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Abstract

This thesis focuses on the analysis of the external quantum efficiency of quantum dot-
enhanced multi-junction solar cells. Divided in four major parts, it uses the experimental
methodology developed in the SUNLAB. At first, a model is introduced to calculate the
external quantum efficiency of single and multi-junction solar cells. This model takes
into account the semiconductor physics governing the electrical property of the solar
cell. It furthermore takes into account the optical transmission and reflection in the
semiconductor structure using a transfer matrix method. The calculated curve fits a
single junction GaAs solar cell’s external quantum efficiency to a high degree of precision.
Finally, an InGaP/GaAs/Ge solar cell’s external quantum efficiency is calculated and it
reproduces accurately the behavior of a measured cell.

Second, the reflectivity of a solar cell is studied. An analysis technique involving
using the fast Fourier transform of the oscillation in the reflectivity is introduced. This
technique extracts the thicknesses of the top and middle subcells. The reflectivity is
subsequently calculated using the transfer matrix method and it reproduces the behavior
of the measured samples.

Third, the effect of the addition of quantum dots in the middle subcell is studied. It is
demonstrated that they extend the absorption range of the middle subcell. This is com-
pleted by first modeling the quantum mechanical behavior of the electrons and holes in
the nanostructure. Their emission and absorption properties are derived. Those derived
properties are verified by experimentally measured photoluminescence and electrolumi-
nescence of the nanostructures. The resulting model is then compared to experimentally
measured external quantum efficiencies of single junction and multi-junction quantum
dot-enhanced solar cells.

Finally, a study of the bottom subcell artifact is completed. Using the fill-factor bias
experiment, each of the contribution of the light coupling and the internal voltage biasing
is decoupled. For the measured sample, an optimal voltage of 2.1 V is found to minimize
the artifact. At this point, the internal voltage biasing creates an artifact of 1 % and the
light coupling artifact is 8 %.
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Sample list

e MJSC-S is a standard lattice matched InGaP/GaAs/Ge multi-junction solar cell.
It was obtained from a commercial vendor. The measured external quantum ef-
ficiency of this standard design is shown in Figure 2.24, page 59 The measured
reflectivity of this sample is shown in Figure 3.1, page 63 and Figure 3.13, page 82.

o SJ-ref is a single junction GaAs solar cell. It was grown by Dr. Jihene Zribi at
the Université de Sherbrooke. It consists of a n++ GaAs cap layer, an AlGaAs
front surface field, and a GaAs p-i-n junction. Its design is shown in Section 2.4.4,
page 51. The measured quantum efficiency is shown in pages 52 and 54 and was
used to demonstrate the capacity of the quantum efficiency model to accurately
reproduce the results. The measured reflectivity is shown in Figure 3.10, page 78
and was used to verify the Fourier transform technique for the measurement of
semiconductor thicknesses in the solar cell. The electroluminescence is shown in

Figure 4.11, page 111.

e SJ-A is a quantum dot enhanced single junction GaAs solar cell. It was grown by
Dr. Jihene Zribi at the Université de Sherbrooke. It consists of the same structure
as SJ-ref, but with 20 layers of InAs quantum dots positioned inside the intrinsic
region of the solar cell. Those quantum dots had an indium flush applied after
the deposition of 2.5 nm of GaAs. The measured external quantum efficiency is
shown in Figure 4.2, page 90 and in Figure 4.16, page 119. A transmission electron
microscopy of a single quantum dot in this solar cell is shown in Figure 4.13, page
113. The associated absorption coefficient of these nanostructures is shown in
Figure 4.14a, page 114. The measured electroluminescence of this sample is shown

in Figure 4.15a, page 117.

e SJ-B is a quantum dot enhanced single junction GaAs solar cell. It was grown by
Dr. Jihéne Zribi at the Université de Sherbrooke. It consists of the same structure
as SJ-ref and SJ-A, with 20 layers of InAs quantum dots positioned inside the
intrinsic region of the solar cell. Those quantum dots had an indium flush applied

after the deposition of 5 nm of GaAs. The measured external quantum efficiency

XX



is shown in Figure 4.2, page 90 and in Figure 4.17, page 120. The associated
absorption coefficient of these nanostructures is shown in Figure 4.14b, page 114.
The measured electroluminescence of this sample is shown in Figure 4.15b, page
117.

MJSC-920 is a quantum dot enhanced InGaP/GaAs/Ge multijunction solar cell.
Quantum dots that absorb in the wavelength region of 920 nm are grown in the
intrinsic region of the GaAs subcell. It was grown and fabricated by Cyrium Tech-
nologies and graciously given by Dr. Simon Fafard. The measured external quan-
tum efficiency is shown first to enumerate the focus of this thesis in Figure 1.7, page
11. It was then subsequently shown in Figure 4.2, page 90 and in Figure 4.26, page
137. The measured reflectivity of this sample is shown in Figure 3.14, page 84. The
calculated absorption coefficient of the quantum dots is shown in Figure 4.10, page
109. The measured intensity dependant photoluminescence spectra are shown in
Figure 4.20, page 132. The temperature dependent photoluminescence spectra are
shown in Figure 4.21, page 135. The bottom subcell’s artifact correction procedure
is demonstrated on this sample in Figure 5.6, page 149. The measured fill-factor
bias experiment is completed on this sample in Figures 5.9 and 5.10 in pages 154
and 156.

MJSC-970 is a quantum dot enhanced InGaP/GaAs/Ge multijunction solar cell.
Quantum dots that absorb in the wavelength region of 970 nm are grown in the
intrinsic region of the GaAs subcell. It was grown and fabricated by Cyrium Tech-
nologies and graciously given by Dr. Simon Fafard. The measured external quan-
tum efficiency is shown in figure 4.2, page 90 and in Figure 4.25, 136. The measured
intensity dependant photoluminescence spectra are shown in Figure 4.20, page 126.
The temperature dependent photoluminescence spectra are shown in Figure 4.21,

page 129.
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Chapter 1

Introduction

1.1 Photovoltaics

Even though the photovoltaic effect was first reported in 1839 by Becquerel [1], it was
not until much later that the solar cell begun its way in the research world. More than
100 years later, in 1954, the first silicon solar cell was created by Chapin, Fuller and
Pearson [2]. With its mere 6% efficiency, it was far from being capable of generating
enough electricity to be a technology that one would consider to power their home. The
actual cell, with its 2 cm? area [3], would generate just enough power under sunlight to
light up a small, green light-emitting diode (LED).

Photovoltaics (PVs) have gone a long way since then. It is now a major electricity
source, with 100 GW installed worldwide [4]. Albeit this renewable energy is not yet
cost-competitive compared to more conventional sources of energy, such as the carbon
emission heavy coal plants, it is approaching what is called grid parity. This happens
when the cost of electricity created by photovoltaics is equivalent to the one sold in the
grid. It is expected to happen at different times in different countries, due to different
costs of electricity. The European Photovoltaic Industry Association predicts that it
should happens in 2020 for the majority of Europe [5]. Hence, as pressing energy needs
grow and the quantity of oil starts decreasing, photovoltaics will have to play a major
role in this energy crisis.

For a long time, the technology was limited to silicon (Si) solar panels. This tech-
nology, referred as the first generation of photovoltaics, is based on the very well known
silicon material. Since Si is an indirect semiconductor, it has a low absorption coefficient

at the bandedge. Si cells need to be very thick, increasing the amount of material needed
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Figure 1.1: Arnprior solar plant, made out of 319 000 CdTe panels. Photo courtesy of
Mark Yandt.

to create a good solar cell. Hence, the Si solar panel is relatively costly. However, Si
material has been used for a long time in the transistor technology, creating a strong
industrial and manufacturing infrastructure. It is more convenient and cost effective to
create a panel from a known technology. For these reasons, Si solar cells dominate the
current market, with 85 % of produced PV in 2010 being Si [6].

The second generation of solar cells, appearing 25 years ago [7], is made out of thin-
film material. These new materials, such as cadmium telluride (CdTe) or copper indium
gallium selenide (CIGS), have a very high absorption coefficient, leading to a very thin
cell. With much less material needed for each cell, this technology is significantly cheaper
than its Si counterpart. It also means that the cells will be much lighter, making the
installation easier. However, it is very difficult to grow high quality thin film cells, leading
to devices with a lower efficiency. Therefore, these thin-film cells are tailored for large
area applications. The Arnprior solar plant, shown in Figure 1.1, is one of the major
photovoltaic plants in Ontario, Canada and has 97 MW worth of CdTe panels installed
8].

Another technology that falls in the second generation category is organic photo-
voltaics [9]. Made out of fully organic material, these cells are the cheapest of all tech-
nologies. Completely different physics govern their behavior compared to their semicon-

ductor based counterpart. Again, due to a high absorption coefficient, only a thin layer
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of material is needed for the operation of the device. But, due to the hopping mechanism
necessary for the transport of carriers in the material, high recombination rates are seen
and therefore low efficiencies are measured. The organic nature of the material makes it
susceptible to oxygen and water contamination from the environment. This makes their
lifetime very short, and render their use for long-term projects problematic. Larger scale
implementation is particularly hard.

The third generation of solar cells, the high efficiency solution, tackles the problem
in a different way. Instead of trying to decrease the price of the device, the new gen-
eration of cells aims at significantly increasing the efficiencies. Multiple solutions have
been proposed, such as the intermediate band solar cell concept [10] or up-conversion
[11], but the solution that has achieved commercial interest due to its high efficiencies is
the multijunction solar cell (MJSC) [12]. This type of solar cell uses III-V semiconductor
material grown epitaxially, creating multiple sub-cells stacked on top of each other to
collectively absorb greater than 95 % of the incident solar spectrum. They are used in
concentrated photovoltaics (CPV) systems to further reduce costs and improve efficien-
cies. Under concentrated sunlight, the efficiency of these devices reaches over 40 %, with
44.4 % being the current record [13].

