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Abstract

ABSTRACT

o cope with the present large global energy demand while ensuring a sustainable future,
T environmental-friendly energy sources are needed. One of the promising candidates is
solar energy. Therefore, solar cells, which convert the abundant light from the Sun into
electricity, have attracted much attention in terms of their cost-efficient feature and pollution-
free characteristic.

The research on solar cells can be grouped into several categories, including mechanism
exploration, material selection, structure optimization, etc. At the very initial stage, most of the
investigations are based on a single p—n junction solar cell prototype. The detailed-balance limit
of the conversion efficiency of a device with this structure is deduced as 33.7% at 300 K under
1-sun AM1.5 illumination, known as the Shockley-Queisser limit. This value is determined by
optical transmission losses and carrier thermalization in a semiconductor with a given bandgap
energy. Even in an ideal semiconductor, these two main energy losses are inevitable due to the
necessity of absorbing the broad solar spectrum by a single material.

The transmission loss in a conventional cell device can be alleviated by modifying the band
structure of active materials. A simple extension of the single-junction solar cell is the multi-
junction cell design, which achieves higher efficiencies due to spectral splitting but requires
current matching. Quantum well solar cells can also be used to improve absorption, but they
function more like a low-gap device with a boosted current stemming from the trade-off of the
voltage output.

Intermediate-band solar cell (IBSC) is a single-junction photovoltaic concept where
sequential photon absorption at additional intermediate energy levels can achieve theoretically

both a current enhancement (due to utilization of low-energy photons in the solar spectrum) and
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a high voltage. The preservation of volage in this cell type is realized by establishing a third
population of carriers in the quasi-thermal intermediate band (IB). It has been calculated that
the maximum theoretical conversion efficiency of IBSC is 63.1%. However, the technical
difficulty of designing an IBSC device still exists, which lies in how to merge the IB material
into a solar cell system. Despite that kind of IBSCs have been explored to date, most of them,
as a matter of fact, are suffering from short carrier lifetimes in the intermediate states. This
destroys the potential benefits of cascaded photon absorption and even leads to performance
degradation for real devices.

Photovoltaic devices incorporating a quantum dot (QD)-in-well (DWELL) structure have
exhibited their competencies in realizing the IBSC concept. In previous studies, we have
proposed a DWELL IBSC with an Aly3Gao7As single-junction cell design containing multiple
InAs/GaAs DWELL layers. For this device, the thermal barrier height of localized electrons is
quite larger than that of holes in the DWELL region, which conduces to efficient separation of
photoexcited carriers in the IB at room temperature: the electrons moving around the QDs are
capable to be deeply confined while the holes traverse smoothly toward p-region. Reducing the
recombination extends the lifetime. We showed that the carrier lifetime of remaining electrons
is at the microsecond level under room temperature. This benefits the adiabatic intraband
absorption of QDs as the electrons heavily accumulate there. In other words, the sub-bandgap
oscillator strength has been indicated to be promoted in this structure.

Such a prolonged carrier lifetime has facilitated us exploring the operation principles of
IBSCs. For example, we have reported the saturable two-step photocurrent generation in
previous studies and successfully explained the results by analyzing carrier dynamics in the
structure. The current produced by this way was significant as compared to the value of
conventional quantum dot solar cells. This is important since it implies a more reliable channel
for the low-energy photon absorptions if processing isolatedly. However, there exist missing
pieces when discussing the device performance from a practical perspective. For an IBSC
device, the electrical power delivered by the host semiconductor can be influenced by the
subband excitation process. Other factors, like photovoltage and fill factor, also determine the

solar cell performance but without being reached. Thereby, we make more comprehensive
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studies in this dissertation. New results associating carrier transport mechanisms are

investigated.

Regarding the experimental achievements, the dissertation can be divided into several

sections:

II.

II1.

For a rough characterization of DWELL IBSC performance, the current—voltage (I-V)
response of the fabricated device was examined at AM 1.5 G one-sun illumination.
Unlike the quasi-rectangular response indicated in many solar cells, the /-V generated by
DWELL-IBSC exhibits a trapezoid shape. The origin of this peculiarity is attributed to

the complex semiconductor band arrangement employed for the cell design.

The generation of two-photon photocurrent in DWELL IBSCs was investigated by using
external quantum efficiency measurements, which involved a wavelength-dependent
carrier interband excitation process in the entire cell structure and a subsequent intraband
excitation in the QD. We find that, in the case of QD interband excitation in a sample
with multiple DWELLSs, the carrier collection efficiency does not simply increase with
the intraband excitation intensity; in the range from about 0.08 to 0.5 W/cm?, the
collection efficiency decreases with increasing intraband excitation density. A
comparison between samples with different numbers of DWELL layers reveals that the
repetition of carrier trapping and detrapping during the transport in a multi-DWELL
structure can effectively modulate the recombination rate. This modulation induces a
reduction of the current yield under certain illumination conditions. We proposed a model
to explain this phenomenon and verified it by investigating the bias dependence of the

two-photon photocurrent from the QD.

A mathematical model was developed to discuss the underlying carrier dynamics for the
two-photon current generations. Calculations based on this model were proceeded in
Visual Studio 2019. The saturation of the current signal at high intraband excitation
powers was successfully reproduced. This is explained by discerning the decreased
concentration of excess carriers localized in quantum confinement. Nonetheless, a more

precise simulation on the reduction of collection efficiency was not achieved. We discuss

ii
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IVv.

VL

VIL

the cause of this deviation and attribute it to the misusing of a single recombination

coefficient in the whole simulation process.

An extension of the mathematical model was made for reproducing the current decay
profiles acquired from time-resolved photocurrent measurements. After simulation, we
estimated a carrier lifetime in the order of tens of microseconds maintained in the
quantum structures. Thereby, the long-lived carrier state in the DWELL IBSC is

confirmed experimentally.

We systematically studied the two-step excitation induced photovoltaic properties in the
DWELL IBSC. The experiments were based on a two-color photoexcitation method that
separately controls the interband excitation in the QWs and intraband excitation in the
QDs. Particular attention is given to the photovoltages, which is found to be sensitive to
the balance between the two excitation densities and the cell temperature. Even a voltage
decrease occurred when a strongly asymmetric illumination was applied to the device.
The temperature-dependent data suggest this reduction of photovoltage can be related to
the electron—hole annihilation process. We introduce a new characteristic index to
qualitatively evaluate the carrier loss in the IB. The importance of optical matching

between subbands toward the device electrical performance is underlined finally.

Nonlinear photon absorption took place in the device when the solar cell was solely
illuminated by infrared lights. This absorption process as well brought about voltage

degradation in the experiments.

It is highlighted that under solar irradiations, a great portion of photons is absorbed in the
host material because of its high absorptivity. Therefore, we make a theoretical
discussion on how the electron intraband excitation influence the /-V characteristics of
DWELL IBSC under barrier excitation. It is indicated that both the photocurrent and

photovoltage will increase if strong intraband excitation light impinges on the cell surface.

VIII. We elucidate an uncommon photocarrier collection mechanism observed in the DWELL

iv

IBSC. For the experiment, the barrier material of solar cell was excited by green light,

and we determined the change in the electrical output that occurred when additional



Abstract

infrared light was used to induce electron intraband transitions in the QDs. It is found that
the photocurrent becomes smaller when the electrons are optically pumped out of the QDs.
The simultaneously measured photoluminescence spectra proved that the polarity of the
QD states changes depending on the irradiation conditions. We discuss the drift and
diffusion components and point out that the diffusion of the holes in the device is
significantly modulated by the carriers inside the confinement structure. We consider an
increased hole diffusion current due to blocked hole-capture by quantum structures under
sufficiently strong intraband excitation conditions. This increased hole diffusion current

can lead to an unexpected decrease of the photocurrent output in such experiments.

In a nutshell, we reported on experimental and theoretical studies of photovoltaic properties
created by the device and aim to make a connection between these dynamics in the structure.
We note that the device physics discussed in this dissertation is intended to be generalized so

that it can be used in other IBSC systems with similar structures.
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Chapter 1 Introduction

CHAPTER 1

Introduction

1.1 Towards a green future

othing is of more paramount importance than the energy with regard to sustaining human
N life, combating global climate change, and creating economic prosperity. Along with the
rapid progress in technology and exponential population growth, the energy structure around the
world tends to experience a dramatic change due to the increased consumption demands, while
traditional sources, such as coal and oil, progressively become insufficient for high-quality daily
life. Cheap, abundant, and environmentally benign energy resources are urgently needed to
alleviate a more severe energy crisis, which has diverted extensive attention toward renewable
energy (solar energy, geothermal energy, etc.) by virtue of the large quantity and ubiquitous

existence in our environment.[1-3]

Figure 1.1 shows the shares of global primary o ETRTCI
energy adapted from BP 2021.[4] Despite that e R
fossil fuels (oil, coal, and natural gas in the figure) T -
still hold the largest share of the energy mix, clean 7 b %
energy sources (hydroelectricity, nuclear, and . 20 ¢

renewables in the figure) exhibit promising

10

potential for sustaining the future. In 2020, the T

10 15 20 0

&% 00 05

share of renewables, with an increment of 2.9 EJ Year
energy, rose to a record high of 5.7%, which has Figure 1.1: Shares of global primary
overtaken nuclear with 4.3% of the energy mix. energy modified from BP 2021. [4]
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This prolific growth of renewable energy indicates an upcoming green lifestyle for human beings.

On the other hand, the rapid development of science and technology has as well suggested
higher requirements for energy delivery. In the past few decades, large numbers of mobile
communication electronics, smart wearable devices, and internet of things (IoT) devices based
on tens of thousands of sensors have appeared in every corner of the globe. Although these
electronic devices are usually characterized by requiring a small amount of power, only on the
microwatt or even the milliwatt level, their colossal capacities around the world imply that a
careful treatment of the power supply is inevitable.

In fact, there are general two ways to extend the power duration of these electrical gadgets.
One is to accommodate a power source with high energy density, led by the constantly updated
Li-ion battery and NiMH battery.[5,6] The other is to build up a self-powered system in the
device. Researchers so far have designed a diversity of energy-conversion devices derived from
assorted working principles to collect energy, such as solar cells, electromagnetic generators,
thermoelectric generators, and piezoelectric nanogenerators. [ 7—10] These of high compatibility
with electronics are playing an important role in promoting technical prosperity.

Thereby, in the way to a more brilliant future, we humans are now undergoing a great

revolution in energy consumptions.

1.2  Basics of photovoltaic devices

The call for the green age promotes energy prosperity in the global range, up-bringing solar cells
a representative one by converting the infinite sunlight into feasible electricity. In this section,

the working mechanisms of conventional solar cells are revealed.

1.2.1 Solar spectrum

It is well known that sunlight consists of many photons with different wavelengths, which can
be roughly discerned if passing through a prism. Before sunlight reaches the earth, it has to pass

through the Earth’s atmosphere, where it is partially absorbed and scattered by aerosols and gases,
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particularly water vapor, oxygen, ozone, and carbon dioxide. This causes the loss of the photons.
The sunlight received by us on the Earth’s surface is not the full content emitted from the Sun.
This makes difference if we want to design a solar cell employed in space or on the Earth’s
surface.

We make a comparison for these photons in Fig. 1.2 (data acquired from [11]). The horizontal
axis of this figure shows the wavelength of the photons contained in sunlight, and the vertical
axis represents the solar irradiance (i.e., the power of the photon per unit area received from the
Sun). For the sunlight received by the animals on the Earth, the curve “AM 1.5G” indicates the
wavelength distribution of the photon powers contained in it. The curve “AM 0” indicates the
solar spectrum outside the atmosphere. It can be found most solar energy is concentrated in the
short-wavelength region. The clear disparity between the two curves indicates the lost photons.
The term “AM?” is abbreviated from air mass, which is a factor to describe how much sunlight
is attenuated by the atmosphere. “G” stands for global. For evaluating space solar cell
performance, AM 0 spectrum is frequently employed in the standard measurement. When it
comes to the terrestrial solar cells, AM 1.5G spectrum becomes more important. This is the
spectrum we would like to consider in the dissertation. The total intensity of the AM 1.5G
spectrum is 100 mW/cm?, which is used as a unit for light intensity, i.e., the standard AM 1.5G
has the intensity of 1 sun.

We remind that there is a black curve showing in the figure, which is calculated based on

— AMO
AM 1.5G
—— Blackbody Radiation at 5500K

2.0r

0O, Rayleigh Scattering, Aerosols

2

Solar Irradiance (W/ m /nm)

- -
o o
T

L
0

0.0

500 7000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Figure 1.2: Wavelength distribution of the solar irradiance (data acquired from [11]).
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Planck’s fundamental law for electromagnetic radiation emitted by a blackbody. Since the data
deduced by this method well reproduce the spectral information from the solar radiation, it is

often used for the theoretical analyses on solar cell physics.

1.2.2 Principle of electricity generation

The history of solar cells can be traced back to the middle of the 19th century when the
photovoltaic effect was first demonstrated using an electrochemical cell. It takes a long time for
evolution and got prosperous after the invention of the p—n junction. Nowadays, there are
different kinds of solar cells. They can be grouped into several categories in terms of the
absorption materials or device structures. The fundamental principles for the electricity

generation in these devices, however, are similar, which can be represented in Fig. 1.3:

(a) Absorption of a photon leads to an excitation of a low-energy electron, which generates a
pair of an excited electron and a low-energy state vacancy in the material. This vacancy is

usually treated as a positive charge and named as a hole.

(b) Electron and hole separate automatically and are extracted to the external circuit via

respective terminals.

These principles imply the basic requirements for the materials for fabricating solar cells. First
and foremost, they should be capable to absorb photons from the sunlight and generate

photocarriers, i.e., free electron—hole pairs. Second, an efficient way for photocarrier separation

(a) (b)

Electron Terminal

5 _* _
& —_— @ Electron
5 W/ Light |
S W/O Light o A O Hole
3 —_ ~~ Light
w - ¥

° 5 —

Hole Terminal

Figure 1.3: (a) Light absorption and electron—hole pair generation. (b) Photocarrier separation.
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should be achieved.[12]

To date, most of the solar cells are fabricated from semiconductors. A semiconductor material
has an electrical conductivity value falling between that of a conductor and an insulator. As
indicated in Fig. 1.4(a), the absorption of a photon in a semiconductor is realized by exciting an
electron from the semiconductor valence band (VB) to its conduction band (CB), leaving a hole
in the VB. Incident photons with energy larger than the energy difference between CB and VB,
known as bandgap Eg, can be used for electricity generation. Since the bandgap of a
semiconductor is usually in the same range as the solar spectrum (0.5~3 eV), it can well respond
to the sunlight. For an easy demonstration, Fig. 1.4(b) shows the spectral response of a silicon
solar cell. The photons absorbed in the solar cell are shown in yellow. Most of the energies from
the sunlight are capable to be converted into electricity.

The selective collection of photocarriers is viable through an incorporation of p—» junction in
the semiconductor. Figure 1.5(a) shows the working mechanism for a p—# junction solar cell. A
p—n junction consists of a p-type (doped by acceptor atoms) region and an n-type region (doped
by donor atoms) separated by a depletion region.[13] There is no charge carrier keeping in the
depletion region but the ionized donor or acceptor impurities. The left elements in this region
make up a built-in electric field, which drives negatively charged electrons to the n-region and
positively charged holes to the p-region. This manifests in the inclination of the band diagram in
the figure. Spatial separation of photocarriers is thus realized, enabling selective collection. In
fact, the dopants around the p—n junction give rise to a high recombination possibility for

photocarriers. An optimized structure, p—i—n junction, with an intrinsic layer (no dopant) is

(@) (b)
@]
Conduction Band, CB

2

Solar Irradiance (W/ m" /nm)

Photons
Bandgap, Eg N hv>Eg

® Valence Band, VB

400 600 800 1000 1200 1400 1600 1800
Figure 1.4: (a) Light absorption in a semiconductor.(b) Sunlight absorption from a silicon

solar cell.
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further proposed, as demonstrated in Fig. 1.5(b). For this design, most of the sunlight is absorbed
in the i-layer and the recombination is suppressed.

Shockley and Queisser have proposed a detailed-balance theory for calculating the conversion
efficiency of the ideal p—n junction solar cell.[14] This is based on three hypotheses:

(1) incident photons with energy more than the bandgap can be completely absorbed;

(2) all photogenerated carriers can be extracted out of the device;

(3) the radiative recombination (spontaneous emission) is the only process allowed for the

recombination of electrically injected carriers.
The calculation used the global solar spectrum, AM 1.5 G, included a back surface mirror and,
finally, determined the maximum solar conversion efficiency of the ideal single-junction solar
cell is 33.7% at a bandgap energy of 1.34 eV. This is known as S—Q limit. The result indicates
that, even for an ideal solar cell, only less than half of sunlight can be used for electricity
generation.

More calculation details are shown in Fig. 1.6.[15] It becomes clear that there are two
fundamental losses in solar cells. The mismatch between the broad solar spectrum and the mono-
energetic absorption of a single bandgap results in the non-absorption of photons with energy
below the bandgap, which is usually referred to as transmission loss (for example, the red region
in Fig. 1.4(b) for the silicon solar cell). The mismatch along with a strong interaction between
excited carriers and lattice phonons introduces a thermalization loss as carriers cool to the

bandgap edge. These two losses strongly determine the solar cell conversion efficiency. Other

(a) R (b) ®
i (P~ Donor atom
Circuit @ ¢ > N ECEE "
P Depletion Region n — Electron
K_. — + Hole

Energy Band — — .

n o ~+ Light

VBK K
-— t — “— + —

Figure 1.5: Working mechanisms of (a) a p— junction solar cell and (b) a p—i—n junction solar

cell.
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loss mechanisms, namely the Boltzmann loss (the loss from large emission angle), Carnot loss
(the loss according to the second law of thermodynamics), and photon emission loss (the loss
from the emission of the solar cell) also play an important role in modulating the cell
performance but we don’t reach so much in this dissertation.

This analytical method is applicable for calculating the single-junction solar cell performance
at isotropic sunlight illumination (i.e., full concentration). The result indicates a slightly higher
conversion efficiency at 41% for the ideal device, which is also frequently referred to as the S—
Q limit in scientific papers.

Carnot emission

—
o

Boltzmann

©
o

i
o0

Figure 1.6: Intrinsic loss processes and hence, thermalisation
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<
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o
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1.2.3 To surpass the S-Q efficiency limit

The fundamental limit to the efficiency of a solar cell arises from the mismatch of the broad
energy spectrum of solar radiation and the single bandgap of the conventional solar cell. It is
determined by a trade-off consideration between solar cell transmission loss and thermalization
loss. In order to realize a sustainable future using renewable energies, solar cells with higher
performance are attractive. In this section, we would like to introduce two experimental attempts

for surpassing the S—Q efficiency limit.
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Multi-junction solar cell

An important strategy to raise the efficiency of solar cells is stacking solar cell materials with
different bandgaps to absorb different colors of the solar spectrum.[16] This approach is
employed by the multi-junction solar cells. Figure 1.7 shows the principle of wide response using
multi-junction cell designs for the case of a triple-junction solar cell. It consists of three single-
junction solar cells, called subcells, with different bandgap Eg stacked in decreasing order of
bandgaps. When the sunlight hits on the cell surface, the top solar cell (in the example, it is a
GalnP solar cell with a bandgap energy of 1.8—1.9 eV) absorbs all the photons at and above its
bandgap energy and transmits the less energetic photons to the solar cell below. The next solar
cell in the stack (an InGaAs middle solar cell with an Eg of 1.41 ¢V) absorbs all the transmitted
photons with energies equal to or greater than its bandgap energy and transmits the rest
downward in the stack (in the example, to the Ge bottom solar cell with an Eg of 0.67 V). This
explains the separated absorption of photons in the solar cell.

For such devices, the thermalization loss and transmission loss are reduced due to a more
efficient photon absorption process. At the limit of infinite stack number, the efficiency limit of
multi-junction solar cells reaches 87%. This is the only concept of the solar cell that has

experimentally achieved an efficiency of over 40%.[17]

N oo

Solar spectrum: 1kw/m?
0.8

0.4

INTENSITY (Wieai2/:m)

000 1500 2000
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Figure 1.7: Principle of wide photo-

response by using a multi-junction solar

cell, for the case of an GalnP/InGaAs/Ge
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Quantum well solar cell

The quantum well (QW) solar cell is a nanostructured device with the potential to achieve
high efficiency in an alternative approach to the multijunction system.[18,19] In its simplest
form (shown in Fig. 1.8), it includes multiple QWs in the undoped region of a p—i—n junction
solar cell. For light with energy greater than the bandgap of the bulk material (Eg in the figure),
the QW cell behaves like a conventional solar cell. For light with energy smaller than the Eg but
greater than the QW bandgap (Ea), it can be absorbed in the QWs. It has been indicated that, if
the material quality is good, the photogenerated electrons and holes can escape from the wells
and increase the output current. This makes an additional utilization of solar spectrum for the

common solar cells and, therefore, the conversion efficiency of the solar cell can be promoted.

Thermal escape

Figure 1.8: Schematic diagram of a

quantum well solar cell. QW layers

are incorporated in the i-region of the

Bulk
recombination
m
ecombination

p—i—n photocell. The figure is adapted

recombination

from reference [19].

Thermal escape
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1.3 Intermediate-band solar cell

1.3.1 Concept and modelling

The feasibility of increasing the conversion efficiency of single-junction solar cells through a
sequential absorption of below-gap photons in a single material has been explored for several
decades. It was started with the impurity photovoltaic solar cell in 1960, where sequential
absorption was observed via defect levels, the concept gained renewed interest with the proposal
of the intermediate-band solar cell (IBSC) in the mid-1990s.[20] Compared to the S—Q limit of

41% for conventional single bandgap devices, the detailed balance limit of IBSC had been
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calculated as large as 63% at isotropic sunlight illumination during that time. Such a high photon
conversion performance has motivated many scientists to concretize the idea, and since then, a
new device branch had come into being.

A typical structure of this kind of solar cell and its simplified band diagram are shown in Fig.
1.9 (the figure adapted from reference [21]). It consists of an intermediate-band (IB) material
sandwiched between two ordinary n- and p-type semiconductors, which act as selective contacts
to the conduction band (CB) and valence band (VB). The IB material is characterized by a
collection of energy levels located inside the semiconductor forbidden band and divides the
bandgap E¢ into two sub-bandgaps, Ec; and Epy. This constitutes three distinctive routes for
photon-induced transitions in the structure; the sub-bandgap energy photons are capable to be
absorbed through transitions from the VB to the IB and from the IB to the CB, which together
add up to the current of photons absorbed through the VB—CB transition. Note that the IB is
electrically isolated from both the contacts, the overall voltage of the solar cell is only given by
the electrochemical potential difference between CB and VB [pcv in Fig.1.9(a)]. This implies
that the IBSC is capable to provide more photogenerated currents at a relatively high voltage
output.

