovoltaic
technology, have attracted considerable attention, thanks to their advantages of low cost
and large-area fabrication (e.g., roll-to-roll or printing, spin coating, spraying, and
vaporization), environmental friendliness and use of abundant materials, mechanical
light weight and flexibility.?* Although the PCE of OSCs has improved from 2.9% in
1995 to 11.5% in 2014, it is insufficient to compete with more-mature solar cells.®
Moreover, the long-term use of OSCs are not satisfactorily. Therefore, the current
challenge is to continue the progress in improving their efficiency and increase their
stability.?® Inorganic solar cells, namely, CuZnSn(S, Se)s (CZTSSe), were introduced
in 1997 as the most promising candidate to replace the second-generation photovoltaics
because of their dual advantage of being made with readily available materials and
using an inexpensive ink-based process.?’ After 20 years of development, the CZTSSe
solar cell achieved a conversion efficiency of 12.6% by non-vacuum solution
deposition methods.?® Hence, the CZTSSe PV attracted potential commercial interest.
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Other emerging PVs, namely, quantum dots solar cells (QDSCs) and perovskite solar
cells (PSCs), are the topic of this thesis. QDSCs have been considered a desirable option
for the third generation of photovoltaic devices, which benefit from the multifold and
unique advantages of QDs, e.g., quantum-sized effect bandgap tunability, broader hot
carrier lifetimes, multiple exciton generation (MEG), and facile solution processing.?*-
31 Since 1998, their PCE grew significantly from far below 1% to over 13% to date
(Figure 1-4), owing to significant efforts from numerous researchers.®?-3 First reported
in 2009, metal halide perovskite materials (e.g., CH3NHsPblz and CH3NH3PbBr3



nanocrystals) were used as dyes in DSSCs and generates 3.8% of solar energy
conversion efficiency,® which demonstrated for the first time the ability of perovskite
materials to act as light-harvesting materials. Since then, research on perovskite-based
SCs has been booming. Notably, since their introduction just eight years ago, their PCE
has undergone impressively rapid development — it increased from 3.8 to 22.7% (the
most recently reported certified value) (Figure 1-4) at a speed that exceeds those of
other types of solar cells throughout history.®®> Moreover, PSCs share benefits with
QDSCs, such as low-cost fabrication process. As a result, they soon became a new star
in the field of solar cells and are now considered as emerging candidates for low-cost
and high-efficiency solar cells. In the next section, a thorough introduction to QDSCs
and PSCs will be given.

1.3 Quantum Dot Photovoltaics

1.3.1. Physical Fundamental of Quantum Dot

Quantum dots (QDs) are a semiconducting material with diameters in the range of
few nanometers. They have attracted substantial attention since they were first
discovered in 1980% because they have a variety of potential applications, e.g.,
biological imaging,®” photovoltaic devices,*® LEDs* and sensor materials.*® The
application potential of QDs in these fields is mainly attributed to their unique and
tunable electronic and optical properties, which result from their nanoscale size due to
the quantum confinement effect. Generally, when the diameter of a nanocrystal is close
to or smaller than the Bohr radius, i.e., electrons and holes are being squeezed into a
dimension-critical quantum measurement of the bulk semiconductor, then the
electronic and optical properties show size dependence. The Bohr radius is the electron-
hole separation.*! Table 1-1 shows examples of exciton Bohr radii for various
semiconductors.

Table 1-1. Exciton ball radius and bandgap energy of some common semiconductors.**

Semiconductor Structure | Exciton Bohr Radius (nm) | Bandgap Energy (eV)
PbSe 46.0 0.28
PbS 18.0 0.37
CdTe 15.0 1.50
CdSe 10.6 1.74
ZnSe 8.4 2.58
Cds 5.6 2.53




The electrons and holes move freely in bulk semiconductor crystals, i.e., carriers are
free to move in 3 dimensions; thus, they have continuous energy states and energy
bands are formed by the energy levels that are close to each other. Besides, the density
of states (DOS) is often used to describe the number of states per interval of energy
level that are available to be occupied by electrons. As shown in Figure 1-5, the DOS

in bulk materials is proportional to v E (3 degrees of freedom). When the physical size

of crystals is tiny (within a few nanoscales), the DOS becomes discrete and depends on
the size and shape of the nanocrystals. In the quantum well, electrons and holes are
confined in one dimension (2 degrees of freedom) and thus possess a DOS that is
independent of energy. In a quantum wire, electrons and holes are confined in two

dimensions (1 degree of freedom); thus, DOS is proportional to 1/vE. A quantum dot

is a zero-dimensional (0-D) material in which electrons and holes are confined in three
dimensions. Therefore, quantum dots have the atomic-like DOS mathematically
described by AE.*2
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Figure 1-5. Schematic of the density of states (DOS) in the bulk and ideal quantum confined
systems predicted by the simplified particle.*?

To obtain the energy eigenvalues of electrons and holes in a QD, the boundary
conditions for solving the Schrodinger equations must be modified. Here, a QD is
imagined as a quantum box (a box with side dimensions Lx=Ly= L,=L), and the size
(L)-related energy eigenvalues E, can be written as:



_ m?h?
n 2mlL2

m?h?
mL

(n,zc+n)2,+n§)=2 -

n? (1-1)

where h is Planck’s constant, and m is an effective mass. Moreover, the ground-state
energy in a QD is higher than that in bulk. For the spherical shape of a QD with radius
r, based on the effective mass model that was reported by Louis Brus* for colloidal
QDs, the bandgap (Eg, op) of a QD can be described by:

232 2
Egop = Eguc + 5 (5 + mLh) ey (@2)
where me and my are the effective masses of an electron and a hole, respectively, ¢ is the
relative permittivity, and g0 = 8.85410* F.cm™ is the permittivity of free space. The
third item details the Coulomb attraction between electrons and holes (excitons). The
third term in equation (1-2) corresponds to the Coulomb attraction of the exciton
(electron-hole pair). From this equation (8), we found that Eg, go strongly depends on
the quantum dot size, e.g., Eg, op increases as the size of the QDs decreases.

Quantum confinement effects are the physical basis for all characteristics of QDs and
were first demonstrated experimentally in research on growing crystalline CuCl clusters:
a blueshift of up to 0.1 eV of the absorption spectrum relative to the bulk is observed
when the size of the cluster decreases.** Figure 1-6 shows the calculated energy
bandgap for semiconductor QDs of various sizes using the useful mass approximation
model.

Energy bandgap (eV)
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mdot radius (nm)

30 45 50

15
Quantu
Figure 1-6. Calculating energy gaps of some semiconductor quantum dots using an effective
mass-approximation model.*

Here, one of the most important advantages of QDs is shown: broad tunability of
bandgaps. Figure 1-7 shows the absorption spectra of lead sulfide (PbS) quantum dots
of various sizes that were prepared in our laboratory. A quantum dot bandgap is readily
tunable by adjusting QD sizes — the smaller the QD size, the larger the bandgap. This
is because the smaller the size of the QD, the higher the energy required to confine an
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exciton within its volume. At the same time, the energy level increases and further
expands, resulting in a blue shift of exciton absorption peaks. This feature optimizes
traditional single junction solar cells by optimizing the quantum dot band gap.
Moreover, this feature enables the simple construction of multi-junction solar cells that
can potentially absorb most of the solar spectrum (insert of Figure 1-7). In addition to
the primary characteristic of bandgap tunability, QDs possess other advantages for the

application of PV. In the next section, I will discuss in detail the other unique advantages
of QDs.

Tunable Band Gap
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Figure 1-7. Absorbance spectrum of different size of PbS QDS dispersed in octane.



1.3.2. Advantages of QDs in photovoltaics
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Figure 1-8. (a) The theoretical maximum efficiency of a single-junction solar cell as a function
of bandgap energy calculated by the Shockley—Queisser model and 75% and 50%of the limit (gray
lines).* The record efficiencies for different materials are plotted for the corresponding band gaps.
(b) Breakdown of the causes for the Shockley-Queisser limit.*6

1. Breakthrough in efficiency limits of solar cell-- Multiple Exciton Generation

The Shockley—Queisser limit, which is one of the fundamental concepts for
guiding the development of photovoltaic cells, was reported in 1960.*" The restriction
is that the maximum PCE is limited to ~33.7% for a single P-N junction photovoltaic
cell with a bandgap of 1.4 eV (using an AM 1.5 solar spectrum). Figure 1-8 (a) shows
the maximum PCE as a function of the bandgap energy in a single-junction solar cell,
which was calculated by the Shockley—Queisser model (assuming the incident solar
spectrum is a 6000 K blackbody spectrum). To calculate the limit, it is assumed that
one photon of incoming sunlight excites one electron-hole pair. Figure 1-8 (b) shows
the reasons for the limits of solar cell efficiency in the Shockley—Queisser model: (1)
Blackbody radiation (green height): the energy that is lost from a cell is converted into
heat when hot photogenerated electron hole pairs relax to the band edges and represents
approximately 7% of the available incoming energy of a cell at room temperature; (2)
Recombination (blue height): the energy loss from a cell is mainly due to radiative-
recombination-induced voltage deficiency; (3) Spectrum losses (pink height): the
energy that is lost is the energy of below-bandgap photons because only photons with
more energy than the bandgap energy will produce an electron-hole pair (as shown in
Figure 1-9(a); the dashed black line corresponds to the bandgap of Si).* The remaining
energy after these energy losses (black height) is the energy that a single solar cell is
able to use efficiently in the Shockley-Queisser model. Therefore, to break through the
Shockley-Queisser limit, one or more of these three loss processes must be overcome.

A part of the energy loss of blackbody radiation is the energy of incident photons
with energy that exceeds the semiconductor bandgap energy, which decreases the
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amount of current that can be generated. Hot carriers that are generated by this part of
the energy relax via electron-phonon scattering. Then, phonon dissipation as heat (i.e.,
thermalization of charge carriers) decreases the energy conversion efficiency (Figure 1-
9(b)). Although the blue-light energy is rough twice the energy of red light, no
additional energy is converted to electrical energy by a single P-N junction device.*® As
shown in Figure 1-9(a), for semiconductors with a bandgap of 1.1 to 1.4 eV, if the cell
is operated at a voltage that corresponds to the bandgap energy and a current that
corresponds to full capture of all photons with energy that exceeds the bandgap, there
is a theoretical conversion efficiency limit of approximately 48% (ignoring all other
factors).*
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Figure 1-9. (a) AM1.5 solar spectrum has a significant decrease due to the absorption of
molecules in the earth's atmosphere.® (b) Hot carrier energy loss due to relaxation/cooling via
electron—phonon scattering.*®
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Figure 1-10. (a) Absorbed single photons generate multiple excitons (MEG) in quantum dots.*°
(b) External quantum efficiency (corrected for reflection) for PV PbSe QD solar cell and for standard
bulk Si, CdTe and CIGS solar cells as a function of incident photon energy.*® Only the QD solar cell
shows QY exceeding 100% due to MEG; MEG occurs within the solar spectrum from 3 to 3.5 eV.
MEG onset is at about 2.6Eg.
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As the above analysis, the significant energy loss (~50%) of absorbed photons results
from the excess kinetic energy of hot carriers being converted into heat. One approach
uses QDs to reduce or avoid this energy loss thanks to an advantage of QDs: multiple
exciton generation (MEG).5-%! As shown in Figure 1-10 (a), in QDs, the excess kinetic
energy of photogenerated hot electron-hole pairs is used to produce additional (or
secondary) electron-hole pairs at the band edges. Then, relaxed electron-hole pairs are
cooled to the lattice temperature (from 3000 K to 300 K).*® A similar process occurs in
bulk semiconductors (impact ionization); however, higher energy photon excitations
are required to generate multiple excitons, e.g., in silicon, one photon with 7 eV (180
nm) can produce one extra carrier and, thus, its influence on solar cells is negligible.
MEG was first investigated by the Nozik group and has also been experimentally
demonstrated in PbSe QDs through the ultrafast transient absorption technique.*® % As
shown in Figure 1-10 (b), the external quantum efficiency (EQE) of the PbSe QD solar
cell exceeded 100% for photon energies of more than 2.6 Eg, thus, it was demonstrated
that the quantum confinement can significantly increase the energy conversion
efficiency of the primary conversion step from high-energy photons to multiple charge
carriers.*® Thereby, QD solar cells with multiple-exciton generation have the potential
to reach a new solar conversion efficiency limit.

2. The facile solution processing

Colloidal quantum dot (CQD) synthesis

Semiconductor QDs that are synthesized by a solution method are called colloidal
quantum dots. They are cost-effective, which makes them promising candidates for
applications in solar cells. Since the solution-based synthesis of CQDs was first
reported in 1993, various synthetic methods have been developed, e.g., sol-gel
processing, hydrothermal/solvothermal synthesis,>® coprecipitation,>* microemulsions
and hot injection.®® To synthesize high-quality and size-controllable CQDs, the hot-
injection method is the mainstream route. In this approach, metal-organic precursors
are injected into coordinating/non-coordinating solvents at expected temperatures in a
nitrogen- and moisture-free atmosphere, which is usually provided by the Schlenk line,
as shown in Figure 1-11 (a).%® As shown in Figure 1-11(b), the CQD formation process
can be divided into five steps based on a model that was developed by LaMer®’: Step |
consists of the reaction of CQD precursors, which results in the desired monomers (e.g.,
metal-organic monomers) with a concentration that exceeds the threshold for nucleation.
Then, cluster or monomer growth by these monomers is initiated (step I1). Notably,
steps I and 11 are reversible since the growth threshold of the cluster has not yet been
reached. Once this threshold has been reached, i.e., the cluster reaches a critical
dimension (step I11), the process becomes irreversible. Then, the nanocrystal size can
be controlled with the aid of ligands as stabilizers (larger molecules) until it becomes
monodispersed (step V). The surface of the CQD is surrounded by organic ligands, so
that the quantum dots are stably dispersed in the organic solvent while passivating their
surfaces. (inset of Figure 1-1.11(a)).>® The final size, morphology, and composition of
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the CQDs can be controlled by the injection temperature, concentration of precursors,
organic ligands and the duration of the maturity phase.
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Figure 1-11. (a) a typical " hot-injection " set-up to achieve the burst nucleation. (b) Schematic
of the LaMer model.%® This model describes the nucleation and growth of nanocrystals over time.
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Figure 1-12. After synthesis, colloidal quantum dots are deposited on the substrate at low
temperatures. Process technologies used to achieve this include spin coating, spray coating, roll-to-
roll printing, and inkjet printing.>®
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Figure 1-13. Layer-by layer deposition of QD films.®0

To achieve the goal of low-cost third-generation solar cells, in addition to CQD
synthesis, CQD film formation is significant. Because CQDs are usually dispersed in
solution (e.g., octane, toluene, or hexane), CQD films can be deposited on various
substrates (e.qg., flexible substrates) by a variety of low-temperature deposition methods
and large-area films can even be prepared (Figure 1-12).5! Furthermore, a photovoltaic
device that is based on a flexible and lightweight substrate can realize lower solar
module weight, which reduces installation costs. Compared with other film forming
techniques such as drop casting and dip coating, spin coating is a mainstream method
for producing high quality CQD films. This method is used in this paper.6?®3 This is
due to obtaining a uniform film thickness through a constant rotation speed and
promoting evaporation of the solvent during rotation of the substrate. From the “CQD
synthesis” section, we know that CQDs have long-chain organic ligands (e.qg., oleic acid)
on their surface, which ensure the stable dispersion of CQDs in organic solutions. The
presence of these long-chain ligands in the CQD film makes the distance between two
adjacent CQDs very large, thereby making it difficult for carrier transport to occur
between adjacent CQDs. Therefore, after a CQD film has been formed, the long-chain
ligands on the surface of the CQDs must be replaced by smaller-sized and short-chain
ligands (e.qg., ethanedithiol or halide ion) through a process of ligand exchange to reduce
the distance between adjacent QDs; then, better performance of the CQD film can be
obtained. As shown in Figure 1-13, the process is named layer-by-layer deposition
(LBL). The LBL process involves the deposition of CQD solutions and ligand exchange.
This process is repeated until the desired film thickness is reached.®°

1.3.3. Colloidal PbS QDs solar cell

Advantages of PbS CQDs

Many CQD materials have been studied for photovoltaic applications, such as
perovskite CQDs (CsPbls, CsSnPbls),%* 11-VI materials (CdS, CdSe, CdTe),%® I11-V
materials (InAs, InP),®® and IV-VI materials (PbS, PbSe, PbTe).6-%8 Lead chalcogenide
CQDs (i.e., lead sulfide) have attracted the most attention due to their fast efficiency
growth from 3% to near 12% within seven years.%®0 In particular, lead sulfide CQDs
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(PbS) have emerged as a leading material for the fabrication of CQD solar cells and are
the focus of this thesis. As shown in Figure 1-14 (a), PbS exhibits a cubic rock-salt
crystal structure with a lattice constant of 5.93 A.” Since PbS has a small bulk bandgap
(0.37 eV) and a large Bohr radius (18 nm),”? when the size of PbS QD is less than 10
nm, the excitons in PbS all enter the extreme quantum confinement regime, which gives
it a sufficiently large spectral range (300~1600) for light harvesting and photodetection.
As a superior QD material, PbS CQDs certainly have the characteristic of tunable
bandgap, i.e., the bandgap of PbS CQDs can be shifted at will by carefully controlling
the QD size (2.5-10 nm), as shown in Figure 1-14(b). In addition, the precise adjustment
of the electronic properties and energy-level positions (e.g., the positions of the
conduction band energy level and the valence band energy level) of PbS CQD film can
also be achieved by modifying the surfaces of QDs with various ligands, as shown in
Figure 1-14(c).”® In this way, the bandgap energy level can be used as a universally
adjustable parameter in the performance improvement of QD PV devices, or as an
advantageous element in the optimization of tandem solar cells..
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Figure 1-15. (a) Complete atomistic model of colloidal lead sulfide (PbS) nanoparticle with
surface passivation by oleic acid, oleyl and hydroxyl groups.” (b) Quantum confinement effect for
PbS CQDs with its conduction and valence bands.” (c) Complete energy level diagrams of PbS
CQDs exchanged with the ligands.”™

Progress in PbS CQD solar cells

In recent years, PbS CQD solar cells have developed rapidly. The significant
improvements have mainly been achieved due to the design and improvement of device
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architectures and interface engineering. In the development of PbS CQD-based solar
cells, a variety of device architectures have been explored to enhance solar cell photon-
to-electron conversion efficiency.

Architecture of Devices

(a) (b) (c) (d)

Phs Cin
Schottky junction solar cell
TCO PbS CQDs Metal

Figure 1-15. Device configuration and energy band diagram for PbS CQD solar cells: (a)
Schottky junction solar cell, (b) p—n homojunction solar cell (c) planar heterojunction solar cell and
(d) bulk heterojunction solar cell.

Here, we focus on four classes of QD-based solar cell devices (Figure 1-15). PbS
CQDs were first applied to solar cells that were based on the Schottky junction by
Nozik’s group in 2008.7% As shown in Figure 1-15(a), the structure of a Schottky solar
cell is simple: the PbS CQD layer is sandwiched between an ohmic contact transparent
electrode (e.g., indium doped tin oxide (ITO)) and a low work function metal electrode
(e.g., aluminum (Al)) to form a Schottky junction, as shown in Figure 1-15 (a). In
general, the Schottky junction created by the metal with PbS CQD creates a depletion
region and a built-in field that separates electron-hole pairs and drives free carriers.
Then, the ITO electrode collects the majority carrier, whereas the Al electrode collects
the minority carrier. The Schottky structure resulted in fewer interfaces and ease of
fabrication during the development of early PbS CQD solar cells. Thus, the
optimization and demonstration of the photovoltaic properties (e.g., developing ligand
strategies and extending the response to the infrared range) of CQDs film were based
on Schottky structures. With these advances, the efficiency of solar cells of this type
eventually reached 4.5% in 2011,””; this was once the highest efficiency among all types
of CQD solar cells. However, this architecture suffers various limitations: When the
thickness of the absorbing layer (PbS CQDs) exceeds the width of the depletion region,
minority carriers that are generated on the illumination side and diffuse to the metal
electrode must cross a quasi-neutral region, which significantly increases the
probability of minority carrier recombination. In addition, Vo is generally limited by
the Fermi level pinning, the upper limit is only about half of the band gap of PbS
quantum dots. Therefore, the PCE of the Schottky solar cell has been limited to sub-6%
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values.”®

The P-N homojunction CQD solar cells were developed on the basis of the simple
structure of the Schottky junction solar cells to overcome limitations of previous
architectures, mainly low Js, Voc and stability. As shown in Figure 1-15(b), the P-type
layer and the N-type layer that constitute the homojunction are composed of the same
type of CQDs; this junction is also called a quantum junction (QJ). Obtaining stable N-
type and P-type doping within the same type of CQD film is due to the development of
CQD surface engineering (e.qg., solid-state ligand exchange and understanding of ligand
effects). The main advantage of this architecture is the extensive controllability of the
bandgap due to quantum-to-quantum matching, while forming optimal energy level
alignment in a solely material system, which can overcome band offset challenges
between CQDs and other materials. Notably, in this type of solar cell, photons can be
absorbed on both sides of the QJ. Thus, carriers can be efficiently generated and
separated to enhance the charge collection efficiency of the electron acceptor layers,
thereby increasing Jsc. In addition, due to further reduction of interface recombination,
Voc Will increase, resulting in improved efficiency of PbS CQD type solar cells. Due to
these advantages, the efficiency of the PbS QJ solar cell reached 6.6% in 2012,”° which
exceeded that of the Schottky junction solar cells. In addition, QJ solar cell realization
opens an avenue to prospective multijunction solar cells.

Initially, the development of the P-N heterojunction solar cells (planar) that were
based on CQDs was apparently also aimed at overcoming inherent limitations of
Schottky solar cells by allowing for a thicker CQD absorber layer (several hundred
nanometers) to improve carrier generation efficiency and moving the depletion region
close to the front electrode to enhance the charge collection efficiency. Significant
growth in efficiency has been achieved in the short term since these solar cells were
developed in 2009 (from 3% to 12%),”% & which is considerably higher compared to
other architectures of PbS CQD-based solar cells, and these cells soon became a leader
in this field. The P-N heterojunction solar cells that appeared first were of planar
structure, as shown in Figure 1-15 (c). The typical device consists of a P-N
heterojunction that is sandwiched between a transparent conduction electrode (ITO or
FTO) and a metal electrode (Au), where the heterojunction is composed of an N-type
metal oxide semiconductor (ZnO, TiO: and SnO:) layer and a P-type CQD
semiconductor layer. In this device, the depletion region near the interface of the metal
oxide and the CQD layer separate charge carriers, which are mainly photogenerated in
the CQD layer. Then, electrons are driven toward the metal oxide layer and injected.
Since the metal oxide layer can extract electrons, it is called an electron transport layer
(ETL). At the same time, the holes are driven from CQDs to the metal electrode by a
built-in field around the depleted heterojunction. Therefore, the P-N heterojunction
solar cells are also named depleted heterojunction solar cells (DHSCs). They have two
advantages compared with the Schottky structure: more efficient carrier separation and
relatively high Vo.. To improve the efficiency of heterojunction solar cells, it is
necessary to address the competing balance between light absorption (e.g., by

17



increasing the absorber layer thickness) and charge collection (by enhancing the carrier
diffusion length). For the CQD film with optimal bandgap (Shockley—Queisser limit,
ca. 1.3 eV), and considering the absorption coefficient (~10* cm™, near the band edge),
to absorb 90% of incident photons, the thickness of the CQD film needs to reach ~1
um.8 However, the minority carrier diffusion length of the CQD film is limited
(typically 10-100 nm.)8 by their high trap state densities and low electron mobilities.
Moreover, only photo-generated carriers within one diffusion length of the depletion
region can be effectively collected. As a result, the optimum CQD thickness of DHSCs
can only be slightly larger than the depletion region width of the CQD layer. For
example, the optimal thickness of the PbS CQD layer is approximately 300 nm, which
severely limits the light absorption of the film, thereby resulting in low Jsc and the poor
performance of CQDSCs. To overcome the competition between light absorption and
charge extraction, two improvements are necessary: increase the minority carrier
diffusion length and depletion region width of CQD DHSCs. There are two routes to
overcoming these challenges, namely, the use of bulk heterojunction architectures and
interface engineering, which are discussed in the next sections.

Bulk depleted heterojunction architectures were developed with the aim of increasing
the depletion region width of CQD DHSCs. As shown in Figure 1-15 (d), this structure
applied the main concept of the interpenetrating network: CQDs are interpenetrated
with random or ordered nanostructured metal oxide (e.g., pillars and nanowire arrays).
In this structure, the interface area is maximized and the depletion region is allowed to
extend in all three dimensions of the CQD layer. Therefore, the absorbing layer can be
thickened to micrometers, thereby greatly enhancing light absorption while still
enabling efficient charge carrier collection. Via this strategy, Jsc is remarkably enhanced
to higher than 30 mA/cm?.82 However, the main disadvantage is that the large interface
area that is introduced also leads to severe interface recombination, more interfaces and
more interfacial recombination, thereby resulting in lower Vo than that of planar CQD
DHSCs. Therefore, although bulk CQD DHSCs are superior to planar CQD DHSCs in
terms of light absorption and electron extraction, their inherent disadvantages, e.g.,
difficulties in preparation of high-quality nanostructured metal oxide, excessive
consumption of CQD materials and more surface defects, do not allow them to replace
planar solar cells. In addition to the device architecture design, the application of
interface engineering in CQD DHSCs to improve device performance is a very
important strategy. Currently, the main achievements of CQD-based solar cells are
generally the result of the application of interface engineering.