Those three generations of solar cells have received commercial interest to a various
degree. Omne of the most important factors that dictate their implementation in the
field is the efficiency. Figure 1.2 presents the typical module, the best research cell and
the theoretical maximal efficiencies for each type of solar cell described previously. The
first generation, the widespread Si technology, has a record efficiency that is very close
to the theoretical maximum efficiency, with only an 8 % difference. Si is a very well
known material, and therefore most of its properties are well understood. No significant
improvement can be expected in terms of the record efficiencies. Furthermore, because
the Si solar cell industry can be considered mature, the module production has efficiencies
that are close to the record cell. This means that for this type of technology, most of
the work that needs to be done is on the industrial implementation side, to make costs
lower. On the other hand, the third generation presents a different behavior. Its maximal
attainable efficiency is very high, and the current world record is far from this value, with
a 30 % difference. This demonstrates that the CPV technology is still very young, and
that much improvement in efficiency is attainable. One could expect that a significant
investment in research and development should repay significantly.

The current CPV industry gains a lot from research and development. Only by gain-

ing significant knowledge in the operation, the design and the science of the multijunction
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Figure 1.2: Comparison of the efficiencies for a sample of technologies. The theoretical
maximum for concentrated photovoltaics (CPV), crystalline silicon (¢-Si) and CIGS were
obtained from the detailed balance model [9, 14]. The theoretical maximum for CPV
was obtained for an infinite number of subcells. The theoretical maximum for organic
photovoltaic (OPV) was obtained by estimation of the exciton dissociation efficiency [15].
The record module efficiency as well as the record cell efficiency for each technology were
obtained from the 43" solar cell efficiency table [13].

solar cell, the photovoltaic community can hope to further increase the efficiency of these
products. Increasing the efficiency is the best way to render this renewable energy mar-
ketable. In this context, the importance of the research in the current thesis falls into

place.

1.2 Multijunction solar cells

The most widespread solar cell uses a single semiconductor: silicon. All photons that are
of an energy higher than its bandgap of 1.1 eV can be absorbed in the material. As shown
in Figure 1.3a, the solar cell will absorb a large part of the solar spectrum. However,
the voltage of the cell will be limited to its bandgap. A general approximation to obtain
the open circuit voltage (V) of a cell is V,. = E,;/q — 0.4V, where E, is the bandgap
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Figure 1.3: The possible absorption of the global solar spectrum (AM1.5G) by a single
junction solar cell. a) The absorption of Si, starting at 1.1 eV (1127 nm), absorbs alot of
photons, but has a lower bandgap. b) The absorption of InGaP, starting at 1.8 eV (689

nm), absorbs a small number of photons, but has a high bandgap.

of the semiconductor [16]. As seen in figure 1.3b, if one uses Indium-Gallium-Phosphide
(Ing 49Gag 51 P) with its bandgap of approximately 1.9 eV, it will absorb less photons
while giving a higher possible V,.. Because the power output of a solar cell will be given
by its current multiplied by voltage, the maximization of the power is an optimization
problem. With a high bandgap, the semiconductor absorbs less photons but creates a
high voltage; with a small bandgap, the semiconductor absorbs more photons but creates
a low voltage.

Instead of harnessing the solar spectrum in an inefficient way, a solution would be
to use multiple different semiconductors instead of a single one. This is the proposed
solution of the MJSC. As seen in Figure 1.4, by choosing three different semiconductors,
you can absorb 3 different parts of the spectrum in a more efficient way. The highest
bandgap semiconductor is placed on top, so that it absorbs all the light that is of higher
energy than its bandgap and lets all the lower energy photons go through the subsequent
layers. Each subcell is connected in series by tunnel junctions and the total voltage of
the device is given approximately by the addition of the voltage of each subcell. Those
tunnel junctions are made out of highly doped layers that allows the carrier to tunnel
through the bandgap, starting in the conduction band of one subcell to the valence
band of the subsequent subcell. This tunnel junction allows the connection in series of

each subcell with minimal voltage drop. With adequate design, the current output is
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Figure 1.4: a) Schematic of the MJSC’s design b) Absorption of each part of the AM1.5D

solar spectrum by the three different semiconductors.

maximised and the three single subcell’s voltages are added. This leads to a significant
increase in efficiency compared to the single junction equivalent.

As mentioned before, the MJSC is a relatively young technology. The National Re-
newable Energy Laboratory (NREL) began the study and growth of MJSC in 1985
[17, 18]. Less than five years afterwards, a 27.3 % efficient dual junction solar cell, un-
der one sun AM1.5G spectrum, was obtained [19]. This device contained an InGaP top
subcell and a GaAs bottom subcell on a GaAs substrate. Even though it was considered
too costly for a ground based application at the time, it quickly found a niche market in
the space industry. For satellites, the biggest driving factor is weight and size, not cost.
Hence, for a solar based energy system in space, the cells with the highest efficiency is
often the best solution. For example, the Landsat Data Continuity Mission satellite is
powered by four lattice matched MJSC solar panels from the company EMCORE [20].

After considerable research in possible implementations, the CPV solution gained
commercial interest. By using a concentrating system, the need for a large area of
costly semiconductor is removed. Furthermore, the higher the photon flux, the higher
the efficiency [9]. By using concentrators, the cost of a panel was significantly reduced
and the efficiency increased. The CPV industry has grown from that idea. A CPV
demonstrator, built by a collaboration pioneered by SUNLAB can be seen in Figure 1.5
21].
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Figure 1.5: The SUNRISE demonstrator, operating at the National Research Council in
Ottawa.

1.3 Quantum dots

In what will be referred to as the ‘standard design’ [17], the MJSC is composed from
3 lattice matched semiconductors : Indium-Gallium-Phosphide (Ing 490Gag 51 P), Indium-
Gallium-Arsenide (Ing g1 Gagg9As) and Germanium (Ge). Even though the middle subcell
is made out of InGaAs, this thesis will now refer to it with its more common denominator,
GaAs, ignoring the 1 % of In. The convention refers to each subcell as the Top, Middle
and Bottom subcells. As mentioned in section 1.2, each subcell is connected in series.
The voltage of each subcell is added, but the output current is given by the subcell
that produces the least amount. If a particular cell produces a very low current, the
whole device will be current limited. In the standard design, the top and middle subcells
commonly create similar levels of current, while the bottom subcell produces over 1.5
times more current. These currents are calculated using the external quantum efficiency,
as will be described in the next section. The additional amount of absorbed photons is
lost, and would be much better used if they could be redistributed in the top or middle
subcell.

To increase the efficiency of the cell, a good solution would be to use a semiconductor



Introduction 8

25 |- O-__ —— Direct bandgap
GaP.’\.;‘.‘;}}::-..<A|As ----- Indirect bandgap

20 |

15

Bandgap (eV)

05 |-

00 I [ I 1 l [l I [ l [ I 1
054 056 058 060 062 064 0.66

Lattice constant (nm)

Figure 1.6: The lattice constant and bandgap of ITI-V semiconductors. The lines between
the semiconductors are the tertiary material that can be grown between each binary
semiconductor. The grey area depicts the semiconductors that are within 0.5% of the

lattice constant of germanium. Data from [22].

with a lower bandgap for the middle subcell. From detailed balance calculations, the
best bandgaps leading to the highest efficiency are 0.58 eV, 1.1 eV and 1.75 eV [14]. If it
would be possible to grow any type of semiconductor on top of Ge, the problem would be
solved. However, since MJSCs are grown epitaxially, the lattice constant must be very
similar between each material. The lattice constant, the distance between each adjacent
atoms in the crystalline structure, varies depending on the semiconductor. The majority
of known semiconductors, their bandgaps and their lattice constant are shown in Figure
1.6. Growing a semiconductor of a different lattice constant on top of the substrate
would be like trying to stack legos of different sizes on top of each other. This growth is
actually possible, but it creates a large amount of dislocations and recombination centers,
rendering the structure unusable. The choice of material is confined to a small number
of semiconductors, depicted in Figure 1.6 as the grey area. In this range of available
materials, there is no available semiconductor with a bandgap lower than GaAs.

New designs have been proposed to overcome this problem and increase the efficiency
of MJSCs.

e The metamorphic approach. In this design, a graded layer of InGaAs is grown on
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top of the Ge substrate with an increasing lattice constant. On top of this layer
is then grown the top two cells, with a larger lattice constant than usual. Because
of the larger lattice constant, it is possible to grow a lower bandgap middle subcell
made out of InGaAs. The dislocations and recombination centers are located in an
electrically inactive region [23]. This approach has reached up to 41.1 % efficiency
24].

e The inverted metamorphic approach. In this design, the top two cells are grown
on a GaAs substrate. The cell is then flipped and the GaAs substrate removed.
Again, a graded layer is grown, with an InGaAs bottom subcell then grown on top
[25]. Again, this approach has been favored by a few companies, and has reached
up to 44.4 % efficiency [13].

o The dilute nitride subcell. In this design, the bottom subcell is a GalnNAs cell
grown on top of a GaAs substrate. The nitride in the GaAs semiconductor effec-
tively lowers its bandgap whereas the In maintains the lattice matching criterion.
Because the bandgap of the bottom subcell is higher than Ge, this leads to a better
current matching between the three subcells. This design has led to the highest
efficiency in the world in 2012, with 44 % efficiency [13]. Furthermore, the possi-
bility of creating a quadruple junction solar cell if grown on top of Ge renders this

design very interesting.

e The porous Si. In this design proposed by the APECS collaboration which the
SUNLAB is the main investigator, the substrate is Si instead of Ge. The topmost
layer of Si is porosified to render the growth of GaAs possible. The lattice mismatch
requirement is relaxed by the porosity and the flexibility of the Si layer [26]. Because
the Si bottom subcell’s bandgap is higher than Ge, the cell is better current matched
and possibly of a higher efficiency.

e The CIGS approach. This design, proposed by the PVIN project 11 of which
SUNLAB is the principal investigator, uses CIGS as the bottom subcell of the
MJSC. CIGS is more commonly used as a thin-film solar cell. However, it is
possible to obtain a CIGS semiconductor of the same lattice constant as GaAs
[27]. In the proposed design, an InGaP top subcell and a GaAs mid subcell are
grown on top of a GaAs substrate. Then the CIGS bottom subcell is grown at the
bottom of the substrate. The CIGS bandgap is tuneable by the amount of Indium

incorporated, leading to a possible current matched bottom subcell [28].
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o The quantum well approach. The Imperial College research group has proposed the
addition of quantum wells in the middle subcell as far back as 1999 [29]. The addi-
tion of InGaAs quantum wells allows the absorption of photons that are of energies
lower than the bandgap of GaAs. This redistributes the photons from the bottom
Ge subcell to the middle subcell. This type of design has been commercialised by
a university spin-off, QuantaSol, which is now part of JDSU [30].