One prerequisite for maintaining high voltage output in an IBSC device is the establishing of

a third population of carriers in the quasi-thermal IB — in other words, the carrier occupancy of

----1-IB

VB

Figure 1.9: (a) A typical IBSC structure with an IB material sandwiched between two emitters.
Quasi-Fermi level splitting is shown in the figure.[21] (b) Simplified band diagram including an

IB to show the different generation process between bands.
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IB states should be independently described by the Fermi level in the structure.[22] Thereby,
there are generally three Fermi levels in the IB material, namely Erc, Er, and Ery in Fig.1.9(a).;
driving each of the transitions with an incoming light field would induce a quasi-Fermi level
splitting between two states involved in the transition. In light of that additional energy splitting
is formed between the subbands (denoted as pcr and py in the figure), three electrochemical
potential differences coexist in one IBSC device. As the voltage output of the device is governed
by the host materials, a relation among those potential differences can be referred to as pcv = per
+ prv. This tells that the photovoltage of an ideal IBSC should be higher than the conventional
small-bandgap solar cell with an equivalent absorption profile.

Such a calculation on the voltage output resembles that of a two-terminal tandem solar cell,
where its total voltage generation is the sum from those of two sub-cells. However, the highest
efficiency in that tandem cell is only 55.4%, far below the 63% mentioned above.[20] It is of
interest to make a comparison between their simplified equivalent circuits, which can be found
in Fig. 1.10. In detail, the current sources in the figure are associated with the optical generations
between the bands, while the diodes are included to consider the recombination process. To
deliver one electron to the external circuit, two photons are required in the tandem cell case
because the sub-cells, the diode and current source pairs in the figure, operate in a series
connection. This in the experiment manifests as an overall quantum efficiency of 50%. While
for the simple IBSC device, an additional path exists and is parallel to the other route. For the

most energetic photons, only one photon is enough to deliver one electron in this device.

Figure 1.10: Simplified equivalent circuits of (a) a two-terminal tandem solar cell and (b)

an IBSC. Note that the electrons flow opposite to the current.

11
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Therefore, its overall quantum efficiency is above 50%. This explains why poorer performance
occurs in the tandem solar cell. In fact, since the IBSC is, in essence, a single-junction solar cell,
its simplified structure yet high conversion efficiency makes it a promising concept for next-

generation photovoltaic devices.

1.3.2 Fabrication technology of intermediate-band solar cells

So far, there are different technological approaches applied to manufacture IB materials, which
constitute four categories of IBSC prototypes, as summarized in Table 1.1 and illustrated in Fig
1.11.[23] In this section, we would like to make a brief review of each kind of technology and

distinguish them from their working fundamentals.

Table 1.1: Technological approaches for fabricating IBSC devices [23]

Technological Proposed for IBSC/
Origin of the IB
Approaches First employed
Confined levels in the
Quantum dot (QDs) 2000/2004
QDs
Bulk with deep-level Levels introduced by
2001/2012
impurities the impurities
Highly mismatched  Split of the CB or the VB
2003/2009
alloys of the alloy
) Singlet and triplet
Organic molecules 2008/2015

molecular states

Quantum Dots

QD superlattice incorporated in the active region of a single-junction solar cell has been
considered as one of the most promising candidates to fabricate high-efficiency IBSC devices.
In recent years, almost all the operating principles of IBSC have been successfully verified in an

InAs/GaAs QD SC system.[24] The optical selection rule for light irradiating the solar cell

12
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Figure 1.11: Simplified band diagram of different technological approaches frequently used
for IBSC. (a) Quantum dots. (b) Bulk with deep-level impurities. (c) Highly mismatched

alloys. (d) Organic molecules. [23]

surface is relaxed by designing the electronic properties of the quantized states in the QDs, which
facilitates the realization of subband gap excitation in the solar cell.[25] Regardless of the QD
band alignment, the IB for this design stems from the confined states of QDs, which can be
representatively illustrated in Fig. 1.11(a).

The growth of QDs can be conducted through two different technologies, which separate the
developed QDs into two groups as epitaxial QDs and colloidal QDs. The use of one or the other
may come with important practical differences for IBSC devices, while the technical
requirements are the same when implementing these QDs. [26] First and foremost, the QDs are
required to be homogeneous and small in size and to be regularly and tightly placed in the active
region of the cell. This helps to minimize the non-radiative carrier recombination in the QDs.[23]
Second, dense QDs are usually necessary, for achieving sufficient photon absorption in the
device. From an experimental perspective, both of them involve a detailed control of

pretreatment on sample and process conditions during the fabrication.

13
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Bulk with deep-level impurities

Potentially less demanding in terms of fabrication, bulk IB materials incorporated with deep-
level impurities are increasingly being investigated. Counterintuitively, the IB for this approach
is formed from the deep levels inside the host semiconductor material [red lines in Fig. 1.11(b)].
One may easily understand that an impurity level in the semiconductor generally functions as a
charge trap and induces serious nonradiative recombination in the device. Therefore, there
always exists doubt whether the impurities can actually provide an extra photocurrent through
sub-bandgap absorptions.

To solve the fundamental problem, scientists have suggested that a delocalized nature of
impurities should be achieved when fabricating the device. [27] Such a feature is important since
it is supposed to change the traps into a band and thus promote the transitions from and into
intermediate levels to be radiative. For most cases, a delocalization of impurities implies that a
collection of deep levels is necessary to be inserted into the semiconductor bandgap and things
become even better if the wavefunction of impurities can be extended over the whole crystal
lattice. Many impurities are needed in the system. However, increasing the impurity
concentration, if they still behave nonradiatively without any correlation, would only worsen
things. A further technical requirement is thus given, as placing these impurities orderly in the
semiconductor, better with a periodical pattern to form like an atomic arrangement. This also
leads to a material requirement, that is, a strong defect-tolerance is preferable when searching

for the host material.

Highly mismatched alloys

Highly mismatched alloys are a class of semiconductors containing isoelectronic elements
with very large differences in terms of atom size, ionicity, and electronegativity. [22] In this kind
of material, the inclusion of a small fraction of a new element into the host semiconductor
interacts with one of the bands (the CB or VB) of the host, splitting it into two subbands, E+ and
E.. This is phenomenon usually understood as band dispersion and explained with a band

anticrossing model.[28] As an alternative IB material, the least energetic subband (E.) in the
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structure is supposed to take the role of an IB, as illustrated in Fig. 1.11(c).

Organic Molecules

The fabrication of IBSC using organic molecules involves different organic species that
function as either sensitizer or high-bandgap acceptor. The two-step absorption in this system
generally exploits entropy and enthalpy as driving forces to support the migration of excitations
between molecules.[29] A simple demonstration of this process can be found in Fig.1.11(d). The
sensitizer molecules first transit from the ground state to an excited singlet state by absorbing
photons with energy lower than the bandgap of the acceptor. Then, such a singlet state naturally
relaxes to a triplet state of the same species through an intersystem crossing process. This follows
an energy transfer (ET) between the sensitizers and acceptors, leading to triplet states in the
acceptor. Two triplet states in acceptor molecules combine for achieving the photochemical
upconversion and, finally, give rise to one higher energy singlet state of the acceptor species via
a triplet—triplet annihilation (TTA) process. This tells how two below-gap photons are absorbed

in an organic IBSC.

1.3.3 Photon ratchet intermediate-band solar cell

Despite that a variety of IBSCs have been explored to date, most of them, as a matter of fact, are
still suffering from short carrier lifetimes in the intermediate states.[30] These intermediate states
in the bandgap function more like recombination centers in the actual situation, instead of
effectively working as step-stones for the sequential current generation. High levels of interband
recombination are usually produced before the second photon absorption process, resulting in a
reduced carrier concentration in the structure. This implies that the electrical generation from the
IBSC devices can be basically undermined.

To circumvent this problem, a non-emissive “ratchet band” has been proposed to fabricate
into the IBSC device. This brings us a new device concept referring to the photon ratchet
intermediate-band solar cell.[31] Figure 1.12 demonstrates its representative band diagram. For

such a device, conventional 1B, which supports transitions in both sub-bandgaps, is replaced by
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an IB that is only coupled to the VB and a ratchet band that is only coupled to the CB. Between
them, an energy ratchet, AE, is created for the help of carrier separation. It is supposed that the
energy relaxation from the IB to ratchet state is fast enough, thus most of the carriers excited in
the IB will be rapidly transferred into the ratchet band. Given the assumption that AE-dependent
carrier-longitudinal optical scattering rate between the ratchet band and IB is in the order of
picoseconds, the lifetime of electrons in the ratchet state can be extended long enough to enhance
the two-step current generation probability. This constitutes a higher device efficiency than that
of the IBSC with a single IB only.

Yoshida et al have evaluated the potential of this concept through a limiting efficiency
calculation method. [32] In their model, a single quasi-Fermi level is used to describe the
occupancy of both the ratchet band and the IB, since very fast equilibration between the IB and
ratchet band is assumed. They don’t care about the overlap between absorption of any transitions
and set the total absorption profile over the whole solar spectrum. The total electrical power
generated by the cell is calculated as a product of the voltage and the corresponding current
density and hence the conversion efficiency. Their finalized results are shown in Fig. 1.13. Here,
the globally optimized limiting efficiency of the photon ratchet IBSC for various energy drops
is calculated at a range of concentrations. It is clear that an increase in efficiency can be seen if
a ratchet structure is incorporated in the device. In the light that the energy drop AE is in essence
a loss in energy, this trend is counterintuitive.

To interpret this fact, it is of interest to remind that the IBSC introduces multiple quasi-Fermi

level separations in a parallel configuration to its prototype. The additional charge carriers

Figure 1.12: Energy diagram of a photon ratchet CB

IBSC. The photon ratchet band is located at an bl Ere
B Relaxation i i
energy interval AE below the IB, and the thermal — i :
. : | AE T P
transition between these two bands is assumed to i o} v 5 Eg
i i RB
be very fast. The solid arrows represent the photon | E
absorption in the device, while the dashed arrows v v Emv
VB

describe the recombination between bands.
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enabled through intermediate levels are delivered at the same electrochemical potential as the
other elements in the parallel network. This can be thought of as voltage matching at individual
components.[33] In IB materials, such a correlation is strictly linked to solar concentration and
¢tendue mismatch between absorption and emission. In fact, the conventional IBSC is a
constrained implementation of a 3-threshold photovoltaic device. If the device is free to operate
each sub-cell at its maximum power point, maximum efficiency is always obtained with three
independent solar cells with no constraint on cell voltage and current flow. To attain such kind
of performance, an additional degree of freedom in the absorption thresholds of material through
a carrier relaxation or ratchet step is usually required. Thereby, one can observe an improved
efficiency in the IBSC if a proper ratchet structure is adopted.

Besides, in Fig. 1.13, the optimized ratchet energy is found to be gradually relaxed with
increasing the concentration ratio and even becomes 0 at full concentration. We note that the
basic difference between a solar cell operating at full concentration and one at 1 sun is the
presence of Boltzmann loss. Such a tendency indicates that the entropy generation due to optical
étendue mismatch can be mitigated at low concentrations with the help of a ratchet structure.

There are several approaches to implement a ratchet in the IBSC device, typically using a
forbidden transition. For example, a “spatial ratchet” can be realized via physical separation of
optical transitions.[34,35] This is generally realized by incorporating quantum materials into
semiconductors. The spin-forbidden transition in dilute magnetic semiconductors or molecular
triplet state is also confirmed to be capable to form a “spin ratchet” in the device. [36] Even the

most recent studies have reported that the originally forbidden dipole—dipole transition of rare-
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earth-ion-doped materials is as well adaptable for a ratchet concept.[30] Let us note that only the
positive ratchet step in the IBSC structure, corresponding to an exothermic process, ensures the
alleviation of étendue mismatch between bandgap absorption and emission. This brings the
possibility to form the ratchet step out of the semiconductor forbidden band, e.g., into the CB.
Since it is not relevant to this dissertation, we here make a simple demonstration in Fig. 1.14 for

easy reference.

Relaxation
. . AE
Figure 1.14: Sequential photon cB I
absorption process promotes carriers , Erc
[3] ' :
from the VB to the CB via an IB : |
: b Epy
material and a ratchet step in the CB. i
: Ery
VB

1.4 Quantum dot-in-well intermediate-band solar cell

As mentioned in section 1.3.2, one approach to implement the IBSC is the use of QDs, most
frequently an InAs/GaAs array. Despite that QD IBSC prototypes have successfully
demonstrated the operation principles of the IBSC model, a big problem that limits their practical
application is the non-negligible parasitic losses.[37] In particular, the insufficient splitting of
quasi-Fermi levels of the IB and the CB has been indicated to induce a photovoltage loss on the
device. In the experiment, this manifests as a severe carrier escape process from the quantum
confinement.

Generally, there are three different ways for a photocarrier in nanostructured solar cells to get
out of quantum confinement. The first one involves a photon absorption process and is favorable
for power generation. The second one is the thermionic ejection at a non-zero device temperature.
This usually heavily takes place when the carrier localization is shallow. The last one is a field-

assisted tunneling emission, for which carriers can use the QD levels of adjacent layers as
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intermediate steps to get into the barrier. For a QD IBSC, the latter two effects have to be avoided
because they don’t provide any effective work to the external circuit.[38]

Up to now, several strategies have been proposed to technically solve the carrier escape
problem. For example, the carrier tunneling between QD layers can be restrained if a relatively
thick cap or barrier layer is constructed. On the other hand, because the carrier thermal escape
is, most of the time, aggravated by the existed states in the QD wetting layer, a more depleted
state in such a layer is as well helpful. To this concern, the researchers have suggested an intended
modification on the wetting layer component for reducing its confinement.[37] Other methods,
including a direct removal of the wetting layer, have also made their way in improving the
efficiency of QD IBSC in studies.[39]

In light of the fact that the large thermal activation energy of confined photocarriers in QDs is
beneficial for IBSC performance, semiconductors with a wide bandgap should be given priority
when designing the devices. In our lab, we put forward using an Alo3Gag7As/InAs QD system
instead of a conventional GaAs/InAs QD array to reduce the thermal escape possibility of
localized carriers. Considering that direct deposition of a QD layer on an Alo3GaosAs layer
always gives rise to a low fabrication quality of QDs, we further incorporate a GaAs QW in the
structure to prevent such an issue. Thereby, an InAs/GaAs/ Alo3Gao7As quantum dot-in-well
(DWELL) design is adopted for fabricating our IBSC device, as shown in Fig. 1.15(a). More

fabrication details for the device will be related in CHAPTER 2.
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Figure 1.15: (a) Structure of the DWELL IBSC device. (b) Energy states (300 K) for confined
carriers in a DWELL IBSC.
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One may find that there are optoelectronic reciprocity relations describing properties of a
diode under illumination to the photon emission of the same diode under applied voltage.[40] A
good solar cell should be a good light-emitting diode. QD laser devices have been successfully
applied in optical communications due to their unique properties caused by the carrier
localization in three dimensions.[41] Particularly, DWELL lasers are frequently used due to their
extremely low threshold current density and high modulation frequency. For these devices, an
electric current is injected into the QW layers which form the carrier reservation where the
carrier-carrier scattering leads to a filling or depletion of the confined QD levels, and this is
important to the signal amplification. Such an idea can be likewise adapted to our DWELL IBSC.
Different from the operation mechanism of laser diode, the carriers are photo-injected in a solar
cell device.

To put it clearly, we depict the energy states of our DWELL structure in Fig. 1.15(b). For a
QD SC, the coverage of QDs is usually small in a cell plane. This feature is considered to destroy
the most electrical benefit from a QD structure as it implies a low absorptivity for the incident
lights. In fact, the feasibility of a high-efficiency QD IBSC that surpasses the state-of-the-art
single-gap devices has been indicated available only if the QDs are made to be radiatively
dominated, and if absorption enhancements are achieved by a combination of increasing the
number of QDs and light trapping.[24] Thanks to the hybrid arrangement of DWELL structures,
the two-step photon absorption process of DWELL IBSC can take place in different device
regions. Specifically, a strong interband transition is attainable in the GaAs QW region. Thus,
the photocarrier concentration in the localized state is promoted when compared to that of
conventional devices. These generated electrons in the QW are supposed to experience a rapid
relaxation to the QDs by means of a field- or phonon-assisted transfer process before getting re-
excited. An energy loss occurs during this process. Following is a photo-excited intraband
transition from the quantized states toward the continuum levels of CB and this describes the
cascaded absorption in the structure.

The DWELL design provides a long-lived carrier state due to the separation of photo-excited
electrons and holes in the IB: at room temperature, the excited electrons quickly move into QDs

and become deeply confined, whereas holes can escape easily from the shallow barrier to the
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VB. A decreased overlap of carrier functions is therefore achieved. Reducing the recombination
extends the lifetime. This enhances adiabatic photo-excitation and leads to a subsequent
generation of the IBSC. In addition, we notify that a ratchet structure is established in the
DWELL structure, where potential energy is intendedly sacrificed in exchange for the prevention
of recombination. The competitiveness of the structure is thus demonstrated.

Revolving around the performance of DWELL IBSC, a series of investigations have been
completed by Asahi et al in past years.[42—44] Foremost, an increased thermal barrier height has
been confirmed in the device by checking the photoluminescence (PL) results. As shown in Fig.
1.16(a), the temperature dependence of the integrated PL intensity of DWELL IBSC and QD
SC is studied (adapted from the reference [42]). The wavelength of excitation light was 532 nm,
with a power of 2.3 mW. Fitting an Arrhenius-type curve to the temperature dependence yields
an activation energy of 630 meV for DWELL IBSC and 390 meV for QD SC. This substantial
increase in the activation energy observed in DWELL IBSC is direct evidence of the high
potential barrier of Alo3Gag7As. The result suggests that electrons are strongly confined in the
DWELL.

To further probe the dynamics of photogenerated electrons in the DWELL IBSC, time-
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Figure 1.16: (a)Temperature dependence of the integrated PL intensities of DWELL IBSC
(circle) and QD SC (triangle).[42] (b) Normalized photocurrent decay profiles for the DWELL
IBSC (red circles) and reference QD SC (black circles) at 300 K. [43]
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resolved photocurrent (TRPC) measurements were performed in progress. [43] For example,
typical TRPC decay profiles for the DWELL IBSC and a reference InAs/GaAs QD SC under
785-nm photo-excitations are reported, as given in Fig. 1.16(b). Each excitation power was 3.7
W/cm? for the DWELL IBSC and 0.21 W/cm? for the reference QD SC, respectively. It was
found that the examined IBSC exhibited considerably slower photocurrent decay than the
reference sample. Retrieving carrier dynamics from the decay profile had confirmed that the
electron lifetime in the order of tens of microseconds was achieved in the DWELL at room
temperature. Note that the carrier lifetime of a QD SC is usually featured in several
nanoseconds.[45,46] Such a difference was considered to play an important role in modulating
the decay of photocurrent in the experiment.

The extended electron lifetime in the confined states facilitates researchers studying the
working mechanism of IBSC. The two-step photocurrent generation tendency in the DWELL
IBSC was investigated both experimentally and theoretically. [44] As demonstrated in Fig. 1.17,

the photocurrent generation exhibited saturation as the interband excitation intensity increased
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Figure 1.17: Excitation-intensity dependence of two-step photoexcitation current (4/) for
DWELL IBSC as functions of the (a) interband excitation intensity and (b) intraband excitation
intensity. The open triangle in Fig. 1.17 (a) and the closed ones in Fig. 1.17 (b) indicate the
interband excitation intensity showing saturation of 4/ and the intraband excitation intensity

showing deviation from the power law, respectively. [44]
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in strength. On the other hand, as the intraband excitation power increased, the two-step
photocurrent deviated from a power law. The researchers have performed a theoretical
simulation to interpret these phenomena in their reports. They concluded that the photocurrent
saturation and deviation were affected by the filling of the intermediate states with electrons after

balancing the model. This helpfully deepens our understanding on the IBSC device physics.

1.5 Research objective and outline

As reviewed in the last section, the device that incorporates a quantum dot-in-well structure has
manifested its competencies in realizing a high-efficiency photovoltaic concept. This is carefully
confirmed by its excellent photocurrent generated through a cascaded two-step photoexcitation
process. However, there exist missing pieces when discussing the device performance from a
practical perspective. How the carrier subband excitation process influences the electricity
produced by parallel photoexcitation in the bulk material is of significance. Other factors, like
photovoltage and fill factor, also determine the solar cell performance but without being reached.

Thereby, we make a more comprehensive study in this dissertation. New results about carrier
dynamics of quantum dot-in-well solar cells are disclosed. We report on experimental and
theoretical studies of photovoltaic properties created by the device and aim to make a connection
with the carrier dynamics in the structure. The device physics discussed in this research is
intended to be generalized so that it can be used in other IBSC systems with similar structures.

The dissertation is organized as follows:

In CHAPTER 1, the author has reviewed the very basic concept of photovoltaic devices and
their evolution as time goes by. Particular attention is channeled to the IBSCs, as they are the
central point of the dissertation. For these devices, the necessity of a carrier relaxation or ratchet
step is explained, by which the most merit of quantum dot-in-well structure is paralleled. The
author briefly reviewed the academic achievements on quantum dot-in-well intermediate-band
solar cells and highlighted the importance of exploring the relation between photocarrier

dynamics and photovoltaic properties of the device in the end.
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In CHAPTER 2, the details of fabrication techniques and measurement setups used in this
dissertation are related. Some characterization results are given in this chapter in order to grasp
the electrical performance of the proposed solar cell device.

In CHAPTER 3, the two-photon photocurrent generation of the quantum dot-in-well solar cell
is investigated, involving a wavelength-depending carrier interband excitation process in the
structure and a subsequent intraband transition in the QD. Mathematical simulations are given
to the photocurrent produced by the cascaded QD excitation process, as a peculiar phenomenon
is observed by the external quantum efficiency spectroscopy.

In CHAPTER 4, the two-step excitation induced photovoltaic properties of fabricated
quantum dot-in-well solar cell are carefully studied. The importance of optical matching between
subbands toward the device’s electrical performance is underlined in this part as optimum
conditions are acquired for the photovoltage generation.

In CHAPTER 5, the author elucidates a special carrier transport mechanism in the IBSC with
type-I band alignment: the diffusion current of photoexcited holes in the device could be
potentially reinforced by the infrared light and cancel the most generation benefit from electron
re-excitation process.

In the final CHAPTER, the author makes comment on the device optimization potential and

gives prospects for future development.
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CHAPTER 2

Experimental Techniques

In this chapter, various experimental methods and techniques related to this work are described.
They elaborate on how we can grow the sample and fabricate it into a device, how we can make
a global characterization on the solar cell performance, and how we can probe the carrier

dynamics in the quantum-confined structure.

2.1 Device fabrication

2.1.1 Crystal growth: molecular beam epitaxy

Ds can be fabricated in different systems. Colloidal QDs are fabricated from solutions,
Q much like traditional chemical processes. Due to the scalability and the convenience of
benchtop conditions, this liquid-phase approach is frequently applied for commercial
manufacture. Synthesizing QDs in nonthermal plasma is a gas-phase alternative to the solution-
based approach. The production of it is in the form of powder, for which a surface modification
is applicable.[47] To realize a simultaneous deposition of single-crystalline thin film materials,
a third method, solid-source molecular beam epitaxy (solid-source MBE), was employed in our
experiment.