Interface Engineering

Interfacial engineering in CQD DHSCs has been demonstrated to be a key factor in
suppressing interfacial recombination and improving electron extraction. As shown in
Figure 1-16, in typical planar CQD DHSCs, there are three main interfaces: (1) the QD
surface and/or QD-QD interface; (2) the QD/gold electrode interface, which has a very
important impact on device performance; and (3) the QD/ETL (ZnO, TiO2, SnOy)
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interface, which also has a very crucial impact on the performance of the device.®®
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Figure 1-16. Schematic illustration of a CQD DHSCs structure.
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Figure 1-17. (a) Solar cell quality factor traps and simulated diagonal
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equivalence (upper);®*
Organic and atomic passivation strategies (bottom).8 (b) Carrier mobility as a function of ligand
length in ambipolar PbX QD field-effect transistors (upper);® The number of mid-gap trap states
introduced by the ligands depicting the loss of the initial charge-balanced quantum dots (bottom).8”
(c) Solution-phase ligand exchange with metal halide precursors and ammonium acetate.®® (d)




Schematic diagram of PbS CQD capped by I- and SCN- and separated by SCN-(upper); Measured
Jsc with different active layer thicknesses.®

(1) Interface I: Milestone breakthroughs in CQD solid-state solar cell
development have benefited from CQD film quality improvement many times. The
upper part of Figure 1-17(a) illustrates that the photovoltaic performance of DHSCSs
strongly depends on the electron mobility and the trap density of the active layer.
Changing the diffusion length can produce any change: the reduced electron trap
density increases the carrier lifetime (z), while the higher electron mobility () increases
the diffusion coefficient (D) through the Einstein relationship (D = ukgT, kg is
Boltzmann's constant). However, the charge transport in the CQD film occurs via band-
like transport or hopping mechanisms. Thus, interdot coupling (e.g., the distance
between adjacent quantum dots) is of crucial importance for solar cells. In addition, the
innate large specific surface area of CQDs leads to many electronic trap states due to
unsaturated dangling bonds on the CQD surface, which increase the carrier
recombination, thereby reducing both the extractable current and the attainable voltage.
For both issues, ligand strategies (bottom of Figure 1-17 (a)) are proven to be efficient
paths to improving charge transport and decreasing surface trap states, e.g., organic-
inorganic hybrid passivation and atomic passivation. The upper part of Figure 1-17 (b)
shows the effects of ligand length on the mobility and coupling of CQDs: the mobilities
of electrons and holes in PbX CQD increased exponentially with decreasing chain
length of the ligand on the QD surface, with a decay length that is characteristic of a
hopping mechanism.?® For instance, the use of short thiol ligands (e.g., 1,2-
Ethanedithiol(EDT), mercaptocarboxylic acids (MPA)) for PbS CQD DHSCs led to the
highest PCE (5.1%) at the time due to increasing carrier mobility.?® However, as shown
in the bottom of Figure 1-17 (b), density functional theory calculations demonstrated
that the number of trap states in the bandgap strongly depends on the number of ligands
on the surfaces of QDs.8” Therefore, it is essential that the cleanliness of the bandgap
of the QD be ensured by surface passivation for the device performance. The
application of inorganic metal ion (Cd?*) and halide anion ((CI-, Br and I)) ligands for
passivating QD is a milestone. This atomic inorganic ligand passivation strategy was
first reported by Sargent’s group®® for obtaining dramatically increased carrier
mobilities, decreased number of traps, and improved QD stability.2> % Due to these
advantages, a PCE of CQD DHSC of more than 6% was achieved. In general, the
manufacture of CQD thin films is based on the LBL process by employing the above
ligand exchange process, which leads to incomplete ligand exchange and low quantum
dot utilization. To solve these problems, as shown in Figure 1-17 (c), a one-step spin
coating process that employs the solution-state ligand exchange was developed. Using
this technique, [PbX3]/[PbX]*-passivated PbS CQD films were prepared, which can
significantly reduce the trap density, thereby leading to a certified PCE of 11.28% and
good air stability.® The use of pseudohalogens in active layers of colloidal quantum
dots (CQD) solar cells improves solar cell performance by reducing trap density and
realizing thick CQD films. Very recently, as shown in Figure 1-17 (d), ] a hybrid
passivation approach (i.e., incorporation of I and SCN" ions) was applied in PbS CQD
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DHSCs by solution exchange, which can remarkably reduce the trap densities and
implement thick CQD films (500 nm), thereby leading to an impressive PCE of 11.2%
with a high Jsc of 31.50 mA/cm?.%
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Figure 1-18. (a) Energy band diagram of a quantum funnel device and (b) Simulated
monochromatic energy conversion efficiency of a device using an optimally placed quantum
funnel.®® (c) A schematic diagram of band bending in ZnO/PbS-TBAI (left) and ZnO/PbS-
TBAI/PbS-EDT (right) devices under short-circuit conditions.** (d) Performance of PbS-
TBAI/PbS-EDT devices after 37 days of air storage certified by a certified laboratory (Newport).%*

The CQD/metal-electrode interface plays an important role in CQD DHSCs because
this interface seriously affects the photogenerated electrons and holes’ collection
efficiency. To improve the performance of CQD solar cells, band alignment strategies
are mainly applied in this interface. In CQDs system, it is easy to build a band alignment
structure by taking advantage of quantum-size-effect tuning. As shown in Figure 1-18
(@), the band alignment structure acts as a quantum funnel between the absorbent layer
and the electrode, to drive the performance-limiting minority electrons towards the
desired electrode.®® According to the simulated results from Figure 1-18 (b), the band
alignment structure can substantially increase the diffusion length of electron carriers
in thick devices, thereby increasing the carrier extraction efficiency.®® In addition,
Bawendi et al. introduced an EDT-passivated PbS CQD layer between a
tetrabutylammonium iodide (TBAI)-treated (i.e., iodine-passivated) PbS CQD active
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layer and the gold electrode, which acts as an electron blocking layer (EBL) or hole
transporting layer (HTL), as shown in Figure 1-18 (c).*® This band alignment
engineering resulted in a certified PCE of 8.55% (Figure 1-18(d)), breaking through the
efficiency bottleneck at the time.®® Currently, high-efficiency PbS CQD DHSCs all
employ Bawendi’s structure.
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Figure 1-19. (a) Top row: Heterojunction band diagrams consumed with undoped TiO2,
lanthanum-doped TiO; and zirconium-doped TiO». Bottom row, third to sixth columns: Performance
metrics of 1.3 eV PbS CQD DH solar cells using the undoped, Sbh-doped, and Zr-doped sol—gel
Ti0,.% (b) Performance of PbS CQD DHSCs with/without N doping PCBM buffer layer.®” (c) The
J-V characteristics of the PbS CQD DHSCs fabricated with the chemically modified ZnO-np layers
under AM 1.5G one-sun illumination. Insert: Chemically modified ZnO-np surface defect
passivation schematic.%

In a CQDHSC, the p-type layer is a CQD film and the n-type layer is an ETL that
accepts photogenerated electron carriers. Better engineering the heterointerface
between CQDs and ETLs is a key strategy for the enhancement of device performance.
To date, the energy-level alignment at the ETL/CQD interface by low-content doping
of ETLs, and surface modification by introducing a buffer layer between ETLs and the
CQD film and utilization of chemical modifier have been considered as interface
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engineering approaches. For instance, as shown in Figure 1-19 (a), for interfaces of
TiO2/PbS CQDs, smaller or even negative conduction band offset (CBO) results in
larger Voc, whereas a negative CBO reduces Jsc. The favorable CBO further aids in
maximizing the product of Vo, Jsc, and FF.*° The control of CBO via doping of TiO2
film with various elements (i.e., zirconium (Zr) and antimony (Sb)) is also considered.
As shown in Figure 1-19 (b), Sargent’s group used an ultrathin n-doped [6, 6]-phenyl-
61-butyric acid methyl ester (PCBM) as the buffer layer between TiO2 ETL and the PbS
CQDs layer.*® It was demonstrated that the introduction of PCBM to act as the buffer
layer not only reduces interface defects but also broadens the depletion region in the
CQD layer, thereby leading to enhanced electron injection from PbS to TiO. ETL, and
a high PCE of 8.9% was achieved. In addition, as shown in Figure 1-19 (c), Jang et al.
used a chemical modifier (1,2-ethanedithiol) to effectively reduce the surface defect
state of the ETL (ZnO nanoparticle), which significantly suppressed interfacial
recombination of carriers in ZnO/PbS CQD DHSCs. As a result, high-efficiency
(10.26%) CQD PVs were achieved by improving the interfacial charge extraction.®®

In summary, in the last few years, PbS CQD DHSCs have developed rapidly thanks
to great efforts in the interface engineering of three interfaces (Figure 1-16). Via various
interface engineering strategies, the highest efficiency has reached 12% (certified);
however, this is far below the theoretical value of 44%. The present study focuses on
the preparation of QDs and devices and does not consider the internal mechanism of
the CQD DHSCs. Therefore, further fundamental studies on how to improve the
efficiency of CQD DHSCs through the internal mechanism are necessary and important.
In these thesis, we focus on the injection and recombination of photogenerated carriers
at the PbS CQD/metal electrode (Interface Il) and the PbS ETL/CQD (Interface 1I)
interfaces, through interface engineering.

1.4 Perovskite Photovoltaics

Solar cells that are based on perovskite materials are the most promising next-
generation solar cells, which is mainly due to their excellent physical and chemical
properties, cheap preparation processes, and certification efficiencies of more than
20%.1% |t is necessary to understand the origin of high performance in perovskite-based
solar cells to realize the maximum theoretical PCE (31.4%).1% In addition, the stability
and hysteretic behavior issues are still an obstacle to the commercialization of PSCs
and require further studies.

1.4.1 Crystal structure and Physicochemical characteristic

The perovskite material acts as an absorber of PSCs and directly determines the
performance of the PSCs. Perovskite is derived from the mineral calciumtitanate
(CaTiOs) and is named after a Russian mineralogist (Lev Perovski).12 As shown in
Figure 1-20 (a), all perovskite compound materials have the same molecular structure
of ABXs, where A and B are cations, which are located in a cube-octahedral site and an
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octahedral site, respectively. X is an anion species, such as oxygen, carbon, nitrogen or
halogen; when X is the O anion, A is divalent and B is tetravalent. In organic-inorganic
hybrid metal halide perovskites, A is a monovalent organic cation (e.g.,
methylammonium, CHsNHsz* (MAY) or formamidinium, CH(NH.)."(FA)") or an
inorganic cation (e.g., K', Rb, Cs) and occupies the vertex of the face-centered cubic
lattice; B is metal cation (e.g., Pb?*, Sn?*, Ge?*) and occupies the core of the octahedra;
and X is a halogen anion (e.g., ClI~, Br~, or I, or a coexistence of several halogens) and

occupies the apex of the octahedra.
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Figure 1-20. (a) ABX3 perovskite structure shows BXes octahedrons and larger cations occupy
cubic octahedral sites.!® (b) The atomic structure of a phase, B phase, y phase, and & phase
CH3NH3Pbls (MAPbI3).1%4 The unit cells of f and y phases are (v2xv/2x2), based on the o phase.
(c) Energy levels vs. vacuum and NHE for various perovskite absorbers.1%

As shown in Figure 1-20 (b), in the cubic phase of CHsNHsPbls (MAPDIs3), the A-site
cation is CHsNHs* and the B-site cation is Pb?*. In this thesis, we also focus on
CH3NH3Pblz perovskite material. Generally, organic-inorganic hybrid metal halide
perovskites (ABX3) have a variety of crystal structures. The crystal structure and crystal
stability of perovskites are determined by octahedral factors («) and tolerance factors
(t). These factors are respectively defined by the following equations:1

p="==2 (1-3)
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24



ratryx

= prro

where ra, rg and rx are the efficient ionic radii for the A, B and X groups, respectively.
For a compound that is based on the ABX3 structure, when the values of the octahedral
factor (1) and tolerance factor (t) satisfy 0.44<u<0.90 and 0.81<t<1.11, the compound
can be identified as perovskite.'% For perovskite, when the value of the tolerance factor
lies between 0.89 and 1, the structure with the a phase (cubic) is formed predominantly;
if the tolerance coefficient is smaller (i.e., 0.80<t<0.89), the lower-symmetry B-phase
(tetragonal) or y-phase (orthorhombic) structures could form.X%” Interestingly,
perovskites with FA cations and Cs cations, e.g., FAPbI3, CsPblz and CsSnlz, have a
larger tolerance factor (t >1) and exhibit a hexagonal yellow non-perovskite 6 phase at
room temperature.%® Notably, phase transformation between those structures at finite
temperature occurs in most perovskites. For MAPDI3, the a-to-p-to-y phase transitions
occur at 330 K and 160 K, respectively.%®

Changes in the A-site, B-site, and X-site atom or group in the cubic structure of an
organic-inorganic hybrid metal halide perovskite will affect the band structure of the
perovskite. As shown in the left part of Figure 1-20 (c), the bandgap (~1.5 eV) of
CHsNHsPblz is close to the optimum value. To tune the bandgap to the optimum value,
the MA* could be replaced by FA™ to form FAPbIs (NH2CH>=NH:Pbls) with a bandgap
of 1.4 eV, which significantly broadens the range of absorption wavelengths, thereby
effectively improving the short-circuit current density (Jsc) of the device.' When using
larger-sized CH3sCH2NH> (EA) as the A-site group, the bandgap of perovskite increases
to 2.2 eV.11? In addition, the use of inorganic atoms (Cs*) instead of organic functional
groups can produce fully inorganic perovskite; the bandgap of CsPbls is 1.73 eV.%
Based on the structural formation criteria, in the cubic ABXz structure, only the above
molecules can be used to tune the bandgap by changing the groups of the A site. In
MAPbDI3 perovskite material, congeners Sn, Ge, etc., are used to replace the toxic
element Pb at the B site. By controlling the ratio of Sn (or Ge) and lead elements, one
can regularly control the bandgap of the material (middle part of Figure 1-20 (c)). For
example, in perovskite MAPbxSn1xl3, to control the ratio between Sn and Pb (i.e., x
from 1 to 0), the bandgap can be tuned from 1.55 to 1.17 eV and, thus, the light
absorption can be enlarged from the visible to the near-infrared region (1060 nm).!!
However, at present, the best PCE of lead-free organic-inorganic hybrid PSCs that has
been achieved is approximately 7%; further study is required.*? As shown in the right
part of Figure 1-20 (c), in the X site of MAPbX3, as the size of the halogen atoms
decreases, i.e., I = Br —Cl, the bandgap gradually increases from 1.5 to 3.11.1%3 Thus,
a bandgap of ABXs that is smaller than 1.51 eV cannot be obtained solely via tuning
the halogen; it is necessary to alter the elements of both the B and X sites
simultaneously.!'4
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Figure 1-21. (a) DFT-PBE calculated effective masses for electrons and holes of different
photovoltaic semiconductors.’®* (b) Calculated maximum efficiencies of CH3NH3Pbls, CulnSe;
(CIS), Cu2ZnSnS4 (CZTS), and GaAs as a function of film thickness.!® (c) The schematic diagrams
of defect state formation at CdTe and perovskite grain boundaries (GBs).1%* (d) The schematic
diagrams of ferroelectric multidomain as hypothesized in halide perovskite solar cells. The diffusion
highways for carriers are indicated by red and blue lines and arrows.*6

In addition to having a broad and tunable optical bandgap, perovskite materials have
other optoelectronic properties that are essential for building an efficient photovoltaic
device. Carrier transport in a PV device is an essential parameter and must be highly
efficient. Free carriers are usually associated with large diffusion lengths. In
semiconductors, carrier transport is directly associated with the diffusion length and
mobilities. According to Equation (1-5), the mobilities and diffusion coefficients both
depend inversely on the effective mass.

n=— (1-5)

where u is the mobility, m* is the effective mass, and z is the temperature-dependent
scattering lifetime.!*” As shown in Figure 1-21(a), carriers in perovskite (o-phase
MAPbDI3) have a smaller effective mass than that of GaAs, which is close to that of
silicon.1%* However, mobility that exceeds 200 cm?V s for PSCs has been reported,
which is much lower than those for GaAs, which is mostly attributable to higher
electron—phonon coupling in perovskites.''® Despite this lower mobility, the PSCs still
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show excellent charge extraction efficiency due to the long carrier lifetimes (100 ns ~
15 ps, under one sun) of perovskite, which also result in extremely long diffusion length
(more than 1 um).**” Notably, the effective mass of the electron and hole in MAPDI; is
balanced, which may result in ambipolar conductivity in PSCs. The long-range
ambipolar transport property of PSCs facilitates the preparation of the planar P-1-N-
junction solar cell.

One of the superior features of PSC is that perovskite possess high optical absorption
coefficients (up to 10* cm™). Thus, a 500 nm perovskite layer can absorb enough
sunlight to achieve more than 20% PCE. The optical absorption of a semiconductor
depends not only on the optical bandgap but also on the joint density of states (JDOS).
As mentioned above, MAPDIz possesses an optimal light absorption bandgap (~1.5 eV)
and higher JDOS than that of GaAs.'*® Therefore, MAPbI; has stronger light absorption
than GaAs. As shown in Figure 1-21(b), the halide perovskites (MAPbIs and CsPbls)
show much higher conversion efficiencies than CIS, CZTSe and GaAs for any
thickness.!*®

Generally, metal halide perovskites are prepared by a low-temperature solution
process, which inevitably results in the formation of many grain boundaries (GBSs) in
the perovskite polycrystals. In conventional polycrystalline light absorbers, the
presence of GBs could significantly degrade the electronic and optical properties of the
semiconductor and endanger the performance of the solar cell. For example, the GBs
that are inherent in the absorbing layer of the CdTe solar cell generate deep-level defects
in the bandgap, and these defects, as carrier recombination centers, severely harm
carrier lifetime and the performance of the device.''® However, in perovskites, GBs do
not cause deep-level defects due to their large atomic sizes and loose crystal structures.
The different effects of GBs on CdTe and perovskites can be explained by their
electronic structures. As shown in Figure 1-21(c), the antibonding ppc* states that are
associated with GBs in CdTe are in its bandgap, while the antibonding ppo* states in
perovskite are below its valence band. In addition, the perovskites possess a large
dielectric constant (25.7), which effectively reduces the effect of defects on carriers.
Therefore, the bulk recombination and trap densities are low in PSCs.

In addition, the metal halide perovskites possess a dipole moment of the non-
centrosymmetric organic cation, which makes the perovskite exhibit spontaneous
polarity, i.e., the perovskite material has ferroelectricity.!*® As shown in Figure 1-21 (d),
the presence of ferroelectric domains can create internal junctions that facilitate
electron-hole pair separation and transport, thereby reducing recombination.t®

Although not fully understood yet, these outstanding optoelectronic properties in
perovskites cause them to surpass most traditional photovoltaic semiconductors,
thereby underpinning their success in PV applications.
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1.4.2 Device architectures and Fabrication method
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Figure 1-22. Basic structure of PSCs in (a) regular and (b) inverted configurations.?® Schematic
diagram and SEM section image of (c) mesoscopic architecture PSCs (regular) and (d) planar
heterojunction structure PSCs (regular).1?

The typical structure of a PSC consists of five parts: a metal as a back electrode, a
metal oxide as a front electrode, and a perovskite as a light-absorbing layer, which is
sandwiched between electron- and hole-selective layers. As shown in Figure 1-22(a),
the most successful and extensively studied architecture was initially an electron-
selective layer (ESL), e.g., TiO2, ZnO and SnO2, on a fluorine-doped tin oxide
(FTO)/glass substrate, followed the perovskite layer and later the ESL, e.g., spiro-
OMEeTAD; the metal electrodes are often made of gold (Au) in order to achieve better
ohmic contact.'??2 This “regular” structure, namely, the N-I-P configuration, is
commonly employed in PSCs with higher efficiency at present.!?® Figure 1-22 (b)
shows another important structure compared with the conventional structure, the ESL
and the HSL are replaced in this structure; thus, this structure is also called an inverted
structure (i.e., P-1-N configuration). For inverted PSCs, the organic materials that are
used for the selective layer are mainly fullerene derivatives and organic compounds,
with  [6,6]-phenyl-C-61-butyric acid methyl ester (PCBM) and poly(3,4-
ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT: PSS) being the
most common for ESL and HSL, respectively.'?*

The regular structures of PSCs further divided into the mesoporous structure and the
planar heterostructure. The main difference between these structures is the material of
the ETL. Figure 1-22 (c) shows a typical mesoporous PSC, in which TiO> mesoporous
framework material acts as an ESL, which helps to form an interconnected absorbing
layer that permeates perovskite into the pores of mesoporous TiO2. The mesoscopic
structure is demonstrated to improve charge extraction by decreasing the carrier
diffusion length. In PSCs, in addition to TiO2, mesoscopic metal oxides, such as ZnO,
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Al>03, and ZrOg, are typically used. This structure has been adopted by the initial solid-
state PSCs (9.7%)% and the highest certified PSCs (22.1%) at present.'?® Figure 1-22
(d) shows the typical planar heterojunction structure of PSCs. In this structure, the
metallic oxide compact layer acts as an ESL, and two interfaces are formed between
the perovskite layer and the ESL and HSL. The development of planar PSCs benefits
from the discovery of ambipolar properties for perovskite materials. Compared with
mesoporous PSCs, the planar PSCs simplify the fabrication process. The studies on
planar PSCs contribute to the understanding of the mechanisms of electron-hole
separation, carrier injection and recombination for the development of highly efficient
PSCs. At present, the efficiency of PSCs that are based on planar structures has
exceeded 20%.?7 In this thesis, our research focuses on planar regular PSCs.
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Figure 1-23. lllustration of typical deposition methods for perovskite layer formation: (a)
solution-based anti-solvents method,'?® (b) solution-based two-step method,'?® (c) vapor
deposition.10

In addition to the design of the device architecture, the development of high-
efficiency PSCs requires the preparation of high-quality crystalline perovskite films,
e., films that are uniform, smooth, and pin-hole-free. After several years of
development, the fabrication methods of perovskite film can be roughly divided into
three types: the solution-based anti-solvent method, the solution-based two-step method
and vapor deposition. The anti-solvent method (solvent engineering), which was first
reported by Jeon’s group,t! is a widely adopted method for preparing high-quality
perovskite film.132 As shown in Figure 1-23 (a), the anti-solvent method generally has
two routes: (i) spin-coating a mixed solution of PbX,> and MAI in DMF solvent,
followed by spin-coating chlorobenzene as an anti-solvent to promote the formation of
a perovskite film;2 (ii) first forming an intermediate product (DMSO-MAPbI3) with
Pbl2, MAI and DMSO, and then melting it into DMF and forming a perovskite film
with an anti-solvent.1** Afterwards, a gas-assisted anti-solvent method was developed
by Cheng’s group,*3® which yields more-uniform perovskite films due to the production
of densely packed single-crystalline grains. Although this method is simple, it is not
easy to control the morphology and size of the perovskite crystals.
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The solution-based two-step method was first reported by Burschka et al.®*® As
shown in Figure 1-23 (b), in this method, the Pbl. layer is formed and reacted with MAI
solution. This method can control the MAPbIzfilm morphology and optoelectronic
properties by controlling the Pbl, dipping time and the MAI solution concentration.!?:
Compared to the anti-solvent method, this method has relatively flexible requirements
on the preparation environment: as long as the ambient humidity is less than 60%, the
performance of the prepared PSCs is unlikely to be affected by the humidity.**’
Moreover, the perovskite film that is prepared by this method has better thermal
stability on the ESL layer that is prepared by a low-temperature method such as zinc
oxide, and the required temperature is low (<150 °C) for preparing high-quality
perovskite films via this method.'® Therefore, the preparation of perovskites using a
two-step process has the potential to produce flexible devices. Bi et al. achieved a stable
PSC through a two-step method and demonstrated a power conversion efficiency (PCE)
of 21.6% and a certified PCE of 21.02%.1% In this thesis, our perovskite films were
prepared by the solution-based two-step method.

Although the solution-based method is simple and economical, more internal
defects will be introduced in synthetic crystals, thereby reducing the device’s fill factor
and Voc. To solve these problems, the vapor-deposition method was developed to
produce perovskite film with high surface density and fewer defects. As shown in
Figure 1-23 (c), by thermal evaporation from dual sources of PbX> and MAX, PbX>
and MAX are deposited simultaneously or alternately on the pre-coated TiO> substrate
to form MAPDbX;s film. This method was first reported by Snaith et al., who achieved
PCE of planar PSC of over 15%.3*° However, this method is very demanding on the
equipment and produces a toxic (Pblz) atmosphere; thus, it requires further
development.

The preparation method strongly influences the properties of perovskite films.
Through the development of preparation methods, one can obtain compact perovskite
films with high purity, few defects, and high coverage, and achieve a high PCE of PSCs.

1.4.3 Interface engineering in perovskite solar cells
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Figure 1-24. (a) Schematic diagram of energy levels and transport processes of electrons and
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holes in a ESL/perovskite/HSL cell. (i) Electron injection; (ii) hole injection; (iii) radiative exciton
recombination; (iv) non-radiative exciton recombination; (v) back electron transfer at the
ESL/perovskite interface; (vi) back charge transfer at the perovskite/HSL interface. (b) Diagram
summarizing the surface and interface engineering for perovskite solar cells.!