The number of propositions is rich and varied. This is a clear proof that the MJSC
community can be considered young. Even though multiple Ph.D. theses could be spent
on each of these solutions, the current text will concentrate on another novel solution.
The proposed solution is the quantum dot-enhanced solar cell (QDEC), commercialised
by Cyrium Technologies [31]. Similar to the quantum well solar cell, the QDEC contains
nanostructures in the intrinsic region of the middle subcell. Those quantum dots extend
the absorption range of the middle subcell, absorbing photons that would otherwise be
absorbed by the bottom subcell. Those InGaAs quantum dots form automatically by
the Stranski-Krastanov growth process [32]. Because they can be grown in a metal-
organic chemical vapor deposition (MOCVD) reactor, they don’t significantly decrease
the growth speed. The structure is nearly free of dislocations and does not need strain
compensation layers due to rapid thermal anneal and the indium flush technique [33, 34].
The GaAs subcell is still lattice matched to the germanium layer. Because the absorption
of these quantum dots depends on their size, it is possible to achieve a better current
matching by tuning the quantum dot properties [35].

These quantum dot-enhanced solar cells are complex structures. A complete under-
standing of the behavior of these structures necessitates the application of Schrédinger’s
equation coupled to various semiconductor physic models. One of the goals of this thesis
is to understand and explain various effects that these quantum dots can have on the
solar cell. A physicist point of view, with a strong engineering background, is considered

to be a perfect suit for the study of these structures.

1.4 Experimental measurements

The SUNLAB is a premier solar cell characterization facility in Canada. The experi-
mental characterization of research devices is an essential step in the creation of novel
devices. The most important test in solar cell research is the measurement of the current

density-voltage curve (J-V) curve. This measurement is essential to demonstrate the
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Figure 1.7: The quantum dot-enhanced MJSC’s EQE (sample MJSC-920). The top,
middle and bottom subcells” EQE are shown in blue, green and red respectively. The
normalized photon flux of the standard direct solar spectrum (AM1.5D) is shown in the
background, in grey. The reflectivity oscillations (R oscillations), quantum dot peak
(QD peak) and bottom subcell artifact (Bot artifact) are features of the EQE that will
be studied in depth in the thesis.

potential efficiency of a device. However, it is particularly hard to extract information
on the device directly from the J-V curve. Hence, to completely characterize a solar cell,
especially a multijunction solar cell, the illuminated J-V curve is not sufficient.

The most important experimental measurement of a solar cell for design purpose is
the external quantum efficiency (EQE). The EQE, given in percentage (%), is the mea-
surement of the number of electrons (or holes) being extracted for each photon incident
on the device [36]. This is done for each wavelength of incident light. By scanning the
whole wavelength range of the solar spectrum, the EQE can give the current output of
the solar cell. If the J-V measurement is a single curve where most of the properties
of the internal layers in the device are hidden, the EQE measurement is the opposite.
When analysed thoroughly, the EQE of a multijunction solar cell is incredibly rich, giving
insights in the design of multiple layers in the structure. Such measurement and analysis,
when coupled to simulation, can lead to important design improvements.

Figure 1.7 shows an example of a measured quantum dot-enhanced MJSC’s EQE,
from the sample MJSC-920. The top, middle and bottom subcells each absorb their

part of the solar spectrum. As can be seen from the solar spectrum outlined in grey,
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the bottom subcell has the potential to absorb much more photons than the two other
subcells. Centered around 920 nm, the quantum dots absorb photons that would be
otherwise absorbed by the bottom subcell and increases the overall current of the device.
This absorption peak demonstrates the redistribution of photons that was mentioned
before.

There are multiple components in the EQE figure that are important to analyse. The
oscillations seen in the bottom subcell, labeled as the ‘R oscillations’ in Figure 1.7, are
due to the internal reflectivity of the complete structure. These ripples in the reflectivity
originate from the etalon effect, or constructive and destructive interference inside the
different layers in the structure. By carefully measuring the period of these oscillations,
it is possible to obtain insightful information on the thicknesses of the different layers in
the device. Using Maxwell’s equation, the importance of the reflectivity measurement
will be demonstrated, and the internal structure of all the layers of the solar cell will be
uncovered.

The shape of the bandedge, located in the longer wavelength region of each subcell,
is dictated by the absorption coefficient of the subcell. In this thesis, photolumines-
cence and electroluminescence spectroscopy will be used to correlate the middle subcell’s
emission to its absorption coefficient. By using such emission, it is possible to estimate
the absorption coefficient of the nanostructures and study their state-filling properties.
These measurements will be used to analyse the quantum dot (QD) peak in the EQE. Af-
ter analysing most of the properties of these quantum dots under emission spectroscopy,
this thesis will give the reader a better overview of the role played by the nanostructures
inside the device.

One last, but important part of the EQE is what will be refered to as the ‘bottom
subcell artifact’ in Figure 1.7. This artifact is the non-zero signal of the bottom subcell’s
EQE in the middle subcell region. The amplitude of this artifact is different for each
MJSC, with its range of amplitude being from 0 to 20 %. In the sample MJSC-920,
the amplitude of the artifact is 7 %. This artifact is considered to be due to internal
voltage biasing between each subcell during the measurement [37]. However, the origin
of this artifact is still subject to debate. It is believed that a part of the artifact, if not
the entirety, is due to photon coupling between the middle and the bottom subcell [38].
This thesis aims to use the fill-factor bias (FF-bias) experiment, proposed by Cyrium
Technologies [39], to shed new light on the problem.
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1.5 Thesis overview

As mentioned before, this thesis will be concentrating on multijunction solar cells, and
more specifically on the quantum dot-enhanced solar cell. Simulation of such cells is
very useful in understanding the behavior and importance of each layers. However, a
strong simulation always requires verification with experimental measurements. This is
why the current thesis is an important complement to another portion of the SUNLAB’s
expertise, which is numerical simulation and design of novel solar cells. The Ph.D. thesis
of Dr. Alex Walker, on the numerical simulation of multijunction solar cell [40], is an
important complementary study to the current thesis.

Concentrated photovoltaic is a very young industrial sector. There are plenty of
efficiency increases that can still be made. Scientific research plays a vital role in this
new field. Furthermore, MJSCs are one of the most promising technology in PV, leading
to the highest efficiency to date. The added flexibility that the QDs gives them makes
them a worthwhile technology.

Because of its incredible richness in information, the EQE is considered to be one of
the most important measurement for this type of device. Hence, the goal of this thesis
will be to understand and analyze all possible information that can be obtained from the
EQE of a quantum dot-enhanced solar cell. The thesis is divided in four major parts.

Chapter 2 derives most of the important equations and theory needed to fully un-
derstand the electrical behavior of the MJSC. A particular attention is given to the
derivation of equations estimating the EQE. The expected effect of changes in most lay-
ers in the structure are demonstrated in the EQE. Chapter 3 studies the reflectivity
of the MJSC structure. A transfer matrix method is used to simulate the reflectivity
of the structure, with all layers incorporated in the calculation. With the help of this
method, a rapid technique to estimate the various thicknesses in the solar cell using the
etalon effect is used. Then, in chapter 4, the emission spectroscopy of the quantum
dot-enhanced solar cell is studied. The quantum dot energy levels are first simulated
using a finite element method simulation. The absorption coefficient and the emission
properties are obtained and compared to experimental measurements. They are then
used to obtain the simulated EQE which is then compared to the experimental mea-
surements. In chapter 5, the bottom subcell artifact is analyzed. A model to estimate
the intensity of the artifact is first developed. Then, using the FF-bias measurements,
the correlation between the internal J-V curves of the solar cell and the said artifact is

demonstrated.



Chapter 2
External quantum efficiency

The EQE of a solar cell is the incident photon to converted electron ratio, measured over
different wavelength of light. Because it is directly related to the short-circuit current of
the solar cell, it is an excellent diagnostic tool to improve efficiency.

In this chapter, the foundations necessary to study the important parts of EQE are
built. The main equations and guiding principles of this measurement are reviewed, as
these will serve as a guideline for the subsequent sections. The experimental system
that was used throughout the thesis is described thoroughly. Each component of the
setup is reviewed and linked to its purpose. Finally, a mathematical framework is built
to simulate the EQE of various types of solar cells. Using semiconductor physics and
the transport equations governing p-n junctions, the model is linked to important design
principles of solar cell growth. The results of the two main parts of this chapter, the

experimental setup and the EQE calculation, will be used throughout the thesis.

2.1 Current-Voltage curve

The semiconductor solar cell is a p-n junction designed to create current from the ab-
sorption of photon. The J-V curve of a solar cell represents the relationship between
the current created by a solar cell and the applied voltage. It is a combination of the
diode-like behavior of the p-n junction and the current created from the absorption of
the light. The dark current density, Jy, is the current created by the applied voltage in
the reverse biased p-n junction. The short-circuit current density (Jg.) created by the

light, flows in the opposite direction. The general formula of the J-V curve is
qV
J=Jw—Jo (eiT - 1) (2.1)

14
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where .J is the measured current density, n is the ideality factor, ¢ is the electron charge,
T is the temperature and kg is the Boltzmann constant. An example of an illuminated
J-V curve of a typical single junction solar cell is shown in Figure 2.1.

For single junction solar cells, the ideality factor lies between n =1 and n = 2. It is
determined by the recombination mechanisms in the solar cell and will have an effect on
the shape of the curvature of the J-V curve. For the case of the simplified formula for
the J-V curve in Equation 2.1, the open circuit voltage (V,.) is given by

nkgT Jse
Ve = . In <J_0 -+ 1) : (2.2)

The delivered power of the solar cell is given by the multiplication of the current and the

voltage, as in P = JV. The desired solar cell’s operating point occurs at the maximum
power point, which occurs at a certain V., and a J,,4,. The efficiency (n) of the solar

cell is then given by
_ Pmax o Vmaxjma:c

2.3
2 P (2.3)
where P;, is the incident power of the light.
The fill factor (FF') is defined as the ratio
Vmaxjmax
FF=—\ 77— 24
‘/;)CJSC ’ ( )

and describes the shape of the diode curve. A high F'F' is necessary for a good efficiency
of the solar cell. A fill factor of 100% would give a perfectly rectangular curve.