The fabrication of QDs via MBE technique is based on the self-assembly Stranski— Krastanov
(S—K) process. Its growth mechanism is visualized in Fig. 2.1. In detail, the S-K growth is a
process for the development of both 2D layer and 3D islands. This follows a two-step process:
initially, complete films of adsorbates, up to several monolayers thick, grow in a layer-by-layer

fashion on a crystal substrate. Beyond a critical layer thickness, growth continues through the
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nucleation and coalescence of adsorbate “islands”.[48] The cause for this growth transition is
the accumulation of strain in the materials. Due to the misfit lattice constants between coming
atoms and substrate, the first deposited layer, which covers the substrate, contains strain inside.
Subsequent deposition on the top of the substrate holds the strain in the structure and, finally, it
reaches a critical point. Strain relaxation then occurs, which leads to the formation of islands in
the structure. This describes the growth of QDs via the MBE technique. The critical layer
thickness is dependent on the surface energies and lattice parameters of the substrate and film
layer. At the critical point, the deposited layer is usually referred to as the ‘wetting layer’.

Figure 2.2 demonstrates the reaction chamber for this technique. In the MBE machine, an
ultra-high vacuum condition is maintained. Elements involving device fabrications, such as
gallium and arsenic in our experiment, are heated in separate quasi-Knudsen effusion cells until
they begin to slowly sublime. Controlling the shutter of source cells selectively emits the gaseous
elements to the substrate, where they may react with each other. The growth rate of the material
strongly depends on the source temperature. Also, control of substrate temperature is important,
for that the rate of atomic hopping or desorption can be influenced by this parameter. During the
fabrication, reflection high-energy electron diffraction (RHEED) is used to monitor the quality
of the crystal layers. These constitute the major operations in the chamber.

The DWELL IBSC used in this dissertation is based on an Aly3GagsAs p-i-n single-junction
solar cell. The device structure is the same as the illustration in Fig. 1.15(a). It was grown on an

n*-GaAs (001) substrate by the epitaxial method. First, a 400-nm-thick n*-GaAs buffer layer, an
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n'-Alo3Gao7As layer (thickness 150 nm), and an n-Alo3Gao7As layer (thickness 700 nm) were
grown at a substrate temperature of 550 °C. Then, an intrinsic region with a thickness of 1400
nm was developed. In this region, ten DWELL layers are located (near the p-type region) in
order to achieve sufficient absorption of low-energy photons. The right-hand side of Fig. 1.15(a)
shows that each DWELL structure consists of InAs QDs (nominal thickness: 2.1 monolayers)
embedded in GaAs (layer thicknesses: 6 nm and 10 nm) with 50-nm-thick i-Alo3Gao.7As barrier
layers. For the deposition of the Alo3GaosAs barrier and GaAs prelayer, an As;, pressure of
1.50x107* Pa was kept in the MBE chamber to achieve high crystal quality. The growth of InAs
QDs and GaAs capping layer were under a decreased As, pressure of 1.15x107° Pa to maintain
relatively slow rates at 0.04 and 0.8 ML/s, respectively. The fabrication temperature of the
DWELL region was reduced to 490 °C, with the aim of a good optical quality of the QDs. On
this condition, the in-plane QD density was approximately 1.0 x 10'° cm™2. Above the structure,
a p-Alo3GagsAs layer (150 nm) and a p*-AlpsGao.As (80 nm) were deposited at 500 °C. We
ended the growth of DWELL IBSC with a 50-nm-thick p*-GaAs layer to avoid surface oxidation
during the subsequent device fabrications.

For the experimental comparison, two additional solar cells were also prepared. The first
device is an Alo3Gag7As IBSC with similar stricture but containing a single DWELL (s-DWELL)
layer at 250 nm far from the p-Alo3GaosAs layer, for the discussion on carrier trapping and
detrapping dynamics in the structure. The second one is an Alg3Gag7As QW SC with similar

stricture but excluding the QDs, for revealing the origin of sub-bandgap absorptions.

27



Doctoral Dissertation, Yaxing ZHU

2.1.2 Solar cell fabrication

After epitaxial growth of the active layers, the primitive sample has to be processed in order for
developing a standard solar cell. In our lab, these subsequent processes can be described in the
flow chart illustrated in Fig. 2.3. Note that the cleaning of substrate is intendedly omitted in the

flow chart but, in actuality, employed before some of the processes marked with *.

|

Primitive Sample 7. Nesting* 8. Mesa Etching
1. Surface 6. Back Electrode 9. Cutting*
Photolithography?* Annealing* - Lutting
2. Front Electrode 5. Back Electrode 10. P* Contact
Deposition Deposition* Layer Etching*

. 4. Front Electrode . .
3. Lift Off Annealing* 11. Wire Bonding*

|

Figure 2.3: Flow chart for solar cell fabrication.

* Sample Cleaning

This pretreatment aims to remove the organic and inorganic impurities attaching cell surface.
It was proceeded by orderly putting the sample to heated Acetone, Methanol, and deionized

water for a while and blowing it dry with Nitrogen.

1. Surface Photolithography

To pattern the front electrode on the cell surface, photolithography technique was employed
in the course. The designed electrode can be found in Fig. 2.4, with a total area of 2.835 mm?

excluding the shading of electrodes.
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Figure 2.4: Front

electrode pattern.

2. Front Electrode Deposition

The deposition of the solar cell front electrode was proceeded by using a metal evaporation
system. This electrode consists of an Au-Zn layer (250 nm) in the near-surface and an Au layer

(500 nm) in the far position.

3. Lift-O

The lift-off of the electrode was realized by dipping the sample into heated remover, Acetone,

Methanol, and deionized water for 10 minutes. Then the sample was blow dry with Nitrogen.

4. Front Electrode Annealing

To obtain an ohmic contact for the front electrode, an annealing treatment was performed on

the sample at a temperature of 350 °C for 150 s.

5. Back Electrode Deposition

The deposition of the solar cell back electrode was also proceeded by using the metal
evaporation system. This electrode consists of an Au-Ge layer (250 nm) in the near-surface and

an Au layer (500 nm) in the far position.

6. Back Electrode Annealing

For an ohmic contact to be formed at the back electrode, the sample was again annealed at a
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temperature of 340 °C for 150 s.

7. Nesting

To suppress the leakage current from the cell surface, a mesa structure with regular flanks is
adopted for the device. Before etching it, we covered the front electrode with the photoresist in

order for protection during the subsequent process.

8. Mesa Etching

We prepared an acidic solution for etching the mesa, which is a mixture of H;PO4, H,O», and
H>O at a volume ratio of 4:1:20. For this etchant, the etching selectivity for GaAs and
Alo3GapsAs is 1. The etching rate for the AlxGai.xAs layer is 300~400 nm/min at a liquid
temperature of 20 °C. To avoid the current leakage from the active layers, the sample was dipped

into etchant for 10 minutes in order for a sufficient etching depth.

10. P" Contact Laver Etching

The contact layer on the top of the device, if exists, absorbs most of the photons from outside.
The recombination occurs seriously there. In most cases, this ineffective absorption of the
contact layer damages the electrical output of a solar cell. Thereby, we removed it after mesa
etching. The etchant for this process consists of hydrogen peroxide and citric acid solution at a
volume ratio of 1: 16, where the dissolved citric acid is in a weight ratio of 2 parts citric acid

powder to 7 parts deionized water. The etching time is around 30 seconds.

11. Wire Bonding

We performed wire bonding to the device for creating a good electrical connection for the

measurement.

30



Chapter 2 Experimental Techniques

2.2 Global characterization

For the global characterization of DWELL IBSC performance, we measured the current—voltage
(I-V) response of the fabricated device at AM 1.5 G one-sun illumination. In the lab, this test
was implemented by using a solar simulator. The measurement system is illustrated in Fig. 2.5(a).
It consists of a solar simulator (XES-70S1, SAN-ELECTRIC), a probe station, a source meter
(2400, Keithley), and a computer.

The measurement was performed at an ambient temperature. During the detection, the solar
simulator provides continuous light from the xenon lamp, which is accepted as the most faithful
reproduction of sunlight. The photovoltaic properties generated from the solar cell were recorded
by the source meter. Figure 2.5(b) shows the light /-} curve acquired in the experiment. In detail,
the generated open-circuit voltage (Voc) for DWELL IBSC is 0.991 V, which reaches the highest
value observed from InAs/GaAs QD SC.[49] The short-circuit current (Isc) is relatively small,
as 0.462 mA/cm? showing in the figure. Calculating the fill factor (FF) for DWELL IBSC yields
a value of 0.4122, which is quite small when compared to those of the commercial solar cells.
The occurrence of this undesired property can be strongly related to the photocarrier dynamics

in the quantum structures. This will be discussed in section 4.2.2. The overall conversion

efficiency is 0.263%.
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Figure 2.5: (a) An illustration of solar simulation system. (b) -V characteristics of DWELL

IBSC at AM 1.5 G one-sun illumination.
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2.3 External quantum efficiency

External quantum efficiency (EQE), also known as the incident photon to converted electron
(IPCE) ratio, is an important parameter to characterize the photoresponse of a solar cell at
specific wavelengths. It calculates the ratio of the number of charge carriers collected by the
solar cell to the number of photons of a given energy shining on the solar cell from outside. In
an ideal case, if all the photons of a certain wavelength are absorbed and the produced carriers
are collected, this parameter goes unity. For the photons with energy below the semiconductor
bandgap, absorption doesn’t occur and, thus, the EQE is zero.

For investigating the sensitivity of the device towards photons with different energies, EQE is
generally given as a function of wavelength or as energy and plotted as a spectrum. The above
features imply that an ideal graph should have a square shape, where the efficiency drop indicates
the absorption edge of a material. Nonetheless, the quantum efficiency for most solar cells is
reduced due to recombination effects. This causes the non-unity feature of the curve in the real
case. Things usually go more complicated if multiple energy structures are incorporated into the
device. Different oscillator strengthens between energy levels are expected to induce a collection
of structures in the EQE spectrum. Thereby, the researchers can obtain rich material information
from this detection.

In the experiment, we performed EQE measurements to characterize the two-photon
photocurrent generation in our IBSCs. The samples were mounted in a closed-cycle He cryostat
and two light sources were used to simultaneously illuminate the device surface. The primary
excitation light was used to induce interband transitions and was produced by a tungsten halogen
lamp (LSH-T100, HORIBA). This light was chopped at 800 Hz and then passed through a single
monochromator (MicroHR LT1XS0UO, HORIBA) with a focal length of 140 mm. The excitation
power of the monochromatic light has a wavelength dependence, and the total power integrated
over the detection range from 500 to 1100 nm was ~3.5 mW/cm?. To remove the second-order
light from the lamp source, we inserted appropriate long-pass filters in the optical path during

the measurement. The second light source was a continuous-wave (c¢w) laser diode (MIL-H-
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1319nm-1W-18113175, CNI) that emitted photons at 1319 nm, which was long enough to
prevent the interband transition from VB to CB and exclusively induced intraband transitions in
the QDs.

The output current in the system was detected by a low-noise current amplifier (DHPCA-100,
FEMTO). This amplifier was also used as a voltage source to apply a bias voltage. The final
signal was recorded by a lock-in amplifier (5210, AMETEK) synchronized with the chopping
frequency and converted to the numerical EQE value by using the input photon flux of the
primary excitation beam. Here, the intensity of primary excitation light was written into the lock-
in amplifier in a form of voltage response by one-to-one conversion from photodetectors (C6386,

Hamamatsu). More details of the experimental setup are provided in Fig. 2.6.

1319 nm
Laser Diode .
Monochromator Optical
Chopper
C5 \ Tungsten
1 Halogen Lamp
Photodetector Voltmeter
optical | —@H R~ E3 ]
Fiber < >
| Current Amplifier Lock-in %
" . Computer
Cryostat _@_ @ Amplifier
Chamber s c
DWELL IBSC

Figure 2.6: A schematic diagram of external quantum efficiency measurement system for the

two-photon spectral characterization.

2.4 Photoluminescence spectroscopy

Photoluminescence, often referred to as PL, is a process in which a substance absorbs photons
and then re-emits photons (usually at lower energies with a smaller number of photons). By
measuring the luminescence spectrum, it is possible for researchers to observe material

imperfections and impurities efficiently. Due to the non-destructive and contactless nature, PL
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spectroscopy has been frequently employed to analyze the distribution of energies involved in
the photon absorption and emission of SCs, especially those featured with carrier confinements.
For the photoexcited DWELL IBSC, it is helpful for us to make such a measurement before
going deep into the carrier dynamics.

The experimental system we built for the PL. measurement can be found in Fig. 2.7. It consists
of'alaser diode, several lenses, some infrared filters, and a spectrometer with an InAs diode array.
We took the measurements in a cryostat for precise control of temperature, where the sample
was tested under the open-circuit condition. During the process, a 659-nm light shoot from a
laser diode (OBIS660, Coherent) was applied to stimulate the emission from the device, with an
excitation area at 0.01 cm? and an excitation power ranging from 0.003 W to 0.03 W. These lights
emitted from SC were first passed through a series of infrared filters to remove the reflected 659-
nm component, and then discerned by a spectrometer (23001, SpectraPro) with the InGaAs diode

array. The final PL information was analyzed using commercial software.

659 nm
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Computer
DWELL IBSC

Figure 2.7: An illustration of PL measurement system

2.5 Bi-color excitation systems

To figure out how the electron intraband excitation process affects the photocarrier collection in
DWELL IBSCs, we took two experiments with separate control of the interband excitations in

the device QW region and Alo3GagsAs barrier region. These experiments were performed in

34



Chapter 2 Experimental Techniques

different excitation systems as followed.

OW interband excitation +OD intraband excitation

Figure 2.8 shows the experimental system employed for this course. To elucidate the influence
of each subband transition on the photovoltaic performance of the device, we used two different
light sources: a titanium sapphire laser (SOLSTIS ECD-X, M Squared Lasers Ltd) with a
wavelength of 800 nm for interband excitation in the QW region and a solid-state laser diode
(MIL-H-1319nm-1W-18113175, CNI) at 1319 nm for the QD intraband excitation. Both light
sources were operated in the continuous-wave mode and their intensities were modulated with
the help of ND filters. The electrical measurements were performed with a source meter (2400,
Keithley) connected to the device, for the recording of the photogenerated current and voltage
from the sample. All processes were carried out in a cryostat to precisely control the device
temperature.

Titanium Sapphire
Laser 700-1000 nm

ND Filter

1319 nm
Optical :_ Laser Diode

Fiber < §] >
Cryostat Kiethley
Chamber : ; Sourcemeter
DWELL IBSC

Figure 2.8: A schematic diagram of bi-color excitation system with QW interband excitation

from a Titanium sapphire laser and QD intraband excitation from a solid-state laser diode.

Barrier interband excitation +QOD intraband excitation
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For this course, we simultaneously detected the photocurrent and photoluminescence (PL) of
the device to investigate the variation in photocarrier collection efficiency caused by intraband
excitation. The experiment system can be found in Fig. 2.9. In detail, two solid-state laser diodes
operated in the continuous-wave mode were used: a green laser (Compass215M-50, Coherent)
with a wavelength of 532 nm for excitation of the Alo3Gao7As barrier, and an infrared laser
(MIL-H-1319nm-1W-18113175, CNI) with a wavelength of 1319 nm to induce electron
intraband transitions in the QDs. With the help of the ND filter, the intensities of the lasers were
changed as required. To better manage the irradiation position of the sample, these lights from
the lasers were first converged by using a dichroic mirror and then channeled to the device
surface through an optical fiber. The current—voltage characteristic of the device was directly
recorded by a source meter (2400, Keithley) and, in the meanwhile, the PL change was detected
by a near-infrared detector (NIRQuest, Ocean Insight) as the bias swept. The PL intensity was
measured in the wavelength region from 900 to 1300 nm to examine the QDs. The sample was

mounted in a cryostat to enable precise control of the sample temperature.

532 nm
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Figure 2.9: A schematic diagram of bi-color excitation system with Alg3Gag7As interband

excitation and QD intraband excitation from two different solid-state laser diodes.
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2.6 Time-resolved photocurrent measurement

Time-resolved photocurrent (TRPC) is a transient measurement employed in the physics of
semiconductors. For a photovoltaic device, the TRPC technique allows scientists to study time-
dependent (on a microsecond time scale) extraction of photocarriers and yields information
about charge recombination and density of states. This helps to distinguish the loss mechanisms
in the device and, recently, becomes a popular method for characterizing the device performance.

In principle, the operation of TRPC measurement starts from the creation of pulse light. When
the solar cell is excited with a short square pulse of light, the photogenerated charges are
extracted on the electrons, resulting in a current. This current is detected under short-circuit
condition by an oscilloscope in form of voltage across a resistor and acquired as the TRPC signal.
There are two ways to characterize a TRPC signal, either in a “light on” position or a “light off”
position, as demonstrated in Fig. 2.10. The “light on” position corresponds to the rising edge of
the signal. This feature is recorded as soon as the excitation pulse is switched on, allowing to
observe the build-up of charges on the electrode after the start of excitation. For most cases, the
investigations are specified in the “light off” position, where the falling edge appears. The feature
in this place shows how the charges decay after the pulse is switched off, in other words, how
the carrier recombination occurs in the structure.

In the experiment, we applied the TRPC method to examine the photocarrier lifetime in the
QDs. The setup can be found in Fig. 2.11. To be specific, a laser diode (iBEAM-SMART-785-
S-A3-13714, TOPTICA) with illumination wavelength at 784 nm was used to induce the carrier

interband transition in the QW region. Its output power was modulated by a function generator
Light-on Light-off

Figure 2.10: A typical photocurrent

Photocurrent

response to a time-resolved illumination.

Time (ps)
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(WF1973, NF) that outputs a square-wave signal with a frequency of 100 Hz and a duty ratio of
50%. The produced short-circuit current was detected by using a current amplifier (DHPCA-
100, FEMTO) and a digital oscilloscope (5000, PiecoScope) triggered by the function generator.
The temporal response time of the detection system was ~ 20 ns, which is sufficiently fast to
investigate the electron dynamics in the solar cell. The measurements were performed at a

sample temperature of 295 K.
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Figure 2.11: Experimental system for time-resolved photocurrent measurement.
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CHAPTER 3

Photocurrent Generation in Quantum Dot-in-Well
Intermediate-Band Solar Cells and Mathematical

Simulations

The generation of two-photon photocurrent plays an essential role in realizing IBSCs with high
conversion efficiencies. This current generation process strongly depends on the photocarrier
dynamics in the intermediate levels, which can sometimes give rise to a deficient output current
unexpectedly. In this chapter, we reported on the two-photon photocurrent generation process
in InAs quantum dot (QD)-in-well IBSCs. The two-photon photocurrent is generated by an
interband transition in the structure (for example, in the well or the QD) and a subsequent
intraband transition in the OD, and we used two different light sources to separately control
these transitions. We found that, in the case of QD interband excitation in a sample with multiple
wells, the carrier collection efficiency does not simply increase with the intraband excitation
intensity, in the range from about 0.08 to 0.5 W/cm’, the collection efficiency decreases with
increasing intraband excitation density. A comparison between samples with different numbers
of wells revealed that the repetition of carrier trapping and detrapping during the transport in
a multi-well structure can effectively modulate the recombination rate. This modulation induces
a reduction of the current yield under certain illumination conditions. We propose a model to
explain this phenomenon and verify it by investigating the bias dependence of the two-photon

photocurrent from the QD.
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3.1 Light absorption in IBSCs

D evices that incorporate quantum wells (QWs) or quantum dots (QDs) have been studied

intensively in the field of optoelectronics, ranging from optical signal amplifiers to lasers
and emerging single-photon sources [50-52]. They are also useful for SCs, for that low-
dimensional structures embedded in a bulk matrix provide a controllable absorption threshold
for photovoltaic devices. For example, QWs and QDs can be used to extend the photon—electron
conversion process in a SC to the infrared region, and progress has been made on improving
these radiative performances. [53,54] Though the extension of the absorption to the infrared can
also be achieved by using a narrow-gap single-junction SC, such a SC only provides low voltages.
The voltage reduction caused by a broad spectral absorption can be avoided if proper quantum
structures are integrated into a wide-gap SC, and this constitutes an approach to exceed the
Shockley—Queisser limit of the conventional single-junction SC.

In the IBSC design, intermediate energy levels are formed, for example, in quantum structures
embedded in the bulk material, and these enable successive below-gap photon absorption.
Unfortunately, the actually fabricated IBSCs that have so far been reported showed relatively
low efficiencies; and the output currents and voltages could be undermined. Radiative IB—CB
transition processes are considered important for a well-behaved IBSC, but carrier trapping and
thermal escape mechanisms are usually dominant instead. [24,55,56] Carrier trapping implies a
lower carrier concentration around the space-charge region through increased recombination,
whereas the thermal escape mechanism generates no additional electrical work for the IBSC. To
date, the light concentration technique is frequently required to ensure that the photogeneration
rate outperforms the recombination rate via IB states, by which the photofilling effect of 1B
comes into play and, thus, leads to an enhanced IB—CB photon absorption process according to
Fermi’s golden rule. [57]

We reported that the QD-in-well (DWELL) structure has the potential to improve the sub-

bandgap oscillator strength. The prolonged carrier lifetime induced by asymmetric band
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alignment is considered to be beneficial for adiabatic intraband absorption in the QDs. However,
a systematic study of such a process on the current generation in the device is still missing. In
the following, we would like to make an investigation on how the excitation of electrons from
the confined QD states to the CB of the barrier (which is an intraband transition) influences the
current yield of an optically biased IBSC with multiple DWELL layers. To understand the
contributions of different transitions to the two-photon photocurrent, we changed both the
wavelength of the light for the interband transitions and the excitation density of intraband
transitions. A comparison of the results of different samples suggests that the repetition of carrier
trapping and detrapping during the transport through the DWELL structures can strongly affect
the yield of the current, which even brings about a negative impact on the current generation at

specific intraband excitation densities.

3.2 Two-photon photocurrent generation

For the characterization of the two-photon photocurrent generation in our IBSCs, we performed
external quantum efficiency (EQE) measurements. In these measurements, the samples were
mounted in a closed-cycle He cryostat and two light sources were used to simultaneously
illuminate the device surface. We’d like to present the two-photon EQE results obtained from
different samples, including IBSCs featured with multiple DWELL layers (denoted as DWELL
IBSC) and a single DWELL layer (denoted as s-DWELL IBSC), as well as a GaAs/Alo3Gao7As
QW SC. The central point is weighted on the analyses of electrical response from the multiple-
DWELL sample, which shows a peculiar performance degradation under certain intraband

excitation cases.