In PSCs, in addition to the overall properties of the perovskite as an absorbing
material, the surface and interface between the absorber layer, the carrier selective layer
and the electrode contact layer are very important for efficient carrier collection. As
shown in Figure 1-24 (a), for the typical PSCs, in the perovskite absorbing layer,
electron-hole pairs that are generated by photoexcitation are separated at the both
heterojunction interfaces of ESL/perovskite and perovskite/HSL and the separated
electrons and holes are injected into the ESL (process (i)) and the HSL (process (ii)),
respectively, to realize carrier transport.}*® In the process, there are also carrier
behaviors that are detrimental to solar cell performance, such as band-to-band
recombination (process (iii)), non-radiative recombination (process (iv)), and back-
transfer recombination of electrons and holes at the ESL/perovskite interface and the
perovskite/HSL interface (processes (v) and (vi), respectively).14°

To mitigate the abovementioned adverse factors, interface engineering is considered
a very effective method. As shown in Figure 1-24 (b), massive efforts have been
expended on the development of interface (grain boundaries (GBs), electron-extraction
interfaces, and hole-extraction interfaces) engineering as a universal way to improve
the photovoltaic performance of PSCs. Notably, both inherent disadvantages of PSCs,
i.e., hysteresis and instability, can also be improved via this engineering. (1) Interface
engineering for the GBs: Although in the above section it is mentioned that theoretically
the grain boundary does not cause many deep-level defects in the perovskite material,
it is difficult to achieve perfect grain boundaries in practical preparation. Therefore, to
obtain a low-defect-concentration perovskite material, in addition to controlling the
preparation method, passivation of GBs in a perovskite film is also widely used. In the
perovskite MAPDIs film, self-passivation of GBs by Pbl, and MAI would be effectively
suppressed the carrier recombination,**! enhance the fluorescence emission lifetime, 42
and increase polaron binding energy,'*® thereby increasing Vo (to as high as 1.15 V)44
and reducing the hysteresis of PSCs.}* In addition to self-passivation, the organic
molecules (e.g., PCBM.)*® and halide ions (Br- and CI-) have also been shown to
effectively passivate GBs of perovskite film.}*" (2) Interface engineering at the
ESL/perovskite interface: The interface between the ESL and perovskite is essential for
efficient charge transportation, and it mainly affects three aspects of the PSCs: energy-
level alignment, perovskite film morphology control, and device stability. Proper
energy-level alignment has been demonstrated to be an advantageous method for
achieving high charge collection efficiency and Vo in PSCs simultaneously. Zhou et al.
used yttrium-doped TiO> as an ESL in PSCs to suppress carrier recombination, match
energy levels and improve the electron extraction at the electrode, which resulted in a
device PCE of up to 19.3%. In addition to band alignment, passivation of the surface
of metal oxide (TiO2, ZnO, SnOy) as ESLs in PSCs could reduce charge recombination
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and improve stability. Doping the ESL*°, introducing an organic monolayer between
the ESL and perovskite,'® and passivation of the surface of the ESL with halogen
ions®® have been demonstrated to reduce interfacial recombination and improve the
device performance of PSCs. The perovskite film morphological characteristics, such
as coverage, crystallinity and preferred orientation, which are affected by
ETM/perovskite interface, are closely related to the device performance. Using
hydrophilic-lipophilic balance theory to introduce an organic-molecule (e.g., 3-
aminopropanoic acid SAMSs) layer into the interface, which could improve the
morphology of the perovskite film and increase the light absorption, the results in
significant improvement of the device performance.'®? (3) Interface engineering at the
perovskite/HSL interface: The perovskite/HSL interface is related to the hole extraction,
which also impacts the device performance. At present, for regularly structured PSCs,
lithium-doped spiro-MeOTAD is the most widely used HSL. However, the polar
solvent (e.g., 4-Tert-butylpyridine or acetonitrile) in the precursor solution of spiro-
MeOTAD is likely to cause damage to the perovskite film and this organic material is
relatively expensive. However, no mature material can replace spiro-MeOTAD as an
HSL in PSCs; this requires further study.

In summary, the conventional structure of the PSCs is transparent conductive oxide
(TCO)/ ESL/perovskite absorber layer/HSL/metal back contact. Substantial effort has
been focused on the improvement of the performance and stability of the perovskite
materials, e.g., via the fabrication method, composition control, and encapsulation.
However, the carrier dynamics at the interface have not been systematically studied,
which would be beneficial to the understanding of the working mechanism and the
device performance. In this thesis, for the study of PSCs, we mainly focused on
understanding the interfacial charge transfer at the interface of the ESL/perovskite
absorber layer.

1.5 Thesis Objectives and Outline

In a typical heterojunction solar cell, charge generation, separation, and
transportation strongly depend on the several interfaces and interfacial regions. This
thesis will systematically investigate the effects of the interface engineering on the
performance of CQD DHSCs, especially for carrier transmission and recombination,
and use energy level control to modify the interface of CQDSCs and PSCs to reduce
the interfacial recombination in CQDSCs and PSCs. The purpose of these studies is to
improve the understanding of charge carrier dynamics in CQDSCs and PSCs, so that
more efficient designing and optimizing the interfaces, and ultimately the solar cell
efficiency can be further improved.

Chapter 2. | explore the basic principles of solar cells, including the basic concepts
of p-n junctions, solar spectrum solar cell operation and current-voltage characteristics.

Chapter 3. In this chapter, | focus on the application of energy level alignment (ELA)
in the absorber/electrode interface of TiO2/PbS QDs/Au quantum dot heterojunction
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solar cells. | have designed an ELA architecture (i.e., the graded structure) through
interface engineering by using different QD size layers in order to explore the effect of
ELA on the photovoltaic performance of PbS QDHSCs. Compared to the ungraded
device (without the ELA), the optimized graded architecture (containing the ELA) solar
cells exhibited a great increase (21.4%) in short-circuit current density (Jsc). A Jsc value
greater than 30 mA/cm? has been realized in planar PbS QDHSCs with a thickness of
the active layer of only approximately 200 nm. As a result, a power conversion
efficiency (PCE) as high as 7.25% (area: 0.16 cm?) was achieved. In addition, I have
investigated the origin of the improvement in Jsc and the change in the recombination
mechanism of the graded structure PbS QDHSCs using ELA by using light intensity-
dependent Jsc and Vo, transient absorption spectroscopy measurements. The
originalities of this work are: (1) provides a useful strategy to improve the effective
diffusion lengths and photogenerated carriers of PbS QDHSCs via simple architecture
design; (2) reveals the charge recombination mechanism would be able to guide further
improvements of QDHSCs and/or different kinds of solar cells. Part of this chapter was
published in ACS Applied Materials & Interfaces, 2017, 10.1021/acsami.7b06552.

Chapter 4. In this chapter, | focus on the control of the conduction band offset (CBO)
between the ETL/absorber layer in the PbS QDHSCs. | used a thin (~30nm)
magnesium-doped zinc oxide film (Zn1xMgxO, x=0, 0.05, 0.10, 0.15, 0.20) as ETLs.
We have studied the effects of the properties (e.g., defect distribution and carrier
concentration) of the Zn1.xMgxO layer and the CBO between the ETL/absorber layer in
the PbS QDHSCs by transient photovoltage (TPV) decay and ultrafast transient
absorption (TA) spectroscopy measurement. | found that in Mg-doped ZnO/PbS
QDHSCs the ZnO layer does not need to have a lower conduction band energy to realize
efficient charge transfer; that is, although a spike structure is formed between the QDs
and the ““electron acceptor’, charge injection can still occur, and improved injection of
photogenerated electrons can occur at a certain CBO. The originalities of this work are:
(1) for the first time, | found Mg doping can greatly alter the photophysical properties
of ZnO and especially, the formed spike structure between Zni1xMgxO/PbS QDs can
inhibits charge recombination, meanwhile the formed shallow defect state can serve as
additional pathway to transport the photoexcited electrons from QDs to electron
collecting electrode; (2) high-efficiency PbS QDHSCs (10.6%) based on the optimized
Zn1xMgxO ETL was obtained. Part of this chapter was published in Nanoscale
Horizons, 2018, 10.1039/C8NHO00030A.

Chapter 5. In this chapter, | systematically investigated the effects of the CBO
between the ESL and the perovskite layer in planar-heterojunction perovskite solar cells.
I found that the charge recombination at the interface between the ESL and the
perovskite is strongly dependent on the CBO values. A favorable CBO would be
reducing charge recombination at the ESL/perovskite interface and hence improves
device performance. The mechanism for this improved performance is discussed in
detail through characterization of photoluminescence (PL) spectra, charge injection and
charge recombination through fluorescence spectroscopy and ultrafast transient
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absorption (TA) spectroscopy. The originalities of this work are: (1) For the first time,
the CBO effect on the performance of PSCs was demonstrated experimentally; (2) The
effects of CBO on carrier kinetics were characterized by various methods and the
optimal CBO values were obtained. This has guiding significance for the further
improvement of the efficiency of PSCs.

Chapter 6. Here, | summarize key results from the thesis and discuss the future
development prospects of QDSCs and PSCs.
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Chapter 2: Fundamental physics of solar
cells

2.1 Fundamentals of p-n Junction
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Figure 2-1. (a) When the p-type and n-type semiconductors are in physical contact, carriers diffuse
due to the concentration gradient at the interface to form a depletion region. When equilibrium is
established, a built-in electric field will be formed in the depleted region, eventually preventing
minority carriers from diffusing.!>® (b) Schematic diagram of the p-n junction. qV. is the difference
between the quasi-Fermi level F,in the n-type material and the quasi-Fermi level F, in the p-type
material. (c) Several recombination ways of Carriers in Heterojunction Solar Cells. Intermediate
gap states and shallow traps exist in p-type and n-type materials. Shallow traps capture and/or
release free carriers to the valence band/guide band by thermal activation (KT).

Heterojunction solar cells are based on junctions formed at the interface between P-
doped and N-doped semiconductors, called P-N junctions. Due to the different carrier
concentrations in these two semiconductors, when they are in contact, the carriers will
diffuse toward each other along the concentration gradient, i.e., electrons will diffuse
to the P-type semiconductor from the N-type semiconductor, while holes will diffuse in
the opposite direction. In this process, a region that is no longer electrically neutral (i.e.,
depletion region) will form near the interface between the two semiconductors. The
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electric field that is generated in this region, in the opposite direction of the carrier
diffusion, will prevent further carrier diffusion until the driving force of the electric
field is balanced with the that of the concentration gradient. At this point, the P-N
junction has a uniform Fermi level and reaches thermal equilibrium. As shown in Figure
2-1(a), this diffusion forms a quasi-neutral region in each semiconductor and creates a
built-in electric field in the depletion region at the interface. The concentrations of
doping density in these two semiconductors determine the widths (Wepletion) Of their
respective depletion regions, as defined by the following equation:

2ekT NN 1 1
Wdepletion :\/ 22 (ln(ﬂ)(N_A-l'E)) (2'1)

2
ng

where ¢ is the permittivity, k is the Boltzmann constant, T is the temperature, q is the
elementary charge, and Na and Np are the acceptor density and donor density,
respectively. As shown in Figure 2-1(b), the depletion region is not evenly distributed
in the two semiconductors. Xno and Xpo denote the depletion regions in the P-side and
N-side, respectively:

Wdepletion
XTlO - N4 (2-2)
1+
Np
_ Wdepletion
Ny

According to Equation 2-1, the depletion region thickness can be reduced by
increasing the doping density. The total width of the depletion region is determined by
the lightly doped semiconductors. The difference in the Fermi level before the N-type
semiconductor is in contact with the P-type semiconductor is defined as the built-in
potential (Vo) of the P-N junction:

_ kT, NalNp -
Vo = . In my (2-4)

The value of Vo in the P-N junction is determined by the doping concentration of the
semiconductor and the maximum open-circuit voltage (Voc) in the photovoltaic device
is determined by Vo. The electric field strength (E) of the built-in electric field is also
determined by Vo:

E=—20

Wdepletion

(2-5)

Effective carrier transport for a photovoltaic device is necessary. The carrier transport
mechanism in the depletion region is dominated by drift, while the carrier transport
mechanism in the quasi-neutral region is dominated by diffusion. The drift length (larit)
of carriers in the depletion region is determined by E, the carrier mobility x and the
average carrier lifetime z:

larire = UET (2-6)
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When a P-N junction is under illumination, photogenerated electron hole pairs in the
depletion region will be swept by the built-in field to the N-type and P-type materials.
The value of lgrift iS used to determine whether each carrier can be swept out of the
depletion region by the electric field before carrier recombination. Because there is no
electric field in the quasi-neutral region, the charge carriers that are generated in this
region must diffuse to the edge of the depletion region (in the case of minority carriers)
or to their collecting electrode (in the case of majority carriers) to be successfully
extracted. The extraction efficiency of carriers in this region strongly depends on the
diffusion length (lairusion) Of the carriers. The value of laifrusion is determined by diffusion
coefficient D and carrier lifetime 7 as follows:

ldiffusion =+vVDt (2-7)

The carrier mobility x and diffusion coefficient D are related by the Einstein relation:

kTu
q

D= (2-8)

Photogenerated electron-hole pairs in the depletion and the quasi-neutral regions are
finally separated by E in the space charge region. The electrons drift to the N-type
semiconductor from the P-type semiconductor, whereas the holes drift to the P-type
semiconductor. Then, a photocurrent (lpn) from the N-side to the P-side is formed. The
photocarriers drift and accumulate to form an electric field in the opposite direction of
E and produce a current that opposes the photocurrent. When Iph is equal to the forward
junction current, a stable potential between both ends of the P-N junction is the
photogenerated voltage. When the external circuit is short-circuited, the forward current
of the PN junction is zero and the external circuit current is the short-circuit current
(Jsc); when the external current across the junction is zero, the photogenerated voltage
is the open-circuit voltage (Voc). As shown in Figure 2-1(c), in the course of solar cell
work, due to the presence of trap states in the P- and N-type semiconductors and at the
interface, carrier transmission will be adversely affected, thereby reducing the
performance of the device. The deep-level trap states (mid-gap states) in the bandgap
generally serve as recombination centers for photogenerated carriers and significantly
damage device performance. Shallow levels of defects will slow down the mobility of
carriers to an extent but increase the carrier lifetime, and the overall effect does not
degrade the performance of the solar cell.
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2.2 The solar spectrum

Solar Radiation Spectrum
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Figure 2-2. Extraterrestrial solar spectrum, the spectrum of a 5250°C (5525 K) blackbody and
terrestrial spectrum. (Spectra data are referenced from ASTMG 173-03)*%

Solar cell performance is characterized by s one-sun simulated illumination, typically
using the American Testing and Materials Association AM (Air Quality Factor) 1.5. As
shown in Figure 2-2, the radiation from the extraterrestrial sun is very similar to that of
a black body with a temperature of 5250°C (5525 K). The radiation wavelength from
the sun is very wide, with a range of 100 nm to approximately 1 mm, where most of the
power is concentrated at visible wavelengths. The sunlight that reaches the top of the
atmosphere contains only 40% of the visible spectrum, while the rest contains
approximately 50% of the infrared and 10% of the ultraviolet portions of the
electromagnetic spectrum. The total power of these wavelengths is 1361 W/m? and
is designated AM 0.1° Some of this energy is absorbed by ozone (Os), oxygen (O2),
water (H20) and carbon dioxide (CO) as the light passes through the atmosphere.
Therefore, light that reaches the ground has suffered losses from various wavelength
bands. Taking into account the zenith angle of sunlight in mid-latitude regions, the
photovoltaic industry defines the light intensity (1000 W/m2) in the area with a solar
zenith angle of 48.2 °as a standard solar constant: AM 1.5,
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2.3 Characterization of Solar Cells
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Figure 2-3. (a) Practical double diode model of solar cell. (b) Solar cell J-V characteristics in the
dark and 1-sun illumination. The area of the pattern represents the maximum power output, which
is the product of the optimal operating current and voltage.

The double diode model is generally used to relax the output characteristics of the
PV model. As shown in Figure 2-3(a), this model consists of five parts: an ideal
constant-current source lsc; two diodes D1 (representing the diffusion process) and D2
(representing the recombination process) with ideality factors of ni=1 and n»=2,
respectively; series resistance (Rs); and shunt resistance (Rsh). The output voltage and
current relations can be expressed as follows:

I =Ly — Iy (exp %) — Iy, (exp %) — % (2-9)

where lo1 and lo2 are dark saturation currents that correspond to the neutral and depletion
regions of the P-N junction, respectively, and V7 is the thermal voltage (25.69 mV at
25°C). Figure 2-3 (b) shows the typical solar cell current and voltage characteristics,
i.e., the I-V curve, in the dark and under illumination, which are used to define
parameters for characterizing the solar cell performance. The significance of the dark
I-V curve lies in the characterization of the rectification effect of solar cells. For solar
cells, the dark current includes the reverse saturation current (loz and lo2) and the leakage
current. A solar cell with better performance should have a higher rectification ratio,
i.e., the forward dark current should be higher than the reverse dark current. Under
illumination, when V=0, the current that is provided by Iy is the short-circuit current
(Is¢). Isc is the maximum photogenerated current per unit area that can be extracted from
a solar cell. Isc is induced by the generation and collection of photogenerated carriers
and mainly depends on the area of the solar cell, the power of the incident light source,
the spectrum of the incident light (AM 1.5), the optical properties (reflection and
absorption) and the collection probability (recombination and the minority carrier
lifetime). In a solar cell with negligible interfacial recombination, the equation for Isc
of the unit area (Jsc) can be approximated as follows:
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Jse = qG(l, + lp) (2-10)

where G is the generation rate and I, and I, are the electron and hole diffusion lengths,
respectively.

When 1=0, the output voltage of the battery is the open-circuit voltage and can be
expressed as:

KT, Isctloy _ KT n bse

Voe = Ll (2-11)

o

This equation shows that for Vo, the key factor is the saturation current loi: low loz
requires low recombination in the quasi-neutral region of the solar cell. The Vo decay
can be used to measure the recombination mechanism in the device.

In the ideal case, the solar cell output power can be expressed as:
P=1V=1I.V—1IV(exp(V;)—1)  (2-12)
According to Equation 2-12, the maximum output voltage (Vmp) and the maximum

output current (Imp) can be obtained:

Vo = Vo = Vrln-22  (2-13)

vr
L = Lo (1—25)  (2-14)
mp — Isc Vinp
According to Figure 2-3 (b), the shadow area is the maximum output power (Pmp),
which can be expressed as:

Pop = Vinp Iy = I [VOC — VyIn (1 + V"/"—T”) - VT] (2-15)

The fill factor (FF) is defined as the ratio of the maximum power from the solar cell
to the product of Voc and Isc, which can be expressed as:

FF = Z2m (5_16)

VOCISC

Ideally, the value of FF is 1, which has a direct relationship with Vo, which can be
determined via the following empirical expression:

VOC—VTln(%MJZ)
FF = L

v (2-17)
Rsand Rsh can be determined by the slopes of the I-V curve at Vo and lsc, respectively.
Rs is related to carrier transport resistance and Rsh is related to carrier recombination

loss. Smaller Rs and larger Rsh lead to Jmp and Vmp being closer to Jsc and Vo,
respectively, and increase the FF. In addition, as shown in Equation 2-9, Rs» mainly

40



affects Isc, and Rsn mainly affects Voc.

The overall power conversion efficiency of a solar cell (n) is the ratio of Pmp t0 Pmin
(maximum incident power; 100 mW/cm? for AM 1.5 illumination), which can be
expressed as:

Pmp _ ImpVmp _ FFlscVm (2-18)

T]: =

Pmin Pmin Pmin

In summary, Vo, Jsc, FF and n are used to characterize solar cell performance.
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Chapter 3: Recombination Suppression
In PbS Quantum Dot Heterojunction Solar
Cells by Energy-Level Alignment in the
Quantum Dot Active Layers

3.1 Introduction

Quantum dot solar cells (QDSCs), as a very promising candidate for next-
generation solar cells, have attracted much attention. This is mainly because of
the many and varied advantages of QDs, such as their bandgap tunability due to
the quantum size effect, facile solution processing, and multiple exciton
generation (MEG) as well as their effect of slowing down the cooling of hot
electrons.30-3% 157 Dye to the large (18 nm) Bohr radius of lead sulfide (PbS), PbS
QDs have a broadly tunable bandgap in the size range of 3-5 nm, making them
competitive for photovoltaic applications.’®® Since the first near-infrared-
absorbing (A > 800 nm) colloidal QDSCs were reported,®? PbS quantum dot
heterojunction solar cells (QDHSCs) have developed rapidly as a result of the
efforts focused on advanced QD surface engineering and designing and
improving device architectures. 1°%-160 |n QDHSCs, normally, ZnO or TiOz thin
films deposited on transparent electrodes (such as FTO) are used as electron
transport layers, PbS or PbSe QDs are employed as the optical absorption layer,
and Au deposited on the surface of the QD layers is used as an electrode to collect
holes. To date, PbS QDHSCs with efficiencies of more than 11%%*%1-12 have been
based on engineering the band alignment of two QD layers as well as better
passivation using molecular halides.®® The success originally depended on the
reasonable tuning of energy level alignments (ELAS) between different PbS QD
layers treated with different ligands. Tuning the ELA serves as the main route to
improve the efficiencies of QDHSCs, mainly through two approaches: size-
tunable bandgaps®® 13167 and ligand chemistry.®® In addition, using graded
doping'® and surface dipole moments'®® to tune the ELA to improve
performance in QDHSCs was demonstrated.

ELA within the light-absorbing, charge-transport active layer has previously
been used in epitaxial compound semiconductor thin films such as GaAs and
CulnxGai-xSe; thin film solar cells.t’®172 In those studies, ELA could improve
photovoltaic (PV) performance through a variety of mechanisms and materials.
For example, it could facilitate carrier collection, strengthen the built-in electric
field, and improve the fill factor (FF), short-circuit current (Js¢) and open-circuit
voltage (Voc). As a result, improved photovoltaic conversion efficiencies have
been experimentally demonstrated. However, the procedure to process the ELA

42



structure in a thin film solar cell is complicated, and it is difficult to fabricate an
efficient barrier layer between the window layer and the back-electrode layer to
reduce electron and hole carrier recombination. Above all, in the thin film layer,
the composition variation can easily generate many bulk traps. As a result, the
range of bandgap grading is greatly limited. In addition, current matching is
required to optimize the thin film solar cells, which requires theoretical
calculations and a large number of experimental practices.'’?

Compared with the preparative techniques of the abovementioned compound
semiconductor thin film solar cells, the use of size-tunable QDs to prepare ELA
solar cells is a good alternative. Tuning the ELA by simply adjusting QD sizes is
the greatest advantage of QD-based solar cells and is very easily achievable.
Stacking multiple layers of QDs with different sizes will have the same material
composition, and this renders the interfaces between the differently sized QDs
symmetrical with bandgap changes. The bandgap-ordered QD layers can be
created via a layer-by-layer spin coating process, and this method can be used to
easily control the spatial bandgap variation according to a design. In QDHSC:s,
ELA has been used to improve carrier transport and collection, which can be
ascribed to the quantum funnel effect, i.e., the ELA structure drives the
performance-limiting electrons towards the electron-accepting electrode,
resulting in the efficient collection of photogenerated carriers.®® However,
previous research results have been surprising,® 1 17 showing the ELA
structure to solely lead to an increase in device FF without an appreciable
increase in Jsc. In addition, after inserting the ELA structure in standard QDHSCs,
changes in the transport as well as the recombination mechanism of carriers are
not clear.

In this work, we thus aim to design an engineered ELA architecture by using
quantum size-effect tuning in order to explore the effect of ELA on the
photovoltaic performance of PbS QDHSCs. Here, we utilized the advantages of
ELA in the fabrication of solar cells and prepared three types of graded TiO2/PbS
QDHSCs, in which the PbS QDs and TiO2 nanocrystals were both solution-
processed under ambient conditions. Compared to an ungraded device (without
the ELA), the optimized graded architecture (containing the ELA) solar cells
exhibited a great increase (21.4%) in Jsc. A Jsc vValue greater than 30 mA/cm? has
been realized in planar PbS QDHSCs, and a high efficiency of 7.25% has been
reached. The photogenerated charge recombination mechanism in QDHSCs was
explored via the light intensity dependence of Jsc and Voc and transient voltage
decay measurements. It was shown that the strategy of tuning the ELA of the PbS
active layer significantly increased the diffusion length of minority carriers and
reduced the trap-assisted recombination and interfacial recombination of the
PbS/gold interface in the PbS QDHSCs. Furthermore, the performance of
unencapsulated PbS QDHSCs remained stable for over 100 days of storage in
ambient. Our results highlight the importance of ELA engineering in PbS
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QDHSCs and demonstrate that this is an effective strategy to improve the
photovoltaic properties of QDHSCs.

3.2 Experiments

Materials

Lead (Il) oxide (Wako, 99.5%), oleic acid (OA, Wako, 60%), 1-octadecene
(ODE, Aldrich, 90%), and bis (trimethylsilyl) sulfide (TMS> sulfide, Aldrich,
99.999%), Cadmium chloride (CdCl2, Wako, 99.8%), Oleylamine (OLA, Aldrich,
70%), Tetradecylphosphonic acid (TDPA, Aldrich, 97%), Titanium
diisopropoxide bis(acetylacetonate) (75 wt %, Aldrich), 1-butanol (Wako, 99%)
were used as purchased without further purification.

PbS quantum dot synthesis

The synthesis of colloidal PbS QDs was according to a remodeled literature
method,”® various sizes of PbS QDs were prepared as described previously in
literature.r’ In this work, PbS QDs were manipulated using the standard Schlenk
line techniques.® The mixed solution of PbO (6 mmol), OA (15 mmol) and ODE
(50 ml) in a three-neck flask (100 mL) was degassed under stirred at room-
temperature and 80 °C for 20 min and 40 min, successively. The solution was
then heated for 1 h up to 120 °C under a nitrogen atmosphere, then the solution
was allowed to cool down to the required temperatures of 115, 105, 75, and 69 °C,
followed by the injection of 3mmol TMS solution. Immediately after the
injection, the heater was removed while keeping the solution stirring. When the
solution was cooled to 75° C, a CdCl, -TDPA-OLA solution (1 mmol of CdCl,,
0.1 mmol of TDPA and 3 mL of OLA) was injected into the PbS colloid. After
cooling to room temperature, the PbS QDs were precipitated from the growth
mixture and re-dispersed in toluene. The resulting precipitate was centrifuged
and washed twice with acetone to remove unbound OA ligand from the PbS
colloid and then dispersed in octane. Assuming that the reactant TMS s
completely converted to PbS product, the concentration of PbS colloid is
approximately 50 mg-mi=.