In a MJSC, each subcell is connected in series. Hence, at a particular current, their
voltages are added together. This is highlighted in Figure 2.2a, where the J-V curve of a
simple dual junction solar cell is shown. The J-V curves were calculated using Equation
2.1. The first solar cell’s J-V curve, which approximates an InGaP subcell behavior, was
calculated using J,. =12.2 mA /em™2, Jy = 4.88-107" mA /em™2 and n = 1. The second
solar cell’s J-V curve, which approximates a GaAs subcell behavior, was calculated using
Joe =122 mA/em ™2, Jy = 3.72- 1072 mA/cm~2 and n = 2. In this case, the J,. of the
full structure is equivalent to the Jy. of each subcell while the V. is given by the sum of
each subcell’s, giving V,. = 2.4V. These values were chosen to qualitatively reproduce
the behavior of the two subcells.

Figure 2.2b demonstrates their behavior when the subcells are not current matched.
The curve of the top solar cell was kept the same while the current created by the GaAs
subcell was doubled. As can be seen in the total solar cell’s J-V curve, the J,. is limited
by the top subcell while the V. is still the sum of the two subcell’s V,.. These figures

demonstrates the complex electrical interaction between the subcells in a MJSC.
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2.1: Single junction J-V curve of a solar cell calulated with the diode equation.
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Figure 2.2: Dual junction J-V curve of an InGaP/GaAs solar cell calculated with the

diode equation. Subfigure a) demonstrates the resulting J-V curve when the two sub-

cells are current matched while b) demonstrates the J-V curve when the GaAs subcell

overproduces current.
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2.2 Main quantum efficiency equations

The external quantum efficiency is defined as the ratio, at a specific wavelength, of the
number of carriers collected to the number of incident photons. Hence, if the cell collects

a current [ for an incident photon beam of f photons, the EQE is given by

1
EQE(\) = —, (2.5)
q-f
where ¢ is the electric charge. This ratio is by definition taken when no voltage is applied
on the solar cell. It is then possible to obtain the J,. created by the solar cell under any

spectrum, by integrating both quantities such as
Jse = /EQE (A) brdA, (2.6)

where by is the incoming spectrum in photon flux (Ny/m?).
Another important quantity is the internal quantum efficiency (IQE). The IQE is the
ratio of the collected carriers to the number of photons that are actually absorbed by

the solar cell. As a formula, it is given by

_ EQE(N)

QB () = {555

(2.7)
where R ()) is the reflectivity of the solar cell. The IQE is an indication of the capacity of
the active layers of the solar cell to make good use of the absorbed photons. It is always
higher than the EQE, but should never exceed 100 %, with the exception of multi-exciton

generation.

2.3 The external quantum efficiency measurement

The measurements of the EQE and IQE presented in this thesis were all completed
using the IQE200 from Oriel [41]. A complete schematic, along with a picture of the
instrument, is shown in Figure 2.3. As mentioned before in Equation 2.5, the principle of
the EQE is to count the proportion of carriers extracted out of the cell to the numbers of
photons impinging on the surface. To do so, it is necessary to shine a monochromatic light
on the cell, with controllable wavelength, while measuring the current. By definition,
this current needs to be measured at V = 0. Furthermore, it is necessary to measure

the reflectivity of the cell to calculate the IQE. The description of the operation of the
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Figure 2.3: The picture and schematic of the IQE200 by Oriel. The IQE is divided in four
main parts; 1-the tunable monochromatic light source, 2-the electro-optical measurement,

3-the digital conversion of the measured values and 4-the external biasing functionality.
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instrument is divided in four parts. First is the creation of the tuneable monochromatic
light source, second is the electro-optical measurement, third, the digital conversion of

the measured values, and finally, the external biasing sources.

2.3.1 The monochromatic light source

The first part of the system, the monochromatic light source, is circled as red number 1
in Figure 2.3. A 300 W Xenon light source (Model 66485) provides a light source with
an extended spectrum from 300 to more than 1800 nm [42]. The light emitted from the
arc of the lamp is collected by a collimating lens and then directed towards an optical
chopper. This rotating disk with open slits modulates the light in a square wave. Its
purpose is to modulate the light and to couple the useful signal to a lock-in amplifier,
which is placed in the Section 3 of the experimental setup. In all experiments, the light is
modulated at a 30 Hz frequency, to avoid coupling with the 60 Hz power line frequency.
The light is then directed towards a filter holder, in which 3 possible filters can be used.
The three possible options are either no filter, a 550 nm long-wave pass filter or a 1000
nm long wave pass filter. These filters are used to remove the higher order diffraction
peaks from the grating in the following monochromator.

The light is then directed into a Cornerstone 130 1/8m spectrometer (Model 74004).
Figure 2.4 shows a schematic of the inside of the monochromator. The light is focused
on the entrance slit, and then collected by the collimating mirror. It is important to
note that the focal ratio (f#) of the lens needs to be matched to the focal ratio of
the spectrometer, to ensure that the light beam fully encompasses the first mirror [43].
Otherwise, the light would either overfill the mirror and create stray light, or underfill
the grating, leading to a less efficient diffraction. After hitting the mirror, the white
light is directed towards a diffraction grating, which separates the incoming white light
into a rainbow of color. Now that each color of the light is spatially separated by the
grating, it is collected by the focusing mirror and directed towards the exit slit. This
exit slit blocks most of the incoming light and allows only the required wavelength to
exit the monochromator. The light that exits the instrument is quasi-monochromatic.
Because the diffracted light is spatially separated, the exit slit size will control the width
of the spectral dispersion of the output beam. For the used instruments and the available
gratings, the dispersion is 13 nm/mm. This means that for the output slit size used in
all the experiments inside this thesis, of 0.25 mm, the exit beam has a 3.3 nm wide full
width at half-maximum (FWHM) spectrum [41].
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Collimating mirror Focusing mirror

Entranceslit Exit plane

Figure 2.4: The optical configuration inside the monochromator. Focused light enters
the monochromator through the entrance slit, and is redirected by the collimating mirror
towards the grating. This grating diffracts the light towards the focusing mirror, which

then redirects the chosen wavelength towards the exit slit. Figure taken from [43, 44].

A diffraction grating consists of a periodic structure of equally spaced grooves along
its surface. These grooves, which are of dimensions similar to the wavelength of light of
interest, diffract the light and redirect each wavelength in a different direction. According
to the Huygens-Fresnel principle [45], if a wavefront of light hits a grating surface, each
point on the surface will act as a point source. Hence, when a plane wave of wavelength A
hits the grating, each plateau acts as a point source. Since each of these point sources are
at a distance d from each other, at any point in space the sources will either constructively
or destructively interfere. A diffraction grating will diffract an incoming monochromatic

light source according to the grating equation [43]
d (sina + sin ) = mA, (2.8)

where « is the incoming wavefront angle with respect to the grating, g is the diffracted
light angle and m is any integer, including zero. It is interesting to note that if m = 0,
the grating acts as a purely reflective component. In principle, all of the refractive orders
m are present, but the design of the grating and the spectrometer is usually optimized

for m = 1. When the grating equation for the diffracted angle is solved,
A
[ = arcsin <m7 — sin a> : (2.9)

the dependence of the outgoing angle with the wavelength A\ becomes clear. For an

incoming white light, the diffraction grating will split each wavelength onto different
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angles. To obtain a monochromatic light source, it is possible to put an exit slit at the
correct angle from the diffraction grating. A rotating motor is installed to allow the
grating to turn and to pick different wavelengths for a fixed exit slit.

The diffraction efficiency of the grating changes over different wavelengths depending
on the material used and the shape of the grooves. One method to change the diffraction
efficiency of a grating is by transforming the rectangular shapes that was assumed earlier
into pyramidal shapes. The different angles of each facet, referred to as the blazing angle,
will change the efficiency of diffractions for different wavelengths [43, 46]. Gratings that
are optimized for green light will be specified as having a blaze at 555 nm. For a
long wavelength range such as the one under consideration (300 to 1800 nm), a single
diffraction grating is not enough. If a grating that is adequate for visible light is chosen, it
will not be efficient enough in the infrared. This is why, in the used monochromator, two
different gratings are used. Grating 1 has 600 grooves/mm, 400 nm blaze, and is usable
from 250 to 1300 nm. Grating 2 has 600 grooves/mm, 1 pwm blaze, and is usable from
600 to 2500 nm. To achieve the highest light intensity in the system, the monochromator
switches between gratings at 720 nm.

It is important to note that in the grating equation, for a single set of diffracting
angles, there are multiple wavelength solutions. For example, if a light source that
extends from 300 to 1800 nm is used, and an angle that would allow the 900 nm diffracted
beam to go through the exit slit is picked, there is one other wavelength that would be
diffracted towards the same angle. Looking at the grating equation, the other solution
is m = 2 and 450 nm. Even though the intensity of the higher order diffracted beam is
significantly lower than the first order, it would still be present and add uncertainty in
the measurement. For this reason it is important to use order sorting filters.

These long-wave pass filters cut all of the incoming light of wavelength below a thresh-
old, allowing only the first diffraction peak to be created. Because the light source emits
light of wavelengths longer than 300 nm, the exit slit will see only the first order peak
in the wavelengths between 300 and 600 nm. Then, at wavelengths of over 600 nm, the
light that would allow a m = 2 diffracted beam to go through the monochromator needs
to be removed. Three possible filter options are available. The no filter option for the
wavelength range of 300 to 560 nm, the long-wave pass 550 nm for the wavelength range
of 560 to 1040 nm and the long-wave pass 1000 nm for the wavelength range of 1040 to

1800 nm. By using these filters, the monochromator outputs only the useful m = 1 peak.
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2.3.2 Electro-optical measurement

The electro-optical measurement part of the IQE200 system is highlighted as the green
number 2 in Figure 2.3. It encompasses the solar cell sample, the sample holder, the
various light detectors and the attached amplifiers. This is the stage where the incoming
light and collected electrons are measured. Both of these quantities are used to calculate
EQE according to Equation 2.5.