3.2.1 Spectral characterization of solar cells
Let’s start the experimental demonstration from DWELL IBSC, of which the similar stacked-

nanostructures are usually applied on the SC design for the improvement of sub-bandgap photon

absorptions.
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Figure 3.1 shows the two-photon photocurrent generation in a DWELL structure. The
interband excitation in the device can be classified into three regions: Alo3GagsAs barrier
excitation, GaAs QW excitation, and InAs QD excitation.

We consider that adding a structure for carrier confinement to a bulk matrix introduces
additional carrier-recombination paths via the localized energy levels, and this recombination
can be described by the Shockley—Read—Hall model. [58] Owing to the different confinement
depths for electrons and holes, the photoexcited carriers trapped or generated inside a DWELL
can separate by thermal escape process, leading to an accumulation of electrons in the QDs as
CB thermal barrier height is large. It is worth mentioning that although the effective mass of
holes is quite larger than that of electrons at the corresponding band edges, we cannot refer that
the holes would be potently localized in this quantum system. In fact, the energy levels of heavy
holes with high effective masses are generally packed closely, forming a quasi-continuum state
between the VB of DWELLs and the host material. This also facilitates the delocalization of
holes from the DWELLSs.[59] As a result of the decreased electron—hole wavefunction overlap,
the carrier-recombination rate is relatively low in the intermediate states despite the fact that we
adopted a type-I band arrangement.

The increased electron density in the QDs favors subsequent intraband transitions by
absorbing additional photons (Fig. 3.1, yellow arrow). The again-excited electrons in QDs transit
from the ground state to the CB continuum. Some of them would relax back to the QDs or into
QWs, while most of them are influenced by the internal electric field and extracted to the external

circuit. This describes the two-photon photocurrent generation as a result of the sequential
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absorption of two photons.

Figure 3.2 shows four EQE spectra of the DWELL IBSC under short-circuit condition for
different intraband excitation densities at room temperature (295 K). The intraband excitation
densities provided in the figure describe the power of the cw laser at 1319 nm. The two vertical
lines at 680 and 885 nm correspond to the bandgaps of Alo3Gao7As and GaAs, respectively. The
peak observed around 910 nm originates from the InAs wetting layer. By comparing the data
with and without the additional light from the cw laser, it can be confirmed that the EQE without
this intraband excitation (blue curve) is significantly lower in the absorption ranges of the QWs
and QDs (denoted by Aqw and Aqp, respectively). Since the tunneling transport between the
DWELL layers is intentionally suppressed within the attenuated electric field, this weak
electrical signal should be primarily caused by the thermal escape of carriers. This result
confirms the formation of deeply localized states in the DWELL structure. The thermal coupling
between the intermediate states and the CB is effectively reduced at room temperature. The
additional intraband excitation significantly improves the electron collection efficiency and, thus,
also the EQE in the ranges of Aqw and Agp. In contrast, for barrier excitation conditions (range
denoted by Agarier), the EQE is almost independent of the cw laser at 1319 nm. The contribution
of the electron intraband transition process to the current yield is minor for Aly3Gao7As VB—CB
excitation. This can be attributed to the limited trapped carrier numbers of photo-carriers

generated in the bulk matrix as compared to those originally generated in DWELLSs.
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In addition, Fig. 3.2 shows that a weak 1319-nm illumination of 0.08 W/cm? is already
sufficient to enhance the EQE signal by one order of magnitude in the range of Aqw. In this range,
the EQE initially increases with the intraband excitation density and then saturates at high power
densities. To some extent, this saturation behavior resembles that reported in our previous studies,
where we explained the saturation by the exhaustion of electrons in the intermediate levels. [44]
On the other hand, a more careful discussion is required for the EQE behavior in the wavelength
region near the InAs QD states (around 1100 nm). Here, a degradation in the EQE is observed
when the excitation density of the cw laser is increased from 0.08 to 0.40 W/cm?. A further
increase in the intraband excitation leads to a recovery of the EQE. The highest current output
of the device under QD interband excitation conditions was obtained at an intraband excitation
density of 1.80 W/cm? as shown in the figure.

It has been reported that an additional infrared light could lead to a generation of extra holes
in the GaAs as a result of electron excitation from GaAs VB into deep levels. [60] These surplus
holes were capable to be captured by the QDs, which strongly affected the carrier transports in
the device. Moreover, deep donor levels, known as DX centers, have been observed in many I11—
V semiconductors. [61] Extensive works on these DX levels with CB structure have also
revealed their significant influence on the device performance in terms of the carrier transport
properties and capture and emission kinetics. To exclude such kind of possibilities on the EQE
results in Fig. 3.2, we prepared a comparison experiment with a GaAs/Aly3Gag7As QW SC, of
which a similar device structure was fabricated without the InAs QDs.

Figure 3.3 shows two EQE spectra of the QW SC detected under short-circuit condition at
room temperature (295 K), w/wo intraband excitation at a power density of 1.8 W/cm?. It can be
found that there is no shoulder structure at the absorption edge of QWs, for that no InAs wetting
layer was formed in the QW structure. The EQE responses beyond 885 nm decrease
exponentially and reach out the detection limit of the lock-in amplifier at around 900 nm. No
electrical signal can be effectively monitored in longer wavelengths. We underline that different
from the two-photon responses for DWELL IBSCs, the EQE spectrum from QW SC shows rare
change when adding a 1.80 W/cm? intraband excitation (the maximum value in Fig. 3.2). Such

a result is understandable because the light that is incident normal to the surface without
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polarization component along the z-direction, which takes no intraband excitation for the carriers
in QW or the barrier as optical selection rules are not relaxed in these structures.[62] Therefore,
we cannot trace any difference in EQE spectra anticipated from the carrier up-conversion process.
The experimental observation affirms that the infrared absorption through impurity levels or DX
levels does not effectively take place in our device, which would otherwise somewhat cause

EQE disparities in the two spectra of the figure.
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3.2.2 Excitation wavelength dependence of photocurrent generation

We take the difference between the carrier generation rates for interband excitation of QWs and
QDs to intuitively reveal the current loss mechanism. Generally, the average density of states in
a semiconductor QD is low due to the discreteness of the energy levels along all three
confinement directions.[63] As the in-plane density of the QDs is as small as 1.0 x 10" cm™2,
QD interband excitation should lead to a rather low carrier generation rate compared to the case
of exciting other structures in the sample such as the QWs. Note that the excitation densities of
the primary excitation beam are on the same order of magnitude during the scan (about 10-35
uW/cm?). Therefore, we consider that the photocarrier concentration under QW interband
excitation conditions should be larger than that under QD interband excitation conditions. The
Pauli blocking effect is more pronounced in the case of QW interband excitation. This leads to

an intrinsic difference between the trapping rates in the two excitation cases. In other words, for
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the case of QW interband excitation, the photo-carriers that have been excited from one DWELL
layer to the CB have a lower probability for retrapping in other layers because of the Pauli
blocking effect.

Further clarification on the influence of carrier trapping/detrapping process on the EQE
responses is proceeded by comparing the two-photon photocurrent results from the DWELL
IBSC and s-DWELL IBSC, as shown in Fig. 3.4. Here, the two-photon photocurrent is plotted
as a function of the intraband excitation density, and each curve shows the intraband excitation
density dependence for a certain interband excitation condition: interband transitions in the
Alp3Gag7As barrier (500, 530, and 600 nm), interband transitions in the GaAs QW (750 and 850
nm), and interband transitions in the InAs quantum structures (910, 1040, and 1100 nm).
Obviously, the EQE signal from the s-DWELL IBSC is larger than that of the DWELL IBSC
under identical excitation conditions. This suggests that the multiple DWELL structures function

more like a recombination center when weakly excited, although it is good for low-energy

photon absorption.
(a) DWELL IBSC (b) s-DWELL IBSC
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Figure 3.4: Comparison of the power dependences of the two-photon photocurrent generation
in (a) a DWELL IBSC and (b) an s-DWELL IBSC. The data points with different colors
indicate the EQE at 500 nm (interband excitation power density: 10.09 xW/cm?), 530 nm
(12.99 uW/cm?), 600 nm (17.06 xW/cm?), 750 nm (22.36 £W/cm?), 850 nm (19.76 uW/cm?),
910 nm (27.30 uW/cm?), 1040 nm (35.02 xW/cm?), and 1100 nm (34.03 xW/cm?). These data

were recorded at 295 K.
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Both samples exhibit similar EQE trends in the case of barrier excitation and QW excitation
(500-850 nm); here, the EQE increases with the intraband excitation density. The InAs wetting
layer responses (910 nm) in both samples also follow this trend. The two-photon EQE response
at 910 nm exhibits a saturated output at high intraband excitation densities, which can be
explained by the fact that the flat wetting layer possesses a broad distribution of the density of
states, similar to that in a QW.

On the other hand, the two-photon EQE curves of the two samples at wavelengths
corresponding to QD excitation (1040 and 1100 nm) are different. Despite the fact that a stronger
cw laser light increases the rate of detrapping of electrons from the confined states, more serious
carrier recombination takes place in the DWELL IBSC as the intraband excitation density
increases from about 0.08 to around 0.5 W/cm?. In the case of the s-DWELL IBSC, the EQE
output increases monotonically with the intraband excitation density. It is inferred that, under
certain two-photon QD-excitation condition, the additional layers in the DWELL IBSC have a
detrimental effect on the photocarrier collection. The performance reduction should be
associated with the retrapping that can occur during the carrier transport through the multiple
DWELL layers. Moreover, we stress that the saturation of the EQE depends on the excitation
power densities in practice. If the device is illuminated with too strong light, heat effects cannot
be ignored since a temperature-dependent occupation of the QD states may develop. Such a non-
adiabatic process causes a strong current generation at elevated temperatures.

The changes induced in the EQE signal by cw laser light, AEQE, have been investigated under

0.008

0.006

Figure 3.5: The temperature dependence of
0.004

the two-photon photocurrent increment of the

AEQE (%)

0.002
DWELL IBSC excited at 1040 nm.

0.000

Negative —
Impact

sl "
1

sl L rlill MR
107 10’ 10
Intraband Excitation (W/cm?)

-0.002 ——u
10

47



Doctoral Dissertation, Yaxing ZHU

different temperatures. To be specific, we demonstrate the photo-current increment of DWELL
IBSC at a two-photon QD-excitation configuration, which is of our interest during the test.
Figure 3.5 shows detected variations at four different temperatures. With a weak 1319-nm
excitation light (i.e., 2x102 W/cm?) illuminating on the device, AEQE increases initially when
the temperature decreases, but then goes down as the temperature becomes lower than 280 °C.
These obtained results can be explained by a thermally coupled carrier escape process. In essence,
if only the resonant excitation of QD states occurs in the DWELL IBSC, the photo-current
generation should mainly stem from carrier thermionic emission from confined states. The
decrease of experimental temperature gives rise to a reduction on the absolute EQE value (not
shown here). Therefore, a more evident EQE benefit from the carrier up-conversion process can
be acquired at a sample temperature of 280 °C. On the other hand, by lowering the temperature
too much, the photo-carrier lifetime becomes limited by the radiative recombination within each
QD, that is, reversely proportional to the carrier concentration. The holes cannot escape easily
from the QDs in this situation, which aggravates the in-sifu recombination of electrons and, in
turn, inhibits the current generation from second photon absorption. More importantly, we
observed a negative impact on the EQE taken by intraband lights at the coldest condition, 260
K. Since the obstructed-hole amount is most sensitive to the temperature changes, the balance
between two different photo-carriers in the quantum structure seems to effectively modulate the

collection efficiency to this concern.

3.2.3 Charge carrier trapping and detrapping dynamics

There have been a few reports on infrared-light-induced current losses in QD-based systems
under certain excitation conditions, and some of these losses have been considered to be related
to carrier interactions with the charging of traps induced by the QDs or an enhanced non-
radiative recombination loss through bound states. [64—66] It is important to note that these
results are different from the present results on DWELL IBSC because an initial photocurrent
improvement is observed in Fig. 3.5(a) under weak intraband excitation (<0.08 W/cm?).

To clarify the origin of the photocurrent reduction in the range of 0.08-0.5 W/cm? in Fig.
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3.5(a), it is necessary to consider the carrier occupation of the confined states. For a p—i—n
junction under thermal equilibrium conditions, the carrier concentration is determined by the
position of the Fermi level, which results in an increase of the electron density from the p-side
to the right n-side in the intrinsic region and an increase of the hole density from the n-side to
the p-side. Since the DWELL structures are located close to the p-side, some of the QDs in the
near-p layers can be positively charged. On the other hand, based on the semiconductor theory,
we consider that most QDs are negatively charged in the bottom near-n DWELL layers. [67] We
highlight that the carrier-recombination process is limited by the holes in these layers because,
generally, the minority carriers govern the recombination rate. To qualitatively analyze the
current loss process, we focus on the carrier dynamics in these near-# layers.

For the steady-state current generation, the following four fundamental processes should be
taken into account: QD interband excitation, QD intraband excitation, carrier trapping, and
carrier recombination. According to the observed EQE responses at room temperature as a
function of the intraband excitation density, four different situations can be separately described
in Fig. 3.6. (The left side of the figure corresponds to the top of the device, while the right side
corresponds to the bottom.)

The detailed discussions are made as followed:

(a) If only QD interband excitation occurs, an excess of electrons will be created in the QDs
because of the deeper confinement for the electrons. The holes are the minority carriers, and,
thus, the carrier-recombination rate mainly depends on the density of holes in the
corresponding QD layer. Under this excitation condition, the electron recombination

probability in the near-n DWELL layer is relatively small as the number of holes is limited.

(b) In the case of weak intraband excitation, the electrons localized in the QDs are optically
pumped to the CB of the barrier region. This leads to an increase in the EQE because more
electrons will be collected at the electrodes. The oscillator strength of the QD interband
transition also benefits from a lower occupation of the QDs, which is considered to further

improve the EQE at identical interband excitation densities. Since the annihilation of holes
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Figure 3.6: An illustration of the carrier dynamics in a DWELL IBSC under two-photon
excitation conditions of the QDs. Four different situations are presented to explain the intraband
excitation density dependence of the EQE: (a) without intraband excitation, (b) weak intraband
excitation, (¢) moderate intraband excitation, and (d) strong intraband excitation. The green and
yellow areas in the figure demonstrate the light-induced excess electrons and holes in the QDs,

respectively.

is less frequent for lowering the electron density in the QDs, the hole density in the QDs
gradually increases with increasing intraband excitation density, but under these weak

excitation conditions, the QDs are still negatively charged.

(c) In the case of moderate intraband excitation intensities, most of the electrons are removed
from the QDs. The number of holes accumulated in the DWELL structure starts to surpass
that of the electrons, resulting in positively charged QDs. Simultaneously, the electron
trapping rate gradually increases as a result of the increase in the Coulomb force and

unoccupied QD CB states. This effectively modulates the output current because the
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electrons extracted from the near-p layers have a higher probability to recombine in the near-
n DWELL layers [Fig. 3.6(c), recombination indicated by the two dark blue arrows]. The
side effect of the intraband excitation is larger than the merit of carrier up-conversion in this

excitation regime, which gives rise to a reduction of the current collection efficiency.

(d) In the case of strong intraband excitation intensities, the interaction between electrons and
below-gap photons is strengthened according to the Beer—Lambert law for absorbance. [22]
Although a relatively large number of holes are confined in the QDs, the electrons trapped
in the QDs are immediately excited to the CB of the barrier region. The merit of carrier up-
conversion again surpasses the abovementioned side effect of the intraband excitation. The

EQE gradually recovers and reaches a high level.

In comparison, as no complicated structure is built in the s-DWELL sample, such a kind of
carrier trapping process during their transport does not existed in the case. Under a fixed
interband excitation density, the two-step photo-carriers are directly collected at the electrodes.
The photocurrent will gradually saturate if the intraband excitation is enhanced, leaving a totally
unoccupied state in the QD. Hence, the EQE signal in Fig. 3.4(b) shows a monotonically
increased tendency in the detection range of QW and QD as intraband excitation density
increases. We remind that the position of the DWELL layer in s-DWELL IBSC should have no
influence on the experimental tendencies, this would be explored in the next section. Given that
the interband absorption coefficient is inversely proportional to the occupation rate of holes, the
amplitude of the EQE signal in the QD detection range would increase if the DWELL layer was
inserted around the n-side of the device.

The explanation proposed in Fig. 3.6 can be somewhat verified by measuring the bias
dependence of the EQE. Figure 3.7 shows the intraband excitation density dependences of the
two-photon photocurrent generated in the DWELL IBSC using an interband excitation at 1040

nm. As the external bias voltage is changed from 0 to —1.2 V, the EQE increases. This increase
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is attributed to a larger drift velocity of the carriers since the electric field is stronger at more
negative bias conditions. The better carrier transport is accompanied by a lower recombination
probability in the device and, thus, more carriers are collected at the electrodes. Furthermore, the
applied bias has a strong impact on the EQE at moderate intraband excitation densities. As
explained above, the EQE reduction is caused by a higher recombination rate since carrier
trapping/detrapping is repeated in the multiple DWELL structures. The improvement of the EQE
at moderate intraband excitation densities is ascribed to a suppressed carrier trapping during the
transport through the multiple DWELL layers for the larger electron kinetic energies. This
prevents the recombination of two-step-excited carriers in DWELL layers and leads to a recovery
of the output current as the electric field strength is increased.

Now we can return to the analyses on the negative impact carried by cw laser lights in Fig.
3.5. With decreasing the temperature, more holes can be maintained in the QDs. This causes
heavier recombination in the structure, especially in those near-n layers. Although the cw
excitation light pumped electrons out from localized states, those electrons of high energy still
partly keep in the same DWELL layer. The re-excited electrons could make a way for the
incoming electrons from front layers to get recombination and then return to the QDs state in a
phonon-assisted process. [68] In this regard, a negative AEQE could be reasonable at the low-
temperature condition.

Besides, by seeing the electrical signals under QW interband excitations, we may give

speculation on the two-step photocurrent based on changed QD excitation densities. Increasing
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the QD interband excitation density results in more electron occupation of the QD states. Those
electrons optically pumped out from DWELLs can be no longer retrapped easily under the
identical intraband excitation light. An increased intraband light density is required to cause the
current degradation in this sense [Fig. 3.6(c)]. However, according to the Beer—Lambert law for
absorbance, too strong intraband excitation light would enhance the interaction between
electrons and below-gap photons. These trapped carriers are of less opportunity to recombine
with holes but are immediately re-excited outside the DWELLs [Fig. 3.6(d)]. Therefore, the
reduction of the EQE signal would be alleviated and gradually disappear as the QD interband

excitation density increases.

3.3 Theoretical model and simulations

In the following, we would like to present a simulation on the two-step QD-excitation induced
photocurrent generation on DWELL samples. To push it straightforward, we are not aware of
the carrier dynamics relating to the QW structure. The mathematical model is built depending
on the most essential carrier behaviors that take place in QD SCs. Such a kind of simplification
makes a clear demonstration of carrier transport in the photoexcited device while reducing the

complexity of calculation.

3.3.1 State filling of QDs at thermal equilibrium

As discussed in section 3.2.3, the state filling of QDs is of significance in modulating the SC
performance. To begin with, we would like to clarify the occupation state of the QDs at thermal
equilibrium. Figure 3.8 shows the calculated band structure of DWELL IBSC using Nextnano.
For ease of reference, the near-p boundary of the intrinsic layer is set as zero position and the
DWELL layers are orderly numbered, counted from near-p (left) side to near-n (right) side.

The potential barrier height Vzarier for the p—i—n junction can be calculated according to

semiconductor theory, which generally reads as
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where N, represents the acceptor concentration in the emitter layer, Np represents the donor

concentration in the heavy doped n-type layer, n; is the intrinsic carrier concentration in the
Alo3Gaop7As matrix, k is the Boltzmann constant, T is the temperature and ¢ is an elementary
charge. [67] When all layers are in contact, the Fermi levels of doped regions must align on the
same height. This is shown by the horizontal dashed line at zero energy. The energy difference
between the calculated Fermi level and QD VB edge is described by the Eequizi in each DWELL
layer. We consider that there is no dopant in the intrinsic region, the potential variation is just
linear between the values that are fixed by the doped layers. Therefore, the relation between
electron (hole) concentration N.; (P.;) and the position Pos; in the i-type Alp3GagsAs material

can be expressed by the

qVBarrier P OSi _Li
N, . =N ex * 3.2
e,i D p( kT L[ ( )
q VBarrier _Posi
P . =N ex * 3.3
e, A p[ kT Ll. ] ( )

Here L, is the total thickness of the intrinsic layer.

To further calculate the carrier numbers in QD layers, two hypotheses are necessary:

e The shape of QDs is assumed to be conelike. This constitutes the existence of carriers in

QDs at a volume Vg, of
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Vdot =3 >l<dalot * S

4 3.4
3 area ( )

where da.: represents the QD height and S is the excitation area on the device.[69]

e  The distribution of intrinsic carriers in the InAs QDs and Alp3GaosAs bulk matrix follows

the Boltzmann relation, regardless of differences in the corresponding density of states.

Taken all these conditions into account, one can derive the existed number of electrons (holes),

Nei (Pe), in a single QD layer as

CB,,

ne,i = Ne,iexp [qk—Tfo] * Vdot (35)
VB, .

p.,=F, exp qu—T”‘j *V o (3.6)

where CB,yand VB, correspond to the energy offsets between QDs and Alp3Gag 7As bulk matrix

in CB and VB. Detailed parameters involving the calculations are listed in Table 3.1 and the

deduced extrinsic properties of the QD layer are presented 3.2.

Table 3.1: Calculation parameters for carrier numbers in QD layer

Parameters  Preset Value Unit Description
k 8.62x 1073 eV/K Boltzmann constant
T 295 K Experimental temperature
q 1 e Elementary charge
Ny 2.0x 10" cm3 Acceptor concentration
Np 5.0 x 10" cm’ Donor concentration
n; 2.1 x10° cm’ Intrinsic carrier concentration
Aot 4 nm QD length
Surea 0.01 cm? [llumination area
L; 1400 nm Length of intrinsic region
CBoy 0.461 eV CB offset between QDs and bulk matrix
VBoy 0.293 eV VB offset between QDs and bulk matrix
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Table 3.2: Extrinsic properties of each QD layer

Layer No. Position (nm) Electron amount, n.; Hole amount, p.; Eequini (eV)
1 260 6.25x 10°% 9.55% 108 0.442
2 326 1.51x 10°° 3.94x 107 0.523
3 392 3.66x 107 1.63x 10° 0.604
4 458 8.86x 107* 6.73x 10* 0.685
5 524 2.15% 1072 2.78% 10° 0.766
6 590 5.19x 107! 1.15% 102 0.847
7 656 1.26x 101 4.75% 10° 0.928
8 722 3.04x 10? 1.96x 107! 1.009
9 788 7.36x 10 8.10x 1073 1.090
10 854 1.78x% 10° 3.35< 107 1.171

3.3.2 Rate-equation analyses

To understand the electrical performance of DWELL IBSC at cascaded QD-excitation conditions,
the transport of carriers across the confinement region, the carrier capture into, and the carrier
escape out of the active regions are very important processes. Let us start the determination of
carrier dynamics from the device with a single DWELL layer, which excludes such carrier
trapping/detrapping process but gives an insight into most essential carrier behaviors.