TiO2 compact layer synthesis

Thin TiO2 compact layer was coated on FTO glass (25 mm x 25 mm). The TiO2
compact film was prepared according to a standard procedure which has been reported
in the literature.!™ To prepare the precursor solution, 1.46 mL of Titanium
diisopropoxide bis(acetylacetonate) and 10 mL of 1-butanol were stirred at room
temperature for 30min. To form a sol, the solution should be filtered by 0.1 pum filter. A
compact TiO: film was coated by spin-coating method with a low speed of 1000 rpm
for 2s and at a high speed of 3000 rpm for 30s. The thickness of the TiO> compact
film was controlled by the high speed of the spin coater. After spin coating, the
film was thermally annealed at 500 °C for 30 min.
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Device fabrication

The PbS heterojunction solar cell is prepared by depositing PbS colloidal
guantum dots on a compactlayer of TiO2 by a typical layer-by-layer method under
ambient conditions using spin coating. To fabricate PbS heterojunction solar cells,
PbS colloidal QDs were prepared on TiO> electrodes by a typical layer-by-layer
method using a fully automatic spin-coater under ambient conditions. Each PbS
colloidal layer was deposited at 2500 rpm and ligand exchange briefly with
CTAB solution (30mM in methanol) was conducted by spin-cast at 2500 rpm. A
ligand exchange step was performed twice to ensure complete exchange of the
ligand with oleic acid on the surface of the PbS. The layers were then washed
three times with methanol and spun at 2500 rpm to remove excess ligand. Then
repeat the above steps until the desired thickness is reached. Finally, a 100-nm-
thick gold electrode is deposited on the PbS layer by thermal evaporation. The
contact sizes were 0.16 cm?.

Characterization

Measure current density - voltage (J-V) using Keithley 2400 light source meter
and solar simulator PEC-L10 AM 1.5. The IPCE spectrum was measured under
illumination using a Nikon G250 monochromator equipped with a 300 W xenon
arc lamp. The transient open circuit voltage decay was measured using a 630 nm
diode laser with a repetition rate of 4 Hz and a pulse duration of 5 ns. Transient
voltage attenuation measurements were performed without background light.
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3.3 Results and discussion
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Figure 3-1. (a) The absorption spectra of the PbS QDs in octane. (b) Photoelectron yield (PY)
spectra of the PbS QDs. (c) The energy-level diagram of the PbS QDs of different sizes. (d) ATEM
image for PbS QDs with the first excitonic energy Eg of 1.17 eV.
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Reprinted with permission from reference %°.
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In this work, different sizes of PbS QDs were synthesized using a remodeled
hot-injection method,*”® and four sizes of PbS QDs were prepared by controlling
the injection temperature. The absorbance spectra of the different sizes of PbS
QDs as shows in Figure 3-1(a). The spectra demonstrate that the synthesis allows
the preparation of QDs with a first excitonic absorption peak varying between
1055 and 750 nm (the first excitonic energy Eg: 1.17-1.63 eV). The diameter (d)
of the PbS QDs is calculated using equation (1).1® This equation allows us to
determine d directly from Eg, avoiding a lengthy transmission electron
microscopy (TEM) analysis for each sample synthesized. The calculated sizes of
the QDs are 2.6—-3.6 nm, and the four sizes of PbS were denoted M (3.6 nm), S1
(3.3 nm), S2 (2.9 nm), and S3 (2.6 nm).

1

Eg =041+ 0.252d?+0.283d (1)

PbS QDs passivated by ligand molecules have asymmetric density of states
and conductivity, as has been demonstrated.}’’-1’® When there is a bandgap
variation, the change in the conduction band edge is much greater than that in the
valence band edge, which is due to the hole mobility being greater than the
electron mobility in PbS QD films.*"® Figure 3.2 shows the relationship between
the band edges and diameters of PbS and PbSe QDs.”®  From this figure, we can
see that within the 3-5 nm range, the changes in the conduction band are about a
few hundred meV, while the valence band hardly varies. To further confirm these
results, the valence band edge energy levels of the four sizes of PbS QDs were
measured by using photoelectron yield (PY) spectroscopy, as shown in Figure 3-
1(b). As the PY signal intensity has a good S/N ratio, the error bars are included
within the points. The valence band edge is determined from the intersection of
the baseline with the tangent to the spectra. Then, by combining the results of
both of band gap and valence band edge levels, the conduction band edge levels
were confirmed, as seen in Figure 3-1(c). Therefore, we believe that in the 2.6—
3.6 nm range, the changes in the valence band edge are smaller than those in the
conduction band edge as the size of the QDs varies. Thus, changes of size within
a certain range can tune the conduction band minimum at the top of the absorber
layer for the constructed ELA structure of the PbS quantum-junction solar cells.
In addition, for the PbS QDHSCs, it was confirmed that the 3-5 nm range
transmutes into the widespread optimal efficiency bandgap peak.*” Thus, we can
use these four sizes of PbS QDs to build an ELA structure. Figure 3-1(d) shows
a typical TEM image of M-size PbS QDs, illustrating that the PbS QDs are
spherical and that their diameter is very close to the calculated one.

In this work, we design and characterize an ungraded device as well as three
other types of graded devices with different electron collection efficiencies.
Figure 3-3 illustrates a spatial band diagram of a photoelectron cascade within a
solar cell. In this work, we design and characterize an ungraded device and three
types of graded devices with different electron collection efficiencies. In our

47



M-PbS(3.6nm) . S,-PbS(3.3nm) . S,-PbS(2.9nm) - S,-PbS(2.6nm)
1.17eV 1.27eV 1.46eV 1.63¢V

TiO, TiO, TiO, TiO,

Ey
Tvpe I(M-8 cycles - e
ype I( yeles) Type I1:M-7 cycles+S, Type III:M-6 cycles+S,+S, Type IV:M-5 cycles+S,+S,+S,
Ungraded
(Single Size)

Graded

Figure 3-3. Spatial band diagrams of ungraded and graded QD solar cells. Color coding
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Figure 3-4. (a) J-V characteristics of Type | device under 1 sun illumination with four PbS layer
thicknesses. The dash lines are for the dark J-V curves. The PbS QD bandgap is 1.17eV. (b) Power
conversion efficiency (PCE) as a function of PbS QD layer thickness.

previous report,®2 solar cells employing PbS QDs with a first excitonic absorption
peak at a wavelength A = 1050 nm (first exciton energy Eg of 1.17 eV) showed
high performance, and thus the PbS QDs with this absorption peak are employed
to fabricate the ungraded device and the base layer of the graded devices, and
other smaller-diameter QDs (Figure 3-1(a)) are employed to build the upper
layers. The active layer of Type | (ungraded device) had a thickness of
approximately 300 nm, an optimized thickness that achieved the best efficiency
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(as shown in Figure 3-4), and the long ligands of the PbS QDs were exchanged
with short ligands through a hexadecyltrimethylammonium bromide (CTAB)
treatment.®2 All processes were performed under ambient conditions. For the
devices using ELA engineering, the active layers of the three types of graded
devices contained two, three and four compositions, respectively. Type Il
consisted of a 195-nm-thick film of M-PbS QDs (1.17 eV) deposited on the TiO>
compact layer with a subsequent 28-nm-thick layer of S2-PbS QDs (1.46 eV);
Type Il consisted of a 165-nm-thick layer of M-PbS QDs with subsequent
successive 28-nm-thick layers of S1-PbS (1.27 eV) and S2-PbS QDs; and Type
IV consisted of a 140-nm-thick layer of M-PbS QDs with subsequent successive
28-nm-thick layers of S1, S2 and S3-PbS QDs (1.63 eV). Therefore, the thickness
of the total active QD layers is ~220 nm for all the device types.

As an example, Figures 3-5 (a) and (b) show the schematic structure and a
cross-sectional scanning electron microscopy (SEM) image, respectively, of a
Type 1l graded solar cell with an Au electrode on the PbS QD layer. The
approximately 30-nm-thick low-temperature-processed TiO2 compact layer acts
as an electron-accepting/hole-blocking layer. The bottom six cycles of the
CTAB-passivated QD layer of this structure utilize the M-PbS QDs as the main
charge generation layer, followed by single layers of CTAB-passivated S1 and
then S2-PbS QDs as a spatial gradient ELA structure (Figure 3-5 (a)). The cross-
sectional SEM image of a typical Type 11l device (Figure 3-5 (b)) shows an ~30-
nm-thick TiOz layer and an ~ 220-nm-thick QD layer. In addition, the layer-by-
layer process keeps each CQD layer fused together, rather than producing
distinctly stratified interfaces.

(a)

Au

Figure 3-5. Schematic illustration of a graded device with Type Il structure. (b) Cross-sectional
SEM image of a typical device of Type Ill (~300 nm thick PbS QD active layer).
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Table 3-1. Statistical Averages of the Photovoltaic Performance Parameters of 24 Devices for
Each Type of the QDHSCs?

Samp Voc Jsc FF PCE Rs Rsh
le (mV) (mA-cm2) (%) (%) (Q-cm?) (Q-cm?)
42719 | 25.82+1.39  48+1 @ 6.12+0.13 | 4.56%1.14 111.4+11.7
Type |
(438) (27.81) (50) (6.28) (4.73) (121.4)
4388 | 30.92+1.12  46+2 @ 6.82+0.12 | 5.88+1.76 124.2+17.6
Type 1l
(448) (32.54) (49 (7.02) (6.1) (135.4)
441 +£8 | 32.65+1.03 4612 @ 7.12+0.11 | 7.28+2.16 677.9£19.2
Type M1
(451) (33.58) (48) (7.24) (7.94) (691.3)
45019 28.88+1.17 @ 42+1 @ 6.10+0.09 | 10.28+1.89 726.8+14.8
Type IV
(462) (30.29) (44) (6.22) (10.57) (736.1)

@The best results are shown in the parentheses.
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In this work, the current density—voltage (photo J-V) characteristics of the four
QDHSC types are shown in Figure 3-6 (a), with the extracted photovoltaic
parameters listed in Table 3-1. Compared with the ungraded device (Type I), the
graded devices (Types Il, I1l) show desirably increased power conversion
efficiencies (PCESs) that originate from the significant improvements in Jsc (~ 20%
increase). From the J-V results, by employing different numbers of graded
structure layers, we found that Types Il and 111 of the ELA structure yielded an
optimum result in this system and that an additional differently sized layer
yielded no further benefits in photovoltaic properties. Remarkably, under 1-sun
illumination, the best performance by a graded Type 111 QD device showed a Jsc
of 33.6+1.2 mA/cm?, Vo of 451+2 mV, FF of 48+1% and PCE of 7.24 + 0.29%.

The trend of improving performance with the ELA structure depended on two
aspects: Jsc and Voc. The most important improvement was that the average (as
seen in Figure 3.7, 24 samples) Jsc was enhanced in the graded device compared
to the ungraded one. The Jsc improved to 33.6 mA/cm? (Type I11) compared to
28.8 mA/cm? (Type 1), and the Vo also slightly increased from 438 mV (Type I)
to 462 mV (Type 111) with the added layer of the ELA structure, while the FF
decreased to 0.48 (Type 111) from 0.50 (Type ). However, for the added three
layers of differently size QDs (Type V), we observed decreased efficiency due
to the deteriorated Jsc and FF compared to the Type 111 solar cell.

" |l Ungraded device-Type |
Bl Graded device-Type IlI

Counts

25 26 27 28 29 30 3 32 33 34

Jsc/mA-cm?

Figure 3-7. Histogram of the Jsc of the type | and type 111 QSHSCs for 24 devices.
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Figure 3-9. Dark J-V curves of 3 kinds of Type Il model graded structure solar cells prepared

using 3 kinds of differently-sized PbS quantum dot.

The dark current characteristics of the ungraded device and the three types of
graded devices are shown in Figure 3-6(b) and suggest that the increasing number
of ELA structure layers leads to an increase in series resistance (Table 3-1).

Resistive losses are believed to be the main reason for the reduced FFs observed

in QD devices.'® The increased series resistance may arise from the valence band
offset between the absorber layer (M) and the top layer (Sn, n=1, 2, 3), which
causes a weak effect that blocks hole diffusion to the metal contact (Au), and a
hole accumulation layer, which forms a weak barrier at the upper layer of the
ELA structure. This barrier reduced hole collection in the graded devices
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Figure 3-10. Typical absorption spectra of the optical absorption layers (i.e., the active layers)
for the ungraded (Type 1) and three types of graded (Type I, 11l and IV) QDHSCs used in this study.

compared with the ungraded device and caused interfacial effects at the metal
contacts (Figure 3-8). Therefore, we used three differently sized PbS QDs to
prepare three kinds of Type Il model graded structure devices and measured their
dark current characteristics. The results indicate that the series resistance
increased with increasing valence band offset (Figure 3-9), revealing a reduction
in hole transport to gold electrode due to increasing hole-blocking effect.

Our experimental results and the previously reported results clearly differ.%*
163,166-167 10 our graded devices, Jsc can be increased to very high values, but FF
deteriorates. The external quantum efficiency (EQE) results of the devices are
shown in Figure 3-6(c). The EQE spectra show very different spectral signatures,
suggesting that the performance differences between the ungraded device and the
graded devices arise from the different light-harvesting abilities of the four kinds
of QDHSCs. The optical absorption spectra (Figure 3-10) illustrate that the
improvement of the Jsc of the graded energy level absorber is not attributable to
an enhancement of the light absorption, which has also been confirmed by other
groups.t®® Thus, the greater EQE of the graded devices is due to the quantum
funnel effect ®3 resulting from the ELA structure.
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devices.

Table 3-2. Statistical average of the photovoltaic performance parameters of 24 devices for each
of the type device. The champion results are shown in the parentheses.

Sample Jsc Voc FF PCE
(mA/cm?) (mV) (%) (%)

Ungraded device-Type | | 25.82+1.39 = 42719 | 48+1 | 6.10+0.13
(27.81) (438) (50) (6.28)

Graded device-Type IIl | 32.65+1.03 | 441+8 | 4612 @ 7.12+0.11
(33.58) (451) (48) (7.24)

PbS/PEDOT(EBL) 29.87+1.24 430+10 | 45+1 | 6.38+0.07
(31.11) (440) (46) (6.53)
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From the spatial band diagrams (Figure 3-3), the upper layer of both the Type
Il and Type |1l devices is the same, i.e., an S2-PbS QDs layer. Although the Jsc
values of the two types of devices both increased, Type |1l has a higher Jsc. This
result shows that for the Type Il device, the role of the ELA structure is mostly
to effectively block electrons, but the ELA structure of the Type Ill device, in
addition to blocking electrons, also provides a multi-stage impetus to drive
minority carriers generated at these depths towards the desired electrode. In order
to further confirm this, we have compared the photovoltaic performances of the
ungraded device (Type I), the graded device (Type Il1), and a new device which
only contains an electron-blocking layer (EBL) of PEDOT: PSS. The QD active
layers are the same for these three devices as shown in Figure 3-11. Here, we
chose PEDOT: PSS as the electron-blocking layer material because it has a very
good band-energy-level match for the PbS QDs used in the active layer (as shown
in Figure 3-11 (a)). As shown in Figure 3-11 (b), (c) and Table 3-2, it is very clear
that the photovoltaic performance has been enhanced significantly by the ELA
structure (graded Type 11l device) compared to the device employing the EBL
layer only. This result demonstrates that the graded energy-level structure does
contribute to the improvement of the solar cell performance, but the improvement
is not merely due to the formation of an electron-blocking layer.

Through integrating the EQE spectra with the AM1.5G solar spectrum for
ungraded Type | and graded Type Il devices, values of Jsc were calculated as 26.7
0.92 and 30.7 + 1.07 mA/cm?, respectively, in good agreement with the measured J-V
results (25.82 + 1.39 and 32.65 + 1.03 mA/cm?). These results also suggest that the Jsc
of these planar PbS QDHSCs with a PbS layer thickness of only approximately 300 nm
can more closely approach the Jsc of depleted-bulk-heterojunction-structured PbS
QDSCs, in which the active layer thickness is normally larger than 1000 nm (e.g., ZnO
nanowires/PbS)® 181 The Jsc more than 30 mA/cm? in planar PbS QDHSCs were also
reported by other two strategies.®> 82 One strategy is that a cascaded-junction quantum
dot solar cell was fabricated by using 3 kinds of sizes of highly monodispersed PbS
QDs. 18 In the device, one layer of larger size PbS QDs with TBAI ligand was placed
between ZnO and QD active layer to reduce the interfacial recombination at ZnO/QD
interface and to decrease leakage current. 182 Then, one layer of smaller size PbS QDs
with EDT ligand was placed between the QD active layer and the Au electrode as an
electron-blocking/hole-extraction layer to decrease recombination at this interface.
However, the organic ligand EDT passivated PbS quantum dot layer would have a
negative influence on the illumination stability of device under air condition.® 18
Almost all of the PbS QDHSCs using EDT as passivation ligands were measured in N2
atmosphere rather than in air8® % 161162 |5 another strategy, a new-ligand
(pseudohalogens) was employed for PbS QD surface passivation and a thick QD active
layer (more than 500 nm) was used, which increased the Jsc largely.®? In our devices,
although the thickness of the active layer is only about 300 nm, Jsc values greater than
30 mA/cm? have been realized, which is originated from the ELA structure. The most
important thing is that all of the PbS quantum dots at each layer are passivated with
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inorganic ligands (Br-) in our devices, and all of processes including preparation,
characterization and store are carried out under air condition in this work.

For our graded devices, the conduction band energy gradient produces an
additional driving force for electrons, and the degree of band bending (the
conduction bandgap variation with position) is in the order of Type IV > Type
11 > Type Il. Figure 3-6 (c) shows that the EQE of the graded devices increased
as the quantum funnel effect strengthened in the visible portion of the spectrum
(400-750 nm) and long-wavelength range (850-1050 nm). This is because of the
decreased recombination rate caused by the enhanced separation of the electrons
and holes due to the driving force originating from the internal electric field and
the ELA. In other words, the ELA structure causes an enhanced gradient in the
carrier profile (i.e., an effective larger intrinsic electric field), and thus, the
recombination rate decreases; this explains the further enhancement in EQE for
the graded devices. In this work, the EQE spectrum shows that the improvement
in Jsc in the graded device is mainly due to the visible light range of the
photoelectric conversion, although the optical absorbance in the visible region is
almost the same for the four devices. This result indicates that the charge
collection efficiency decreases in the order of Type 1V > Type 11l > Type Il >
Type |. The decrease in Type IV EQE in the 1000-1200 nm spectral range may
be attributed to the decrease in the optical absorbance as shown in Figure 3-10.

(a) Ungraded device (b) Graded device
.*% Provide driving force
X Intragap ! Intragap Graded
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Figure 3-12. Possible recombination channels for photogenerated carriers in the PbS QDHSCs
including (1) interfacial recombination at PbS/gold contact interface, (2) trap-assisted
recombination, (3) band-to-band recombination, and (4) interfacial recombination at TiO, /PbS for
(a) ungraded device and (b) graded devices

As shown in the above results, the Jsc and Voc both increased by introducing
the ELA structures, which indicates that the extracted current is increased and
recombination within the quasineutral region is reduced, so the optimized ELA
structure can increase the diffusion length such that it is longer than the
quasineutral region. To investigate the mechanism of the performance
enhancement in the graded structure solar cells, we need to understand the
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recombination mechanism in the PbS QDHSCs. In the PbS QDHSCs, there are
several possible recombination mechanisms. Figure 3-12 (a) shows the possible
recombination processes, including interfacial recombination, trap-assisted
recombination, and band-to-band recombination.*®* In this study, we focus on (1)
interfacial recombination at the PbS/gold contact interface and (2) trap-assisted
recombination in the PbS film through an intragap state. After employing the
graded structure, the following three effects are anticipated, as shown in Figure
3-12 (b): i) The graded structure, as an electron-blocking layer, reduces the
interfacial recombination at the PbS/gold interface; ii) The graded structure
provides a multi-stage impetus to drive efficiency-limiting electrons towards the
TiO:> electron-transfer layer; and iii) the additional carriers can fill the trap states
to reduce the trap-assisted recombination in the PbS QD active layers.
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Figure 3-13. (a) Light-intensity dependence of Jsc and (b) light-intensity dependence of Vo for
the four types of QDHSCs. The solid lines are the fitting results.

To better understand the improvement in the short-circuit current and the change in
the recombination mechanism of the graded structure PbS QDHSCs, we characterized
the devices in several ways to investigate their working mechanisms. First, in order to
gain a deep understanding of the mechanism driving to the improved photovoltaic
performance in graded QD devices with different ELA structures, we investigated how
Jsc and Vo depend on the light intensity (P) in these devices (Figure 3-13(a), (b)). Figure
3-13 (a) displays the Js as a function of the light intensity Pright in @ double logarithmic
scale. The Jsc values for all devices increased sub-linearly with the light intensity, and
the experimental data are fitted with Jsc(P)=P°Lignt,'®* to ascertain the contribution of the
charge recombination in the loss mechanism for the photocurrent, where o is the
exponential factor (called the recombination coefficient) and is obtained for the
ungraded and graded devices from the fitting. If the o value is close to 1, that signifies
that nongeminate recombination (such as trap-assisted recombination) at short-circuit
conditions is negligible.1®-18 However, if the o value is smaller than 1, both trap-
assisted recombination and interface state recombination are present in the solar cell.®’
In the current case, for the Type | ungraded device and the Type I, 111, and IV graded
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devices, a logarithmic dependence is observed at all ranges of light intensities with o
being 0.71, 0.74, 0.78, and 0.75, respectively. The changes in the value of a correspond
to the changes in Js. In the graded devices, a reduction in the nongeminate
recombination is expected because of the decreased trap-assisted recombination in the
PbS active layer (process 2 in Figure 3-12 (b)).

In these solar cells, by investigating the diode ideality factor n, the dominant
recombination mechanism could also be determined. Two methods can be used
to obtain the ideality factor: one is by fitting the dark J-V curves with the ideal
diode equation; the other is by fitting the light intensity dependence of the Voc
curves. However, it is hard to ignore the influence of the series resistance in the
former method. Using the latter method to determine the ideality factor n is
usually considered to be a better estimate since it is not influenced by series
resistance and is supposed to reflect the recombination mechanisms under open-
circuit conditions.'®” Figure 3-13 (b) also shows the increase in Vo for the four
types of devices with increasing light intensity. For a standard junction solar cell,
neglecting the series and shunt resistances, the light intensity (PLight) dependence
of the Vo has the following relation:188-189

KT
Voc(P) = nTln(PLight) +C (2)

where k is the Boltzmann constant, T is the temperature, q is the absolute value
of electron charge, n is the ideality factor, C is a constant.

By fitting the Voc vs. PLignt curves with equation (2), n is determined to be 2.06,
1.61, 1.42, and 1.14 for the ungraded device Type | and the graded devices Type
I, 111, 1V, respectively (Figure 3-13 (b)). This phenomenon can be interpreted as
being due to the carrier recombination characteristics, reflecting the different J—
V characteristics of solar cells with different device structures. Ideally, for a
standard p-n junction, when recombination in the neutral region dominates, the
slope of Vqc versus the light intensity, i.e., when nkT/q has an ideality factor n, is
close to 1. The diode current flows in forward-bias, and the recombination is
dominated by band-to-band recombination where electrons in the conduction
band recombine directly with holes in the valence band. On the other hand, when
recombination within the space-charge region (or depletion region) dominates,
the values of the ideality factor theoretically range from 1 to 2 (1 <n < 2), such
as when trap-assisted recombination is dominant at the interfaces or the mid-gap
states (n=2) in the PbS QD layer.*® Our results (Figure 3-13 (b)) reveal the
decrease in the ideality factor from 2.06 (ungraded) to 1.14 (graded) along with
the increase in the number of layers of differently size QDs, reflecting that the
relative contribution of trap-assisted recombination is reduced. This is because,
in the graded structure as shown in Figure 3-12 (b), the intrinsic electric field
induced by the graded structure increases in the order of Type IV > Type Il >
Type I1. Thus, more charge carriers can be driven with the electric field increasing
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and more trap states can be filled by charge carriers, which results in the strong
suppression of the trap-assisted recombination. Thus, for the graded devices, the
graded structure additionally acts like an increase in incident light intensity.
Therefore, this validates the idea that trap-assisted recombination can be largely
suppressed in the graded structure solar cells.

To directly investigate the possible charge-recombination processes, the
transient photovoltage decays were measured. Upon illumination of the PbS
QDHSCs by a 532 nm laser pulse under open-circuit conditions, open-circuit
photovoltages of the solar cells are obtained. When the incident laser is switched
off, all photogenerated carriers will ultimately recombine, leading to a decay in
the photovoltage. The transient photovoltage decay depends on the
recombination types and thus gives valuable information on carrier
recombination. In addition, to obtain further detail about the effects of intragap
states, we measured transient photovoltage decay without background
illumination.
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Figure 3-14. (a) Normalized open-circuit photovoltage decay curves for ungraded and graded
PbS QDHSCs, showing three primary decay processes. (b) The effective carrier lifetimes calculated
from the voltage decay curves.