The first part of the IQE200 system was used to create a quasi-monochromatic light
source. This light beam is now directed towards a beamsplitter, which reflects half of
the light towards the solar cell sample, and transmits the other half towards a detector,
referred to as channel 1 (CH1). The first half of the light is focused 10.16 ¢cm (4 inches)
below the beamsplitter assembly using a focusing lens. The solar cell sample is placed in
the focal plane of the beam with the help of a temperature controlled sample holder. The
solar cell sample is electrically connected using test probes, alligator clips, or BNC cables
depending on the available contacts. The wires are then connected to a trans-impedance
amplifier (Tr. amp., Model 70714) that transforms the current into an amplified voltage
value [47]. This amplifier is capable of independently amplifying the continuous current
(DC) and the oscillating current (AC) components of the input current. A wide range of
gain values are possible, from 10% to 10* V/A for the DC component and 10 to 10% for the
AC component. The settings used for all measurements in the current thesis are 10> V/A
for the DC and 10° V/A for the AC. This means that if the solar cell creates a continuous
current of 1 mA and an oscillating current of 1 pA, the transimpedance amplifier will give
as output 100 mV in the DC component and 1 mV in the AC component. Because the
incoming light is chopped in an oscillatory behavior, the AC value will be the important
number to take into account. This number will be used to measure the current created
by the incoming light, or in other words to count the number of electrons created. On the
system, and in further discussion in this thesis, the AC component of the transimpedance
amplifier will be referred to as channel 2 (CH2) of the IQE200.

The DC value can be important to evaluate the polarity of the connections. Because
the transimpedance amplifier cannot accept significant negative current, it is necessary
to connect the solar cell sample with the correct polarity. This value can also be used to
estimate the amount of continuous light bias applied either from the light in the room
or by the external light component in the system, as explained later in this section.

The second half of the light is directed towards the CH1 detector, and is used to

measure the light intensity coming out of the monochromator. It will be used to count the
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Figure 2.5: External quantum efficiency of the sandwiched photodiodes used in CHI,
CH3 and CH4.

number of photons directed towards the solar cell. The detector is a Silicon-Germanium
(Si-Ge) sandwiched photodiode that covers the wavelength range of interest. Figure 2.5
shows the EQE of each detector. Because the two photodiodes are stacked mechanically
on top of each other, it is possible to obtain two independent outputs depending on the
wavelength measured.

Another Si-Ge detector, referred to as channel 3 (CH3), is placed on top of the
beamsplitter. Its active area is pointed vertically towards the solar cell sample. This
detector measures the direct (specular) reflection of the light from the solar cell surface.
Initially, the reflected light is collected by the focusing lens. Half of it then passes through
the beamsplitter and is collected by the detector. The CH3 detector is similar to the
CH1, with 2 independent outputs, one being the Si diode and the other being the Ge
diode.

The last Si-Ge detector, channel 4 (CH4), is attached to an integrating sphere (New-
port 70671). The integrating sphere, installed over the solar cell sample, collects all the
diffuse reflection of the light from the solar cell surface. The interior of the sphere is
coated by a highly reflective white material. The diffuse reflected light follows multi-
ple reflections from the interior surface before being directed towards the CH4 detector.
Even though the diffuse reflection from solar cells can be a very important and interesting

measurement, it will not be studied in the current thesis.
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CH1 | CH3 CH4
Si |Ge |Si |Ge |Si |Ge
Gain | 10* | 10* | 10° | 10° | 10% | 10°
Time | fast | fast | fast | fast | fast | fast

Table 2.1: The gain and time settings on each of the detectors used in the system.

The three detectors (CH1, CH3 and CH4) give six different current values (Si and Ge
values for each channel) depending on the light intensity hitting the photodiodes. These
six outputs are electrically connected to six preamplifiers (Model 70710) that transform
the current into a more convenient voltage value. Each preamplifier has a wide range
of amplifying values, covering 10* to 10®. The gain values must be chosen to create an
output voltage that is suitable for the subsequent measurement stages of the system.
Values in the mV range for each channel (CH1, CH3 and CH4) were chosen by the
author. This removes the possibility of creating too high voltages when in the range of
the Xenon spikes in the lamp, and allows a good range to detect smaller component in
the uV range. Table 2.1 enumerates the various settings on the pre-amplifiers used in
the current thesis.

Using the settings shown in Table 2.1, the voltages of a common measurement of a
Si cell are shown in Figure 2.6. The spectrum of the light and the EQE of each channel
strongly influence the shape of the curves. The Xenon spikes, in the 900 to 1100 nm
region, can be clearly seen in the three channels. A proportional comparison amongst
the channels yields the values that are needed to calculate the EQE.

2.3.3 Digital conversion of measurements

This section of the system takes the voltages given by the preamplifiers and the tran-
simpedance amplifier, imports it in the computer software and then calculates the ex-
ternal quantum efficiency. Circled as the blue number 3 in Figure 2.3, it encompasses
the computer and its software, the lock-in amplifier (Merlin lock-in, Model 70100), the
multiplexer and the three transistor-transistor logic (TTL) switches. The electrical con-
nections are shown in light purple.

First, the six preamplifier voltage outputs are connected to three TTL switches. These
switches are standard logic gates that allow switching between two channels depending

on the voltage that is applied to it. When 0 V is applied to its gate, the switch gives the
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Figure 2.6: Typical voltage values on each channels for a Si solar cell measurement.

value from the Si detector. If 5 V is applied to its gate, the output from the switch is the
value from the Ge detector. The switches are all connected together to the computer,
which decides whether the Si of the Ge detector is used. For all the measurements done
in this thesis, Si detectors were used for the wavelength range of 300 to 1099 nm, while
Ge detectors were used for the rest of the range, 1100 to 1800 nm.

The three outputs from the switches, as well as the CH2 output from the transim-
pendance amplifier, are connected to a multiplexer. This multiplexer is similar to the
switches, as it allows us to choose a single output from the four inputs available. It does
not change the actual value of the voltage. The multiplexer is connected to the computer
through a USB port. Hence, for a single point in the measurement, the multiplexer cycles
sequentially through each of the four channels one at a time. The single output of the
multiplexer is then connected to the Merlin lock-in amplifier.

The purpose of the lock-in amplifier is to receive the noisy oscillatory voltage from the
multiplexer, and obtain the precise amplitude value of the useful signal [48]. It does so
by picking only that component of the signal whose frequency is equal to the frequency
of the optical chopper, 30 Hz in our case. The instrument receives two inputs, the first
being a square wave given by the optical chopper of the right frequency and the second
being the input signal from the multiplexer, coming either from the detectors or from

the solar cell sample.
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The working principle of the lock-in amplifier is simple to understand. Let’s first
assume that the reference signal coming from the chopper as well as the signal from
the measurement are both sinusoids instead of square waves. The lock-in takes the
multiplication of the two components and integrates the resulting values for a long time.
The value of the integration is going to be directly proportional to the amplitude of the
signal at the exact frequency of the reference signal. This principle is highlighted by one

important property of the integration of a sinusoid,

T—oo

. 1 T . . 5w1 w2
lim — sin wqt sin wotdt = T’, (2.10)
0

where ¢ is the Kronecker delta. For a long enough period of integration 7', the integrated
signal will give a value that is directly proportional to the amplitude of the measured
signal of frequency (ws) that is of the exact frequency of the chopper signal (wy). All of
the other frequencies components, even the constant DC signal, will give an integration
that is equal to zero. Due to this, the lock-in amplifier is capable of obtaining accurate
measurement in an extremely noisy signal.

The lock-in amplifier output is read by the computer through a USB port. The
computer controls the complete process by manipulating six of the instruments mentioned
beforehand; the chopper, the filter holder, the monochromator, the TTL switches, the
multiplexer and the lock-in amplifier. After setting the filters and the monochromator,
it measures in cycle each of the four channels. It then cycles trough wavelengths, storing
the voltage values in the computer. The IQE200 software then uses these four channel
values at each wavelength, applies post-processing calibration data and equations, and
finally obtains the EQE, the IQE, the direct reflectivity (Rs), and the diffuse reflectivity
(Rq). The post-processing will be discussed in depth in the subdivision 2.3.5 of the

current section.

2.3.4 External biasing source
Light Biasing

The IQE200 comes with two light biasing sources that are necessary to measure the
MJSC’s EQE. Since each of the subcells of a MJSC are connected in series, measuring
the EQE of a single subcell without light bias is not possible. Say, for example, a beam
of green light (555 nm) is shone on a standard MJSC. The top sub-cell (InGaP) would
absorb the light and create carriers, while the other two subcells (GaAs and Ge) would
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Figure 2.7: Internal J-V curves of each subcell during an EQE measurement when; a)
no light bias is applied on the bottom and middle subcell, blocking the current of the top
subcell, b) light bias is applied on the bottom and middle subcell, allowing the current
of the top subcell to be measured on the MJSC J-V curve.

absorb little to nothing. Since the three junctions are connected in series, the Kirchhoff
laws state that the current is the same for the three subcells while their voltages are
added together. If two subcells are creating no current, then the current from the top
subcell will be blocked. This case is demonstrated in Figure 2.7a, where the J-V curves
of each of the subcell and the full MJSC are shown. This model has been created using
a two-diode model for each subcell, which will be described and studied in chapter 5.

If the amount of current created by the green light needs to be measured, the effect
of the two other subcells on the photocurrent should be eliminated. This is done by
light biasing the subcells that are not measured. In this case, a small amount of green
light (555 nm) is directed towards the cell while shining a large amount of light that
is absorbed by the middle and bottom subcell (from 700 to 1800 nm). The two lower
subcells are said to be light biased. This case can be seen in Figure 2.7b. The two
lower subcells absorb a large amount of photocurrent while the top subcell is current
limiting. When the current in the full device is measured, it is limited by the current
absorbed by the top subcell, while the other two subcells are almost at their V.. Hence,
to measure the top subcell EQE, a large amount of constant light on the middle and
bottom subcells needs to be applied to the cell while shining a small amount of light
that is scanned through the wavelength range of interest (300 to 700 nm). As mentioned
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Table 2.2: Filter configuration for the light bias on the 1QE200.

before, this light is chopped to be measured precisely by the lock-in amplifier. A very
similar procedure, where light bias on the two subcells that are not of interest is applied,
can be used to measure the middle and bottom subcell [36].