As mentioned in section 1.4, a ratchet-like band diagram can be fulfilled in our DWELL
structure. For that the photo-carriers in the GaAs QWs relax into InAs QDs in an extremely fast
way, we consider these components to share the same quasi-Fermi level in the device. To reduce
the complexity of calculation, the carrier dynamics associated with QWs could be intendedly
ruled out in the theory if the photocurrent generates at a cascaded QD-excitation configuration.
This leads to an empirical model adopted in our analyses, as the InAs/Alo3GagsAs QD SC
illustrated in Fig. 3.9(a).
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Figure 3.9: (a) Empirical model for cascaded QD-excitations on s-DWELL IBSC: an InAs/

Alp3GagsAs QD SC. (b) Carrier dynamics considered in the simulation.

Rate-equation models have long been used to model the static and dynamic behaviors of
semiconductor SCs. In order to reveal the carrier dynamics in the proposed QD SC model, four
fundamental generation—recombination processes should be taken into consideration, including
carrier thermalization, QD interband excitation, QD intraband excitation as well as
recombination. Figure 3.9(b) visualizes such processes with the SC band lineup. For simplicity,
we neglected band bending due to carrier accumulation in DWELLs and nonlinear effects such
as the Auger effect. The rate equations representing the electron and hole densities per unit

volume in the QD layer can be described as

dn n, —n
electron dim = G104Onm -l CRecom (pdotndat —p.n, ) - G1319nm (3.7

thn

Pao — Pe
= G1040nm — e CRecom (pdotndot - pene) (38)

z-thp

dp dot

hole

where Go40mm is the interband photocarrier generation rate in the QDs, G 39m is the intraband
photocarrier extraction rate from the QDs, n. and p. are the carrier numbers at thermal
equilibrium, 74, and 74, are the thermal escape time for electrons and holes, Cgecom is the
recombination coefficient. The second and third terms on the right-hand side of the equations

represent the carrier thermalization and annihilation in the QDs, respectively.

To be specific, Grosmm and Gy319.m are obtained by using the Beer—Lambert law as follow
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Gio40mm = Bosonm {1 —exp [_(1 — A= 1), d 4 :I} 3.9)

G1319nm = P]3I9nm {1 - exp [_fnaintraddot ]} (310)

where Piosomm 1S the incident photon flux from the monochromator at an excitation wavelength
of 1040 nm, P;3;9.m 1s the incident photon flux of the 1319-nm cw laser diode, f, and f, are the
electron and hole occupation rate of the InAs QD states in the DWELL, tnser and ainsq are the
interband and intraband absorption coefficients for the QDs, and d4 holds the thickness of QDs.
Although the shape of QD is assumed to be conelike, we still consider a cubic region for the
absorption of incident lights in terms of the photon scattering on the QD surface and the
simplicity of calculation. The occupation rate of QD states depends on the in-plane QD density

(pdor) in the structure; one can derive these for the electrons and holes as

electron  f,=n,,/ ( }{,OdotSa,ea) (3.11)

hole Jo = Paot! (2PiorSirea) (3.12)

where 7y is the number of states discussed in each QD. During the simulation process, we took
as12, which included the consideration of spin of the carrier.[44]
For the calculation of carrier thermalization in the structure, a thermionic emission model of

QWs is used, which generally expresses the thermal escape time for electrons and holes as

- E -FE,
elecl‘ron Tthn — ddm 27z-me exp( AlGaAs,CB Sn j (313)

kT kT

’ 2 , E,-FE ads
hOZe Tthp = ddot Z—;ilh exp( L k;_fc AP j (314)

where m." and mj" respectively describe the effective electron and hole masses, Ej and Ej,

describe the quasi-Fermi levels for the electrons and holes in the QDs, Eqca4s,cs and Eaigaas,va
are the CB and VB edges of Alo3GaosAs, correspondingly. Based on the fact that the VB
maximum of Aly3Gao7As is less dispersed than the CB minimum, the conductivity effective
mass of electrons should be lighter than that of holes. We consider this difference in the

calculation, involving varied band alignments. This leads to the determined effective masses as

electron m: =0.0879 m, (3.15)
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hole m, =0.4880 m, (3.16)

where we used 9.1 x 103! kg for the electron mass my. The quasi-Fermi levels of carriers in the

QDs are described using the Fermi-Dirac distribution

I n n En s _Ee Uil
electron E, =E, . .z —klln| ———1+—* eXP(quj (3.17)
_ndot ndot kT
I E,.-E
hole  E,=E,, ,+kTin| Lo 14 Pep| Zeail st (3.18)
: ’ _pdot pdor kT

where Epns,cs and Ejnasvp are the CB and VB edges of InAs, e, pe , Eequil tespectively
represent the intrinsic electron amount, intrinsic hole amount, and the Fermi level of
carriers in the QDs at thermal equilibrium.

Furthermore, it is assumed that the carrier recombination is of bipolar dependence in
the QDs, that is, the carrier recombination rate is proportional to the numbers of electrons
and holes in QDs. Note that the equations for radiative recombination and non-radiative
recombination follow the same form if nonlinear processer are excluded. [13] Thereby,
Crecom 1s a coefficient that quantifies the carrier recombination in an integrated manner.

To solve these equations, we performed Newton-Raphson iteration method. The
short-circuit current Isc is acquired under the steady-state condition, which assembles
the thermal escape components and photoexcited component as
Pgoe — 1 Pio — P.

2 +Gl319nm L (3.19)

Tlhp

Iy =q
Tlhn

Now that the mathematical model for the s-DWELL IBSC is acquired, we’d like to push it
forward to the DWELL IBSC. Figure 3.10 illustrates a more complex QD SC model with
multiple confinement layers.

In the diagram, photocarriers across the QD layer (marked by green arrows) and captured into
the QDs (marked by orange arrows) are newly explored. The transport of photocarriers
exclusively depends on the built-in electric field, without considering the diffusion process. It is
assumed that extracted carriers from QDs immediately reach the next DWELL because the

estimated drifting time through the 50-nm-thick Al 3Gao.7As barrier is less than one picosecond,
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Figure 3.10: Simulation model for sequential QD-excitations on DWELL IBSC.

which is negligible as compared to the temporal scale of interest. [43] These rate equations

representing the carrier density per unit volume in the ith QD layer can be modified as

dndot,i na’at,i - ne,i
d = G1040nm,i - - CRecom (pdnt,indot,i - pe,ine,i ) - Gl3l9nm,i + (1 - f;’l,i )Ni—l (320)
t Tthn,i
dpdoi pdoi_pe.i
dtt’ = G104011m,i - ;_ - CRecam (pdnt,indot,i - pe.ine.i ) + (1 - fp,i )PHI (32 1)
thp i

where the first four terms in Eqn. (3.20) and the first three terms in Eqn. (3.21) are replaced by
the corresponding parameters for the ith QD layer. The last terms in the equations describe the
carrier trapping process in the structure, which is proportional to the inoccupation rate of the QD
states. N is the number of electrons supplied from the (i—1)th QD per unit time, P;; is the
number of holes supplied from the (i+1)th QD per unit time; they are defined following:

n, ..—n..
dot i—1 e,i—1
= + G1319nm,i—1 + fn,i—lNi—z (3.22)

T ihni-1

N,

Potiv1 — Pein
py=Lusm P,y p

i+l i+2 -
Tthp,i+1

(3.23)

We stress that the equations for carrier photogeneration in each QD layer are modified as

G1040nm,i = Bosonm. {1 —exp [_(1 - f;l,i (11— fp,i )i Do ]} (3.24)

G13I9nm,i = P13I9nm,i {1 - exp [_f;l.iaillti‘addot ]} (325)
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where Pjosonmi and Pjzionm; now represent the photon fluxes reaching ith QD layer. The short-

circuit current /sc assembling the photoexcited electrons and holes would be finalized as

I ZQ(Pl"'Nlo)-

Parameters for above simulation process are summarized in Table 3.3 for ease of reference.

(3.26)

TABLE 3.3: Simulation parameters for IBSCs under cascaded QD-excitations

Parameters Preset Value Unit Description
Olinter 2000 cm’! Interband absorption coefficient
Olintra 250 cm'! Intraband absorption coefficient
X 12 Number of carrier states in a QD
Dot 1.00x 101 cm? In-plane density of QDs
mo 9.10 x 103! kg Electron mass
CRrecom 8.50x 1073 s! Recombination coefficient
k 1.38x 102 J/K Boltzmann constant
Euicaus, ca 1.81 eV Alo3Gag7As CB energy
Euiass, vs 0 eV Alo3Gag7As VB energy
Epus, cB 1.349 eV InAs CB edge energy
Emas, v 0.293 eV InAs VB edge energy

3.3.3 Simulation results

Now that the associated rate-equations were figured out from the discussions, we performed

calculations using Visual Studio 2019. The programming language used was Visual C++.

Simulation for s-DWELL IBSC
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In Fig. 3.11, we show the simulated EQE output for the single DWELL sample. Clearly, the
data acquired from simulation well reproduce the experimental results. With increasing the input
of intraband excitation photons, the simulated EQE increases monotonically and exhibits
saturation at high power density. This verifies the feasibility of probing carrier dynamics using
the developed model.

For an easy explanation, a new parameter, retention ratio, is introduced to describe the number

of photocarriers maintained in the QDs. This is defined as

Retention Ratio = Lxcess Carriers x100% - (3.27)

Incident 1040 nm Photons

Figure 3.12(a) shows the calculated retention ratio versus the intraband excitation density for
two kinds of photocarriers. As expected, the excess electron concentration in the QDs decreases

when many 1319-nm photons impinge on the device. This leads to reduced recombination in the
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Figure 3.12: (a) Retention ratio for excess carriers in QDs. (b) Calculated quasi-Fermi

levels by the simulation.
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structure if interband excitation power does not change. From Eqn. (3.8), it is understood that
the rate constant for photoexcited holes is determined by three experimental facts: carrier
interband excitation, thermionic emission, and recombination. Reducing the recombination,
from a mathematical point, implies that an enhanced thermionic emission would take place at
the equilibrium condition. Since the thermal escape of holes exclusively depends on the
concentration, this explains why the holes accumulate in the QDs with intraband excitation
power increases. Clearly, there are more photoexcited electrons left in the structure than the holes.
The reason for this disparity is caused by the different extrinsic concentrations for two types of
carriers. To push it straightforward, the deduced quasi-Fermi levels from Eqn. (3.17) and (3.18)
are likewise demonstrated in Fig. 3.12(b). Note that, in the short-circuit condition, the band
diagram of an ideal IBSC with infinite carrier mobility is equal to that in equilibrium; i.e., all
quasi-Fermi levels merge together. However, in real devices, the finite mobility of minority
carriers produces a quasi-Fermi level split within the device.[53] This enables us to make an
analysis of the Fermi level change under the short-circuit condition. It is easy to find that the
hole Fermi level is pinned to the input value. This manifests that the amount of photogenerated
holes is incomparable to the extrinsic hole number. We note that even EQE becomes saturated,
there is an excess of electrons remaining in the DWELL layer. In this regard, it is hard to say that
a completely exhausted state can be achieved in the experimental condition.

Furthermore, the developed model facilitates us exploring the optimum DWELL position for
two-step photocurrent generation. We likewise performed calculations with different QD
positions listed in Table 3.2 and the results are shown in Fig. 3.13(a). The simulation in this stage
is still based on an s-DWELL IBSC prototype. It seems that steady EQE outputs are obtained if
the QDs are inserted in the middle of the intrinsic region, no matter how the intraband excitation
power changes. To a certain degree, these results imply that the photocurrent benefit from the
sequential photon absorption process becomes limited when the extrinsic electron number
becomes larger. By seeing deep into the carrier state, we obtained a negative retention ratio for
the electrons if the QDs are set in the near #-region (10th QD position). This is demonstrated in
Fig. 3.13(b) at strong intraband excitation powers. An intuitive understanding of this negative

value is that even some extrinsic carriers in the QDs are ejected out by the highly concentrated
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Figure 3.13: (a) Calculated EQE output and (b) electron retention ratios for s-DWELL IBSC

employing QDs at different positions.

1319-nm lights. Given that the electrons are exclusively generated from carrier thermal
excitation and photon absorption processes, such a peculiar result suggests that a short-circuit
connection comes into being between QD VB and CB. For designing a solar cell device, this
shorted state should be avoided since it doesn’t provide effective electrical work to the external
circuit. Thus, we may relate that the most favorable positions for the two-step photocurrent
generation are in the middle place of the intrinsic layer. It is still reminded that the negative
retention ratio in the simulation cannot be evidenced as an exhausted carrier state in the QDs

because there is a high extrinsic concentration at such QD positions.

Simulation for DWELL IBSC

Figure 3.14(a) shows the simulated results for DWELL IBSC. Obviously, the calculated EQE
becomes one order larger than that obtained from the s-DWELL model. This implies that more
photocurrent is supposed to be generated in the DWELL IBSC if environmental conditions are
not changed. Instead of working as recombination centers, the increased QDs in this model,
compared with s-DWELL IBSC, function more like generation centers for the simulation process.

Such a conclusion deviates from the experimental facts observed in Fig. 3.4(a). The EQE here
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Figure 3.14: (a) Simulated EQE output for DWELL IBSC. (b) Calculated quasi-Fermi levels

at each QD position.

still exhibits a monotonical dependence on the intraband excitation power after calculation.
Despite that experimental features cannot be reproduced by this simulation, these calculated
results resemble current generations that we acquired in previous studies [Fig. 1.17(b)]. By the
same token, the two-step photocurrent, in that case, monotonically increases with intraband
excitation power and exhibits saturation once an intense 1319-nm light is imposed. The major
difference between these two experiments is that the photocarrier concentration is much lower
during the EQE detection. This hints at one optimization direction for our model: the average
recombination rate could be set larger. Considering that the potential barrier height for QDs is
proportional to the number of electrons trapped in the confinement, different recombination
coefficients can be given to the model in terms of the QD positions.

In addition, the changes of quasi-Fermi levels are investigated in Fig. 3.14(b). With increasing
the intraband excitation density, the electron Fermi level falls. The most sensitive response takes
place at the first QD layer, which can be attributed to the strong photon absorption in this layer.
Particular attention should be given to the decreased quasi-Fermi level difference between
electrons and holes. To some extent, this implies that there exists a possibility to destroy the
photovoltage performance if intraband excitation light is engaged for the cascaded photon

absorptions. A more detailed discussion on this speculation is given in section 4.2.3.
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3.4 Model extension

3.4.1 Mathematical simulation on time-resolved photocurrents

As introduced in section 2.6, time-resolved photocurrent (TRPC) measurements are frequently
employed to analyze the photocarrier recombination details in solar cells. This is realized by
applying a light pulse on the cell surface and studying the current signal at its falling edge. In
the experiment, we also performed such a measurement in order to better understand the carrier
transports in the DWELL structure.

Figure 3.15 shows the typical TRPC decay profiles for the DWELL IBSC. During detection,
a monochromatic light emitting 784-nm photons is used to induce the carrier transitions in the
QWs. We detected spike-like signals in the decay profiles, where the amplitude of spikes was
around 0.08 mA/cm?. These signals are considered to arise from the impedance mismatch
between the solar cells and the current amplifier.[43] Since the spikes show at the very initial
stage of the curves and are of less scientific interest, we neglect them in our analyses.

Each decay curve exhibits a bi-exponential feature in the semi-logarithmic figure. This implies
that at least two carrier behaviors govern the current generation process. As the carrier tunneling
between DWELL layers is restrained by the thick barrier layer, the most representative carrier
dynamics in the structure shall be the carrier annihilation and thermionic emission. The accuracy

of the simulation model in the last section is thus verified. Comparing the different decay curves
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in the figure suggests that the photocurrent decays fast when the incident light power is large.
The photocarrier concentration in the DWELLSs seems to play an important role in modulating
the decay performance.

In order to retrieve the electron lifetime from the decay profile, we proposed a simplified
model to reproduce the decay curve. Figure 3.16 shows the model with its band lineup. We
neglected dynamics contributed by holes on account of quick thermal escape from the DWELL.
The QWs and QDs are still regarded as an integrated component in this model for reducing the
calculation complexity. The rate equation representing the electron densities per unit volume in
the DWELL layer can be modified from Eqn.(3.20), written as

dni n-n,, m-—n,;
—= Gy == ==+ (1= £, )N, (3.28)

thn,i an

where Gow; is the interband photocarrier generation rate in the ith QW and z,, is the average
carrier annihilation time for the quantum confinement. The equation describing photocarrier

generation in each QW layer is also modified as

Gowi = Pgaum, {1 —exp [_(1 = J2.)er owow ]} (3.29)

where dinerow 18 the interband absorption coefficient of GaAs for 784-nm photons and dow is the
thickness of each QW layer, i.e., 16 nm in our case. We used 3000 cm™ for cinerow. Ni1 is the

number of electrons supplied from the (i~1)th QD per unit time, which is defined as:
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Figure 3.16: Simulation model used for time-resolved photocurrent measurements.
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}’l-_ _ne i—
N =———2+f N, (3.22)

Tthn,i—l

The short-circuit current /sc would be obtained from the following equation

L =qNy. (3.26)

3.4.2 Estimation of the carrier lifetime

Likewise, we performed the mathematical fitting of TRPC curves in Visual Studio 2019. The
programming language used was Visual C++.

Solid lines in Fig. 3.17(a) indicate calculated TRPC decay profiles for the DWELL IBSC at
different excitation densities. The estimated carrier lifetime changes with interband excitation
power. At an interband excitation power of 0.30 W/cm?, 1., is estimated to be 60 ps. This takes
twice as long as the value we predicted in the previous report.[43] Since there is less assumption,
like intrinsic areal electron density, in the new model, ta, evaluated from this simulation is
believed to be more precise. Such an electron lifetime in the DWELL is extremely long as
compared to the value of conventional InAs/GaAs QDs, which is the advantage of our design.
Increasing the incident light power leads to a reduced carrier lifetime in the QDs. This is

reasonable because the photocarrier recombination possibility is proportional to its concentration
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Figure 3.17: (a) Normalized photocurrent decay profiles and their simulation data for
the DWELL IBSC at 295K. (b) Representative evolution of electron quasi-Fermi levels

obtained at an input light density of 0.30 W/cm?.

68



Chapter 3 Photocurrent generation in quantum dot-in-well intermediate-band solar
cells and mathematical simulations

in the quantum confinement. Thereby, we, from an intuitive perspective, succeeded in the
simulation of time-resolved photocurrent curves.

The annihilation details in each DWELL structure were also checked by retrieving the time-
dependent evolution of electron quasi-Fermi levels. Figure 3.17(b) shows a representative case
calculated with an input light density of 0.30 W/cm?. Although the excess carriers were
annihilated simultaneously regardless of their location, these electrons in the near p-region
experienced a long period to return to the equilibrium state. We believe this is induced by the
unipolar simulation of our device. For further clarifying the carrier dynamics in the DWLLs, the
simulation model should be optimized with more photocarrier details, especially the current

contribution of photoexcited holes.

3.5 Conclusion

In this chapter, we have presented the two-photon photocurrent spectra of DWELL IBSCs at
room temperature. There are several points concluded from the experimental results which might

be of interest for the researchers working in the related area:

(1) It was found that the current improvement induced by the additional intraband excitation at
1319 nm strongly depends on the interband excitation wavelength. In particular, we observed
different intraband excitation density dependences of the carrier collection efficiencies for

QW and QD interband excitation conditions.

(2) We investigated the EQE reduction under moderate two-photon excitation conditions of the
QD and attributed it to enhanced carrier recombination in the bottom near-n DWELL layers.

A model based on repeated carrier trapping/detrapping was presented to explain this behavior.

(3) The bias-dependent EQE results suggest that an increased doping concentration in the

neutral region can help to suppress the infrared-light-induced performance degradation.

We proposed a mathematical model to simulate the EQE outputs. It worked well for s-DWELL

IBSC, while some troubles occurred for the DWELL IBSC. The cause for this difference is

69



Doctoral Dissertation, Yaxing ZHU

attributed to the misusing of recombination coefficients for the QDs. We further made a
simplified model to the time-resolved photocurrent generated by DWELL IBSC. By using this
model, the electron lifetime in the quantum confinement was successfully evaluated under

experimental conditions.
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CHAPTER 4

Two-Step Excitation Induced Photovoltaic Properties
in Quantum Dot-in-Well Intermediate-Band Solar Cell

The intermediate-band solar cell is designed towards providing a large photo-generated current
while maintaining a high output voltage. The prerequisite for output-voltage preservation in this
kind of device is that the occupation state of each energy band can be independently described
by the corresponding quasi-Fermi level. This phenomenon manifests experimentally in a voltage
recovery induced by the supplementary two-step photon absorption processes. In this chapter,
we further study the excitation-power and temperature dependences of the voltage performance
in the intermediate-band solar cell containing InAs quantum dots in Al 3Gag.7As/GaAs quantum
wells. The two-color photoexcitation method is used to separately control the QW interband and
quantum dot-conduction band (intraband) transitions. The output voltage is sensitive to the
balance between the two excitation densities and the cell temperature. It is found that strongly
asymmetric irradiation can even lead to a voltage decrease. The temperature-dependent data
suggest a faster electron—hole annihilation at lower temperatures. We introduce a new

characteristic index to qualitatively evaluate the carrier loss in the intermediate band.

4.1 Theoretical expectations on IBSCs

T he IBSC is a concept where sequential photon absorption at additional intermediate

energy levels can achieve theoretically both a current enhancement (due to utilization of
low-energy photons in the solar spectrum) and a high voltage. [70] In general, three distinctive
photon-induced transitions take place in IBSCs as a consequence of the intermediate band (IB)

introduced inside the bandgap of the host semiconductor. This IB works like a stepping-stone to
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merge several sub-bandgap excitations in order for exciting electrons from the valence band (VB)
to the conduction band (CB) (in the equivalent-circuit picture described as additional parallel
diodes). [21] Ideally, the carrier populations of the three states can be individually described with
three quasi-Fermi levels, namely, Er;, Ery, and Erc. We note that the contacts to the junction of
an IBSC extract carriers directly from the CB and VB of the host semiconductor. Thus, the
established electrochemical potential difference, Ecy, equals the sum of the quasi-Fermi level

intervals

Ecy = (EFC_ EF[) + (EF[_EFV). (41)

In practice, a reduction in the subband oscillator strength caused by a thermal escape of
carriers from intermediate states to the CB in devices with small barrier heights always leads to
a coupling between Er; and Erc and, therefore, an occurrence of voltage degradation.[55,71]
Although a voltage recovery can be achieved, for example, by activating electrons from the IB
to the CB by adiabatic optical excitation, so far only a few reports elaborated how this process
affects cell performance. [72,73]

In this chapter, we systematically study the two-step excitation induced photovoltage response
of IBSC with multiple dot-in-well (DWELL) structures. Two-color light sources are used to
clarify the changes that occur when the carrier intraband transition is optically induced in
addition to the interband transition of the QW. The experiments show that the degree of the
additional voltage output is sensitive to the excitation condition. When the intraband excitation
density is too strong, the voltage even decreases. We explain this with an unfavorable change in
the quasi-Fermi level arrangement in the case of a strongly asymmetric irradiation condition of
the two subbands. By comparing the results obtained under different excitation conditions, the
importance of optical matching among the device and their surrounding is highlighted. We also
study the temperature dependence of the output voltage. A new characteristic index s is
introduced to provide a deeper insight into the carrier dynamics. It is found that the enhanced
electron—hole annihilation process at lower temperatures plays a significant role in the

performance of our device.
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4.2  Photovoltaic properties induced by two-step excitations

In this section, we demonstrate the current—voltage (/-V) characteristics obtained from DWELL
IBSC. The light curves are generated by two-step excitations in the QW and QD respectively.
Different photovoltaic properties are studied from these curves, including open-circuit voltage
(Voc), short-circuit current (Isc), fill factor (FF), and conversion efficiency (7). In specific,
attention is paid to the variation of photovoltage induced by intraband excitations, where we may

acquire most benefits under balanced two-step excitations.