Table 3-3. Fitted Proportionality Constants 2 and the time constant is obtained from the open-
circuit photovoltage decay curve of PbS QDHSCs.

colie | A AT my | O 9 As (A (A 9
ireny) | iren) |7 iren) |7
0.131 0.108 0.143
Type | 0.031+0.001 0.384+0.001 3.66+0.01
(34.4%) (28.3%) (37.3%)
0.132 0.128 0.171
Type 1l 0.056+0.001 0.457+0.001 4.98+0.01
(30.5%) (29.8%) (39.7%)
0.126
0.124 0.190
Type 1l (28.6%) 0.078+0.001 0.547+0.001 6.43+0.01
(28.3%) (43.1%)
Type IV 0.087 0.127+0.001 0130 0.646+0.001 0.248 7.40+0.01
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Figure 3-15. The V. decay process is mainly credited to three recombination channels: (i) natural
trapping-assisted recombination in PbS and the TiO; film, (ii) charge recombination at the TiO»/PbS
interface defects and PbS/Au interface defects and (iii) direct recombination of photogenerated free
electrons and holes in TiOz and PbS, respectively for (a) Ungraded device-Type I and (b) Graded
device-Type IV.

Figure 3-14 (a) shows the transient photovoltage decay behaviors of the ungraded
device and the three types of graded devices. The graded devices exhibited much slower
decay processes than the ungraded device, which gave a direct proof of reduced
recombination and increased carrier lifetime in the graded cells. In addition, for the
graded cells, the decay processes slowed with the increase in the top layer number. The
decay curves could be roughly divided into three processes, where section I and section
Il were both fast decay processes and section Il was a slow decay process. These
photovoltage decay processes correspond to different recombination processes
occurring at different timescales. Therefore, the three decay processes suggest that there
are at least three recombination mechanisms in this case. We can fit the decay curves
very well by using a superposition of three exponential functions as shown in the
following equation:

y(t) = Aje /" + Aet% + AzemtT (3)

where A1, Az, and Asz are constants of proportionality and t1, T2 and t3 are constants of
time. The fitted curves and the corresponding parameters are shown in Figure 3-13 (a)
(yellow line) and Table 3-3, respectively. For equation (3), the fastest photovoltage
decay process represents by the first exponential decay (section 1), the second
exponential decay to the sub-rapid voltage decay process (section Il) and the third
exponential decay to the slow photovoltage decay process (section Ill). Figure 3-15
shows that in the PbS QDHSCs, when the excitation light is switched off, the
photogenerated free carriers could recombine through three channels: (i) natural
trapping-assisted recombination in PbS and the TiO2 films; (ii) interfacial
recombination at the TiO2/PbS interface defects and PbS/Au interface defects and (iii)
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direct recombination of photogenerated free electrons in TiO2 and holes in PbS layers.
From our previous research results,®® 82 190 in the high Vo regime (section 1), the
value of terf was in the ultrafast timescale (~0.1 ms, constant 1), and thus, this
regime could be related to trap-assisted recombination (process i in Figure 3-15).
In the section Il regime, the value of teff was more than 0.2 ms (constant t2), and
this regime could be related to interfacial recombination at the TiO2/PbS and
PbS/gold interfaces (process ii in Figure 3-15). In the low Vo regime (section I11),
the value of tefr was more than 1 ms (constant t3); as this regime shows a long
time-scale decay process, it could be related to direct recombination of free holes
in the PbS layer and free electrons in the TiO> layer due to diffusion (process iii
in Figure 3-15).

Table 3-3 shows the parameters obtained by fitting equation (3) to the Vo decays
in Figure 3-14 (a). In section 1, the weight of Ay decreases and the decay time constant
11 increases from the Type | device to the Type IV device. This shift reflects the
reduction of trap-assisted recombination with the increasing extent of the band bending
due to the trap states filling as mentioned above, which is consistent with the ideality n
change for different devices. For section I, the weight of A2 showed no obvious changes,
but the decay time constant > increased continually from Type | to Type IV (process ii
in Figure 3-15 (b)). This could be associated with the reduction in the recombination at
the interfaces of PbS/Au in the four device structures. The section 11l decay process
represents direct recombination between electrons and holes in the TiO2 and PbS layers,
respectively, where the Vo will disappear completely after this process. As a result of
other recombination proportion decreases in the graded cells, the weight of Az increased
correspondingly. In addition, the decay time constant 13 significantly increased in the
graded devices. We suspect that this is probably because more ELA structure layers can
cause stronger band bending, which creates a quasi-electric field opposed to the electron
diffusion direction in this situation, thus increasing the difficulty of direct
recombination of electrons and holes.

The effective carrier lifetime (teff) in the PbS QDHSCs from the photovoltage decay

can be evaluated as defined by the following equations: 9192
torr = = ()% = me @
T = S ©)
T = ©)

where T is the temperature, k is the Boltzmann constant, g is the elementary charge,
and n and p are the photoexcited electron and hole carrier densities in the PbS QDHSCs.
 and zp are the electron and hole lifetimes in the PbS QDHSCs. From the above
equations, the open-circuit photovoltage decay is reliant on both the electron and hole
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lifetimes in PbS QDHSCs.

The photovoltage-dependent carrier lifetime could also be arranged into three
sections, replying to the three photovoltage decay processes, as shown in Figure 3-14
(b). Throughout the Vo regime (sections I, 1l and Il in Figure 3-14 (b)), the value of
Teff INCreases below 0.2 ms, and the values of teff in the graded devices were 2—6 times
higher than in the ungraded device, in the order of Type IV > Type 111 > Type Il > Type
I, which can be understood through the above discussions. Based on these experimental
results, the ELA structure was concluded to have three benefits in the Voc decay
processes: (i) reducing the interfacial recombination, e.g., at PbS/Au; (i) reducing the
trap-assisted recombination and (iii) slowing the direct recombination of free electrons
and holes.
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Figure 3-16. Band diagram for the PbS absorber layer of a graded Type 1V device, with linear
band-gap variation as a function of position (graded structure thickness).

According to the above analysis, in the graded structure, the carriers have a longer
“diffusion length”, which will increase the probability of charge collection at the
heterojunction, thus leading to an increased Jsc. Due to the band bending, the graded
structure will provide a force similar to the drift force due to a quasi-electric field. In
other words, in the graded device, electrons drift because of the electric field due to the
potential variation and by the additional quasi-electric field associated with the
conduction band variation with position.®® Thus, in the case of a graded structure, a
drift-diffusion length must be defined. If electron drift and diffusion are in the same
direction, the drift-diffusion length will be!®*

l
Ln = nz (7)
el el
1+ (55m) - o

where 1,, is the electron diffusion length, V7t is the thermal potential (kT/qg) and &,
is the quasi-electric field in the ELA region. For the Type IV device (Figure 3.16), the
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absorber layer thickness is approximately 300 nm, the diffusion length in the colloidal
PbS QD film is (as per reports) 1,=80 + 10 nm,% and the total band gap (conduction
band) change is AE4=0.46 eV. As mentioned above, the ELA structure can cause the
band bending, and here we assume that the ELA structure of the adjacent layer of M-
PbS also belong to this quasi-electric field. Thereby the space-charge width for this
device could be on the order of 160 nm (M+S1+S2+S3-PbS, each layer). Therefore, the
quasi-electric field caused by this band gap variation would be approximately
§,=2.88x10* V/cm directed towards the junction interface. The drift-diffusion length
Ln will become approximately 720 nm, which is approximately 9 times the diffusion
length (80 nm). Thus, the quasi-electric field attributed to an ELA structure built by
differently sized PbS layers in a solar cell should result in a large increase in effective
diffusion length.

Furthermore, we have evaluated two important properties, i.e., hysteresis and
stability, for our solar cells. Figure 3.17(a) shows the hysteresis of our PbS QDHSCs,
with no significant hysteretic effect (lower than 1%) identified. Then, the long-term
stability was evaluated without any encapsulation in ambient atmosphere under dark
conditions without any humidity control, as shown in Figure 3.17(b). Both the ungraded
device (Type 1) and the graded devices (e.g., Type Ill) were stable for over 150 days
(>3600 h) without any significant degradation, exhibiting excellent long-term storage
stability.
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Figure 3-17. (a) J-V curves of graded device-Type Il measured by forward and reverse scans
under AM 1.5 G illumination. (b) Stability evaluation of the ungraded and graded Type Il PbS
QDHSCs. All devices were stored and tested in ambient conditions.

3.4 Conclusion

In summary, we have demonstrated that the ELA engineering in the active QD layers
of QDHSCs can be used to improve the electron collection efficiency at the
heterojunction and reduce trap-assisted and interfacial recombination. Through the
ELA strategy, a great increase (from 28 to 33 mA/cm?) in Jsc and a maximum efficiency
of 7.24% (the active area is 16 mm?) have been achieved by optimization of the
structure. Grading the energy level does not cause much variation in the optical
absorption, but it can improve the collection of photogenerated carriers. The ELA
structure promotes separation of the electron—hole pairs, leading to a dramatic
enhancement in the photoexcited carrier lifetime. This is directly associated with the
enhanced effective diffusion length and increased Jsc. In our study, recombination
mechanisms in PbS QDHSCs were investigated by examining the light intensity
dependences of Jsc and Voc and the transient photovoltage decay. Our results show that
the ELA structure has two benefits for QDHSCs: (i) the ELA structure, as an electron-
blocking layer, reduces the interfacial recombination at the PbS/Au interface; (ii) the
ELA structure can drive more electron carriers toward the electron transfer layer, and
the additional electron carriers can fill the trap states, reducing the trap-assisted
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recombination in the PbS QDHSCs. With the increase in the number of graded structure
layers, the electron driving force becomes stronger, leading to longer minority carrier
lifetimes. However, although the graded Type IV device has the longest carrier lifetime,
it does not have the best performance. This is because the presence of the graded
structure causes gradual resistance increase by introducing undesirable band bending
between the valence band of the M-size PbS layer and the gold contact. In the Type IV
device, this barrier is hard to ignore, which seriously affected the transport of holes to
the gold contact. Through the band energy engineering strategy and the optimization of
the thickness of the graded structure, the Type Il device achieved the best efficiency.
The hysteresis and stability of the devices were also characterized. Negligible hysteretic
effects were observed in our devices, and they exhibited wonderful storage stability in
ambient conditions (without obvious performance decline after more than 150 days). In
brief, this study emphasized band energy engineering in achieving high-efficiency
planar heterojunction QD solar cells. The carrier recombination mechanisms explored
in this work may be able to aid further improvements of QDHSCs and they can even
benefit other types of solar cells. This study suggests a useful strategy for improving
the effective diffusion lengths of photogenerated carriers in PbS QDHSCs via simple
architecture design.

65



Chapter 4: Understanding Charge
Transfer and Recombination by Interface
Engineering for Improving the Efficiency of
PbS Quantum Dot Heterojunction Solar
Cells

4.1 Introduction
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Figure 4-1. Schematic diagrams illustrate the band alignment and charge recombination in the
cells without ZnO (Left) and with ZnO (Right). (b) Illumination J-V curves for the PbS QD solar
cells with and without ZnO layer. (c) J-V curves measured under dark conditions.

Colloidal PbS QDs are often employed in depleted heterojunction solar cells,
which contain five different parts: a transparent conducting oxide (TCO) layer
(e.g., fluorine-doped tin oxide (FTO) and indium-doped tin oxide (ITO)), an
electron transport layer (ETL) (or hole-blocking layer (HBL), e.g., ZnO, SnO,
and TiOy), PbS QDs, a hole-transport layer (HTL) (or electron-blocking layer
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(EBL), e.g., MoOx and organic small molecules), and contact electrodes (e.g.,
Au and Ag).57 %4 196198 ynlike perovskite solar cells, which can still function
without the inclusion of a HTL or ETL, in PbS QD heterojunction solar cells
(QDHSCs), both an ETL and a HTL are necessary for achieving high efficiency,
because they enhance charge extraction and suppress charge recombination at
the TCO/QD and QD/gold interfaces.?% 199-200 152 Thjs may result because QDs
have more surface defects than perovskites, which can cause severe back
recombination of injected electron carriers at the FTO/QD interface (Figure 4-1).

In a QDHSC, the p-type layer is a QD film, and the n-type layer is an ETL that
accepts photogenerated electron carriers. The built-in electric field is mainly
distributed near the ETL/QD interface.®! 1%® Usually, when a favourable cliff-like
conduction band structure forms at the ETL/QD interface (i.e., the conduction
band of the QDs is higher than that of the ETL), electron injection will occur.
When the conduction band of the QDs is lower than that of the ETL, forming a
spike structure, electron injection will be retarded.®® 1* Such observations have
been demonstrated in QD-sensitized solar cells and Cu(In,Ga)Se. (CIGS) solar
cells.199 201-203 However, in this work, we found that in magnesium (Mg)-doped
ZnO/PbS QDHSCs, the ZnO layer does not need to have a lower conduction band
energy to realize efficient charge transfer, that is, although a spike structure is
formed between the QDs and the “electron acceptor”, charge injection can still
occur, and improved injection of photogenerated electrons can occur at a certain
conduction band offset (CBO). Here, we used a thin Mg-doped ZnO film (~30
nm) (Zn1xMgxO, x=0, 0.05, 0.10, 0.15, 0.20) as an ETL with tuneable
characteristics. In fact, Zni1.xMgxO films with high transparency and tuneable
band gaps have been employed in PbX (X=S, Se) QDHSCs as a novel electron-
transport material, and greatly improved solar cell efficiencies have been
obtained with enhanced open-circuit voltage (Voc).*%" 204205 However, previous
studies did not provide further insight into the role of Mg doping, for example,
its impact on the carrier dynamics, including charge injection and recombination.
Here, we explored the carrier injection and recombination mechanism in
FTO/Zn1.xMgxO/PbS QDHSCs by varying the Mg doping level in ZnO. The
effect of Mg doping on the intrinsic properties (e.g., defect states and carrier
concentration) of the Zn1.xMgxO layer and the ensuing device performance were
systematically studied by several spectral measurements, such as transient
photovoltage (TPV) decay measurement and ultrafast transient absorption (TA)
spectroscopy. Interestingly, we found that Mg doping can greatly alter the
photophysical properties of ZnO and, in particular, that the resulting spike band
structure of Zn1.xMgxO/PbS QDs can inhibit charge recombination, while the
shallow defect states can serve as additional pathways to transport photoexcited
electrons from the QDs to the electron-collecting electrode. More importantly,
we also revealed the time constant of this transport process by TA measurement
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4.2 Experiments

Materials. Lead (II) oxide (Wako, 99.5%), oleic acid (OA, Wako, 60%), 1-
octadecene (ODE, Aldrich, 90%), and bis(trimethylsilyl) sulfide (TMS; sulfide, Aldrich,
99.999%), cadmium chloride (CdCl2, Wako, 99.8%), oleylamine (OLA, Aldrich, 70%),
tetradecylphosphonic acid (TDPA, Aldrich, 97%), zinc acetate dihydrate (Wako,
99.9%), magnesium acetate tetrahydrate (Wako, 99%), 2-aminoethanol (TCI, 99%),
and 2-methoxyethanol (Wako, 99%) were used as purchased without further
purification.

PbS quantum dot synthesis

The synthesis of colloidal PbS QDs was according to a remodeled literature
method,'”® different-sized PbS QDs were prepared as described previously in
literature.X™ In this work, PbS QDs were manipulated using the standard Schlenk line
techniques.® The mixed solution of 6 mmol PbO, 15 mmol OA, and 50 ml of ODE in a
100 mL three-neck flask was stirred and degassed at room temperature and 90 °C for
20 min and 40 min, respectively. The solution was then heated for 1 h up to the required
temperatures of 90, 130°C, followed by the injection of TMS solution. Immediately
after the injection, the heater was removed while keeping the solution stirring.
When the solution was cooled to 75° C, a CdCl. -TDPA-OLA solution (1 mmol
of CdCl2, 0.1 mmol of TDPAand 3 mL of OLA) was injected into the PbS colloid.
After cooling to room temperature, the PbS QDs were precipitated from the
growth mixture and re-dispersed in toluene. The resulting precipitate was
centrifuged and washed twice with acetone to remove unbound OA ligand from
the PbS colloid and then dispersed in octane. Assuming that the reactant TMS is
completely converted to PbS product, the concentration of PbS colloid is
approximately 50 mg-mi=.

ZnO compact layer synthesis

Solution-processed ZnMgO thin films were fabricated on FTO glass by a modified
sol-gel method according to previous reports.? 2% The FTO-glass substrate was
ultrasonically washed sequentially in water, acetone and isopropanol for 30 minutes
and then treated with ozone for 10 minutes. Zn1xMgxO (x=0-0.20) precursor solutions
were prepared using a fixed molar ratio of zinc acetate dihydrate and magnesium acetate
tetrahydrate dissolved in a mixture of 2-methoxyethanol and 2-aminoethanol under
stirring overnight, where the ratio of 2-aminoethanol to total metal acetate was 1.0 and
the total concentration of metal acetate was 0.3 M. These transparent solutions were
spin-coated on the top of the FTO-glasses, which were pretreated by oxygen plasma for
5 min. Then the films were pre-heated on a hot plate at 150 °C for 10 min, and further
transferred into an oven for annealing at 290 °C for 30 min.

Device fabrication

To manufacture PbS QD heterojunction solar cells, PbS colloidal QDs were prepared
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on ZnMgO compact layer by a typical layer-by-layer method under ambient conditions
using spin coating. Each PbS colloidal layer was deposited at 2500 rpm and ligand
exchange briefly with Hexadecyltrimethylammonium bromide (CTAB) solution (30
mM in methanol) was conducted also by spin-cast at 2500 rpm. The ligand exchange
step was conducted twice to ensure complete ligand exchange with the oleic acid ligand
on PbS surface. Each layer was then rinsed three times with methanol while spinning
at 2500 rpm to remove excess unbound ligands. Then the PbS QD spin-coating
procedure was repeated until desired thickness was reached. Contacts consisting of
~100 nm of gold were deposited on the PbS layer through a mask to create four identical
cells on each substrate by thermal evaporation. The contact sizes were 0.16 cm?.

Characterization

Current—voltage characterization was performed with a Keithley 2400 source
measuring under AM 1.5 G with solar simulator PEC-L10. The IPCEs were measured
by monochromatic illumination (300 W xenon arc lamp through Nikon G250
monochromator). X-ray photoelectron spectroscopy (XPS) data were measured by a
photoelectron spectrometer, S4 JPS-90MX (JEOL, Ltd., Japan). Scanning electron
microscope (SEM) was measured by a JEOL JSM-6340 F instrument (Japan). UV-vis
absorption spectra were measured with a spectrophotometer (HITACHI, U-3900H,
Japan). The transient photovoltage decay measurements were explored using a 630-nm
diode laser (without a background light bias) with 5 ns pulse duration and 4 Hz pulse
frequency. The voltage responses from the devices were recorded using an lwatsu
digital oscilloscope DS-5554. PL decay was measured by a NIR PL lifetime
spectrometer (C12132, Hamamatsu Photonics). Transient absorption (TA)
measurements were explored using a femtosecond TA setup. The laser source was a
titanium/sapphire laser (CPA-2010, Clark-MXR Inc.) with a wavelength of 775 nm, a
repetition rate of 1KHz, and a pulse width of 150 fs. In this study, pump excitation
sample with a wavelength of 470 nanometers were used. The pump light intensity is 15
pd/cm?. With a time, resolution of 100 fs, a 1500 nm time-resolved TA spectrum was
obtained. The photoelectron yield spectrum (PYS) was measured using a BIP-KV205
ionization energy measurement system (Model BIP-KV205, Bunkoukeiki Co, Ltd)
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4.3 Results and Discussion
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Figure 4-2. XPS spectra of the Zn;-xMgxO films (x=0, 0.05, 0.10, 0.15, 0.20): (a) Zn 2p, (b) Mg
2p, and (c) O 1s with two resolved O bonding (red and black lines) components.

The Zn1xMgxO ETL was prepared using a sol-gel method as described
previously.®? 2 Briefly, the Zn-Mg mixed sol-gel solution was prepared by
mixing zinc salt (Zn?*) and magnesium salt (Mg?*) (0%, 5%, 10%, 15% and 20%
molar percentage based on metal ions), and then, the mixed sol-gel solution was
spin-coated onto pre-cleaned FTO substrates and sintered at 290°C. A ZnO film
without Mg doping was prepared as a reference.®? X-ray photoelectron
spectroscopy was carried out to verify the Mg doping. The binding energy (BE)
scale was calibrated with the C 1s peak of carbon at 284.28 eV. Figure 4-2 shows
the XPS spectra of the Zn:xMgxO (x=0, 0.05, 0.10, 0.15, 0.20) films with
different Mg doping levels. Typical BE peaks at 1021.3 and 1044.5 eV, assigned
to Zn?* 2P32 and 2P12, are observed in all Zn1-xMgxO spectra, as shown in Figure
4-2 (a), confirming the presence of divalent Zn ions in all samples.?°” As shown
in Figure 4-2 (b), the BE peak assigned to Mg 2p is observed at 49.7 eV in the
Zn1.xMgxO (x=0.5, 0.10, 0.15) spectra, while that of the x=0.2 film is observed
at 48.7 eV with enhanced intensity and area, which suggests that increased Mg
doping in Zn1.xMgxO can lead to the formation of MgO for x=>0.2. Figure 4-2 (c)
shows BE components at 532.4 eV and 533.9 eV in the Zn1.xMgxO spectra,
attributable to the O% ions in Zn-O or Mg-O and the oxygen-deficient
components of the films, respectively.?%8219 The XPS results confirm the
successful doping of Mg in the ZnO films.21-212
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Figure 4-3. (a) XRD pattern of Mg content (x) of Zn:_xMgxO films on glass substrate. (b) Partial
enlarged detail of (002) peak position of Zn;-xMgxO films.

Then we applied X-ray diffraction (XRD) measurements to investigate as obtained
ZnMgO films on glass substrate as shown in Figure 4-3 (a). The films have been
confirmed are polycrystalline samples possess hexagonal wurtzite structure due
to five diffraction peaks corresponding to (100), (002), (101), (110) and (112) are
observed. In spite of the both diffraction peaks of (002) and (101) became broadened
and incorporated together with the Mg doping content increased, there is without new
phase and no peak for MgO. This phenomenon indicating incorporation of Mg?* into
the Zn ions site of ZnO to substitute Zn?* due to both have slightly difference of ionic
radius (0.57 and 0.60 A),2% and there is no obvious change in the structure of the ZnO
nanoparticles. However, the ion radius of Mg?* is less than that of Zn?*, which would
decrease the spacing of ZnO crystal. According to the Bragg's law the decrease of
crystal spacing distance would lead to the increase of crystal dihedral. Therefore, the
shift of the (002) peak toward higher angle (Figure 4-3 (b)) is mainly due to the
incorporation of smaller Mg ions.

The optical absorption spectra of the Zni.xMgxO-coated FTO samples, shown in
Figure 4-4 (a), indicate a continuous blueshift of the absorption edges with
increasing Mg content (x=0-0.2). The optical band gaps, Eg, obtained by linearly
extrapolating the Tauc plot [(ahv)? vs. photon energy]?*3, are presented in the
inset of Figure 4-4 (a), and the corresponding band gap of the Zn1.xMgxO films
continuously increases from 3.26 to 3.56 eV with Mg doping, which is in
agreement with previous reports.!® 212 According to other reports of Zni-
«Mgx0,%t% 214 the suitable doping of Mg?* at Zn?* sites in ZnO induces an obvious
change in the conduction band minimum (CBM) of the ternary oxide, but the
influence on the valence band maximum (VBM) of Zn1.xMgxO is negligible.
To verify these results, the VBM energy levels of the five Zn1.xMgxO samples
were measured by photoelectron yield spectroscopy (PYS), as shown in Figure
4-4 (b). The VBM energy levels were obtained from the intersection of the
baseline and the tangent to the spectra, and we also found a negligible effect of
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Mg doping on the VBM energy levels of the Zn1.xMgxO films. The energy band
diagram of the Zn1.xMgxO films is schematically depicted in Figure 4-4 (c) by
combining the above results of both the band gap and the VBM energy levels.
From this energy band diagram, a continuous shift in the CBM towards higher
energy with increasing Mg doping is observed. The general trend of these values
is good agreement with previous reports.t®7 215
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Figure 4-4 (a) Optical absorption spectra (the inset shows an increase in the bandgap of Zn.
xMgxO films with Mg doping) and (b) Photoelectron yield spectroscopy (PYS) of the Zn;-xMgxO
films. (c) Experimentally determined diagram of energy levels (relative to the vacuum level) of the
Zn1-xMgyxO films (x=0-0.20), the valence band maximum (VBM) and the conduction band minimum
(CBM) are represented in eV.
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TEM image of PbS QDs; Inset displays SAED patterns of the corresponding PbS QDs.

(a) (b)

Figure 4-7 (a) Schematic illustration of Zn1-xMgxO /PbS solar cell structure. (b) Cross-sectional
SEM image of a typical Zni1.xMgxO/PbS solar cell (~300 nm thick PbS QD active layer).