This light biasing procedure is done using two quartz-tungsten light sources (model
66088) with six available slots for filters. After passing through the filters, the light of
these two sources is guided towards the solar cell sample trough a fiber optic bundle.
To measure the top subcell, a 700 nm long-wave pass filter is used. This filter blocks
all wavelengths below 700 nm while passing light that is over 700 nm, effectively biasing
the middle and bottom subcells. To measure the middle subcell, a 650 nm short-wave
pass filter on one of the light sources and a 900 nm long-wave pass filter on the second
light source are used. The first filter and light combination biases the top subcell by
blocking all wavelengths over 650 nm while the second combination biases the bottom
subcell by shining light of 900 nm and over. To measure the bottom subcell, the two
light sources are equipped with a 900 nm short-wave pass filter and a KG1 glass. The
short-wave pass filter blocks all the light that is of wavelength over 900 nm, effectively
biasing the top and middle subcells. The KG1 is a glass with a broad transition range in
the visible and a very good infrared rejection profile. Since the 900 nm short-wave pass
filter has a non-negligible amount of infrared light (over 1200 nm) that leaks through,
the KG1 glass is necessary to ensure an adequate spectrum. The two light sources are
equipped with these filters to allow a larger range of available light intensities. The filter
configuration used for the EQE is shown in Table 2.2. The possible arrangements of
these filters allows us to create various spectra, which are shown in Figure 2.8 along with
a standard EQE. The ASDi FieldSpec 3 spectroradiometer has been used to obtain these
calibrated spectra.
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Figure 2.8: The available light biasing spectra in the IQE200, with a) the unfiltered
spectrum of the QTH lamp passing through the fibre bundle; b) the spectrum used to
bias the middle and bottom subcells, ¢) the spectrum used to bias the top and bottom
subcells and finally, in d) the spectrum used to bias the top and middle subcells. The

used filters are shown in the legend of each subfigure.
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H Top ‘ Mid ‘ Bot ‘
Voe 1.3V]09V |02V
Applied V || 1.1V |15V | 22V

Table 2.3: Values of the voltage that needs to be applied on the MJSC during an EQE

measurement.

Voltage Biasing

While the EQE of a subcell needs to be measured at its own J,., it is not necessarily at
the J,. of the MJSC. The full J-V curve is a combination of the three subcells, and it
is not possible to individually measure each component. In a configuration where one
subcell receives a low amount of light while the other 2 are fully light biased and the full
MJSC is at V' = 0, such as in Figure 2.7, the measured subcell is actually reverse biased,
at Viop = —1.1 in this case. This is because the other two subcells operate near their V.
and the sum of the voltages needs to be equal to zero. To measure the said subcell at
Viop = 0, a voltage of V' = 1.1 needs to be applied on the cell.

The standard values of V,. of each subcell in a lattice-matched MJSC at 1 sun were
obtained from numerical simulation [40]. These values are used to estimate the amount
of voltage that needs to be applied to measure the EQE, as shown in Table 2.3. However,
in most cells, the internal V,. of each subcell is unknown, and these values are used as
an estimate. Even though it is measurable, the voltage dependence of the EQE of the
top and middle subcell is negligible [37]. This is why in most cases, no voltage is applied
for the top and middle subcell measurement. This voltage dependance shall be studied
in the chapter 5 of this thesis.

On the other hand, the measurement of the EQE of the bottom subcell is much more
dependent on the applied voltage. The portion of the J-V curve of the Ge subcell in
reverse bias is not always linear, and oftentimes non-negligible shunting appears. This
either creates a non-linear response to photocurrent, or internal voltage biasing creates
an artifact in the EQE measurements [37]. For the bottom subcell, it is of utmost
importance to apply the correct voltage. Since the voltage of the top two subcells are
unknown, there are multiple ways of choosing the right voltage. For a rapid measurement,
applying V' =2 V is a good estimate. This voltage minimizes the measurement artifact
to a low enough degree, achieving less than 1 % difference compared to the optimal

voltage measurement. Otherwise, to obtain the optimal voltage, one needs to maximize



External quantum efficiency 31

the value of the EQE in the infrared region. This is done experimentally by choosing
a wavelength that is absorbed by the bottom subcell, and changing the voltage while
measuring the CH2 on the lock-in amplifier. The optimal voltage, near 2 V in most
cases, will maximize the CH2 value. After the correct voltage is obtained, the bottom
subcell EQE can be obtained. A further study of the interaction of each subcell’s J-V
curve during the measurement of the EQE will be discussed in chapter 5.

The possibility of adding an additional voltage source to the IQE200 is possible
through the transimpedance amplifier. A Keithley 2601 sourcemeter is used to apply a
voltage ranging from 0 to 3 V' to the pins 2 and 3 of the amplifier [47]. The amplifier
applies the DC voltage to the solar cell while amplifying the current adequately. It is
important to note that applying the Keithley source directly on the solar cell would
disrupt the measurement, since the current would be picked up by the Keithely and not

the amplifier.

2.3.5 Post-processing and calibration

As mentioned in Equation 2.5, the EQE is calculated by measuring the number of col-
lected carriers going out of the solar cell divided by the number of photons incident on
the cell. In the measurements, the CH1 voltage is directly proportional to the incom-
ing photon flux, while the CH2 voltage is directly proportional to the collected current.
Hence, it is possible to obtain the number of incident photons by using a simple con-
version factor in f = C1Vepy1 and to obtain the number of carriers from CH2 by using
a simple conversion factor in I/q = CyViopgs. The transmitivity and the reflectivity of
the beamspliter, the transmitivity of the focusing lenses in front of the sample and de-
tector, the gain of the CH1 preamplifier, the spectral response of the CH1 detector and
the conversion factor of the lock-in amplifier are all factors affecting the C constant.
The gain of the transimpedance amplifier, as well as the conversion factor of the lock-in
amplifier are factors affecting the 5 constant. It is important to note that since the
transmitivity and reflectivity of the beamspliter, the transmitivity of the focusing lenses,
and the responsivity of the CH1 detector are all wavelength dependent, the C; constant
will be wavelength dependent as well. The EQE will be proportional to the division of

the two channels, as in

I CQVCHQ VCHQ
EQE()\) = — — — O (A , 2.11
QE( q-f CiVem 2 )VCHI ( )
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Figure 2.9: Calibration factors used in the calculation of the EQE and the reflectivity.
a) The value of C,,;, where the switching point between the two detectors at 1100 nm is
seen by the steep change in the factor. b) The values of m and n used in the calculation

of the reflectivity.

where C,y; (M) is the calibrated conversion factor that is currently unknown. This factor
will be obtained through a calibration procedure, and will be subsequently used for all
measurements.

The calibration process for the measurement of the EQE is used to obtain the value
of Ceqr (A). It is done using a pre-calibrated cell with a known EQE (EQE,.f), such as
the NREL calibrated Si cell (model 91150V) or the Newport calibrated Si and Ge detec-
tors (IQE-SAMPLE-SI and GE). These calibrated cells are NIST traceable. They were
cross-calibrated using working standard detectors which were themselves cross-calibrated
initially using the Primary Optical Watt Radiometer (PWOR) at the SIRCUS facility at
the NIST in Maryland. The PWOR system is a cryogenic electrical substitution radiome-
ter, which uses a cryogenic temperature of 2 K and electrical substitution radiometry to
obtain an uncertainty of less than 0.02 % [49].

The C,q (M) value is obtained by reversing the Equation 2.11 and measuring the
calibrated detector channel values, giving

Cua (V) = BQEg () 1222 2.12)

Figure 2.9a shows an example of the value of the calibration factor.
It is important to ensure that during the calibration run, the settings for the various

integration times and gains are exactly the same as in the measurement taken. The
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calibration methodology assumes multiple things. It first assumes that the detectors
have a linear response. This is a good approximation for Si-Ge sandwich photodiodes
in the operational range under consideration, from approximately 0 to 30 uW [50]. Tt
further assumes that no cross-talk is present between channels. Potential cross-talk is
eliminated by the fact that the memory buffer of the lock-in amplifier is cleared between
each channel measurement. It assumes as well that the detectors have no dark current,
so they give a zero voltage value when no light is incident on them.

The calibration process for the measurement of the reflectivity is similar, but has
some significant differences. Reflectivity is given by dividing the reflected photon flux
fr by the incoming photon flux f. It is calculated using the voltage values of CH3 and
CH1. Using a similar notation, the photon quantity incident on the solar cell is obtained
using f = C1Vegy, while the number of photons reflected from the solar cell is obtained
using fr = C3Veps. The transmitivity of the beamspliter, the transmitivity of the
focusing lenses in front of the sample and the detector, the gain of the CH3 preamplifier,
the spectral response of the CH3 detector as well as the conversion factor of the lock-
in amplifier are all factors contained inside the C3 constant. The C5 constant will be
wavelength dependent as well. Because the gain setting is set to a higher value in this
channel, the dark current value will be non-negligible for this detector. This dark value
comes from multiple noise sources in the experiment, such as light bias, light in the room
or electrical noise. It is for this reason that the dark value from the channel is subtracted
in order to obtain the correct photon count, fr = C3 (Vors — V3aark). This V344, will
be independent of wavelength. Hence, to calculate the reflectivity, the reflected photon

flux needs to be divided by the incoming photon flux,

_ Jr _ Cs (Vens — V3dark) _ mVCHS
/ CiVem Vem

where the equation has been reworked to match the IQE200 manual’s terminology [41].

R +n, (2.13)

In this case, the calibration prefactors which are wavelength dependent are given by

Cs - — M
o and n mytek.

The calibration is done in a two step process. Since there are two unknowns for each

m =

wavelength, m and n, two reflectivity standards are needed. The first measurement is
done using a high reflectance standard (90%, model 20D20AL.2), while the second mea-~
surement is done using a low reflectance standard (0.01%, model FSQ-OD400). Figure
2.10a shows the reflectivity curve for each standard used. Since the exact reflectivity
value is known for each standard, it is possible to plot the reflectivity as a function of

the % proportion. For each wavelength, a linear regression of the two points give the
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Figure 2.10: Reflectivity of the standard used in the specular reflectivity calibration

procedure

slope (m) and the origin (n) for the calibration. Figure 2.9b shows the values of the
two factors over wavelength for a typical calibration run. The n factor is significantly
important at small reflectance values. Of particular importance is the fact that n is
dependent on the light intensity, CH1. This means that for different light intensity, the
value of n will change, and the calibration for low reflectivity values will not be correct.
However, if the light intensity is constant between the calibration and the measurement,

the n values will be very accurate.