4.2.1 Dark current—voltage characteristics

To begin with, we’d like to provide an understanding of the carrier transport mechanism in
DWELL IBSC by analyzing the dark current—voltage (/p—V) response.

Figure 4.1(a) shows the temperature-dependent I/p—V characteristics obtained from the
fabricated sample; high threshold voltages are obtained in the forward bias region. Such high
thresholds are rationale since the sample is in essence with a form of Alo3Gao 7As p—i—n structure,
which possesses a relatively large bandgap over the range. On the other hand, a decrease in
temperature is usually accompanied by a restrained dark current, which stems from the limited
intrinsic carrier numbers under the condition. [67] In most SC devices, an improved photovoltage
generation can be observed at low temperatures for the same reason.

For the experimental analyses, extraction of ideality factor from /p—J} curve can be helpful.

Empirically, the dark forward /p—V characteristics for p—n junction models are expressed as

qV
I, =1 —) -1
p =4 {eXp(nkT) :| (4.2)
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Figure 4.1: (a) Temperature-dependent /p—V characteristics of DWELL IBSC under dark
condition. (b) Determination of ideality factor from the inclination of semilogarithmic /p—V
curves in the medium voltage region. Inset shows the typical |/p|—V in the detection range at

270 K and its linear fit.

where [ is the dark saturation current, & is the Boltzmann constant, T is the temperature and 7 is
the ideality factor. From the linear regime of each semilogarithmic /p-V curve with the largest
slopes, one can evaluate the temperature-dependent n values. Figure 4.1(b) shows such kind of
determination process, and typically, the |/p|-V curve in the detection range at 270 K is given as
an example. To stop the current flow, a positive voltage of about 0.2 V is required in the
experiment. It can be explained as a result of the trapping of charges in the high-density QDs of
the fabricated sample. [65] Note that a pretty wide low current region is obtained at a forward
bias from 0.3 V to 1.0 V when compared with other heterojunction solar cells. [74,75] By using
the interpolation method, an average value of ~10 is calculated for n. Given that the ideality
factor can be modified with the variation of shunt resistance or series resistance, we consider the
great value in our device can be attributed to the highly confined energy states of QDs that
significantly promote the recombination process. [76] This is further indicated by extracting
thermal activation energy based on the typical heterojunction models. [77]

Indeed, the saturation current /) can be expressed in an Arrhenius format [78]

E
I, =1, exp(— nkaT) 4.3)
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where [y is a temperature-independent pre-factor and £, is the the\rmal activation energy barrier
responsible for current rectification. It implies a linear relationship in the plot of n X In (1) vs.
1000/7;, as indicated in Fig. 4.2. By employing the least square method, an activation energy of
1.08 eV is estimated from the data. The result well matches with the bandgap of InAs QDs in
this temperature range, indicating the effective barrier for charge carriers recombination occur
at the interface of QDs.[79] To this concern, we refer that a sufficiently confined carrier state is

achieved in our structure.

-125[ ¢
-130}
Figure 4.2: Plot of n x In (1) vs. = 135k :
1000/T. An activation energy of 1.08 :E 140}
eV is estimated by employing the < —1a5} \
least-squares method. -150} \
-155}

38 40 42 44 46 48
1000/ T (K-7)

4.2.2 Current—voltage characteristics induced by two-step excitations

We defined the sub-bandgap excitations on DWELL IBSC as QW interband excitation and QD
intraband excitation, respectively. To elucidate the influence of each subband transition on the
DWELL IBSC performance, we used two different light sources: a titanium sapphire laser at 800
nm and a solid-state diode laser at 1319 nm. Figure 4.3 depicts the two-step absorption process
in the DWELL. A strong VB-IB transition can take place in the GaAs QW region (Fig. 4.3; pink
arrow), denoted as interband excitation. The generated electrons in the QW relax to the QDs and
are again excited by intraband excitation from the quantized states toward the continuum levels
of CB (Fig. 4.3; yellow arrow). Albeit a type-I band arrangement for quantum structures, an
improved absorptivity of QDs was determined due to the increased electron density and

oscillator strength. Therefore, we expect efficient photon absorptions for both carrier excitation
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processes.

Representative I-V curves of DWELL IBSC under two-step photoexcitations are summarized
in Fig. 4.4. In particular, the excitation-density determined /- evolution is separately
investigated at an interband or intraband excitation of moderate power density (0.60 W/cm?) , as
given in Fig. 4.4(a) and 4.4(b). In both cases, it can be found that /sc increases monotonically
with either excitation light density; more photocarriers can be collected as the increasingly
intensified light gets applied to the device. However, the situation for the photogenerated voltage,

Voc, 1s quite different.
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Figure 4.4: [-V characteristics for excitation-density-dependent evolution at 295 K when
fixed (a) interband and (b) intraband excitations of 0.60 W/cm? are primarily biased on the

DWELL IBSC.

76



Chapter 4 Two-Step Excitation Induced Photovoltaic Properties in Quantum Dot-in-
Well Intermediate-Band Solar Cell

We observed a voltage decrease in Fig. 4.4(a) if the intraband excitation light is much stronger
than the interband excitation light. This phenomenon is counterintuitive since a negative
correlation between photogenerated current and voltage comes into being. More comprehensive
studies regarding this electrical degradation would be conducted in the following section. Here,
we underline that the influence of intraband excitations weighs more on the change of current
generation than that of voltage in Fig. 4.4(a), which inclines the characteristic curve at the weak
intraband excitation case and damages F'F’ due to increased power loss on the series resistance.
The heating effect also takes responsibility for this downshift since it could drag the voltage
generation and, to some degree, improve current by thermalization. As the intraband excitation
light is further enhanced, a subsequent F'F growth could be expected for that a voltage loss is
acquired although the curvature of the /-V curve is still governed by the current generation. In
comparison, a greater interband excitation promotes the absolute voltage output in Fig 4.4(b),
because the electron Fermi level is highly elevated in the situation. This leaves a stable FF under
low excitations as the Isc increases along with the interband excitation density. Since there exists
a voltage limit for the solar cell, such an FF balance will be broken at high interband excitations.

We further investigate the temperature dependence of the /-V curve at fixed two-step
excitations, the results are shown in Fig. 4.5. Decreasing the temperature improves the voltage
generation on account of the restrained intrinsic carrier concentration, which manifests as the
decrease in dark currents in Fig. 4.1(a). In the meanwhile, the FF recovers at low temperatures.

This recovery can be attributed to the restrained photocurrent generations, as the detrimental
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Fixexd Intraband /Intraband Excitation
(0.60W/cm?) + Changed Temperature
0.015
Figure 4.5: Temperature-dependent T 0010
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effects, including power loss through series resistance, are progressively inhibited if it becomes
limited. To some degree, both the conclusions well match with each other, for the sake that FF’

has been confirmed to be highly sensitive to this value when it comes to conventional SCs. [80]

4.2.3 Photovoltaic properties induced by two-step excitations

To identify the cause of voltage reduction shown in Fig. 4.4(a), we comprehensively studied

these photovoltaic properties regardless of the /-V curve details.

Photogenerated Voltage

Figure 4.6 shows the excitation power dependence of the Voc generated from DWELL IBSC
at room temperature. The intraband excitation (1319 nm) density was changed from 0.03 to 0.90
W/cm?, where a power rate of 0.03 W/cm? roughly corresponds to the individual band transition
that supported by a 1-sun spectrum irradiation. The interband excitation (800 nm) density was
changed from 0.12 to 0.36 W/cm?. Obviously, to obtain the optimum voltage, the intraband
excitation density should not be chosen too small nor too large. This behavior is in contrast to
the increase in two-step photocurrent observed under strong asymmetric excitation.[44] Apart of
loss in Voc is viewed compared with that of a well-behaved InAs/GaAs quantum dot solar cell
under standard solar irradiation case.[49] The cause for this voltage degradation could be
ascribed to the monochromatic light sources employed in the experiment, which cannot fully

cover the global solar spectral information. But foremost, it is the more complicated cell structure
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decisive, where both potential barriers and QDs are coupled in our solar cell.[18,81] The general
behavior of the Voc curves in Fig. 4.6 is briefly explained with the help of Eqn. (4.1). At the
initial stage, the presence of excitation light at 1319 nm is beneficial to split Er; and Erc, and
thus, Voc rises accordingly. Then, the Voc gradually saturates at a moderate intraband excitation
density because of the counteraction from a decrease in Er; — Ery, which can be attributed to the
Er; drop within the improved optical extraction process. This manifests in a growing matching
process between subband currents.[82] It should be noted that instead of bounding to the band
edge for the common IBSCs, a flexible Ef; is capable of moving around in the IB in that the
higher confined levels are formed in the QD, which were observed in our EQE results. If an
excess intraband excitation is further imposed on the device, the balance of equation terms shall
break. The shrinkage of Er — Ery becomes dominant and leads to a reduction in Voc. As the
intraband excitation density increases, the Voc will approach a relatively low but constant level
once the electrons in QDs become almost exhausted.

The comparison of the Voc curves at three different interband excitation densities in Fig. 4.6
suggests that the primary excitation at 800 nm plays an important role in modulating the
abovementioned Voc reduction at higher intraband excitation densities. In general, a stronger
interband excitation is considered to provide a larger voltage delivery because of the higher
elevated Er.[83] This results in a stronger coupling between Er and Erc since thermal escape
occurs easier in QDs if the electrons have a large potential energy. To optically eject the heavily
accumulated electrons in the IB levels, many 1319-nm photons are required, which is reflected
in the shift of the maxima in Fig. 4.6 to the right side as the interband excitation density increases.
Incidentally, a flatter Voc curve is observed at the 0.36 W/cm? interband excitation condition.
This has deviated from our expectation because an improved voltage generation is theoretically
favorable if more intraband transitions occur at the balanced range.[84]

The above trend was further analyzed by using various interband excitation densities. Figure

4.7 displays the trend of the open-circuit voltage difference, 4Voc, that occurs when 1319-nm
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light illuminates the sample in addition to the primary VB-IB excitation. It is clear that a
significant voltage generation tends to occur when both excitation intensities are similar. The
largest AVoc (0.015 V) is observed at low excitation densities. In essence, a stronger interband
excitation generally results in a higher basic voltage, and a more intense intraband excitation
would be required for an evident voltage improvement. By combining this explanation with the
mechanism mentioned above, it is understandable that the major output differences appear at the
diagonal of Fig. 4.7. More importantly, the positive contribution of intraband excitation toward
overall voltage generation seems to gradually become inhibited if the interband excitation is
strong enough. We attributed this as a result of the heating effect induced by the powerful
excitations engaged on the cell surface.

Indeed, it is commonly believed that the accumulated heat can destroy the voltage
performance of the photovoltaic device by increasing its dark saturation current. In order to
reveal the real voltage generation induced by the adiabatic intraband absorption process, such an
effect should also be excluded in our analysis. Here, we make a semi-empirical estimation to
eliminate heat-induced voltage alternation.

According to the detailed balance model for an ideal single-junction cell device, a

logarithmically proportional relationship between Voc and Isc can be written as

I
Voc o Tn(1+ %) (4.4)

0
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For two-step photoexcitation experiments, if only intraband excitation contributes to the
temperature increase, Isc should be fairly related to the thermal escape of carriers from the
DWELL region. To push it simple, the Arrhenius equation is used to describe this process, given

as
E
I ocexp(——L 45
sC p( kT) 4.5)

where E, represents the barrier height for carrier thermal extraction. As mentioned, /y is also of
significant temperature dependence, which primarily reflects in the alternation of intrinsic carrier
concentrations n;. A proportional relationship is usually applied to describe the temperature

impact on this parameter, followed as
I, o o T exp(-29) (4.6)
0 i kT

where E¢ is the bandgap of bulk material. Given these points, an intraband-excitation-induced

voltage evolution towards V“oc would be obtained from interband-excited DWELL IBSC with

output y /= if the device is heated, derived as

. VT In{l+ B, T exp[(E, - E,"")/ kT "1}
oc ~ T

o In{l+B, T ~ exp[(Eg’"f” —EMY/ KT, 1}

Inter™ Inter

4.7

where By 1S a pre-exponential factor extracted from the ratio between Isc and I, at specific
interband excitation. Particularly, the notation * and Infer separately indicate the changed
parameters with and without intraband excitation for the above equation.

Further discussions on each parameter should be based on the following assumptions:

(a) For the determination of sample temperature, it is highlighted that the different photon
absorption coefficients of step-by-step transitions can lead to distinguished heating rates,
i.e. interband excitation is more influential. Considering the infrared photons are as well
capable to be absorbed by the device substrate and mainly causes phonon emission in-situ,
a consistent rate T is roughly regarded for both two type excitations and the overall

temperature T undergoes
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(b)

(©)

(d)
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where Ty is the ambient temperature, P and P are incident densities for interband and

intraband excitations respectively.

The thermal escape of carriers in the DWELL region is strongly linked to the occupation
state of QDs. According to band theory, a logarithmic relationship should be achieved
between interband excitation intensity and potential barriers. For simplification, the

Inter

thermionic barrier height at specific interband excitation, E;"*, written as

E;l”t” = Et(l]z - AEth 1n(PInter / PSlep) (49)

where E’ is a given value representing the initial barrier height with the lowest interband
excitation, 4Ey is an introduced factor to describe the barrier decrease with increasing the

interband excitation and Ps, is the minimum intensity increment in our experiment.

The temperature dependence of bandgap of bulk material is also considered within a
Varshni’s empirical expression, written as

_E al?

_ 4.10
GO ﬂ‘i‘T ( )

E

G

where Egy is the material bandgap linearly extrapolated to absolute zero, o and S are

corresponding Varshni's coefficients.

Based on the definition of By.r, it’s not difficult to find this value as well relies on the
sample temperature. The alternation of Bj..- within temperatures can be carefully derived

as

11T exp(-E" | KT,)
B[nter = BO 0 3 Inter (411)
Lo Ty Xp(=E," | kT,,,.)

SC* Inter

where By , I’sc and E’, are the experimentally obtained values at the lowest interband

excitation density.



Chapter 4 Two-Step Excitation Induced Photovoltaic Properties in Quantum Dot-in-
Well Intermediate-Band Solar Cell

(a) (b)

= 0.000 _ 180
E § 16
z S
z =
2 -0.004 @ ggp NN 1235
a s & i
c z 2 8
2 8§ & >
s 31 s 08
2 -0.008 7 -3
w (L 0.30 SRR w
o 030 ]

k-]
g 5 0
-1 a
E g
= =
= -0.012 = , 1 -

093 b3 0.30 0.90 1.80 993 03 0.30 0.90 180
Interband Excitation Density (W/cm?2) Interband Excitation Density (W/cm?)

Figure 4.8: (a)Excitation density dependence of voltage degradation calculated when 1319-nm
light is regarded as a heat source to the fundamental VB—IB excitation. (b) Processed voltage

output with eliminating heating effect.

For numerical estimation, all the preset values for the established model are listed in Table 4.1.
Specifically, the temperature increment is determined based on a metal-semiconductor thermal
transfer model, while the thermal barrier height is referred from our previous reports.[44,85] The
extracted heat-induced voltage decreased values are summarized in Fig. 4.8(a). In detail, we
focused on the voltage changes at the low excitations to reduce human errors. It is clear that with
enhancing the intraband excitations, the voltage reduces monotonically because no optical
extraction process is hypothesized for the second step transition. The voltage degradation,
however, also becomes worse when the interband excitation increases. This is believed to be the
most important cause for the existence of optimum value at the lowest excitations in Fig. 4.7.

Figure 4.8(b) shows the processed voltage difference with minimizing the impact of heating
effect. By the same token, the optimized voltage generation shows at the balanced excitation
conditions, in addition that an intraband-excitation induced voltage decrease occurs if
overwhelmed 1319-nm light is applied. The difference lies in that the maximum value shifts with
increasing excitation density. This conforms well with the theoretical /-} analysis of IBSC,
pointing out an unignorable role of heat generation during the measurement.[82] Besides, we
consider that the fast escape of holes makes the Ery almost independent from changes in the

irradiation condition, and we believe that it is bound to the edge of the VB. However, if a strong
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interband excitation is applied, a slight downshift of Ery could also contribute to 4Voc, making

the mechanism far more complicated.

Table 4.1: Estimation of heating effect

Parameters Preset Value Unit Description
Ty 295 K Ambient temperature
Tine 3 K-em?/W Temperature increasement
Psiep 0.03 W/cm? Excitation density increasement
By 101 K3 Ratio between Iscand Iy
E 0.69 eV Barrier height at lowest excitation
AEy 0.07 eV Barrier decreasement
Eco 1.81 eV Alp3Gag7As bandgap
a 541x 10 eV/K Varshni's coefficient
)i 204 K Varshni'’s coefficient

A deeper understanding of why the voltage enhancement occurs at a close excitation density
is necessary. In general, the GaAs absorption coefficient at 800 nm is about 13000 cm™'.
Regarding the 160-nm QW region over the structure, an absorption rate of 18.8% would be
acquired for the interband excitations by using the Beer—Lambert law. Admittedly,
recombination still prevails in the QDs even though holes escape quickly through VB. In
previous studies, we have applied a factor of 1% to describe the fraction of long-lived electrons
in the DWELL owing to the electron—hole separation and successfully simulated the
photocurrents under two-color excitations. [43] We take the same value here so that the effective
absorption rate for primary excitation is calculated as 0.188%. For the estimation of intraband
oscillator strength, a moderate value, 250 cm ™!, is used to evaluate the absorption of InAs QD at
1319 nm, which leads to an overall rate of 0.099% by taking its total thickness (40 nm) into
account. As a result, the balanced value would be reasonable to optimize the voltage generation
if different photon energies of two lasers are further considered.

Of course, the filling or saturation of energy states in the QDs can be strongly affected by the
interband excitation density, which determines the validity of our explanation. Here, we

demonstrate the optical filling of the intermediate band by using PL spectroscopy. The
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experiments were performed with a laser diode illuminating 659-nm photons, which are more
energetic than 800-nm photons but still exclusively induce carrier interband transition in QW
structure. The obtained result is given in Fig. 4.9. As the interband excitation becomes intensified,
a significantly improved PL signal is acquired, owing to the enhanced electron-hole
recombination rate in both QD ground state (GS) as well as excited state (ES). Since the Fermi
level describes the occupation of confined states, the emerged first ES at high excitation density
could be interpreted as identification of an elevated Fermi level around QD energy levels. This
explains why the fundamental voltage output increases within strong interband excitations. The
Gaussian fitting method is applied to this result and energies of 1056 meV and 1105 meV are
calculated for GS and first ES transitions respectively. To the detection limit, the QD states are
not fully occupied since the first ES signal could be further improved. Regarding these carriers
being relaxed from the QW levels, plenty of unoccupied states should always be available for
interband transitions with roughly the same photon numbers. Therefore, we’d expect that the
photon absorption rate in QW energy levels is not sensitive to the interband excitation densities

in the experiment.

The temperature-dependence of carrier dynamics inside a solar cell always results in an
unstable output in the case of a changing environment.[38,86,87] As visualized in Fig. 4.10, a
voltage loss occurs at lower temperatures when the additional intraband excitation is applied (the
interband excitation at 800 nm is fixed at 0.60 W/ cm?). It is widely accepted that a temperature
decrease is more advantageous with respect to the quasi-Fermi level split process due to the

inhibition of thermal escape from IB levels. This should enable a higher output voltage. However,
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for a DWELL IBSC, the thermally coupled hole level is essential. In this case, a lower
temperature results in an accumulated hole density at the VB edges, which enhances annihilation
with already excited electrons. This causes a slight decrease in the Er; level and narrows the
quasi-Fermi level interval if the same intraband excitation is used. Consequently, a voltage
decrease can occur. It is noted that a higher basic voltage is obtained at lower temperatures as a
result of the static tendency of carriers in QDs.

We further make a comparison between the three datasets in Fig. 4.10. It is found that the
temperature where voltage degradation starts shifts to higher values as the excitation intensity
increases. There still exists a strong linkage between the voltage output of a DWELL IBSC and
the occupation of the IB states. In the case of strong intraband excitation, a fast optical extraction
of electrons from QDs is considered to be dominant, which results in an emptier IB state than
for the weaker interband excitation conditions. The carrier annihilation plays a crucial role in
adjusting the quasi-Fermi levels. To this concern, the voltage yield under a matched subband
irradiation condition should have the highest sensitivity to temperature variations and

accordingly exhibits the highest temperature value where voltage degradation starts.

0.01
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Figure 4.11(a) and 4.11(b), respectively, show the excitation-density dependences of Isc at
specific intraband and interband excitation powers. For both of them, a linear current response

on excitation densities is acquired at the moderate detection range, which means that linear
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Figure 4.11: Excitation density dependence of Isc when fixed (a) intraband and (b) interband
excitations of 1.80 W/cm? are primarily biased on the DWELL IBSC. Data were taken at a

sample temperature of 295 K. The red solid lines guide the linear responses for the eye.

resonances should be predominated in this system, either carrier transition between VB—IB or
IB—CB. However, if one of the excitations overwhelms another, the deviation emerges. The
gradually formed super-linear relationship in Fig. 4.11(a) at high interband excitations confirms
the existence of non-linear processes.

Aside from the intensified thermal extraction of carriers induced by the heating effect, a
positive effect of energy transfers through QW carriers should be noted. This has been studied
in modulation-doped QD SCs elsewhere and defined as a beneficial ionization process.[88]
Conversely, such a situation is not as evident in the fixed interband excitation case, as given in
Fig. 4.11(b). We attribute the emerged sub-linear current response to the efficient thermalization
of carriers into QDs at experimental temperature (295 K).