Our above characterization suggests that ZnO films can be doped with Mg by a facile
sol-gel method, and the band gaps can be also easily tuned by adjusting doping degree
of Mg. Next, we used Zn1xMgxO (x=0, 0.05, 0.10, 0.15, 0.20) thin film (~30 nm) to
prepare PbS QDHSCs. PbS QDs were synthesized using an adjusted hot-injection
method,'”® and QDs with different sizes were prepared by controlling the injection
temperature. The excitonic peak of PbS QDs was located at 1.19 eV as shown in Figure
4-5 (a), and the valence band edge energy levels (-5.24 eV) of the PbS QDs were
confirmed by photoelectron yield spectroscopy (PYS) as shown in Figure 4-5 (b). By
combining the results of both band gap and valence band edge levels, the conduction
band edge levels (-4.05 eV) were determined, as seen in the inset of Figure 4-5 (b). The
corresponding transmission electron microscope (TEM) image reveals that the
average size of the PbS QDs is approximately 3.5 nm (Figure 4-6 (a)), and the
high-resolution transmission electron microscopy (HR-TEM) image shows that
the PbS QDs exhibit a high-crystalline structure with interplanar distances of
0.342 and 0.291 nm, corresponding to the (111) and (200) planes of rock-salt PbS,
respectively (Figure 4-6 (b)). The crystallinity of PbS QD is further supported by
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the selected area electron diffraction (SAED) pattern (see insets in Figure 4-6
(b)). Figures 4-7 (a) and (b) show the typical schematic structure and a cross-
sectional scanning electron microscopy (SEM) image, respectively, of a Zn;.
xMgxO/PbS solar cell, wherein the PbS QD layer (~300 nm) serves as the light
absorbing layer.
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Table 4-1 Statistical averages of the photovoltaic performance parameters of 24 devices for each
type of the QDHSCs 2.
Sample Jsc Voc FF Rs Rsh PCE
(mA/cm?) (mV) (%) (Q.cm?) (Q.cm?) (%)
x=0 26.34+0.75 419.065.8 49.94+0.85 64.33+3.02  99.86+2.97 | 5.51+0.11
(27.64) (412) (49.3) (67.35) (102.83) (5.62)
x=0.05 29.33+0.88 434.18+6.35 50.53+1.52 55.66+4.78 | 204.93+4.23 6.430.08
(30.53) (428) (49.9) (60.44) (209.16) (6.51)
x=0.10 30.91+1.27 437.53 +4.19 51.05+1.21 52.33+3.71  220.27+3.14 6.79+0.09
(31.36) (436) (50.3) (48.92) (223.41) (6.88)
x=0.15 33.50+1.32 437.62+6.95 51.82+1.55 43.52+2.96 | 174.03+3.99 7.55+0.21
(34.86) (437) (51.1) (40.56) (178.02) (7.76)
x=0.20 34.23+0.93 | 434.12+6.05 47.18+1.55 59.33+4.11 = 74.17+3.67 7.01+0.34
(35.05) (434) (48.3) (57.75) (78.44) (7.35)

@ Results for the device with highest PCE are shown in parentheses.

Figure 4-8 (a) shows the typical photocurrent density—voltage (J—V)
characteristics of the five types of QDHSCs upon standard 100 mW cm 2
AML1.5G illumination. We measured 24 devices for each type of QDHSC. The
average values of photovoltaic parameters such as open-circuit voltage (Voc),
short-circuit current (Js¢), fill factor (FF), series resistance (Rs), shunt resistance
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(Rsh), and PCE are summarized in Table 4-1. Compared with the undoped device
(Zn0O), the Zn1.xMgxO films significantly improved the device performance. As
expected, the Voc was continuously enhanced with increasing Mg doping level
due to the reduced loss of electrons, as observed in other reports.*®”: 294 We
consider the enhanced Vo to result from the higher CBM of Zn1.xMgxO, which
is shown in Figure 4-8 (b). However, when the Mg doping level exceeds 10%,
the Voc becomes saturated due to dominant charge recombination at the Zn;.
xMgxO/QD interface caused by the high level of Mg doping, as demonstrated
previously.?*>21 Surprisingly, the Jsc of the device continued to increase at high
Mg doping level. For example, the Jsc of the device with a 15% Mg doping level
was greatly improved by 30%. The control photovoltaic device based on pure
ZnO showed a PCE of 5.51 + 0.11%, with a smaller Vo of 419.06 + 5.8 mV and
a lower FF of 49.94 + 0.85%. The solar cell based on the optimized Mg doping
level achieved the highest efficiency of 7.55 + 0.21%, with a V. of 437.62 + 6.95
mV, Jsc of 33.59 + 1.32 mA/cm? and FF of 51.82+ 1.55%, as shown in Table 1,
providing an improvement in efficiency of over 36% compared to the ZnO
control devices.
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Figure 4-9. (a) Room temperature PL spectra of Zn;.xMgxO films (x=0, 0.05, 0.10, 0.15 and 0.20).
(b)The integral area of section 11 range of PL spectra of Zn;.xMgxO films and Jsc of Zn1.xMgxO/PbS
QDHSC:s. (c) Carrier-injection processes for photogenerated electrons (red arrows) and holes (blue
arrow) in Zn1-xMgxO/PbS QDHSCs (cliff and spike structure) under short circuit condition.
Photogenerated electrons can be injected from the QDs CB to the Zn1xMgxO CB; @Captured
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photo-generated carriers can be injected from QDs intragap state to the ZnixMgxO CB; ®
Photogenerated electrons can be injected from the QDs CB to the Zn;xMgxO shallow defects; @
Captured photo-generated carriers can be injected from QD intragap state to the Zn;-xMgxO shallow
defects. (d) The integral area of section Il range of PL spectra of Zn;-xMgxO films and V. of Zn;.
xMgxO/PbS QDHSC:s.
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To elucidate the difference in the photovoltaic performance when changing the
Mg doping level in ZnO, we first investigated the band alignment between the
PbS and Zn1.xMgxO layers. As shown in Figure 4-9 (b), the CBO values between
the PbS QDs (Eg=1.19 eV) and Zn1.xMgxO were controlled from +0.07 eV to -
0.2 eV by changing the Mg doping level in ZnO. When the Mg doping level was
below 10%, the CB of Zn1.xMgxO was lower than that of the PbS QDs, i.e., the
CBO was positive, thus forming a cliff structure; when the Mg doping amount
was above 10%, the conduction band of Zni1.xMgxO was higher than that of the
PbS QDs, i.e., the CBO was negative, thus forming a spike structure. Generally,
the larger the conduction band offset of the cliff structure (CBOuiif), the better
the injection of the photogenerated electrons will be. However, when the
ETL/QD interface forms a spike structure (CBOspike), the injection of
photogenerated electrons is retarded.5% 1% 294 However, in our case, a large
CBOspike in a certain range instead led to better electron injection and an enhanced
Jsc, which may be related to the presence of shallow defect states in the Zn;.
xMgxO films and the decreased carrier concentration due to Mg doping, which
will be discussed further below.

To investigate the effect of Mg doping on the performance of the solar cell,
room-temperature photoluminescence (PL) were first carried out. Figure 4-9 (a)
shows the PL spectra of the Zn1.xMgxO samples under room temperature. The PL
spectrum of the ZnO film was fitted by Gaussian function as shown in Figure 4-
10 (a), which gives five peaks with different centers at 380, 400, 478, 529, and
572 nm. The narrow ultraviolet emission at 380 nm is related to the near band
edge transitions in ZnO. Furthermore, the edges of this near band edge-related
emission also show a continuous shift toward short wavelength with increasing
x value, which also reflects the bandgap broadening due to Mg doping, consistent
with the results of the optical absorption spectra in Figure 4-4 (a). Emission
regions of 400~600 nm are attributed to the shallow and deep level defects (as
shown in Figure 4-10 (b)) within the ZnO crystal, such as interstitials and
vacancies of zinc and oxygen.?'8 Generally, the violet (400 nm) and blue (470
nm) emission in PL spectra of ZnO are related to shallow defects, the green (529
nm) and yellow (572nm) are related to deep defects.?'® Therefore, the PL spectra
can be divided into three sections I, 11, and 111, which is band, shallow and deep
defects-dominated emission, respectively. Figure 4-9 (b) shows the integral area
of shallow defect-related emission ranges in PL spectra (i.e., section II). It is well
known that the integrated area of the PL emission from defect states is
proportional to the defect state density of the corresponding energy level.
Interestingly, we found that the change of integral area for section Il (shallow
defect state emission) with Mg doping content was in good accordance with the
change of Js;, suggesting that the electron transfer process may have some
relations with shallow defect states. This can be understood by the fact that in the
absence of external excitation, it is difficult for the charge carriers to transfer
from low energy levels to high energy levels. Besides, although the thickness of
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Zn1xMgxO is thin (=30 nm), it is still not enough for the electrons to transport
directly from QDs to FTO either by tunneling. So, we thought that when forming
a spike structure, the shallow defect states in Zni.xMgxO layer may act as
additional pathway for the charge carriers to transfer from the QDs to the FTO
electrode. As shown in Figure 4-9 (c), we depicted that in our PbS QDHSCs,
when Zn1xMgxO and PbS QDs form a cliff structure, the photogenerated
electrons can be transferred from the QDs conduction band by pathway (O and
intragap-states (pathway @) to Zni1-xMgxO conduction band; When Zni1-xMgxO
and PbS QDs form a spike structure, the photogenerated carriers are difficult to
transfer into Zn1-xMgxO through pathway (O and @ due to the energy barrier.
But due to the favorable energy level alignment between the shallow defects level
of Zni1xMgxO and the conduction band or intragap states of PbS QDs,
photogenerated electrons can be injected into the Zn1-xMgxO by pathway 3 and
@, and then collected by the FTO electrode. In addition, the charge injection rate
from absorber to ETL depend on the density of accepting states (i.e., sub-band-
gap surface states) of ETL.184220-222 Thereby, Mg doped ZnO act as ESL provides
a greater density of accepting states for electron injection due to lower carrier
concentration in Zn1xMgxO (~10%* cm3), as show in Figure 4-11. The broadened
optical-band gap of Mg doped ZnO enhances the light absorption of PbS QD
layer which also beneficial for improvement of Jsc.

Notably, the properties of the ETL also have a significant effect on charge
recombination in the device. Figure 4-9 (d) shows that as the Mg doping level
increased, the integral area of section Ill (deep defect state emission) first
decreased from x=0 to 0.10 and then increased from x=0.10 to 0.20, suggesting
that with an increase in the Mg doping level, the deep defects caused by oxygen
vacancies in Zni1xMgxO gradually decrease, but when the Mg doping level
exceeds 10%, the excessive Mg doping may introduce new deep defects in ZnO,
e.g., MQinterstitial (@s seen in Figure 4-10 (b)), which can easily become carrier
recombination centres,?!® leading to greater charge recombination at the Zni.
xMgxO/PbS QD interface. This also explains the saturated V.. observed under
excessive Mg doping conditions, as shown in Figure 4-9 (d). However, our J-V
results show that when the Mg doping level exceeds 10%, the Vo tends to
decrease to a saturated value rather than continuously decrease, possibly because
the formed spike band structure alleviates interfacial recombination to a certain
extent, as demonstrated in other types of heterojunction solar cells.203 215 217
Therefore, the change in Voc with increased Mg doping level in our QDHSCs is
considered to be a combined effect of defect states in Zn1.xMgxO and the formed
CBO.

To gain further insight into the effect of Mg doping in Zn1.xMgxO on the charge
recombination in the solar cells, the diode performance of solar cells was studied by the
dark J-V characteristic. As can be seen in the Figure 4-12 (a), PbS QDHSCs showed a
decrease in overall dark current with increasing Mg doping content. We speculated that
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Figure 4-12. (a) Typical J-V characteristics of PbS QDHSCs with Zn1.xMgxO (x=0~0.20) ETLS
measured under dark. (b) Semilog plot of J-V curves measured under dark and using the absolute
values of current density. The three regions indicate three different effects in the solar cell: Region
I account for leakage (shunt) currents, Region Il accounts for recombination currents, and Region
111 accounts for series resistance.
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Figure 4-13. Traditional solar cell equivalent circuit model. The photocurrent source is only the
result of the solar cell converting the absorbed photons into free charge. The diode represents the
electron-hole recombination at the PN junction, the series resistance represents the resistance
through the cell's internal resistance, and the shunt resistance represents the model's leakage current
through the cell. (For example, through a pinhole).

the decrease in dark current of the devices may be related to the fact that the Zn1.xMgxO
layer has in fact placed into the built-in potential region, which may be due to
improvement of the Femi level of ZnO by Mg doping.'®* In order to obtain further clues
about the effect of Mg-doped ZnO on device performance, we analyzed diode behavior
in the dark for our devices through introduction of the traditional equivalent circuit
model (Figure 4.14)%%. In this model, the solar cell J-V behavior includes four
constituent parts: a photocurrent source, diode, series resistor, and shunt resistor.
Mathematically this model can be represented by the following equation:?2
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= Jo|exp (5) - 1] + 22— (4-1)

nkgT Rgsp

where q is the elementary charge, Jo is the reverse bias saturation current density, n is
the diode ideality factor, ks is Boltzmann’s constant, T is temperature, Rs is the series
resistance, and Rsh is the shunt resistance.

Table 4-2. Diode ideality factor (n) and reverse saturation current density (Jo) of the PbS
QDHSCs with Zn1,MgxO (x=0~0.20).

Sample n ]

x=0 1.73 7.374E-3

x=0.05 1.39 3.867E-4

x=0.10 1.35 1.974E-4

x=0.15 1.82 1.865E-3

x=0.20 2.54 3.727E-2
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Figure 4-14. Film density of ZnMgO, FF and Rsh of S-PbS QDHSCs with increasing Mg doping
content.

80



Figure 4-12 (b) shows the dark curves derived from Figure 4-12 (a) using the
semi-log scale, which can be divided into regions I, 11, and 111, corresponding to
the three parts of eq. (4-1), which describe how the different components of the
solar cell equivalent circuit (Figure 4-13) affect the J-V response of the cell at
different voltages. At low voltages (region 1), the J-V curve is mainly related to
Rsh (shunt current); at intermediate voltages (region Il: the 1% term in eq. (4-1)),
the J-V curve is related to diode parameters Jo and n (recombination current);
while at high voltages (region Ill: the 2% term in eq. (4-1)), the J-V curve is
determined by Rs.??* These regions provide important information when
evaluating the J-V response curve. For instance, a steep slope in region Il
generally indicates a low Rs.2?* Thus, according to the observation of the dark
current density in regions I, Il and Ill in Figure 4-12 (b), we found that the
changes in Rsh and Rs of the devices with increasing Mg doping level are in
agreement with the Rsn and Rs measured from J-V characterization under
illumination (Table 4-1). When the Mg doping level was increased from 0 to 10%,
the current leakage (region 1) of the device continuously decreased, but when the
Mg doping level was above 20%, significant current leakage was observed. This
could be attributed to the fact that the appropriate Mg doping level (x=0.1) leads
to better crystallization of the ZnO film and further decreases the defects and
current leakage of the thin films.?2°

According to the least-square fitting of the dark J-V curves in section Il to eq.
(4-1), the value of n and Jo of the PbS QDHSCs with Zn1.xMgxO are determined,
as summarized in Table 4-2.22° The n value is related to recombination mechanism
in solar cells, when n is close to 1, the direct recombination (band-to-band) dominates,
otherwise indirect recombination mechanisms such as interfacial recombination and
trap-assisted recombination (n = 2) dominate.®” Our results show the changes in the n
value of the five types of devices correspond to the changes in density of deep defects
of Zn1.xMgxO with increasing Mg doping content. The decrease in the ideality factor n
from 1.73 (x=0) to 1.35 (x=0.10) along with the increase in the Mg doping content in
ZnO indicates that the relative contribution of indirect recombination (the back-transfer
recombination of the injected electrons trapped by the deep defects of Zn1.xMgxO) is
reduced under the open-circuit conditions due to the removal of the Zn;xMgxO deep
trap sites. When the content of Mg is more than 10%, with the increase of deep level
defects in Zn1.xMgxO, the ideal diode factors increases rapidly and are larger than that
of undoped devices. Although Zn:.xMgxO and PbS QDs have formed spike structure at
this time, this does not have a beneficial effect on the indirect recombination of charges.
In addition, Neil C. Greenham group has previously reported that reducing the ZnO
carrier concentration by nitrogen doping can prevent interfacial recombination in
CQDSCs,'® however, our results show that the interfacial recombination is not
suppressed despite the much lower carrier concentration of Mg-doped device than that
of undoped devices. These results indicate that in un-illuminated conditions, indirect
recombination of charges in the PbS QDHSCs strongly depends on the deep level defect
concentration of Zn1.xMgxO. In additional, the Jo values displayed a similar tendency
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with the 10% Mg doping device, showing the smallest Jo value and the lowest charge
recombination.
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Figure 4-15. (a) Open-circuit photovoltage decay curves for Zni.xMgxO/PbS QDHSCs, showing
three decay processes. (b) The effective carrier lifetimes calculated from the voltage decay curves

for Zn1-xMgxO/PbS QDHSCs.

Table 4-3. Time constants and weight obtained by fitting the open-circuit photovoltage decay
curves of the PbS QDHSCs with a three-exponential function as shown in the table.

Vye = Are™t/T1 + Ayet/72 + Ajemt

Sample A - A, T As 3
(Add(As+AgtAg)) (ms) (Aol (As+AgtAg)) (ms) (Ad(As+Art+As)) (ms)
0.440 0.426 0.060
x=0 0.023+0.0006 0.285+0.004 2.275+0.004
(47.5%) (46.0%) (6.5%)
0.323 0.294 0.381
x=0.05 0.015+0.001 0.408+0.001 3.46+0.01
(32.4%) (29.5%) (38.1%)
0.243 0.259 0.495
x=0.10 0.025+0.0005 0.411+0.003 5.17+0.03
(24.3%) (26.0%) (49.7%)
0.381 0.366 0.245
x=0.15 0.019+0.0005 0.273+0.005 1.438+0.006
(38.4%) (36.9%) (24.7%)
0.269 0.658 0.067
x=0.20 0.023+0.001 0.256+0.001 8.166 +0.005
(27.1%) (66.2%) (6.7%)

In order to analyze in detail, the changes in the recombination mechanism in Zny.
xMgxO/PbS QDHSCs with increasing Mg content, transient photovoltage (TPV) decay
analysis is performed. When a PbS QDHSC is illuminated by a laser pulse at the open-
circuit condition, open-circuit photovoltage is generated across the full device. When
the incident laser is switched off, all photogenerated carriers will recombine and thus
leading to the decay of photovoltage.5”-%8 82 227 Figure 4-15 (a) shows the TPV decay
curves of the solar cells with increasing Mg doping content in ZnO. All decay curves
could be fitted by a three-exponential-function equation and the corresponding
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parameters are summarized in Table 4-3. The three-component fitting means there are
at least three recombination processes in this case,®” similar to our previously reported
results.57-68 82,227 Firgt. the ultrafast process (< 0.1 ms, constant 11 in Table 4.3, in the
high Vo regime) can be related to the inherent trapping-assisted recombination in PbS
and the Zn1.xMgxO films. In Table 4-3, the weight of A1 decreases and the decay time
constant t1 increases from the x=0 device to the x=0.1 device. This shift reflects the
reduction of the ZnixMgxO film trap sites density and thus reduced radiation
recombination caused by deep level defects of Zn;xMgxO. For the second process (in
the low Voc regime), its related constant t, value is more than 0.2 ms and this process
could be related to interfacial recombination at the Zn1.xMgxO /PbS interfaces. Table 4-
3 shows that the trends of the value of Az and decay time constant t are in good
agreement with the trend of the intensity of deep level defect (Figure 4-9 (b)) in Zn.
xMgxO with increasing Mg doping. This indicates that reduction in the Zn1.xMgxO deep
level defect density can reduce the chance of interfacial recombination between the
trapped electrons in the Zn1.«MgxO layers and the holes in the valence band (or intragap
states near the VB) of PbS QDs. Through the third decay process Vo disappears
completely, this process represents direct recombination between electrons in the
conduction band of Zn1.xMgxO and holes in the valance band of PbS layers. The weight
of Az and the decay time constant t3 significantly increased in the case of ZngsMgo.10.
We find that solar cells based on the ZnosMgo.2O have the longest recombination
lifetime (t3) in process 3, probably because of the larger conduction band offset (0.2 eV)
between the ZnosMgo.2O and PbS QDs which forms an energy barrier that slows the
direct recombination of free electrons and holes. The effective carrier lifetimes (tef)
were determined from the TPV decay curves with defined equations (see details in the
Chapter 3). As shown in Figure 4-15 (b), the dependence of effective carrier lifetime on
photovoltage could also be divided into three sections, corresponding to the three
photovoltage decay processes. Throughout the Voc regime, the values of e in the
Zno.9sMgo.1O-based device were 2~3 times higher than those in the other devices, in the
order of 10% > 5% > 0% > 15% > 20% in terms of Mg doping content, which can be
understood through the above discussions- Although Zne.9Mgo.1O-based cells show the
longest recombination lifetime—we find that ZnogsMgo.1s0-based solar cell has the
largest Voc boost with its Voc decay is the fastest. This indicates that the
recombination of photogenerated carriers in the device is related to both factors,
i.e., deep level defects in Zn1.xMgxO and the formed CBO.
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Figure 4-16. (a) Absorption spectra of the L-PbS QDs (Eq=1.11 eV) in octane. (b) PYS spectra
of the L-PbS QD thin films. The inset shows the vacuum energy level diagram of the L-PbS QDs.
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Figure 4-17. (a)TEM micrograph of L-PbS QDs. Inset displays size histogram. (b) High-
resolution TEM image of L-PbS QDs; Inset displays SAED patterns of the corresponding L-PbS
QDs.

For the above-studied PbS QDs (denoted as “M-PbS”, Eg=1.19eV), the effect
of conduction band offset on suppressing interfacial recombination of charge
carriers is not obvious, which we attribute to the relatively small value of the
conduction band offset between Zn1.xMgxO and the QDs. So, large-sized PbS
QDs (denoted as “L-PbS”) were prepared to increase the value of conduction
band offset between the Zn1.xMgxO and PbS QDs. Figure 4-16 (a) shows the first
exciton absorption peak of L-PbS QDs was located at 1.11 eV. The valence band
edge energy levels of the L-PbS QDs were confirmed to be -5.22 eV by PYS
measurement as shown in Figure 4-16 (b). By combining the results of both
bandgap and valence band edge levels, the conduction band edge levels were
determined to be -4.11 eV (the inset of Figure 4-16 (b)). The TEM and HRTEM
images shows that the average size of the L-PbS QDs is approximately 3.9 nm
and the high crystallization of QDs (Figure 4-17). Photovoltaic parameters of the
QDHSCs based on L-PbS are summarized in Figure 4-18. Figure 4-19 (a) shows

84



(a) (b)

36 460
35" A M-PbS (1.19eV) - 4~ M-PbS (1.19eV)
347—- L-PbS (1.11eV) . - o= L-PbS (1.11eV)
AT 450
334 SO A
32 -7 el T
< 31 f A h 440 I _____
G 30 LA LI s SO It
Eza- E’ A E 450 ’/ e
5 28 - g , I o
Balr .’ = A
1L a4 Lk -7
264 ] -7
25 i’
24 410
23]
221 T T T T 400 T T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Mg Content (x) Mg Content (x)
(©) (d)
58 8.0
| — &~ M-PbS (1.19eV) - a- M-PbS (1.19eV)
- &= L-PbS (1.11eV) - o L-PbS (1.11eV) L
561 75 PRI
4 P ~ ~ N
.
54 70 e
— - 4
I Y
e e w631 2 B
L _=4<-" " e g -7
50| i;:=* ST N o
1 e . ~ 6.0 4 }’
= Ay /’
48 - N ‘{ _____ Y .
,
55 X
464
T T T T T 5.0 1— T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Mg Content (x) Mg Content (x)

Figure 4-18 Statistics of the device performance using two sizes of PbS QDs and Zn;—xMgxO
electron transporting layer (x=0, 0.05, 0.10, 0.15, 0.20): (8) Jsc, b) Vo, (¢) FF, and (d) PCE. The solid
data points represent the average values, and the error bars stand for the standard deviations.

both ““cliff”” and ““spike™ structures of conduction band offset (CBO) in PbS
QDHSCs. The CBO values between the L-PbS QDs and the Zni1.xMgxO were
controlled from +0.10 eV to -0.25 eV by changing the Mg doping content in ZnO.
In QDHSCs, Vo loss strongly depend on charge recombination, which are mainly
dominated by junction characteristics.??® V. loss of all devices is shown in Figure
4-19 (b). The Voc loss was defined as E¢/q — Voc, Where q is the elementary charge.
Compared with the effect of Zn1.xMgxO, the influence of the size changing of
QDs on the Vo loss is more obvious. With the increase in QD size, we can see
PL lifetime of the QDs has increased from 276 ns to 985 ns, as shown in Figure
4-20. The increase in PL lifetime is believed to be mainly due to the reduction of
surface defects in PbS QDs. In addition, compared with the smaller PbS QDs,
defect states are mainly distributed near the CBM in large-sized QDs.??° So,
devices based on larger QDs showed smaller values of Vqc loss. We found that
the Voc loss of L-PbS QDs-based devices decreases with increasing of deep
defects in Zn1.xMgxO when Mg doping content is more than 10%. We consider
that this can be due to the fact that the positive effect of larger value of CBOspike
on carrier recombination is greater than the negative effect of the deep defects of
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Zn1.xMgxO. We have also measured the effective carrier lifetimes (zetf) of L-PbS-
based devices by the TPV decay as shown in Figure 4-19 (c). As expected, for
L-PbS QD-based devices, their variations in carrier lifetime in the high-voltage
region are in line with the change of deep defect density in Zn1-xMgxO (x = 0~0.2)
film. Note that for the L-PbS QDHSCs, the zefs of both devices based on x=0.15
and 0.20 are longer than that of the undoped device in low voltage regime, which
is different from that observed in M-PbS QDHSCs. According to previous
analysis, the medium voltage regime is related to interfacial recombination, but
the defect density of Zn1.xMgxO (x=0.15 and 0.20) is higher than that of ZnO
(see Figure 4-15 (@)). Therefore, we confirm that the reduction of charge
recombination is related to the increase of CBOspike Value. In the medium-voltage
regime, the value of zefs increases with increasing value of CBOspike. But from the
photovoltaic performance of those QDHSCs based on L-PbS QDs (Figure 4-18),
we found that the electron injection is impeded when the CBOspike Value exceeds
0.2 eV, which also results in reduced Jsc and FF.
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Figure 4-19. (a) The conduction band offset values for both PbS QDs (i.e., M-PbS:1.19 eV and
L-PbS:1.11 eV) with Zn1.«MgxO, respectively. (b)The Vo loss of both M-PbS QDHSCs and L-
QDHSCs, respectively. (c) The effective carrier lifetimes calculated from the voltage decay curves
for Zn1-xMgxO/L-PbS QDHSCs.
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Figure 4-21. A schematic diagram of the TA setup, showing the concept of the pump-probe
experiments. The pump and probe pulse overlap in the heterojunctions, and the absorbance change
in the probe pulse is detected at different time delays.
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Figure 4-22. TA responses of the different samples of FTO/M-PbS QDs, FTO/ZnO/M-PbS QDs,
and Zn1xMgxO/FTO/M-PbS QDs, measured with a pump light wavelength of 470 nm and probe
wavelength of 1500 nm with a pump light intensity of 15 uJ/cm?. (a) Injection process of the
photogenerated electrons from PbS QDs into the FTO electrode (red lines are fitted lines); (b) Decay
process of the injected electrons in FTO electrode (red lines are fitted lines).
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Figure 4-23. TA responses of the (a) free PbS QDs and PbS QDs layer on glass substrate, and (b)
Glass/ZnO/ PbS QDs and Glass/ZnixMgxO/ PbS QDs measured with a pump light wavelength of
470 nm and probe light wavelengths of 1500 nm and pump light intensity:15 pJ/cm?.