2.4 Modeled quantum efficiency

The p-n junction used in semiconductor photovoltaics is a physics problem that has
been studied extensively in the literature. This thesis assumes that the reader has a good
knowledge of semiconductor physics. Even though most of the principles will be properly
introduced, the results discussed in the derived model necessitate some knowledge of the
energy band diagram, carrier transport phenomena and Fermi-Dirac statistics.

The band diagram of a p-n junction is shown in Figure 2.11. The free carriers from
the p and the n region travel through the junction in a diffusion process, and create the
space-charge region. The concentration of free carriers in this region is negligible, and
a static charge is created. From the static charge, a directed electric field is created,
leading to the creation of a built-in voltage. Due to this change in potential inside the

junction, any new electron-hole pair can be separated and a current can be generated.
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To create one pair, a photon needs to be absorbed. This pair has to diffuse to the electric
field region where it gets separated. Then each carrier is collected at its own contact,
being the n side for the electrons and the p side for the holes.

In this section, the quantum efficiency of a p-n homojunction is derived using standard
semiconductor physics. The quantum efficiency will depend on key material parameters,
such as the bandgap, the absorption coefficient and the lifetime and mobility of carriers.
It will depend as well on the solar cell architecture and growth parameters, such as the

layer thickness, the doping levels and the surface recombination velocities.

2.4.1 Coupled set of equations

Carrier transport in a p-n homojunction is governed by five coupled set of equations. If

we assume a only one dimension in x, the transport equation for the electrons and holes

is given by
on 10
— ==, + G, — U, 2.14
ot qox * ( )
op 10
L _- — 2.1
T qa$Jp + Gy — U, (2.15)
as well as the Poisson’s equation
0? q .
B ZE—S(NA—NﬁJrn—p), (2.16)
and finally the current equations
J, D 0 + qpne (2.17)
n — na N nEsTl, .
q O qu
0
Jp = —qu%p + qlpEsp- (2.18)

Throughout those equations, the electronic charge is given by ¢, the minority carrier
(electrons or holes) concentrations are given by n and p, the diffusion coefficient of the
carriers is given by D, the mobility is given by p and the permittivity of the semiconductor
is given by e,. The ionized acceptor doping concentration as well as the donor doping
concentration are defined as N; and N} respectively.

In the transport Equations 2.14 and 2.15, the carrier concentrations’ variation over
time is dictated by the current J, the generation term G and the recombination term

U. In the case of a solar cell, the generation term is assumed to be solely dictated by
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Figure 2.11: The p-n junction diagram, modified from Wikipedia Commons(c). As shown

in the carrier concentration in the p-n junction, free carriers diffuse at the junction and

creates a region of fixed charge. The three main regions have their thicknesses defined

as r. being the emitter region, x,. being the space-charge region and x; being the base

region. The three next graphs are the electric charge, the electric field present in the

space-charge region and the voltage present in the junction. A negative charge is formed

in the p-doped region, with a thickness of x_ , and a positive charge is created in the

n-doped region, with a thickness of = .
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the photon absorption. It is given by the photon flux inside the structure, b and the

absorption coefficient of the semiconductor, o
G(z) = /b(E,a:)oz(E,x)dE, (2.19)

where F is the energy of the photons. On the other hand, the recombination term is
given by multiple components. In the semiconductor structure, there are four different
paths to recombination for carriers. The recombinations are the radiative (U,.q), the
Schockley-Read-Hall (SRH), (Usgp ), the Auger (Uayy) and surface (Us) recombinations.
In a non-degenerate doped material, the U,qq, Usrr, and Uga,y can each be associated
to a lifetime. For example, for a p-doped semiconductor, the recombination mechanisms

for minority carriers are given by

An An An
Urad - s USRH = ) UAug = 5 (220)
Tn,rad Tn,SRH Tn,Aug

where 7, rqd, Tn,srE and 7, a4y are the radiative, SRH and Auger recombination lifetime
respectively. To obtain the total recombination rate, the three recombination rates are

added together. This gives the total recombination lifetime of the carriers 7., which is

1 1 1 1
= —+ + (2.21)

Ttot Trad TSRH TAug

The fourth recombination path, the surface recombination Uy, is calculated using the
surface recombination velocity (SRV), given in units of speed (m/s). This recombination
mechanism is primarly due to defects due to broken bonds at the surface of a semi-
conductor. These can be created by impurities that are concentrated at the interfaces
between layers. For these reasons, a surface recombination velocity is used instead of a
typical recombination flux. The SRV is highly dependent on the quality of the interfaces
between the semiconductor. A very good SRV between a subcell and its front surface
field can go down to less than 6000 cm/s [51].

Using these coupled equations and the p-n junction architecture, it is possible to
analytically solve them under certain assumptions. The two main approximations that
need to be made are the depletion approximation and the linearity of the recombination
mechanism. The recombination approximation states that the recombination mechanism
in the semiconductor follows the relations shown in Equation 2.21. The depletion ap-
proximation assumes multiple things. It revolves around the depletion region created
between the p and the n semiconductors. It assumes that it is a region completely free

of free carriers, that the potential step and the electric field is given only by the fixed



External quantum efficiency 38

charge present in the region and that outside of this region no electric field is present.
After assuming this, the five coupled equations become solvable analytically. A complete
derivation of these can be found in Physics of solar cells [9]. If the p-n junction is illumi-
nated by a photon flux of by and is biased by an applied voltage V', the general solution

for the current J in the solar cell is given by
J=Jde+ o+ Jsers (2.22)

where J,, J, and J,.. are the total currents in the emitter, the base and the space-charge

region respectively. The solution for the current in the emitter is given by [9]

Jo - / gbs (1= R(N) fu (L)

a(N) L + £, — e=oNze . (€e cosh 7= + sinh %Z)

_ A Le —a(N)ze d\
{sinh &= 4 cosh 2= a(A)Lee

+QDeNe(e’§3VT —1) (ﬁe cosh = + sinh %)

Le lesinh 7= + cosh 7=
(2.23)
while the current in the space-charge region is given by
_ 2sinh (g_V>
Jscr = /Qb)\ (1 — R ()\)) e*a(/\)Iscrd)\ _ qn;Tscr . __QVBT Z7 (224)
Vil R 2
and the solution for the current in the base is
b= / gba(1 — R (X)) fa (Ly) e 0N et
e *WNTe . (a(N) Ly + ) — (Eb cosh 7+ + sinh %)
/r sinh & INED +a()\)Lb d\
psinh 7= + cosh 7
A% . . .
+quNb(e’“BiT - 1) ly, cosh L—’; + sinh L_Z
Ly lysinh 7% + cosh 7>
(2.25)

Multiple new quantities have been introduced in those equations. Quantities that have
already been defined, namely the charge ¢, the reflectivity of the structure R(\), the
diffusion coefficient of the minority carriers D, the incident solar photon flux by, the
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wavelength of the light A, the total lifetime of the carriers 7 and the absorption coefficient
of the material a are all present. As seen in Figure 2.11, the thicknesses are defined as

the emitter ., the space charge region x,.. and the base z;. The surface recombination

SRV-L
D

(SRV) and the active doping value N is defined for each material, be it emitter (.) or

length is given by ¢ = . The diffusion length L, the surface recombination velocity

base (). The diffusion coefficients D are obtained by the Einstein relationship, while the

absorption function f, and the diffusion lengths L can be obtained using [9]

/LkBT ol
D = L)y= ———— L=vT1D. 2.2
T Joll) = gy and va (2.26)

The reflectivity (R) will be given by a calculation using the transfer matrix method
(TMM). This will be derived in Section 2.4.3. The other quantities that needs to be
calculated are the space-charge region length, x,. as well as the depth of the space-
charge region within the emitter and base. These can be seen in the Figure 2.11. They

can be calculated by using the formulas [9]

2%, (1 1
_ ) 2.2
Tser = \/ 7 (Ne + Nb) Vi (2.27)

where V; is the built-in bias created by the p-n junction and e, is the material’s permit-

tivity. The built-in bias is dependent on the semiconductor doping following

kgT NN
Vi = 8L 10g ( b) (2.28)

q 2

n;
where n; is the intrinsic doping of the semiconductor. The base and emitter thicknesses

are calculated by removing the depleted part from each of them, following the equations

1 2, Vis
Te=w, — % (2.29)
N+ %)
and _
1 2 sVbi
=y~ . (2.30)
N\ (%)

where w, and wy are the actual grown thicknesses of the emitter and base layer.
Since each of the Equations 2.23, 2.24 and 2.25 have an exponential dependence over
voltage, it is possible to compare them to the common two-diode equation. This two

diode equation, with no series or shunt resistances, is given by

J=Jp — Jo (ekq?VT - 1) — Joo (e% - 1) , (2.31)
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where Jy, is the photocurrent, Jy is the radiative recombination current density and Jys is
the recombination current density in the space charge region. The first two coefficients are
straightforward to associate between the two sets of equations. First, the photocurrent
Jr is given by adding all the coefficients that are voltage independent and contains the
photon flux by. These coefficients will be used further in the next section. Second, the
recombination current J; is given by all the components that vary with the exponential
decay given by (eq?vT — 1). These factors are related to an ideality factor of n = 1.
Given these assumptions, the recombination current is given by

_ gD.N, (fe coshjfj—z +sinh§—z> N gDy N, (ﬁbcoshz—l; +sinhz—l;>

1 ZTe Ze i Ty Ty
L, {. sinh =+ cosh ” L, £, sinh o+ cosh I

(2.32)

0

|4
The obtained equations have no terms directly proportional to (ng? - 1>, correspond-

ing to the second recombination term. However, assuming forward bias only, the hy-

qV

_2k3T> seen in Equation 2.24 can be approximated as

perbolic sinusoidal term 281nh<

Vv
eTnT 1). Given the assumption that the sinh term behaves similarly to the expo-

nential, the space-charge region recombination current is defined as
™, Lscr

(2.33)

Hence, given those equations, it is possible to estimate the J-V curve of a homojunction

solar cell.