The obtained short-circuit current changes, A/sc, are likewise plotted in Fig. 4.12. As the total
excitation intensity becomes stronger, A/sc also increases. This is attributed to the fact that an
additional photocurrent will be produced in any case, either due to a more effective thermal
carrier escape or the optical absorption process. Though the results from Fig. 4.11 have indicated
that linear resonance dominants the below-gap transitions in our experiment, we underline that

the joint contribution of other effects on the origin of photocurrent within mere interband
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excitation condition, like the electric-field assisted tunneling effect, defect-induced carrier
tunneling through hetero-interfaces, efficient energy transfer among carriers inside quantum
structures, and even the increasing thermodynamic driving force through the entropy energy
transfer process.[29] To boot, the comparatively large enhancement is displayed at the matched
light condition as well. These results have kind of deviated from the saturation we theoretically
expected previously in that the occupied electron states in a QD develop a temperature-related
distribution, which partly manifests as the wider saturation region in Fig. 4.7. The more
important result is that, although both the voltage and photocurrent gains from the extra photons
are evident when strong balanced excitation is used, such an over-concentrated intraband
excitation gives rise to a reduction in the conversion efficiency because of the significant
increase in the input power, which will be disclosed in the following.

As discussed in Fig. 4.10, a decrease in the average electron number in a QD can take place
in low temperatures. Such an electron loss can be somewhat revealed in the current output during
the detection. Figure 4.13 shows the case of current generation under a balanced excitation
condition, where Isc decreases when lowering the sample temperature. If we assume that the
same carrier pumping rates are achieved for the two subband excitations, the thermalization of
carriers can be negligible because of the relatively limited contribution to the current. Therefore,

we consider that the electron loss in the IB levels due to the annihilation process results in the
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lower current output at lower temperatures.
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To push it further, a systematic study on the nominal conversion efficiency changes, 4%, with
additional intraband excitation is also evaluated in Fig. 4.14. According to the definition of
nominal conversion efficiency, it is not difficult to conclude the precondition for a positive

efficiency gaining as

P

Intra

P

Inter

< AVOC ']énéer +AISC 'Volncter +AVOC 'AISC " AVOC + NSC

Inter Inter ~ Inter Inter '
Voc 1 sc Voc I sc

(4.12)

Since the changes in photogenerated voltage and current are far less than their base values, an
improved conversion efficiency will only take place when Ppo < Piuer, as shown in the lower
right of the figure. Still, this doesn’t mean that an overwhelmed interband excitation is favorable,
because the largest efficiency enhancement is achieved at the suitable incident condition. It is a
result of the balance between voltage gain and current boost. Though an extra photon-taken
benefits the voltage and current output when imposing strong balanced lights, such an over-
concentrated intraband excitation, nonetheless, gives rise to a deduction on conversion efficiency.
The incomparability of output alternations towards the additional input power makes an

undesirable conversion efficiency in the end. For designing a well-adapted DWELL IBSC along
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with the natural environment, other details like the reflection of the cell surface should be taken

into consideration as well.
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A comprehensive study on FF under bi-color excitations is as well given in this part, as
demonstrated in Fig. 4.15. It can be followed that the excitation conditions of comparatively
small FF’ overlap the generation range of optimum 4Voc. With increasing intraband excitation
density, a gently receded voltage is more favorable for FF for that a current dependence is
gradually established. From this point, a balanced bi-color excitation condition implies an

inferior rectification of our device although photovoltage efficiently generates.
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4.3 [Extension: electrical generation with infrared excitations

It has been reported that an IBSC implemented with InAs/AlGaAs QDs has a photo-response
expanding from 250 to ~ 6000 nm.[53] In that case, the IBSC is capable to produce a short-
circuit photocurrent when illuminated with photons whose energy equals the energy of the lowest
bandgap (photon energy supporting IB—CB transition). To some extent, this phenomenon is
counterintuitive since, in an ideal case, it means that an infinite hole accumulation can be
achieved in the QDs.

To reveal the underlying mechanism for the current production, the researchers employed a
simplified IBSC equivalent circuit [Fig. 4.16(a)], which explains the possible transitions in IBSC
as diodes connecting in series or parallel configuration (e.g., D2 describes the internal
generation—recombination between IB and VB). Under the short-circuit condition, a quasi-Fermi
split is still existed in the real device because of the finite mobility of minority carriers. This

makes the diodes D/, D2 and D3 become biased in short circuit with a bias current
1, =1, [exp(qV,, /kT)-1]. (4.13)

where Vp; is the diode bias voltage associated with the quasi-Fermi level split, and /y; is the diode
saturation current. The integrated effect is accounted by means of a lump resistance Rs in the
figure.

Given that a photocurrent of low amplitude is observed in the study, a small-signal model

Is D3V | 10

D1\
11.2 ngfi/n'
(a)

®

(b)
Figure 4.16: (a) Simplitied IBSC equivalent circuit in short-circuit conditions. (b) Small-

signal model for illumination causing IB to CB transitions. [53]
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constructed by replacing some diodes with the equivalent small-signal resistances
n=dvy ldl, = (kT /g1, +1,) " (4.14)

is further proposed to represent the situation in the report [Fig. 4.16(b)]. Such a model is
validated by fitting the numerical results with experimental data. Based on the simulation, the
detectable photocurrent is, in the end, confirmed to originate from the non-negligible generation—
recombination between VB and IB.

Likewise, we studied the electrical generation of DWELL IBSC when solely illuminating the
infrared lights. The observed voltage/current outputs versus intraband excitation density are
demonstrated in Fig. 4.17. It can be found that, even without interband excitations, the change
of Voc with increasing intraband excitation density resembles the tendency that we obtained in
Fig. 4.6; there are voltage maxima showing at specific intraband excitation densities. With
lowering the temperature, the voltage increases more or less by the reason of decreased intrinsic
carrier concentration. Note that these photogenerated voltages are much smaller than the case
obtained with interband excitations. The voltage disparity showing at different temperatures is
also not as large as we acquired in Fig. 4.5. Since no optical excitation is applied between the
interband structure, the theory we mentioned in section 4.2.3 is no longer suitable to explain this

voltage change.
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Figure 4.17: (a) Open-circuit voltage response and (b) short-circuit current generation of
DWELL IBSC when solely illuminating intraband excitations. The data were taken at four

sample temperatures.
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It is reminded that the thermal excitation between subbands should be the main cause for the
voltage generation. However, more operation details need to be considered by seeing into the
current changes, as given in Fig. 4.17(b). The figure is drawn in a log—log plot for a better
explanation. Clearly, each curve exhibits an increased slope along with intraband excitation
density. This indicates that the generation relationship between photocarriers and incident
photons undergoes an alternation from linearity to square; the two-photon absorption process
seems to dominate at high excitation densities. We observed that the turning point shown in Fig.
4.17(b) corresponds well with the excitation density where Voc starts to decrease. The occurrence
of voltage maxima in Fig. 4.17(a) therefore can be associated with the nonlinear carrier dynamics
in the device. Indeed, it is generally believed such kind of two-photon absorption only involves
the electron transition process among the structure. A further increase of intraband excitation
density even leads to a cubic relationship along with the current generation. This experimental
fact implies that the hole absorption process may jointly contribute to the voltage reduction in

the condition. A schematic demonstration of these carrier dynamics is demonstrated in Fig. 4.18.

QD Intraband
N Excitation

_| Two-photon _ Three-photon

- T Absorption™ 'I K Absorption

Thermal
Excitation I

Figure 4.18: The change of carrier dynamics along with intraband excitations.

4.4 Discussion

In practice, structures like concentrator modules enable a proportional enhancement of the
incident light through collecting sunlight on the solar cell surface.[89,90] On the other hand, a
balanced excitation of both DWELL IBSC subbands is more preferable compared to strongly

asymmetric irradiation. To discuss this point, the Voc and Isc values of our device under balanced
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excitation conditions are summarized in Fig. 4.19. Here, only the low concentration ratios are
considered in order to avoid issues such as heating effects.[91] Although identical voltage levels
can be realized at different temperatures, a stronger illumination of the cell device is required
within the high-temperature regime mainly due to the accelerated carrier thermalization.

It is again highlighting this experiment is performed without the excitation on host materials,
which functions the solar cell antiparallel with the Shockley—Read—Hall trap-assisted
recombination model that occurs in traditional p—n diode. In fact, the current-voltage
characteristic of an intermediate band solar cell without overlap absorption coefficient is derived

as

I=1,—1I.e"" - \/i AL +12e" (4.15)

where / and V are the output current and voltage respectively, /g is the sum of generation current
across each bandgap, Icy and [ are the pre-exponential constants for recombination current
through full bandgap and IB, Al; represents the current mismatch induced by unbalanced current
generation rates through IB. [82] To push it further, the balanced excitation on sub-bands
guarantees a relatively steady carrier generation rate from and into IB states, i.e. the current
mismatch between them could be largely inhibited as we related for the voltage maxima and
absorption rates. Therefore, the equation can be roughly rewritten as

_ _ qVIkT qV 12kT
[=1,—1,e"" —[,e"™"

ib (4.16)

This is usually expressed as the two-diode relationship for non-ideal single-junction solar
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cells.[92] Here, /¢ mainly origins from the current extraction through IB states and the
recombination current is dominant. The exponential dependence of current on voltage is
manifested in Fig. 4.19, it suggests the feasibility of analogizing concentrator photovoltaic
theory on analysis.[55,91,93] Basically, the /-V characteristic that describes the concentrator

solar cell performance can be written as

q
lnlsczﬁVoc—lnlo. (4.17)

Since the electron extraction processes of both sub-bandgaps are not identical for each
temperature case (e.g. due to dynamic interactions between photons and electrons or recapture
processes from trap levels), it is reasonable to suppose that both of them are probability events.
Compared with the intrinsic excitation of a single-junction solar cell, there must be a current
alternation in IBSC devices during the two-step photon absorption process if the ambient
environment changes. Therefore, a new index s is introduced to describe such an effect and the

adjusted equation reads
Inly =s-Lv, —InI,. (4.18)
kT

We fitted Eqn. (4.18) to the data in Fig. 4.19. The results are shown with the grey lines, and
the s values obtained by the fitting are listed in Table 4.2. Obviously, s increases with temperature,
which suggests the existence of a substantial current loss in the low-temperature regime. The
positive correlation can be primarily attributed to the electron—hole annihilation process and
qualitatively describes the extent of carrier leakage in the IB. The fitting results for s support our
model of the current reduction in Fig. 4.13.

It should be stressed that s is different from the ideality factor in the conventional diode
equation. In principle, the performance of an IBSC under two-step photoexcitations relies largely
on the occupation of the IB states, which makes the temperature an important factor for the
electrical output. By taking a variety of cell structures into consideration, a wide range of s values
can be obtained. While in diodes, the carrier behaviors related to the intrinsic bandgap always
dominate over other processes, such as trap-assisted recombination or Auger recombination, and

consequently reversed values in the range 0.5~1 are usually obtained for ideality factor.[67] Even
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in our DWELL IBSC, s can surpass 0.5 if the temperature is sufficiently high. In analogy to the
ideality factor, a larger s value indicates a higher efficiency of ejecting an electron from the VB
to the CB (in our case, either through thermal escape or two-step photon absorption). By
evaluating the electrical responses under the dark condition, a relatively large value of ~10 is
obtained, which is ascribed as a result of promoted recombination process inside the deeply

confined quantum structure.

Table 4.2: Fitted s values for different temperatures.

T (K) s
298 0.581
150 0.313
75 0.147
50 0.048

4.5 Conclusion

In this chapter, we have systematically studied the influence of each subband transition process
on DWELL-IBSC electrical performance through a two-color photoexcitation method. It is
found that the electrical performance was better in the case of a balanced excitation condition.
In particular, we observed several interesting features from the experimental results, following

as:

(1) A voltage reduction occurred when a strong asymmetric excitation condition was used. The
origin of this effect is attributed to the rearrangement of the quasi-Fermi levels, which are

determined by the extraction of carriers from the subbands.

(2) The observed photocurrent increases infinitely with either excitation density, which implies
the existence of the non-adiabatic process in our system. The influence of carrier thermal

excitations should be excluded when analyzing the intrinsic carrier dynamics in IBSCs.

(3) Since the improvement on photovoltage or photocurrent is not so large, an increased
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intraband excitation density may give rise to a decrease on the total conversion efficiency

finally.

(4) It is found that an inferior rectification occurs at the balanced bi-color excitations. Such a

feature is opposite to what we obtained for the voltage generations.

(5) Although a temperature reduction is usually believed to improve the output voltage due to
an easier quasi-Fermi level split, we have shown that a decrease in the voltage for lower
temperatures can occur as well. It has been explained that the enhanced annihilation process

at lower temperatures should be responsible for this.

(6) Nonlinear photon absorption takes place in the device when the solar cell is solely
illuminated by infrared lights. This absorption process as well brings about voltage

degradation in the experiments.

Based on the abovementioned photovoltaic properties, we further understood the current loss
mechanism through the IB of the device. A new characteristic index s that distinguished from
the diode ideality factor is introduced to fit the experimental results, and this index is believed
to partly reveal the extent of carrier annihilation. The analytical model in the discussion section

is applicable for other IBSC devices.
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CHAPTER 5

Varied Diffusion Photocurrent in an Intermediate-
Band Solar Cell with Type-I Band Alignment

Intermediate band solar cells (IBSCs) implemented with type-1 heterostructures have been
frequently employed in investigating the concept of improving photovoltaic properties by two-
Step excitation processes related to strong sub-bandgap oscillator strengths. In this chapter, we
elucidate a photocarrier collection mechanism in an IBSC with a quantum dot (OD)-in-a-well
structure. The barrier material of our device is excited by green light, and we determine the
change in the electrical output that occurs when additional infrared light is used to induce
electron intraband transitions in the QDs. It is found that the photocurrent becomes smaller
when the electrons are optically pumped out of the QDs. The simultaneously measured
photoluminescence spectra proved that the polarity of the QD states changes depending on the
irradiation conditions. We discuss the drift and diffusion components and point out that the
diffusion of the holes in the device is significantly modulated by the carriers inside the
confinement structure. We consider an increased hole diffusion current due to blocked hole-
capture by quantum structures under sufficiently strong intraband excitation conditions. This
increased hole diffusion current can lead to an unexpected decrease of the photocurrent output

in such experiments.

5.1 Research background

I n past years, several materials, like highly-mismatched alloys and semiconductors with
dilute components, have been inspired to manufacture IBSC devices.[28,94] Particular

attention was paid to the semiconductors containing epitaxial quantum dots (QDs), because of
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the mature fabrication techniques and their readily controlled size as well as shape.[95,96] There
is a natural advantage for the QD system as the carrier wave function in a QD itself extends a
bunch of atoms, that is, a kind of delocalization. [27] Such a feature is important, for the non-
radiative recombination could be inhibited in the QD states if the carriers are delocalized.[97]
The intermediate levels origins from these states without the necessity to be formed as an actual
miniband in the structure, which makes the concept of IBSC more accessible.

However, the flaws of QDs are as well prominent. There are two types of QD in terms of its
band alignment with the matrix material. For the type-I QDs, both electrons and holes are
confined in the QDs. They work as active elements to achieve high efficiencies in light
absorption and emission, yet most of the optoelectronic devices incorporated with these QDs are
suffering from the short carrier lifetime in the confinement. [98] In comparison, type-II QDs
confine one type of charge carrier in the QD volume while the other type resides in a barrier and
is only loosely bound by local variations of the confinement potential or the Coulomb coupling
to the carrier inside the QDs. Though the spontaneous recombination process is slower in type-
II QDs because of spatial separation of carriers, the light absorption also becomes difficult
compared with type-1 QDs.

The so far explored QD SCs are mostly employed type-1 QDs to form the IB states. This is far
less desirable for the two-step photocurrent generation since a photocarrier with a restrained
lifetime generally accompanies a poor chance of getting excited out from the confined states
before recombination. In addition, it has been indicated that the carrier thermal escape process
could aggravate the situation if the QD confinement is shallow. Given that no additional
electrical work can be extracted under this mechanism, a voltage yield behind expectation has
been frequently reported on QD SCs. These shortcomings are proved to limit the practical
applications of QD SCs.

We have reported that an IBSC with hybrid structures of QD-in-well (DWELL) is promising
to circumvent the abovementioned problems. The prolonged carrier lifetime in this structure has
facilitated our research on probing the photovoltaic properties induced by two-step sub-bandgap
excitations. However, let us note that under solar irradiations, a great portion of photons is

absorbed in the barrier matrix because of its high absorption coefficient.[99] Understanding the
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influence of QD intraband excitations on the photocurrent produced under barrier excitation
condition would be helpful for device optimization. Therefore, we make an extensive study in
this chapter to reveal the possible impact of electron intraband excitations on photocarrier
collection in the DWELL IBSC, of which the mechanism is as well applicable to other similar

SCs employed with type-I band alignment.

5.2  Analytical current—voltage characteristics of the IBSC

We would like to firstly make a theoretical prediction on the DWELL IBSCs’ electrical
performance that exclusively involves the carrier barrier excitations and intraband excitations.
Detailed calculations are based on the current—voltage characteristics of conventional IBSC
devices. [82]

To start with, it is helpful to set a simplified model for DWELL IBSC. Some assumptions are
made during the process. We again employ the idea in section 3.3.2, by which the QWs and QDs
work as intermediate steps sharing the same quasi-Fermi level in the structure. Besides, three

different hypotheses are newly proposed in this section:

e We are not aware of the hole dynamics in the device. The photoexcited holes are
assumed to fluently flow to the p-region of the device in that rather shallow

confinement is constructed.

e Theratio of the captured carrier into quantum structures is assumed as a fixed value,
a. The repetition of carrier trapping/detrapping during the transport is not considered

in this model. All the QDs are regarded as an integrated component.

e The thermal excitation process is excluded in our model, for the revealing of most

essential carrier dynamics.

We highlight that the modeling concerns idealized devices, and all these four assumptions
suffice the determination of our mathematical model. Thereby, the simplified model abstracted
from DWELL IBSC can be described by Fig. 5.1.

The fundamental that supports our prediction is the detailed balance principle, which states
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Figure 5.1: Simplified model
of DWELL IBSC in order for
mathematical calculations.
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the current generation of a solar cell as
I=q(G-R) (5.1)

where ¢ is the elementary charge, G is the net generation rate, i.e., the flux of photons entering
the cell from the outside before being absorbed while generating electron—hole pairs, and R is
the net recombination rate, which accounts for the flux of photons emitted by the cell to the
surroundings.

In an IBSC device, there is a generation route and recombination route between each pair of
bands. These are Gyc and Rcy, where electrons cross the energy gap between the VB and CB,
and Gic and R¢;, where electrons cross the energy gap between CB and IB, and Gy and Ry,
which involves electrons crossing the VB and IB. If only the adiabatic situation is considered,
the carrier generation in the device should be governed by the incident lights. We remind that
the thermal excitation is intendedly excluded in the model, the optical generation rate between

VB and IB should equal to 0, i.e.,
G, =0. (5.2)

The recombination between each pair of bands is supposed to follow the Blackbody radiation
law. We considered a refractive index of 1 on the cell surface, thus the recombination rate at an

output voltage V' of SC can be generally described as

(5.3)

2
R= 2z J‘EMux E dE
hc? B exp[(E—qV)/kT]—l
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where £ is Planck’s constant, 7 is the temperature and c is the speed of light. The integral is taken
over the energy F of the emitted photons in the energy interval between Evax and Evin. Further
simplification is achieved by using the Boltzmann approximation, which allows us to rewrite

Eqn. (5.3) into

R

2r J'EMax £

qV -F qV
= W exp( )dE = Roexp(ﬁ) ) (5.4)

Etin kT
Here Ryis a parameter defined by

_ 27 (Bu

K c? B

R, Ezexp(;—i)dE . (5.5)

When the solar cell is illuminated, the number of the captured carrier, T¢;, in the DWELL

structure can be represented as
Ty :a(GV _RCV)' (5.6)

The current delivered by the IBSC is then described as
I1=4q[Gye —Rey Ty +Gie =R, | =q[(1=a)(Gye =Rey )+ Goe =R, |- (5.7)
We determine the balance of carriers entering and leaving the IB, that is
T,=G,—R,+R, - (5.8)

These three equations have constructed the framework for the calculation.

Let us bear in mind that the three recombination rates in the above equations depend on three
different voltages. Rcy depends on the cell voltage V, while R¢; and Ry respectively depend on
the Verand Vip that equal to the splitting of the quasi-Fermi levels at corresponding bands.

Therefore, by substituting Eqn. (5.5) into Eqn. (5.8), one can obtain that

Va iy

T, =Gy _Ro,czeF +R, e (5.9

0,1V

where the values of Ry c; and Ry, 7 are distinguished with the non-overlapping absorption profile.
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As we mentioned in Eqn. (4.1), the voltage generation in the IBSC conforms
V=V,+V- (5.10)

The Eqn. (5.9) can be further modified as

2qV kT Vo kT 1's
Ry @™ +(T, =Gy )e" ™ =R 6" =0 (5.11)

which, solved for exp(qVcrkT), yields

et = 2R1 (G, —T, £ \/4RO,C1RO,IVqu/kT +(Ty =Gy )2 I- (5.12)
0.CI

Obviously, the value under the square root increases with the voltage. On account that the current
cannot increase with the voltage, the term containing the square root must be subtracted from
the current, leaving the other possible solution in Eqn. (5.12) unphysical. Inserting Eqn. (5.12)

into Eqn (5.7) gives the current of the IBSC as a function of the cell voltage by

1 a o
I/g= 3 G, +(1- E)GCV —(1- E)RO’CVqu”‘T

| (5.13)
_E \/(azR(iCVequ/kT) +[4R) Ry y —2(aGpy =G MR, )]qu/kT +(aG,, -G, )2
The above equation can be compressed by defining equations
1 a
I, :q[EGC'+(1_E)GCV] (5.14)
Loy =qR ¢y (5.15)
IO,IB = Q\[RO,CIRO,IV (5.16)
Al =q|laGey, —Gg | (5.17)
which finally gives

I = IG _ (1 _%)]CVqu/kT _ \/IIZBqu/kT + %[MIB _ICVqu/kT ]2 . (518)

For the short-circuit condition, the generated current is derived as
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1
ISC:IG_EMIB:q[GCl-l-(I_a)GCV] aGy, > G, (5.19)

I =qGey aG., <G, (5.20)

From the calculated equations, we can find that the current increases monotonically with
intraband excitation density, and it finally reaches a saturated value determined by the barrier
excitation density.

For the open-circuit condition, the Eqn. (5.18) can be modified as

1 a a e
5 G H(1- E)GCV —-(1- E)Ro,cvqu "

. (5.21)
1 oclk oc.
= 5 \/(azR(iCVequ /AT) + [4Ro,CIR0,1V - z(aGCV - GC[ )(aRO,CV)]qu e (aGCV - GCI )2
Solving for exp(qVoc/kT) yields
\/[RO,CIRO,IV G ]2 n (4 _4a)GCVR0¢CIR0,IV
c
quOC /KT _ ch + RO,CIRO,IV + GC, 0,CV RO,CV . (5'22)

Rie 20-a)R 20-a)R 2(1-a)R, oy

Note that the sign change should be taken care during the calculation. For an easy expression,

we define

ﬂ:%, (5.23)

0,V

which leads to a modification on Eqn. (5.22) as

Voo kT
eq oc —

[
2(1-a) Ro,CV R Ro,CV Roz,cV

0,CV

1 2(1-a)G, +Gy +4— \/{,3 + [2d- a)GCV+GCI]}2 _ (20 - a)GCV]Z _ 41-a)G., G

(5.24)

Equation (5.24) gives the most essential relation between the incident light and the open-
circuit voltage for the IBSC under test. If we conditioned that o=£=0, this equation will be

revised as
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ookt — Ger (5.25)
R

0,CV

which is the equivalent expression for the open-circuit voltage of a single-junction SC.