To investigate the role of Mg doping on the electron injection from M-PbS
QDs to Zn1xMgxO and FTO electrode at the heterojunction, we performed
femtosecond (fs)-TA spectroscopy with broadband capability (470~1600 nm)
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and 150 fs temporal resolution, as schematically shown in Figure 4-21. Because
the free carrier absorption in transparent conductive glass, e.g., FTO, ZnO, ITO,
is mainly located in infrared range of 1400~4100 nm, we therefore focus on this
range to investigate the dynamics of the injected electrons.?®® The dotted black
line in Figure 4-22 shows TA kinetics of the PbS QDs layer on the FTO,
ZnO/FTO and Zn1-xMgxO/FTO (from bottom to up). The FTO/Zn1.xMgxO/PbS
QDs sample was excited with light wavelengths of 470 nm and probed with light
wavelength range from 1400 to1600 nm, same as used in the case of PbS QD
solution and PbS QD films deposited on glass and Zni1-xMgxO (without FTO).
No TA signal could be observed in this wavelength range (1400-1600 nm) for
both PbS QD solution and the PbS QD films on glass (as shown in Figure 4-23
(a)). In addition, no TA signal was observed in the Zn1.xMgxO/PbS sample on the
glass substrate (as shown in Figure 4-23 (b)). Therefore, we confirm that the TA
response shown in Figure 4-22 is assigned to the absorption signal of electrons
transferred into FTO electrode from the PbS QDs. The TA response of the
FTO/Zn1.xMgxO/PbS QD composite can be well fitted using the following single

t
exponential y(t) = Ager + y, (for injection process) for the time scale up to 1

-t
ps and y(t) = Age® +y, (for recombination process) for the time scale

longer than 1 ps, respectively.

Bottom part of Figure 4-22 (a) shows the injection dynamics for
photogenerated electrons from PbS QDs to FTO, the time constant (410 + 49 fs)
is much faster than that from photoexcited PbS QDs into TiO2 (<1 ns).?3! When
introducing ZnO thin film (=30 nm) between the FTO and PbS QD layer, the
electron transfer rate becomes slower. We found the electron injection from PbS
QDs to FTO electrodes through the ZnO compact layer occurs on a time scale of
a few hundred femtoseconds (here is 685 + 47 fs), which is in good agreement
with previous reports.?®?2 In addition, the electron transfer from the
photoexcited PbS QDs to FTO through Zno.sMgo.1O compact layer is faster (587
+ 61 fs) than that from photoexcited PbS QDs into FTO through ZnO compact
layer. This result thus suggests that the transportion of the photogenerated
electrons to the FTO electrode is through the shallow defect states in Zn1-xMgxO
when the conduction band between Zni.xMgxO and the QD forms a spike
structure. As can be seen in Figure 4-22 (b), the FTO/PbS QD sample shows an
ultrafast recombination time of 125 + 22 ps, but when the ZnO film is introduced
between the FTO and PbS QDs the recombination time is significantly increased
(895 = 31 ps). Therefore, we conclude that the ZnO layer serves as a hole-
blocking layer to prevent recombination of the injected electrons in FTO with
photogenerated holes in PbS QDs, as shown in Figure 4-1. But on the other hand,
deep defects in ZnO can act as recombination centers for the photogenerated
electrons and holes. When Zno9sMgo.1O with fewer deep defects was introduced
as a hole-blocking layer, no obvious recombination of carriers can be found up
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to 1 ns, which means the recombination occurs much longer than the observable
time scale in our experiments here.
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Figure 4-24. J-V curves of the best performing photovoltaic devices under AM 1.5G illumination.
The structure of the solar cell device is FTO/ZnixMgxO/M-PbS/EDT-PbS /Au
(x=0,0.05,0.10,0.15,0.20).

Table 4-4. Statistical Averages of the Photovoltaic Performance Parameters of 12 Devices for
Each Type of the QDHSCs2.

Sample Jse (MA/cm?) Voc FF PCE
(mV) (%)
x=0 26.58+0.89 578.2+4.4 0.529+0.012 8.11+0.27
(27.37) (571) (0.534) (8.35)
x=0.05 28.86x1.41 584.4+7.9 0.535+0.009 8.89+0.17
(28.98) (580) (0.541) (9.08)
x=0.10 30.35+1.48 591.6+10.8 0.549+0.013 9.96+0.11
(30.41) (590) (0.563) (10.10)
x=0.15 31.84+0.36 590.8+5.2 0.560+0.009 10.49+0.10
(31.52) (590) (0.570) (10.60)
x=0.20 32.04+0.76 585.5+3.7 0.535+0.012 9.77+0.14
(31.81) (585) (0.532) (9.92)

aResults for the device with highest PCE are shown in parentheses.
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Figure 4-25. (a) J-V curves and (b) the external quantum efficiency of the best performing
photovoltaic devices under AM 1.5G illumination. The structure of the solar cell device is
FTO/Zno_gsMgo_lso (*30 nm)/M—PbS/EDT—PbS /AU.

As shown in Figure 4-8 (a), the solar cells based on Zno gsMgo.150 has the best
power conversion efficiency. According to our previous report,®’ interfacial
recombination at the PbS/Au interface is also very important for the performance
of QDHSCs. At present, high-efficiency PbS QDHSCs typically employ
Bawendi’s structure, i.e., an EDT passivated QD layer is used as efficient
electron blocking layer (or hole transporting layer). Here we then followed
Bawendi’s recipe to introduce the EDT-treated PbS QD layer to act as HTL to
prevent interfacial recombination at the PbS/Au interface. We prepared five batch
devices with structure of FTO/Zn1.xMgxO/M-PbS (~260 nm)/PbS-EDT (~40
nm)/Au, the J-V characteristics are shown in Figure 4.24 and Table 4-4. We found
that solar cells based on ZnogsMgo.1s0O also show the best power conversion
efficiency at the presence of HTL. By combining all these advantages, the
Zno.g8sMgo.15s0/M-PbS QD-based solar cells achieved a high PCE of 10.6 % with
Jsc of 31.5 mA/cm 2 and Vo of 590 mV, as shown in Figure 4-25 (a) and
parentheses of Table 4-4, which is significantly improved than the undoped
device (8.3%). The External QE spectra were integrated with the AM1.5 G solar
spectrum for the best QDHSCs values of Jsc was calculated as 30.3 mA/cm?,
respectively, and are in good accordance with the measured J-V result (31.52
mA/cm?).

4.4 Conclusions

In summary, for the first time, we systematically demonstrated that in
QDHSCs, the formed spike structure between the ETL and QDs can inhibit
charge recombination and shallow defect states in the ETL can transport
photoexcited electrons from the QDs to the electron-collecting electrode. More
importantly, we also revealed that this transport process occurs on the ultrafast
time scale of a few hundred fs. Considering the above results, the optimized
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Zno.ssMgo.15s0/M-PbS QD-based device exhibited a maximum PCE of 10.6% (Jsc
increased from 27.3 to 31.5 mA/cm? and Vo increased from 533 to 555 mV). Our
study demonstrates the importance of optimizing the energy level alignment and
physical properties of the ETL layer towards the overall performance.
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Chapter 5: Effect of the Conduction
Band Offset on Interfacial Recombination
Behavior of the Planar Perovskite Solar
Cells

5.1 Introduction

Over the past decade, solar cells based on the organic-inorganic perovskite
materials have been studied as a promising technique to create new breakthroughs in
the energy field.'?® 23323% Noteworthy, perovskite materials are attracting massive
attention due to their extraordinary photonic and electronic properties, e.g., direct band
gaps, high absorption coefficient, long photoexcited carrier lifetimes and diffusion
lengths, and low Urbach energy.?®>2% For the perovskite solar cells (PSCs), state-of-
the-art power conversion efficiencies (PCEs) have been raised to 22.7% due to a
revolutionary breakthrough in the materials and architecture engineering.?*® These
breakthroughs are based on low-cost technology, thus promoting a bright future for
PSCs technology to be a viable alternative for the traditional photovoltaic materials.

The conventional structure of the PSCs is transparent conductive oxide
(TCO)/electron selective layer (ESL)/perovskite absorber layer/hole transport layer
(HTL)/metal back contact. Of course, much efforts have been focused on the
improvement of performance and stability of the perovskite materials, e.g., fabrication
method, composition control, and encapsulation, etc.}?6: 241-244 Both perovskite
compositional and film fabrication control have contributed a lot to the development of
the PSCs. As well, optimizing the interfaces in the PSCs is also essential for improving
the photovoltaic performance. As for the planar PSCs, the interface of the
ESL/perovskite absorber layer is extremely vital to the overall performance of the
devices, since the carrier injection and recombination are directly related to the ESL.14®
245248 pccordingly, interface engineering and control at the ESL/perovskite interface is
necessary for achieving high-efficiency planar PSCs.2492%0 The effect of the
ESL/perovskite interface on the device is mainly described in the following three
aspects: energy level alignment, perovskite film morphology, and device stability. The
property of the ESL plays key role in optimizing the performance of the interface. So
far, surface modification and low-content doping of metal oxides have been considered
as a way of improving the properties of ESLs. For instance, metal ions (e.g., Mg, Li, Y,
Nb, etc.)-doped ZnO and TiO2 have been utilized as efficient ESLs to enhance the
efficiency to over 19%, owing to the improved performance of carrier extraction and/or
injection.14® 21-254 Taking advantage of highly conductive polymer materials (e.g., self-
assembled monolayer, PCBM)!®0: 255256 and carbon materials (e.g., carbon dots,
graphene, and carbon nanotubes)®’-?%° to modify ESL has also been proved to be an
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efficient method for enhancing both charge extraction and electron mobility, and
therefore device performance. Besides the conductivity and surface trap states of ESL,
the energy level alignment at the ESL/perovskite interface also greatly affect the
interfacial recombination and carrier injection.

In fact, the energy level alignment at the interface can be quantitatively described
by the conduction band offset (CBO), i.e., the difference between the conduction band
minimum (CBM) energy levels of the ESL (or electron transporting layer) and the
absorber layer. Up to now, the effects of the CBO on carrier recombination at the
interface have been widely studied in other types of planar heterojunction solar cells,
such as Cu(In,Ga)Sey, silicon solar cells and PbS quantum dot solar cell,203 215-216, 260-
263 Also, the effect of the CBO on carrier recombination has been theoretically studied
in perovskite solar cells.?®* However, to our best knowledge, it is scarce to
experimentally investigate the influence of CBO between the ESL and the absorber
layers on device performance of the PSCs. In this study, to understand the operation
mechanism and optimum design of the device, we explored the effect of the CBO at the
ESL/perovskite interface on the solar cell performance of the PSCs. Magnesium
doped zinc oxide (Zn1-xMgxO (ZMO)) films with tunable bandgaps acting as the ESL
were prepared by a low-temperature sol-gel method. The solution-processed ZMO
films have good electron-transporting properties and tunable bandgaps, whose energy
level is highly dependent on the content of Mg doping, thereby enabling us to tune the
CBO value at the ESL/perovskite interface as well as the properties of the ZMO (e.g.,
defect density and carrier concentration). We find that an appropriate amount of Mg
doping could lead to a favorable CBO, which reduces charge recombination at the ESL
/perovskite interface and hence improves the device performance. Compared to the
PSCs fabricated with the pure ZnO ESL (11.2%), Zno.coMgo.100-based PSCs exhibited
a great increase of over 35% in PCE with a champion efficiency of 15.6%. The
mechanism for this improved performance including the charge injection and charge
recombination dynamics, has been investigated using fluorescence spectroscopy, Hall-
effect measurement and ultrafast transient absorption (TA) spectroscopy.

5.2 Experiments

Materials.

Lead (Il) iodide (Kanto,98%), 40%Methylamine Methanol Solution (Wako),
Hydriodic Acid (57%, TCI), Spiro-OMeTAD [2,2°,7,7 -tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene,>99.0%] (Xi’an Polymer  Light
Technology), lithium salts (Aldrich, >99.0%), N,N-dimethylformamide (DMF,
Aldrich, >99.9%) 1-octadecene (ODE, Aldrich, 90%), and isopropanol (Wako, >99.9%)
zinc acetate dihydrate (Wako, 99.9%), magnesium acetate tetrahydrate (Wako, 99%),
2-aminoethanol (TCI, 99%), and 2-methoxyethanol (Wako, 99%) were used as
purchased without further purification.

ZnO compact layer synthesis
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Solution-processed ZnMgO thin films were fabricated on FTO glass by a modified
sol-gel method according to previous reports.? 2% The FTO-glass substrate was
ultrasonically washed sequentially in water, acetone and isopropanol for 30 minutes
and then treated with ozone for 10 minutes. Using a fixed molar ratio of zinc acetate
dihydrate and magnesium acetate tetrahydrate dissolved in a mixture of 2-
methoxyethanol and 2-aminoethanol, Zn1.xMgxO was prepared under stirring overnight
(x=0-0.20) The precursor solution, wherein the total amount of 2-aminoethanol to metal
acetate is 1.0, the total metal acetate concentration is 0.3M. These transparent solutions
were spin-coated on the top of the FTO-glasses, which were pretreated by oxygen
plasma for 5 min. Then the films were pre-heated on a hot plate at 150 °C for 10 min,
and further transferred into an oven for annealing at 290 °C for 30 min.

Synthesis of CH3NHGal.

Methylammonium iodide MAI (MA=CHsNHz) was prepared to according to
reported.?5-266 30ml of hydroiodic acid (57 wt% in water) was reacted with 27.8ml of
methylamine (40 wt% in methanol) at 0°C for 2 h. From the solution, a dark brown
precipitate was recovered using a rotary evaporator at 60°C for 2 h. The resulting
precipitate was washed with diethyl ether several times until the colour of the
precipitate changed to white, and then recrystallized from ethanol. The white precipitate
was collected by filtration and dried under vacuum for 24 h before storage in a glove
box filled with Ar.

Device fabrication

To fabricate ZMO/MAPDI3z heterojunction solar cells, a 550 mg/mL precursor
solution of Pbl, in DMF (with 110 uL TBP in 1 mL Pbl2 precursor solution) was then
spin-coated on the top of ZnMgO compact layer at 4000 rpm for 30 s in the glove-box
and dried at 70°C for 10 min. After cooling to room temperature, the CHsNHsl 2-
propanol solution (10 mg/mL) was dropped on the Pbl> film and left for 60 seconds,
then spin at 4000 rpm for 30 s followed by annealing at 70°C for 20 min to give a
desired crystallite formation. As hole-transporting material (HTM), a Spiro- OMeTAD
solution [75 mg of Spiro-OMeTAD, 28.8 mL of TBP, and 17.5 mL of a lithium-bis-
(trifluoromethanesulfonyl) imide (Li-TFSI) solution (520 mg Li-TFSI/1 mL
acetonitrile) in 1 mL chlorobenzene] was spin-coated at 4000 rpm for 30 s on the
CHsNHsPblsz. Contacts consisting of ~100 nm of gold was deposited on the HTM layer
through a mask to create four identical cells on each substrate by thermal evaporation.
The contact sizes were 0.16 cm?,

Characterization

Current—voltage characterization was measured with a Keithley 2400 source
measuring under AM 1.5 G with solar simulator PEC-L10. The IPCEs were measured
by monochromatic illumination (300 W xenon arc lamp through Nikon G250
monochromator). X-ray photoelectron spectroscopy (XPS) data were measured by a
photoelectron spectrometer, S4 JPS-90MX (JEOL, Ltd., Japan). Scanning Electron
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Microscope (SEM) was measured by a JEOL JSM-6340 F instrument (Japan). UV-vis
absorption spectra were measured with a spectrophotometer (HITACHI, U-3900H,
Japan). The photoelectron yield spectrum (PYS) was measured using a BIP-KV205
ionization energy measurement system (Model BIP-KV205, Bunkoukeiki Co, Ltd).
Two kinds of TA setup were used to characterize the charge injection (a femtosecond
TA technique: fs-TA)?7-28 and the charge recombination dynamics (a nanosecond TA
technique: ns-TA)?%°270 in the samples. In the fs-TA setup, the laser source is a
titanium/sapphire laser (CPA-2010, Clark-MXR Inc.) with a wavelength of 775 nm, a
repetition rate of 1 kHz, and a pulse width of 150 fs. In this study, a perovskite material
was excited using a pump with a wavelength of 470 nm. The pump light intensity is 15
pd/cm?. With a time resolution of 100 fs, a 750 nm time-resolved TA spectrum was
obtained. In the ns-TA setup, the pump light source was an OPO (Surelite [1-10FP)
output excited by a Nd:YAG nanosecond pulsed laser (Panther, Continuum, Electro-
Optics Inc.). The pulse width is 5ns and the repetition rate is 0.5Hz. We use pulsed light
with a wavelength of 470 nm as the pump light to excite the sample. The probe light
comes from a fiber-coupled CW semiconductor laser. A probe wavelength of 1400 nm
was used to study free carriers in the transparent conductive film (TCO). For all
measurements, pump light and probe light were irradiated from the glass side, and TA
measurements were performed in an N2 atmosphere.

5.3 Results and Discussion

At forward bias state, i.e., at open circuit, the interfacial recombination mainly occurs
through the pathway of back-transfer recombination in which the electrons that have
been injected into the FTO electrode and the free holes in the MAPDI3 film recombine
through the deep level defect at the interface of ESL/MAPDbI3. In order to obtain better
electron injection in PSCs, the conduction band minimum (CBM) of “electron acceptor”
(i.e., ESL) is usually lower than that of perovskite, i.e., formed a “cliff”” structure, the
CBO value is negative (-). However, at the open-circuit, in the PSCs with the cliff
structure, after the separation, electrons and holes accumulate near the interface which
results in larger charge recombination through the interface defects, as shown in Figure
5-1 (a). If the energy level control is used, the CBM of the ESL is higher than that of
perovskite, i.e., forms a “spike” structure, the CBO value is positive (+) (as shown in
Figure 5-1 (b)), the presence of a notch at the interface leads to stronger band bending
in the conduction and valence bands of the absorber and ESL which can prevent
electrons and holes from approaching the interface, and then reduce the charge
recombination at the interface. Without considering the effect on electron injection,
theoretically, the larger the value of CBOspike, the stronger the suppression of charge
recombination and the smaller the open-circuit voltage (Voc) deficit. In order to
illuminate this effect, we constructed a Zn1-«MgxO (x=0, 0.05, 0.10, 0.15) /perovskites
system with CBO value tunable by using the tunable bandgaps of Mg-doped ZnO act
as ESLs in PSCs. Below we will discuss in detail the characteristics of the Zn1-xMgxO
films and the PSCs with different x values.
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Figure 5-1. Schematic illustration of charge recombination at interface of ZMO/MAPDI; layers
under open circuit, when the conduction band minimums (CBM) of the ZMO ESL layer are (a)
below (i.e., the CBO value is minus and it is a “Cliff” structure) and (b) above (i.e., the CBO value
is plus and it is a “Spike” structure) that of the MAPbI3 absorber layer.
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Figure 5-2. (a) High-resolution XPS spectra of Zn:;.xMgxO (x=0, 0.05, 0.10, 0.15, 0.20) ESL
derived from controlled precursor sol concentrations for a) Zn 2p, b) Mg 2p, and c) O 1s core levels,
respectively.
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Table 5-1. The XPS oxygen peaks were deconvoluted to three different near-Gaussian
subpeaks with the peaks range is A, B, and C.

Sample A(A/(A+B+C)) B(B/(A+B+C)) C(C/(A+B+QC))
x=0 4797.8 (48.5%) | 2539.8 (25.7%) | 2551.9 (25.8%)
x=0.05 5123.6 (55.5%) 1893.2 (20.5%) 2214.0 (24%)
x=0.10 5664.2 (58.9%) 1640.7 (17.1%) 2306.6 (24%)
x=0.15 4763.9 (51.5%) 2299.1 (24.6%) 2274.0 (23.9%)
x=0.20 4846.4 (45.9%) 3033.3 (28.7%) 2687.7 (25.4%)

In the Chapter 4 we have demonstrated that the successful incorporation of different
compositions of Mg into ZnO films by the sol-gel method as shown by the XPS spectra
of Figure 5-2.25% Here, to investigate the incorporation of Mg atom into the ZnO host
lattice structure, we have explored the deconvoluted Gaussian subpeaks of Ols XPS
spectra for ZnO and Mg-doped ESL films (Figure 5-2 (c)). Both the pristine ZnO and
the Mg-doped ZnO films show a main peak (O 1S-A) and shoulder peaks (O 1S-B and-
C) in the O 1S XPS spectra. The O 1S-A is attributed to O% ions in the stoichiometric
wurtzite ZMO structure compound system (Zn-O or Mg-0). The O 1S-B is related with
O* ions in the oxygen-deficient regions within the ZnO matrix and is connected to
oxygen vacancies. This peak can be also related to the surface adsorbed group on the
ZnO surface. O 1S-C is usually attributed to chemically adsorbed oxygen on the surface,
dissociated oxygen or OH-groups.?’*2”® The weight of the relevant subpeak area
B/(A+B+C) (Table 5-1) represents the relative quantity of oxygen vacancies in ZMO
thin films. We found that the weight of O 1S-B decreases first (x from 0 to 0.10) and
then increases (x from 0.10 to 0.20) with increasing doping of Mg. This result indicates
that appropriate amount of Mg doping in ZnO could reduce the oxygen vacancy
concentration, which may reduce the carrier concentration of ZMO.%’* Therefore, the
Mg dopant can serve to suppress the formation of oxygen vacancy. On the other hand,
the weight of the C/(A+B+C) peak area (Table 5-1) of Mg-doped ZnO is a little smaller
for x increasing up to 0.15 than the that of the ZnO, which may be associated with a
reduction of hydroxyl groups in the ZMO ESLs due to Mg doping. Thereby, ZMO
acting as ESL in PSCs can improve the thermal stability of devices, as has been
demonstrated by other reports.?!

We also characterized ZMO film morphology by AFM. Figure 5-3 (a) shows the
AFM image of the ZMO surface on FTO substrate, which was compared to that of the
ZMO surface on a glass substrate (Figure 5-3 (b)). On the glass substrate, all films
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showed the smooth surface with average surface roughness estimated being ~2 nm. The
estimated rough surface measurement of the FTO surface is about 44.8 nm. After the
ZMO film deposition, the roughness remains at about 25 nm, but without cracks and
voids, which we believe could help to decrease the photocurrent leakage at the
ZMOl/perovskite interface. The rough morphology also increases the contact area
between the perovskite film and the ZMO, which is beneficial for light absorption and
carrier extraction.

RMS roughness : 44.8 nm RMS roughness : 25.8 nm IS roughness : 24.3 nm

A %
NV

Glass/ZMO x=0.15 Glass/ZMO x=0.20

Figure 5-3. Top-view AFM image of FTO and Zn:.xMgxO (x=0, 0.05, 0.10, 0.15, 0.20) film on
(a) FTO substrate and (b) Glass substrate.