Now that we have obtained the function for the voltage generation in Eqn. (5.24), the influence
of incident light density on this value can be qualitatively judged. Figure 5.2 shows the estimated
voltage output of DWELL IBSC at specific incident conditions. The trapping rate « is set to 1%,
while the simulation temperature is set to 300 K. Still, we are not aware of the difference between
absorption coefficients of incident photons. One can easily find that the open-circuit voltage
increases along with intraband excitation density.

Thereby, we have theoretically predicted that both the open-circuit voltage and short-circuit
current of DWELL IBSC should be monotonically increasing with intraband excitation density

once the barrier excitation density is fixed.
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5.3 Performance degradation of the DWELL IBSC

Fitting the mathematical model with experimental facts is beneficial for understanding the
relation between photocarrier dynamics and photovoltaic properties, but sometimes the
inconsistency occurs. In this section, we make a comparison between the observed electrical
properties from DWELL IBSC and our expectations. To better investigate the variation of the

photocarrier collection caused by carrier intraband excitation, we simultaneously monitored the
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photoluminescence (PL) of the device during the experiment. This facilitates us probing the

carrier state in confined levels.

5.3.1 Electrical generation

For the characterization of light-induced properties, two solid-state diode lasers operated in the
continuous-wave mode were used to generate photocarriers: a green laser with a wavelength of
532 nm for excitation of the Alo3Gao 7As barrier, and an infrared laser with a wavelength of 1319
nm to induce electron intraband transitions in the QDs (corresponding to the IB—CB transition).
Detailed excitation profile can be found in Fig. 5.3(a).

Figure 5.3(b) shows typical light /-V characteristics of our DWELL IBSC at 200 K under
single- and two-color excitation conditions. The presence of infrared light causes performance
degradation of the device in the fourth quadrant, which corresponds to the region where electrical
power is generated. Both the short-circuit current and the open-circuit voltage decrease
monotonically with the intraband excitation power density. Note that optical IB-CB excitation
is supposed to suppress the carrier recombination through intermediate levels, which, in turn,
should promote the current generation in an IBSC. Therefore, the current reduction induced by

intraband excitation in Fig. 5.3(b) is rather unexpected, and we need to discuss more complex
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e
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Figure 5.3: (a)Excitation profile of DWELL IBSC under test. (b) /—V characteristics of the
DWELL IBSC obtained at 200 K. The barrier was excited with 532-nm light using 1.2 W/cm?,
and the red, orange and yellow curves are for intraband excitation density equaling to 0 W/cm?,

1.0 W/em?, and 1.5 W/ecm?, respectively.
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carrier behaviors considering the whole device structure. At low voltages, the slope of the I-V
curve increases with intraband excitation density, and this finally leads to an overlap of the /-V
curves in the range from —0.8 to —1.0 V (third quadrant). This suggests that an increased internal
electric field makes the current reduction induced by intraband excitation less severe.

To investigate the current reduction induced by intraband excitation, we measured the short-
circuit current as a function of infrared light density and temperature. Figure 5.4 shows that the
declination trends of the short-circuit current are similar for different temperatures. On the other
hand, the absolute value of the short-circuit current increases with temperature. This latter
improvement is considered to be mainly due to the inactivation of defects at low temperatures.
For a common QD SC, the photocurrent generation is generally reduced if the temperature is
decreased because the thermal carrier escape from localized states is inhibited.[103] The
opposite tendency in Fig. 5.4 evidences an increased carrier density in the structure at lower
temperatures. Note that the crystal quality of the p-type emitter layer in our sample may be
relatively poor due to the accumulation of strain in the fabrication process.[104] The improved
short-circuit current at lower temperatures should be a result of lower non-radiative
recombination rates of trapped carriers from defects. A further important feature of Fig. 5.4 is
that the data for 200 K and 250 K exhibit their maxima at weak intraband excitation densities of
about 0.2 W/cm?. The increase in the short-circuit current (relative to the value at 0 W/cm?) is
clearer at higher temperatures. As the thermal escape of holes gets accelerated at higher

temperatures, the carrier wavefunction separation improves, and this is beneficial for electron
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intraband excitation since the electron concentration in the QDs can become larger. Therefore,
we consider that this initial increase in the short-circuit current is the result of optical excitation
of the electrons in the confined states and the following extraction to the barrier material.

These results seem to contradict the photocurrent generation tendency we obtained under
sequential sub-bandgap excitations in QWs and QDs respectively (inside DWELL structure). In
that case, the PC excellently increased with enhancing intraband excitations and then saturated
at high excitation density because of progressively reduced recombination in the confined states.
Conversely, the above discussion suggests that there exists some kind of trade-off in this
experiment between the PC generation and the extraction of electrons from the QDs by the 1319-
nm light.

In addition, it is as well beneficial to clarify the influence of the internal electric field on the
device performance. Figure 5.5 displays the trend of the current changes, A4/sc, that occur when
1319-nm light illuminates the sample in addition to the primary barrier excitation. Three different
bias voltages were added during the test. Compared to the current generation at a negative
voltage (— 0.8V, the red data), a more sensitive response to the intraband excitation light is found
for the data acquired at a positive bias condition (1.2 'V, the yellow data). Seeing that the benefit
of infrared light is almost damaged at positive voltages, there seems to be an efficient carrier up-
conversion process in DWELL IBSC when the internal electric field is strong. To some extent,
such a phenomenon is counterintuitive for that only a limited number of photoexcited electrons

would be trapped in the QDs. This inhibits the carrier re-excitation from QDs. Thereby, it is

Figure 5.5: Intraband excitation
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suggested that there exists a carrier loss channel governed by the electrical field which can be
obstructed under strong negative bias conditions.

We further studied the influence of barrier excitation density on the photocurrent results. Figure
5.6 shows the excitation power dependence of the current change of the DWELL IBSC at a
sample temperature of 250 K. In the case of the same intraband excitation density, one may find
that the current decrease occurs more easily with intensifying barrier excitation light. This
implies that the number of photocarriers in the cell structure significantly modulates the
generation benefit from the second photon absorption. According to the Beer—Lambert relation,
an increasingly strong carrier up-conversion process should take place at high barrier excitation
density as more carriers are localized in the structure. Conversely, it is observed a deficient
current output in the situation. To this concern, the current loss mechanism in the experiment can

be somewhat traced from where the light absorption occurs.
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5.3.2 Photoluminescence performance

In a previous study, we presented a reciprocal relation between intraband carrier generation and
interband radiative recombination at the QDs in a heterojunction SC.[100] Similar to this
previous work, we qualitatively examined the state filling in the QDs by measuring the PL
spectra under short-circuit conditions. Figure 5.7 shows how the PL spectrum at 200 K depends

on intraband excitation density (other temperatures resulted in similar trends). Two PL peaks can
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be identified in each spectrum: the large PL peak at around 1180 nm originates from the
recombination of carriers in the QD ground state (GS), and the smaller peak at shorter
wavelengths originates from the first excited state (ES) transition. It is found that an increase in
intraband excitation density results in an overall PL intensity reduction in the detection range
(the detailed trend of the change of the GS peak intensity is shown in the inset).

Figure 5.7 evidences that the significantly lower QD recombination at high infrared light
densities is not accompanied by an increased short-circuit current. Carrier conservation therefore
implies that a more efficient recombination path exists at higher intraband excitation densities.
We note that the GS peak shifts from 1176 nm to 1186 nm as 1319-nm light power increases
from 0 to 2.0 W/cm?. There are several effects possibly contribute to the redshift of PL signal.
For example, the sample heating and the quantum-confined Stark effect have been frequently
employed to explain such a PL behavior. In light of the progressive extraction of electrons from
QDs by 1319-nm photons, the changed filling state seems to take a more important role in this
situation. Reduced electron concentration leads to a decrease occupation level in the QDs, which
implies that the average energy deposited per electron—hole pair can be reduced. Thereby, a
redshift of PL signal can be expected. [101] Our PL results reflect strongly altered carrier
distributions in the confinement structure.

Likewise, we have studied the PL evolution at varied bias voltages, with a constantly

increasing intraband excitation density. The experiments were performed at a sample
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temperature of 100 K. Figure 5.8(a) depicts the bias dependence of DWELL IBSC PL spectral
under single-color excitation (532-nm excitation at 1.2 W/cm?). In principle, a decrease of the
internal electric field is envisioned if the DWELL IBSC becomes positively biased, as it flattens
the energy band structure and enlarges the overlapping of localized carrier wavefunctions. A
growing PL response is therefore understandable in the instance. Conversely, identical PL
spectra are acquired if an extra infrared light of 2.0 W/cm? simultaneously shoots on the cell
surface, regardless of the change of the bias voltage [Fig. 5.8(b)]. Such a phenomenon
accompanies a separation of PL peaks from GS and ES transitions. There is a redshift on the GS
peak, while the ES peak almost remains at the same wavelength. To some extent, the
independence of PL spectra on bias voltage manifests exhaustion of photocarriers in the QDs, as
its intensity is proportional to both the electron and hole concentrations. We focus on the GS PL
intensity changes. The deconvoluted PL contribution from GS transition is extracted through a
Gaussian fitting method. Figure 5.8(c) illustrates the normalized GS PL intensity alternation with
the lowest GS PL response at corresponding excitation conditions. The disparity between red

and orange columns in the figure clearly suggests the different sensitivities of radiative
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Figure 5.8: Bias dependence of DWELL IBSC PL spectral under (a) single-color excitation
(532 nm at 1.2 W/cm?) and (b) two-color excitation (532 nm at 1.2 W/cm?; 1319 nm at 2.0
W/cm?). The experiments were performed at a sample temperature of 100 K. The dashed lines
are fitting components regarding the Gaussian distribution of the signal. (c) Bias dependence of
normalized GS PL intensity change with the lowest GS PL response at corresponding excitation

conditions.
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recombination process to the external bias.

Below we show that the above PL responses are still coupled to the thermal escape of carriers
from confined states, regardless of the excitation condition. By plotting the integrated GS PL
intensity / versus the temperature 7, the associated activation energy can be extracted. For this

analysis, we use the Arrhenius plot of /(7),

I
e 5 (520

I(T)=
where [y is the integrated intensity at 0 K, E, is the activation energy, k5 is the Boltzmann constant,
and 4 is the pre-exponential factor.[102] Figure 5.9(a) shows the Arrhenius plot for single-color
excitation with 532 nm. In this case, two activation energies are needed to explain the behavior
in the whole temperature range. The result of fitting the data in the range from 200 to 300 K is
E, = 18142 meV, which is similar to the energy difference between the QD electron GS and the
wetting layer CB edge. This implies that the population of the electron GS strongly affects the
radiative recombination process in this regime. As mentioned above, the electrons tend to
accumulate in the QDs because of deep confinement, which leads to electron-dominated PL

characteristics at high temperatures since the hole density in the QDs is relatively small at high

temperatures. At low temperatures, the probability for the thermal escape of holes is low and
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Figure 5.9: Arrhenius plots of the integrated GS PL intensities for the DWELL IBSC under
(a) 532-nm excitation (1.2W/cm?) and (b) two-color excitation (532 nm at 1.2 W/cm?; 1319

nm at 2.0 W/cm?). The dashed lines are fits to determine the activation energy.
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thus the holes become localized in the relatively shallow potential well on the VB side. In this
temperature regime, a comparatively small £, of 135+2 meV is obtained. As shown in Fig. 5.9(b),
a similarly small £, of 12944 meV is obtained under two-color excitation conditions. The value
of = 130 meV is in good agreement with the VB offset between the InAs QDs and GaAs QW,
indicating that holes dominate the recombination process. The main characteristic of Fig. 5.9(b)
is that the small £, value can explain the whole temperature range, which is a consequence of
the intraband excitation: since many electrons are extracted by 1319-nm photons, holes

accumulate in the QDs because the probability for recombination is lower.

5.4 Drift—diffusion model

From the discussion in section 5.3, we have indicated that there are degradations on both the
electrical properties and photoluminescence signals of barrier-excited DWELL IBSC when
additional infrared light is applied. This contradicts our theoretical expectation in section 5.2,
which excludes the effect of hole population in the DWELL structure and considers the QDs as
an integrated component. Therefore, more detailed discussions are necessary concerning the
photon absorption and carrier state in the device when it comes to the experimental facts.

The penetration depth of 532-nm light is about 250 nm in Alo3GagsAs at 200 K. A large
fraction of this light is absorbed in the p-type Alo3GagsAs region of our device and generates
photocarriers. The carrier generation and transport can be represented in Fig. 5.10. The total
current / can be written as

I'=eariy + Liarig)) ™ ecarry + Lncary) (5.27)
where Lewrify, Inrify, e, and Inaip represent the drift and diffusion current components for
electrons and holes, respectively.[67] In the i-region near the top of the structure, Lo, Inarim,
Leip have the same sign (i.e., only Ixuyp has a different sign). We consider that the hole diffusion
length is short because of the low hole mobility (compared to the electron mobility). Therefore,
only a limited number of photoexcited holes should be able to pass the intrinsic region; most of
them will recombine in the first few DWELL layers if there is no significant intraband excitation.

On the other hand, with the additional 1319-nm light, the electrons will be pumped out of the
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DWELLs, and the holes can accumulate in the QDs. This hole accumulation does not lead to a
stronger PL [Fig. 5.7], since the electron density has decreased significantly. When taking the
Pauli blocking effect into consideration, the remaining holes are expected to flow away from the
DWELL structures and diffuse longer than in the case without intraband excitation. Therefore,
an increased /i component can be expected. Note that this increase occurs at the cost of Zxar
due to carrier conservation. If this point is reached, the benefits from electron intraband
excitation are canceled to some extent. These holes diffuse to the n-type Al 3Gao7As where they
recombine quickly, leading to an overall current reduction.

It is known that infrared-light-induced current losses can occur in QD-based systems, and
some of these losses have been considered to be related to an enhanced non-radiative
recombination loss through higher-energy trap states.[105] In such a case, the current initially
decreases as the infrared light becomes stronger, but a positive current gain is possible once the
trap states are filled at sufficiently strong excitation conditions. On the other hand, our results in
Fig. 5.4 indicate no such kind of current recovery at strong intraband excitation conditions; the
short-circuit current monotonically decreases as the intraband excitation becomes stronger. Thus,
we considered another model for the current reduction in our structure. The overlap of /-V curves
under different excitation conditions in Fig. 5.3(b) also supports our model. The increased
internal electric field due to the negative bias helps to inhibit the diffusion of the photoexcited
holes. This effectively reduced the current reduction under stronger infrared excitation and

finally lead to an overlap of the curves.
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We remind that an almost constant EQE value was observed in Fig. 3.4 when we set the
interband excitation in the barrier region and changed the intraband excitation power. Such a
tendency is distinguished from what we have summarized in section 5.3.1. The biggest difference
between these two experiments lies in the interband excitation power. As the density of interband
excitation photons becomes weaker, a smaller number of photoexcited holes will exist in the
barrier region. Considering that the electrostatic potential in the local region alters with the
carrier concentration, the Coulombic repulsion of holes can be alleviated in the situation. This
substantially reduces the possibility of the hole diffusion process and leads to a relatively stable
response in the previous chapter.

It is stressed that this infrared-induced current reduction may also occur in other QD SCs with
a type-I band alignment if the intraband excitation is efficient enough, which should be avoided
for the fulfilling IBCS concept. Since the internal electric field plays an important role, device

optimization can be realized by increasing the doping level in the neutral region.

5.5 Conclusion

In summary, we have discussed the influence of electron intraband excitation on the performance
of a DWELL IBSC under 532-nm excitation. A theoretical model based on analytical /-V
characteristics has predicted that an improved electrical output should be observed under two-
color excitations when compared to that under solely barrier excitation condition. In the
experiment, we, however, found that both the photocurrent and the responses can become weaker
under two-color excitation conditions. To reveal the underlying mechanism, the PL responses
from the device were simultaneously monitored during the process. The QD GS PL response in
the high-temperature regime was indicated to change from electron-dominated to hole-
dominated when sufficiently strong intraband excitation was used. This enlightens us that the
hole diffusion current can play an important role in modulating the current output of the device.
An increased hole diffusion current was believed to occur in this device when sufficiently strong
intraband excitation was used, and this canceled most benefits of the optical extraction of

electrons from the QDs. These results provide a deeper understanding of the carrier behaviors
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that can take place in nanostructured IBSCs.

116



Chapter 6 Device optimization and outlook

CHAPTER 6

Device Optimization and Outlook

In this chapter, we comment on the device optimization potential and give prospects for future

development.

6.1 Optimization potentials

As we stressed in the dissertation, solar cells with an InAs/GaAs/Alo3Gag7As quantum DWELL
structure exhibit great potential in realizing a high-performance IBSC concept. This is due to the
extensively prolonged lifetime for photoexcited electrons in the quantum confinements, which
improves the sub-bandgap oscillator strength in the cell structure. However, during the
experiments, we cannot obtain a satisfying conversion efficiency from the proposed device.
Under 1 sun illumination, the overall conversion efficiency is just 0.263%. Besides, we have
shown that the density of intraband excitation light (i.e., 1319-nm illumination in the
experiments) can substantially influence the electrical performance of the solar cell. Both the
photocurrent (e.g., the experimental phenomena in CHAPTER 3 and 5) and photovoltage (e.g.,
the experimental phenomenon in CHAPTER 4) can be damaged if a strong 1319-nm light is
imposed on the cell surface. Regarding these, we would like to point out several strategies for

further optimizing the device structure.

Employing an i—p—i—n cell structure

For nanostructured solar cells, photocarrier recombination through quantized levels is severe.
This is believed to destroy the absorption benefits from the quantum structure and, in most cases,

leads to performance degradation on the solar cell when compared with conventional single-
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junction solar cell using the same p—i—n junction. Because the photo-carriers generated by a
direct bandgap excitation from VB to CB can be also trapped by the quantum components, IBSC
fabricating via nanotechnologies so far shows an undesirable conversion efficiency even under
a laboratory condition.

Here, we would like to employ the idea of electronically coupled converter devices to make a
slight optimization on the DWELL IBSC structure.[106] As shown in Fig. 6.1, the DWELL IBSC
is modified to an i—p—i—n cell design, which contains the DWELL layers around the cell surface.
For this design, the absorption of high-energy photons supporting the carrier CB—VB transition
process is intendedly separated into two intrinsic regions, which reduces carrier recombination
possibility. Unlike the multi-junction solar cells, most of the low-energy photons are absorbed
on the top of the device. The reason for this arrangement includes the consideration of different
mobility for the photogenerated electrons and holes. Given that the electrons generated from the
top intrinsic layer would pass through p—layers before extracting out of the device, a thin but
heavily doped p—layer may be necessary for accelerating the ejection of electrons from the cell

surface.

Irradiation direction
Cell Surface

Solar Cell Structure i-region with DWELLs p-region i-region n-region
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x

Figure 6.1: A demonstration of the DWELL IBSC with an i—p—i—n cell design.
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Inserting a field damping layer

To alleviate the diffusion of photoexcited holes in the device, it is suggested to introduce an
n-type field damping layer in the structure, as demonstrated in Fig. 6.2. There are two merits for
this layer. On the one hand, the field damping layer keeps the IB-material in a flatter band
structure of the solar cell, which helps to maintain a relatively even spatial distribution of
electrons in the IB.[107] On the other hand, it alleviates the diffusion of holes by increasing the
electric field around the p-region. The technical challenge for this method is to make a good
balance between aggravated trap-assisted recombination process and diminished hole diffusion

in this system.
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Figure 6.2: (a) IBSC diagram without field damping layer. (b) IBSC diagram with a field

damping layer.

Modulation doping

Modulation doping refers to the practice of using band offsets in combination with selective
doping of the wider-gap material to cause transfer of either electrons or holes from wide-gap
material to the adjacent narrow-gap material.[ 108] The concept can be explained with the help
of a schematic shown in Fig. 6.3. Here, a heterojunction is fabricated from an AlGaAs layer and
a GaAs layer. Doping the AlGaAs side with n-dopants (in the example is silicon atoms) leads to
a transfer of electrons from the AlGaAs layer to the GaAs layer until an equilibrium is reached.
Since the free carriers are spatially separated from the dopants, the electron scattering from the

dopants is eliminated. At the interface, two-dimensional electron gas, 2DEG, with great mobility
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is formed. This helps to distribute electrons more evenly in the confinement. Due to the increased
local electric field, electrons also get confined deeper with this technology. Both of them favor
the higher intraband oscillator strength if we insert QDs at the heterointerface. The feasibility of
this technical idea has been verified in our lab for other cell types.[109] By using this method,

we may create a higher-performance DWELL IBSC in the near future.

Spacer
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6.2 Outlook

To date, the theoretical framework of the IBSC concept is well established. Most of the operation
principles are progressively verified in a QD IBSC system, thanks to the mature and highly
uniform nanostructure material growth and processing technologies. The shortcomings of this
system, however, are evident, for the weak below-bandgap absorption and fast nonradiative
recombination involving IB levels. To jump out of this dilemma, we propose to incorporate QDs
into a QW SC and speculate that an extremely long-lived carrier state can be maintained for this
kind of design.

For an initial-stage attempt, we fabricated the device using a material combination of InAs
QDs, GaAs QWs, and Aly3GagsAs host. It works well regarding the two-photon absorption
process. Strong optical absorption is achieved for below-gap photons. This encourages the
second-stage study we elaborated in this dissertation, on the most essential relation between
photocarrier dynamics and photovoltaic properties of the IBSC. Our aim at this point is to
identify the optical issues that are rarely touched but need to be solved in the field of IBSC. We
highlighted the importance of the optical match between each bandgap and studied the carrier

dynamics at different irradiation conditions. It is believed this knowledge will guide the research
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towards more promising DWELL structures.

The third-stage investigation shall weigh on the optimization of the DWELL structure. The
researchers would look for the most suitable material for fabricating the device, in order to obtain
a satisfying conversion efficiency from the DWELL IBSC. Other facts, like electrode shape or
substrate shape, should also be optimized to better the device’s performance.

Once the DWELL structure is developed, researchers will enter into the final-stage study
specifying their applications. We will consider how to fabricate the DWELL IBSC using a low
expense and how to accommodate it into the common devices. Our vision is that efficiency of
over 50% can be achieved in the DWELL IBSC, which then becomes capable to replace the
position of multi-junction solar cells using in space as it requires less fabrication technique. The

challenges ahead are not negligible, but the prize is worth the effort.
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