The optical bandgaps (Eg) of the ZMO and CHsNHsPblz (MAPbIz) films were
confirmed by the optical absorption spectra (Figure 5-4 (a)) and photoacoustic spectrum
(Figure 5-4 (c)), respectively. The corresponding bandgap of the ZMO films
continuously increases from 3.26 to 3.56 eV as x increases from 0 to 0.2 and the band
gap of MAPbI; film is 1.55 eV, which are in good agreement with other reports.1%" 212
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275 The photoelectron yield (PY) spectroscopy measurements were performed to
investigate the relative position of the valence band maximum (VBM) of ZMO and
MAPbI; films, as shown in Figure 5-4 (b) and (d), respectively. We found that the
influence of Mg doping on the energy levels of VBM of the ZMO is little , i.e., the
VBM of the ZMO remains almost the same value as that of the ZnO, which has also
been found by other groups.?'* Based on the above results, the energy band diagram of
the ZMO and the MAPbIs films were determined, as shown in Figure 5-5 (a). As
expected, a continues upshift of the conduction band minimum (CBM) energy position
of the ZMO films with increasing Mg doping content was observed. Importantly, we
found that when the Mg doping exceeds 5%, the CBM of the ZMO becomes higher
than that of the MAPbIs, that is, the transition from the cliff structure to the spike
structure. We have fabricated perovskite solar cells with the planar structure. The two-
step deposition method was employed to prepare MAPDI3 active layers on the ZMO-
ESLs, and the entire device manufacturing process is performed at a low temperature
(< 300°C). A cross-sectional scanning electron microscopy (SEM) image of the solar
cell is shown in Figure 5-5 (b).
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Figure 5-4. (a) An increase in the bandgap from the optical absorption and (b) photoelectron yield
(PY) spectroscopy of Zni-xMgxO films. (c) Photoacoustic (PA) spectra and (d) photoelectron yield
(PY) spectroscopy of MAPbIs film.
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Figure 5-5. (a) Experimentally determined diagram of energy levels (relative to the vacuum level)
of Zny,«MgxO films (x=0-0.20) (the valence band maximum (VBM) and the conduction band
minimum (CBM) are represented in eV). (b) Cross-sectional SEM image of a typical device of
perovskite device structure.
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Figure 5-6. J-V characteristics of MAPbIl; PSCs with Zn1.xMgxO (x=0~0.20) under simulated
AM 1.5G illumination.
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Table 5-2. Statistical averages of the photovoltaic performance parameters of 24 devices for

each type of the PSCs 2.
Sample Jsc Voc FF PCE
(mA/cm?) (mV) (%) (%)
x=0 18.41+0.66 945.36+18.94 61.81+2.57 10.75%0.40
(19.87) (985) (57.28) (11.21)
x=0.05 19.76%0.85 974.67+£17.72 64.31+3.75 12.58+0.31
(20.48) (1011) (63.83) (13.21)
x=0.10 20.67+0.57 1034.52 +22.54 67.87+2.03 14.20+0.36
(21.62) (1044) (69.14) (15.60)
x=0.15 20.42+0.90 1044.8+7.35 62.52+2.59 13.30%0.22
(20.73) (1061) (64.7) (14.23)
x=0.20 20.07+0.89 1027.84+18.43 61.22+2.05 12.99+0.35
(20.55) (1050) (63.6) (13.72)

2 Results for the device with highest PCE are shown in parentheses.
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Figure 5-7. Statistics of photovoltaic performances of planar structure PSC devices
(FTO/Zn;-xMgxO/MAPDIs/Au) as a function of x (x = 0, 0.05, 0.10, 0.15, 0.20) in the Zn;-x\MgxO
ESL and the CBO value between the ESL and MAPDI3: (2)Voc, b) Js¢, (¢) FF, and (d) PCE. The solid
data points represent the average values, and the error bars stand for the standard deviations.
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We prepared five batch PSC devices using Zni-xMgxO as the ESLs with x = 0, 0.05,
0.1, 0.15, 0.20 and 24 devices were constructed for each batch. The typical photocurrent
density—voltage (J-V) characteristics of the five types of PSCs upon standard 100
mW/cm? AM1.5G illumination are shown in Figure 5-6. Figure 5-7 shows the device
performance statistics with the average value and standard deviation for the PSCs as a
function of CBO and the Mg doping content of ZMO/MAPDI3 layers. The
corresponding photovoltaic parameters and average values are summarized in Table 5-
2. The CBOs were controlled in a range from -0.04 to 0.23 eV. As expected, a
considerable enhancement in open-circuit voltage (Voc) was observed for all Mg-doped
samples when spike structure was formed between the ZMO and the MAPDbI3 (i.e., the
positive CBO). However, when the positive CBO is more than 0.2 eV, the Vo decreased.
The short-circuit current density (Jsc) of the solar cells first increases with increasing of
the CBO (from -0.04 to 0.1 eV) and then decreases when CBO is more than 0.1 eV.
Photovoltaic devices employing ZnosMgo1O ESL show the best performance with
power conversion efficiency (PCE) of 15.6% with Voc of 1044 mV, Jsc of 21.6 mA/cm?
and FF of 69.1%, higher than that of the device based on the pristine ZnO which shows
a Jsc of 19.9 mA/cm?, V. of 985 mV, FF of 57.3%, and PCE of 11.21%, respectively.
From the J-V results we have found that the photovoltaic (PV) performance of the PSCs
strongly depends on the doping content of Mg in the ZMO-ESLs.
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Figure 5-8. Device characteristics of the planar structure PSC devices (FTO/ZMO/MAPbIs/Au).
(a) J-V characteristics of devices in the dark. (b)Voc plotted against the logarithm of Jsc in the devices.

To understand the difference in the photovoltaic performance when changing the Mg
doping level in ZnO, we first investigated the carrier recombination mechanism in PSCs.
The diode parameters in the solar cells, e.g., ideality factor n and reverse saturation
current Jo, are important indicators of the dominant recombination mechanism. Figure
5-8 (a) shows the dark J-V curves of the PSC (FTO/ZMO/MAPDbIs/Au) devices, by
fitting the dark J-V curves with the ideal diode equation (5-1):26% 276

JaarkOV) = Jo [exp (5) — 1] (5-1)
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where k is the Boltzmann constant, T is the temperature. n and Jo with various Mg
contents x were determined by fitting eq. (5-1) to the dark J-V curves in the region B
of Figure 5-8 (a) and the results are summarized in Table 5-3. In addition, the dark J-V
response in region A and C is affected by the shunt behavior, and the series resistance,
respectively.??®® The n first decreased from 2.12 to 1.62 as the Mg content increased
from 0 to 10% and then increased up to 2.43 with a further rise in the Mg content, and
the Jo shows the same trend of changes as the Mg content increased. When band-to-
band recombination dominates, the n should be close to unity. If the Shockley-Read-
Hall (SRH) recombination within the space-charge region (e.g., interfacial
recombination or trap-assisted recombination) is active, the n should be more than 1.2%
The 10% Mg-doped device shows the smallest n value, indicating the best SRH
recombination suppression, which could be attributed to suitable CBO and/or suitable
physics properties (e.g., the lower defect density) of the ZMO ESL. Also, the Jo values
displayed a similar tendency with the 10% Mg-doped device showing the smallest Jo
value.

Table 5-3 Diode ideality factor (n) and reverse saturation current density (Jo) of the PSCs with

Zn1xMgxO(x=0~0.20).

Sample n J,
x=0 2.12 2.557E-4
x=0.05 1.71 1.256E-6
x=0.10 1.62 3.672E-7
x=0.15 1.84 3.891E-5
x=0.20 2.43 1.962E-4

Alternatively, n can be also obtained from the light intensity dependence of the Jsc
and V. according to the equation (5-2):2?

Voe = %" n (%) (52)

As shown in the Figure 5-8 (b), the variation tendency of ideality factor n determined
from the light intensity dependence of the Jsc and Vo according to the Eq. (5-2) agrees
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with that of dark J-V characteristics. In solar cells, different ideality factors mean
different recombination mechanisms at open circuit, our results suggest that the charge
recombination in the PSCs under the dark or illumination strongly depends on the Mg-
doping level in ZMO.
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Figure 5-9. Experimental results and theoretical prediction of the V. deficit of ZMO-based PSCs.
The Vo deficit was defined as Eg/q — Vo, Where g is the elementary charge. Considering a
thermodynamic limitation resulting in loss of ca. 0.3 V between Eg and V2’ thus the 0.3 V
thermodynamic loss has been subtracted from this, that is, Vo deficit = (E¢/q - 0.3 V)~V .

However, above results show that when Mg doping-content exceeds 10%, the
interfacial recombination does not continue to decrease as the CBOspike Value increases.
In addition, when the Mg doping levels are high, it also shows that the Vo deficit
gradually becomes saturated rather than expected (as shown in Figure 5-9), that is, the
greater the CBOspike Value, the lower the voltage loss. From previous studies,?® we
know that the doping of Mg can not only tune the CBM but also have a significant
influence on the properties of the ZMO, e.g., defect distribution and carrier density,
especially the deep level defect density may also be factors that affect the charge
recombination of the PSCs. Therefore, we speculate that the influence of the interfacial
recombination and Vo deficit are dominated by two factors simultaneously: (1)
Interface level structure, when the spike structure is formed at the interface which can
further create a slight barrier to prevents injected electrons in the FTO electrode and
holes in the MAPDIs layer returning back to the ZMO/MAPDI3 interface for
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recombination; (2) the concentration of the deep level defects from ZMO ESL which
act as recombination center in the interface of ZMO/MAPDIs. Below we will discuss in
detail the impact of these both factors, i.e., CBO structure and ZMO properties, on the
performance of the planar PSCs.
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Figure 5-10. Statistics of device performance of PSCs based on 350 °C-Zn;-xMgxO electron
transporting layer (x=0, 0.05, 0.10, 0.15, 0.20): (a) Vo, b) Js, (¢) FF, and (d) PCE. The solid data
points represent the average values, and the error bars stand for the standard deviations.

In the planar ZMO-based PSCs, the “recombination center” at the interface mainly
results from the deep level defects in the ZMO-ESL. However, as known in our
previous study,?%® varying the Mg doping concentration in the ZnO, not only the CBM
was changed, but also the defect distribution and carrier concentration in the ZnO were
affected. For better understanding how these two factors effect on interfacial
recombination, we prepared the ZMO films with relatively low defect concentration by
improving annealing temperature (350°C) 218 278-27% ‘and the PSCs based on these films.
The photovoltaic performance statistics with the average value and standard deviation
of the 350°C-ZMO based PSCs are summarized in Figure 5-10. Figure 5-11 (a) shows
the PL spectra of the ZMO films with different annealing temperatures (e.g., bottom-
290°C and up-350°C) under room temperature. The bottom of Figure 5-11 (a) has been
reported in our previous work.?%® The narrow ultraviolet emission at 380 nm is related
to the near band edge transitions in ZnO. Emission regions of 400~600 nm is attributed
to the shallow and deep level defects within the ZnO crystal, such as interstitials and
vacancies of zinc and oxygen. The violet (400 nm) and blue (470 nm) emission in PL
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spectra of ZnO are related to shallow defects, the green (529 nm) and yellow (572nm)
are associated to deep defects.?'8-21% 263 Figure 5-11 (b) shows the integral area of the
deep defect related emission range (within the red border) in the PL spectra of both
290°C-ZMO and 350°C-ZMO films. Due to the integrated area of the PL emission from
defect states is proportional to the defect state density of the corresponding energy level,
we found that compared with the effect of doping content of Mg, the influence of the
annealing temperature on the deep defect density of ZMO is more obvious. As shown
in our previous reports, the deep defects were caused mainly by the oxygen vacancy or
metal cation (Zn?* and Mg?*) interstitial in ZMO film. Thus, our results shows that the
appropriate amount of Mg doping (x < 0.15) or increasing the annealing temperature of
the film in air can reduce the density of deep defects in the ZMO.%52
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Figure 5-11. (a) Room temperature PL spectra of the Zn1.xMgxO films (x=0, 0.05, 0.10, 0.15 and
0.20) with different annealed temperature (bottom: 290°C?%% and up: 350°C). (b) The integral area
of the green-yellow (500-600 nm) range of both PL spectra of 290°C-ZMO and 350°C-ZMO films.
(c) The Vo deficit of both 290°C-ZMO based PSCs and 350°C-ZMO based PSCs.

For heterojunction solar cell, Vqc deficit can well reflect the charge recombination at
interface. As shown in Figure 5-11 (c), the PSCs based on 350°C-ZMO shows slightly
lower Vo deficit than the PSCs based on 290°C-ZMO could be due to their difference
of deep defect densities. Notably, the variation trend of Vo deficit with Mg doping level
in both kinds of PSCs (based on 290°C-ZMO and 350°C-ZMOQ) are very similar, which
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indicate that Mg-doping has the same effect on these two types of PSCs. Interestingly,
the deep defect density (relative values due to normalized) in both 290°C-ZMO and
350°C-ZMO films did not show significant changes with the increase of Mg-doping
level when Mg doping content is below 15% (as shown in Figure 5-11 (b)), however,
Vo deficit of the PSCs based on both kinds of ZMO all shows the significant changes
with increasing Mg doping level (as shown in Figure 5-11 (c)). So, we can conclude
that the interfacial recombination in PSCs is mainly dominated by the CBO at the
interface of ZMO/MAPbI3. But we also found that when the doping amount of Mg
exceeds 15%, the Voc deficit tends to be a saturated value rather than decreases
continuously. We think that the change of the V. deficit with the increase of Mg doping
content in our PSCs is a combined effect of the formed CBO between the ZMO/MAPDI3
and deep defect states in ZMO. When the doping content of Mg in ZnO exceeds 15%,
the positive effect of the CBOspike ON the reduction of interfacial recombination is
cancelled by the negative impact of the deep defects of ZMO.
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Figure 5-12. Nanosecond TA responses of (a) Glass/ MAPbl; and FTO/MAPbIs, and (b) FTO/
Zn1xMgxO/MAPDI; (x=0, 0.05, 0.10, 0.15, 0.20) (red lines are fitted lines).
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Figure 5-13. (a) Nanosecond (ns) TA-response (recombination process) of ZMO/MAPDI; with
increasing of Mg content (x=0~0.2). (b)Schematic illustrations of charge recombination at interface
of ZMO/MAPbI; layers at open circuit, when the Mg-doping content more than 10%.

To more intuitively explore the mechanism of electron recombination at the ZMO/
MAPbDI3 heterojunction, we performed the nanosecond (ns)-TA measurements. TA
measurements were conducted on MAPDI3 deposited on FTO/ZMO films. Generally,
in PSCs, the charge recombination at the interface occurs in a timescale of over 1 ns,
and thus we measured the relaxation dynamics (charge recombination) of the injected
electrons in FTO using the ns-TA setup.?® Figure 5-12 (a) and (b) shows the TA
responses of MAPDI3 deposited on glass, FTO and FTO/ZMO, which were measured
with the pump wavelength was 470 nm and the probe wavelength was 1400 nm.
Because the free carrier absorption in FTO is mainly located in an infrared range of
1400~4100 nm, we, therefore, focus on this range to investigate the dynamics of the
injected electrons.?® As shown in the bottom of Figure 5-12 (&), no TA responses could
be observed at this wavelength (1400 nm) for MAPbIs films on glass. Therefore, we
confirm that the TA response of FTO/MAPDIs (upper part of Figure 5-12 (a)) and
FTO/ZMO/MAPDI3 (Figure 5.12 (b)) is assigned to the absorption signal of electrons
transferred into FTO electrode from the MAPbDIs. Figure 5-13 (a) shows the
recombination time from all samples by fitting results of ns-TA response with an

t
exponential function (y(t) = Age = + y,). We found that for the PSCs without ESL,

the recombination is fastest with a time constant of 0.22 + 0.01 ms. Then the
recombination is suppressed after ESL was introduced and became slowest for x= 0.1
where CBOspike is 0.08 eV (1.36 + 0.068 ms). Therefore, the presence of an optimized
ESL (form a spike structure) can effectively suppress back recombination of injected
electron carriers at the FTO/MAPbDIs interface and significantly improve device
performance, as shown in Figure 5-14. When x> 0.1 where CBOspike is larger than 0.1
eV, the recombination became faster again. This result could be due to the large increase
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in deep defect density, and the negative effect of deep defects on interfacial
recombination exceed the positive effect of the spike structure, as shown in Figure 5-
11 (b).
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Figure 5-14. (a) Schematic illustration structure and (b) J-V characteristics under simulated AM
1.5G illumination of a planar perovskite solar cell.
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Figure 5-15. XRD patterns of MAPbI; perovskite films fabricated on top of FTO and FTO/Zn;.

xMgxO ESL films (a) full figure and (b) partial enlarged detail (the * signs denote the peaks for
FTO/glass substrate).
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Figure 5-16. The top view SEM images of MAPbIz perovskite films fabricated on top of Zni.
xMgxO (x=0,0.05,0.10,0.15,0.20) ESL films.

Besides, the perovskite film morphology and crystallization which are also affected
by ESL/perovskite interface are highly related to the device performance.'*® 28 Figure
5-15 depicts the XRD patterns of the MAPbIz films on five ETL films. For all the
perovskite films, we can observe the diffraction peaks are in good accordance with
previously reported XRD patterns of MAPDIs. The diffraction peaks in all the
perovskite film patterns agree well with previously reported XRD patterns for MAPDIs.
The patterns of all the films showed the same characteristic peak without Pbl> residue,
therefore the MAPbDI3 films were considered to be not affected by the Zni;xMgxO
substrates. The surface of scanning electron microscopy (SEM) of MAPbI3zon the ZMO
also shows the same surface morphologies, as shown in Figure 5-16. This result
confirms the photovoltaic performances of the ZMO-based PSCs here were controlled
by other reasons such as the interfacial recombination rather than the morphology and
crystallization of the MAPDbIs film.
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Figure 5-17. (a) Femtosecond TA responses of (a) Glass/ MAPbI; and FTO/MAPbIs;, and
(b)FTO/ Zn1xMgxO/MAPbDI; (x=0, 0.05, 0.10, 0.15, 0.20) (red lines are fitted lines).

There is a problem that cannot be ignored when constructing the spike structure at
the interface, that is, the effect of spike structure on electron injection. The observation
that the positive CBO does not benefit Jsc was reported in the other types of solar
cells.?®* To further investigate the photoexcited electron injection dynamics at the
ZMO/MAPDI3 heterojunction, we performed the femtosecond (fs)-TA measurements
with a pump light wavelength of 470 nm and a probe light wavelength of 750 nm. The
photon energy of the probe wavelength corresponds to the band gap of the MAPDI3,
thus we can observe bleach signals at this probe wavelength as shown in Figure 5.17.26
The bottom and upper parts of Figure 5-17 (a) show the normalized fs-TA responses of
the Glass/MAPbDIz and FTO/MAPDI3, respectively. As shown in the bottom of Figure
5-17 (a), no decay of the TA response was observed for MAPbIz on glass, but for
FTO/MAPDI3 (the upper part of Figure 5-17 (a)) and FTO/ZMO/MAPbI; (Figure 5-17
(b)), there are an obvious decay of the TA response. According to our previous work,°
thus, we confirm this decay originates from electron injection from the perovskite to
the ZMO/FTO. Figure 5-18 (a) shows the injection time from all samples by fitting the

-t
fs-TA response with an exponential function (y(t) = Age® + y,). In the case of

FTO/MAPbI3 without ESL, it shows the fastest injection (2.8 + 0.1 ns), when the ZMO
thin film is introduced between the FTO and the MAPbIs, the electron transfer rate
becomes slower. Despite the formation of the spike structure, the sample with x=0.1
shows a little faster injection rate with a time constant of 5.5 £ 0.4 ns compared to the
other FTO/ZMO/MAPDI3 samples. This result indicates that when a large CBOspike in a
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certain range occur, the charge injection is not affected by the energy barrier. This could
be due to some shallow defect states in the ZMO layer can act as additional pathways
for charge carriers to transfer from the MAPbDI; to the FTO electrode.?®® But when
CBOspike CONtinues to increase beyond 0.1 eV, the electron, in this case, was impeded
by the spike, therefore, the injection rate becomes smaller with the increase of CBOspike.
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Figure 5-18. (a) Femtosecond (fs) TA-response (injection process) of ZMO/MAPDI; with
increasing of Mg content (x=0~0.2). (b) External quantum efficiency (EQE) spectra and their
integrated photocurrents for the ZMO/MAPDI; PSCs. (c) Carrier density, electron mobility of ZMO
and MAPDI; film at room temperature from Hall effect measurement.

Figure 5-18 (b) depicts external quantum efficiency (EQE) of the typical
ZMO/MAPbI3 PSCs with the best PCE at each Mg content (x =0, 0.05, 0.10, 0.15, and
0.20), the corresponding J-V characteristics are shown in Figure 5-6, and their cell
parameters are listed in detail in Table 5-2. Integrating the EQE data with the AM 1.5G
solar spectrum gave calculated Jsc values of approximately 19.52, 20.16, 21.32, 20.41,
and 20.24 mA/cm? for the PSCs with the ZnO and doped ZMO ESLs, respectively,
which are in good agreement with the Jsc values obtained from the J-V curves. We found
that benefiting from the broadened optical band gap of ZMO, the EQE increased
gradually in the region of 340-400 nm, which is due to the increased light absorption
by the following MAPbI3 absorbing layer.®” Considering the integrated increased EQE
within the 340-400 nm spectral range just contributes to a maximum Jsc gain no more
than 0.3 mA/cm?, the additional Js increase for the PSCs with Mg doing could result
from other factors.

113



Figure 5-18 (c) shows the Hall effect measurement results of ZMO films. We found
that the carrier concentration of Mg-doped ZnO films (<10'® cm) was significantly
lower than that of the pure ZnO (~10*® cm™). A more significant difference in carrier
concentration would expand the built-in electric field at the interface of ZMO and
MAPDI3,18 shifting the built-in electric field toward the ZMO film and thus
contributing to improve the charge collection efficiency of the FTO electrode. Moreover,
the charge transfer rate is expected to depend on the density of accepting states;??% 282
thus, lowering the carrier concentration in ZMO would produce more electron
accepting states for electron transfer. The increased Hall carrier mobility resulting from
increasing the Mg-doping content also ensures that electrons can quickly transport to
the FTO electrode. All the aforementioned factors contribute to the increase in Js;
however, the Jsc begins to decrease when the Mg doping exceeds 10% due to the
excessive increase of the CBOspike (more than 0.1 eV), which causes an extraction
barrier of photogenerated electrons.

5.4 Conclusions

The effect of the CBO in planar PSCs was systematically investigated by introducing
ZMO-ESLs into the devices. The tunability of the electronic energy levels in the ZMO-
ESL, which was achieved by controlling the doping amount of Mg, enabled the
optimization of the conduction band energy level alignment. We found that in
ZMOl/perovskite system although interfacial recombination is affected by two factors,
i.e., the CBO structure and ZMO properties, when the doping content of Mg in ZnO is
less than 15%, CBO structure is dominated, and a higher conduction band energy of the
ESL with a CBO value up to 0.16 eV at the interface of ZMO/MAPDI; is beneficial to
the overall performance. However, an optimized composition exists for both the
suppression of recombination and enhancement of electron injection, which is
Zno.9Mgo.1O in this case. Using TA measurements, we revealed that the electron
injection from photoexcited MAPDbI3 to an FTO through a ZMO compact layer occurs
on the timescale of a few nanoseconds in planar PSCs. Benefiting from the reduced
interfacial charge recombination and enhanced charge injection, the PSC with the ZMO
shows a PCE as high as 15.6%, which is much higher than the 11.2% efficiency for
solar cells with ZnO. These results demonstrate a potential guideline for designing and
fabricating high-efficiency PSCs using band-alignment engineering.
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Chapter 6 Summary and Prospective

We have demonstrated that the energy level alignment (ELA) engineering at the
interface between the active QD layers and the metal electrode of QDHSCs can be used
to improve the electron collection efficiency at the heterojunction and reduce trap-
assisted and interfacial recombination. Through the ELA strategy, a great increase (from
28 t0 33 mA/cm?) in Jsc and a maximum efficiency of 7.24% (the active area is 16 mm?)
have been achieved by optimization of the structure. By the explored of carrier
dynamics we found that the ELA structure not only as an electron-blocking layer,
reduces the interfacial recombination at the PbS/Au interface, but also the ELA
structure can drive more electron carriers toward the electron transfer layer, and the
additional electron carriers can fill the trap states, reducing the trap-assisted
recombination in the PbS QDHSCs. In brief, this study emphasized band energy
engineering in achieving high-efficiency planar heterojunction QD solar cells. The
carrier transportion and recombination mechanisms explored in this work may be able
to aid further improvements of QDHSCs and they can even benefit other types of solar
cells. This study suggests a useful strategy for improving the effective diffusion lengths
of photogenerated carriers in PbS QDHSCs via simple architecture design.

For the first time, we have demonstrated that in quantum dot heterojunction solar
cells (QDHSCs) a spike structure at the interface, i.e., the energy level of the conduction
band of the electron transporting layer (ETL) is higher than that of the QD absorber,
can suppress the charge recombination at the interface. We find that efficient charge
injection can still occur even when the spike structure is formed between the QD
absorber and the ETL. We think that this is because that the shallow defect states in the
ETL can serve as additional pathways to transport the photoexcited electrons from the
QDs to the electron collecting electrode (FTO). By taking advantage of these
characteristics, we greatly improve the efficiency (10.6%) of the QDHSCs just by
slightly tuning the conduction band energy offset between the ETL and the QDs. In
addition, by probing free electron absorption in FTO using broadband transient
absorption spectroscopy, we find that ultra-fast electron transfer occurs in a time scale
of a few hundred femtoseconds from PbS QDs to FTO through the Zn1.xMgxO compact
layer. We believe that our findings would provide guidance for enhancing the
photovoltaic performance of QD-based solar cells further.

The effect of the conduction band offset in planar PSCs was systematically
investigated by introducing ZMO-ESL into the device. The tunability of the electronic
energy levels in the ZMO-ESL by controlling the doping amount of Mg allows for an
optimization of the conduction band energy level alignment. We found that a higher
conduction band energy of the electron selective layer by no more than 0.2 eV is
beneficial for the overall performance, which leads to a suppressed interfacial
recombination and thus an increased Voc. By TA measurement we also revealed the
time constant of electron injection from photoexcited MAPbIz to FTO through ZMO
compact layer. Benefiting from the reduced interfacial charge recombination and
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enhanced charge injection, the PSC with ZMO exhibited a considerable increase (~35%)
in PCE compared with the solar cell with ZnO. These results demonstrated a potential
guideline for the designing and fabricating high-efficiency PSCs through band
alignment engineering.

For CQDSCs, the highest certified efficiency just is 12% (PbS CQDSCs) and 13.4%
(CsPbls), respectively, thus the priority is to further increase efficiency in order to
compete with other existing solar energy technologies. Current limitations for device
efficiency are mainly due to low Voc and FF, so further research needs to exploit more
passivation approaches, and careful engineering electrode materials and tuning the
CQD properties, which enables reduced recombination loss, increased carrier diffusion
length and higher electron collection efficiency. For PSCs, although their efficiencies
have reached levels comparable to those of conventional commercial solar cells, their
stability test results under light illumination and at maximum power output point are
still insufficient. Therefore, further improvement of the stability output of the PSCs in
a real working condition is the primary task for future research. Moreover, deep
understanding charge dynamics and interface properties of CQDSCs and PSCs are
required to advance device towards the production further.
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