2.4.2 The quantum efficiency equations

Now that the derivation for the current in the cell has been obtained, it is possible to
obtain the EQE of the said cell. The EQE is obtained by using the Equations 2.23, 2.24
and 2.25 at V = 0 and by removing the integrals over wavelength. Applying V = 0
ensures that the calculation is done at J,. and the removal of the integral ensures that

the values are wavelength dependent. The central solution for the EQE is then given by
EQE = EQE. + EQEy, + EQEq.,, (2.34)
where the solution for the EQE in the emitter is given by
EQE.(A) = (1 = R(N)fa (L)
a(N)Le + £, — eoPNee. <€e cosh 7= + sinh f—)

nh Ze Te
l, sinh =+ cosh i
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the solution for the EQE in the space-charge region is
EQE,.,(\) = q(1 — R(\)) e @Wwser, (2.36)
and finally the solution for the EQE in the base is

EQE,(A) = (1 — R (A\)) fa (L) e @M @etaser)
e—a(Nze (CY(/\)Lb + fb) — (éb cosh E—Z + sinh E—Z)

1 Ty Ty
£, sinh o+ cosh I

+ Oé()\)Lb

(2.37)

In these equations, the various quantities are the same as defined earlier.

Now that all the equations needed are defined, it is possible to distinguish the pa-
rameters that are variable and the parameters given by the semiconductor properties.
The variable parameters are the doping, N, and N, the various thicknesses in the solar
cell, w, and w, and the temperature 7. For the remainder of the thesis, the temperature
will be set constant at 7' = 300K. It is possible to add an intrinsic region w; by simply
replacing the xg.. by w; + zs... The parameters that are growth dependent, but will be
varied, are the surface recombination velocities (SRV') of the contact-emitter and the
contact-base surfaces. These are present in the surface recombination length, ¢ = %.

The parameters that are dependent on the semiconductor properties are the mo-
bilities p. and g, the total recombination lifetimes 7. and 7, the intrinsic doping n;,
the permittivity €, and the absorption coefficient o. These are present in the diffusion
coefficient D = %, in the diffusion length L = /7D and the absorption function

L
fo= Ziz=-

2.4.3 The semiconductor parameters

The semiconductors that are used in the standard lattice-matched multi-junction solar
cell design are materials that have been extensively studied in the scientific literature.
In this section, the valuable quantities that will be used in the simulation of the EQE

shall be summarized.

The lifetimes

The first semiconductor parameters that are defined are the recombination lifetimes. As

seen in Equation 2.21, the total lifetime is given by the reciprocal addition of each of
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the individual lifetimes. To obtain the total lifetime, each of the individual lifetimes
of the minority carriers need to be found. These lifetimes can vary widely over doping
concentration.

The radiative lifetime varies as the inverse of the doping density, as in

1
SN 2.38
Tred = BN (2.38)

where B,,q is the radiative recombination coefficient [9]. This recombination process
happens when electrons spontaneously recombine with a hole and emit a photon. It
is important to note that the radiative recombination is for the minority carrier in the
material. If the emitter is n-doped with a donor density Np, the radiative lifetime
will be defined for the holes, as in 7,. For higher doping, the radiative lifetime will be
smaller, giving a recombination rate that will be faster. This is expected, since the higher
concentration of the majority carrier will allow the minority carrier to recombine more
often.

The other main recombination mechanism in solar cells, the SRH recombination, has

a lifetime that behaves following the equation

o TSRH max
TSRH——N o)

1+ ()

Nref

where TsrH maz, Nrey and v are material dependent constants. This recombination mech-

(2.39)

anism involves deep traps inside the bandgap, where electrons or holes can be captured
and subsequently recombine non-radiatively. Because it involves traps inside the semicon-
ductor, this recombination process will be directly related to the quality of the material.

The third recombination process, that is negligible in solar cell operation, is the Auger
recombination. It happens when an electron in the conduction band recombines with a
hole and transfers its energy through scattering with another electron. The transfer of
kinetic energy to the excited electron is then relaxed by the emission of phonons. Because
it involves a three particle process, the Auger recombination rate is often negligible. It

varies as the inverse square of the doping, with

1

- 2.40
AAuger N? ’ ( )

TAuger =

where A jyger is @ material dependant parameter.
The three main semiconductors used in the MJSC, GaAs, InGaP and Ge all have

significantly different lifetimes. The parameters obtained from the literature are shown
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Material Doping Minority Brad  TSRH.maz Nyes 7 Aduger
type carriers (cm™3) (s) (cm™) (s)
mCaP  p e 24-10°°  2.107 10 1 3.107%
n h 2.4-1071°  2.1077 1019 1 3-1073
GaAs P e 1010 1074 101 1 3-1073
n h 1070 2.10°8 10 3 3-1073
Ge P e 52-1074  2.107% 107 1 28.107%
n h 5.2-107%  4.107° 3-10'6 1 810732

Table 2.4: Parameters used in the calculation of the InGaP, GaAs and Ge minority

carrier lifetimes. The values comes from [26].

in Table 2.4. Figure 2.12 shows the recombination lifetimes over doping for electrons in
GaAs. The lifetime is dominated by radiative processes at higher doping concentration,
while at lower doping the SRH and radiative processes both contribute. For all dopings,
the Auger recombination process is negligible.

The resulting total recombination lifetime for both electrons and holes are shown in
figure 2.13. The recombination lifetime decreases at higher doping. It is interesting to
note that at doping higher than 10" cm ™3, the carrier lifetime for both InGaP and GaAs
are similar.

In the EQE model, the doping for each layer, namely the emitter and base for each of
the three subcells, are defined initially. Then the recombination lifetimes are calculated
using the previously defined equations. Those recombination lifetimes are subsequently
used in the main EQE Equations 2.35, 2.36 and 2.37.

The mobility

The second important semiconductor parameter is the mobility, u. The mobility of
carriers in semiconductor varies depending on the doping level N, similarly to the SRH
lifetime. The doping dependence follows the Sotoodeh model [52],

Hmaz — Hmin

N A
1+ (v5)

where fimin, fmaz, Nrep and A are material dependant parameters. Each of these compo-

M= Hmin + (2'41>

nents have different values depending on the minority carrier types, being either electrons
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Figure 2.12: The different electron lifetimes over doping concentration in GaAs, calcu-

lated using Equations 2.38, 2.39 and 2.40 and the parameters in Table 2.4.
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Figure 2.13: The total lifetimes of electrons (e) and holes (h) for the three standard semi-
conductors in MJSC, namely InGaP, GaAs and Ge obtained by the reciprocal addition
of each of the individual lifetimes in Equation 2.21.
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Material Doping Minority Mmag Lhmin Nyey A
type carriers  (cm?/Vs) (ecm?/Vs)  (ecm™3)
InGaP D e 4300 400 2.0-10% 0.70
n h 150 15 1.5-10'7 0.80
GaAs D e 9400 500 6.0-10' 0.39
n h 491.5 20 1.5-10' 0.38
Ge D e 3895 641 6.1-10% 1.04
n h 2505 175 9.3-10° 0.9

Table 2.5: Parameters used in the calculation of the InGaP, GaAs and Ge minority

carrier mobilities. The values were obtained from [52] and from [53].

(e) or holes (h). Here, it is important to note that A is not the wavelength, but a num-
ber on the order of 1 that controls the steepness of the curve. Following this equation,
the mobility will change between its minimum and maximum value depending on the
doping levels. The parameters used to obtain the total mobility for minority carriers in
the EQE model are obtained from the literature, and shown in Table 2.5. The resulting

total mobilities for both electrons and holes are shown in Figure 2.14.

The complex refractive index

The light propagation inside the semiconductor is dictated by the complex refractive
index, n. It is given by
n=mn—ik, (2.42)

where n is the refractive index of the material and k is the extinction coefficient. The
refractive index indicates the phase speed of light inside the material while k indicates
the amount of loss when light passes through the material. Both of them are unitless.
This complex refractive index is used in the plane wave expression of light propagation
through matter,

E = Eye2riln=ik)z/\tit (2.43)

where F is the propagating electric field, Ey is the field amplitude, w is the light frequency
and A is the wavelength.
The absorption coefficient used in the Equations 2.35, 2.36 and 2.37 can be obtained
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Figure 2.14: The InGaP, GaAs and Ge carrier mobilities over doping concentration

obtained by the Sotoodeh model in Equation 2.41 and the semiconductor parameters in

Table 2.5.

from the extinction coefficient, by
_ Ark

T
The three absorption coefficient, InGaP, GaAs and Ge, used in the model are shown
in Figure 2.15. Their different absorption edges, at 685, 890 and 1800 nm respectively,
corresponds to their bandgap. Because of these different absorption coefficients, they

(2.44)

(07

each absorb a different part of the solar spectrum.

Reflectivity calculation

The calculation of the reflectivity will be studied in depth in chapter 3 but the technique
is introduced here. The reflectivity of the solar cell is highly dependent on the various
refractive indexes of the materials. A good approximation of the reflectivity can be
obtained by taking into account only the first few layers. For example, if a 100 nm
layer of SiO, material deposited on top of a non-absorbing InGaP semi-infinite wafer is
considered, the reflectivity is given by
2

(no — n2)2 + (M — n1> tan® &,

ni

R= (2.45)

2 )
(ng + n2)2 + <"$L—TIL2 - n1> tan? §;
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Figure 2.15: The absorption coefficient of InGaP, GaAs and Ge, taken from [54], [55]
and [56].

where ng, ny and ns are the refractive index of air, SiOy and InGaP respectively, §; =
2T’Tdnl is the optical path of the light inside the SiO, layer and d is the thickness of the
layer. The refractive index of SiOy and InGaP are obtained from references [57] and
[54] respectively. The reflectivity calculated from this formula is shown in Figure 2.16,
labeled as the ‘Simplified calculation’ curve.

However, in the complex structure of a MJSC, each layers will have an effect on the
reflectivity. The simple Equation 2.45 will not be adequate to obtain the full reflectivity.
For this purpose, a transfer matrix method (TMM) is developed. Using the method
developed by Harbecke [58], the reflection and transmission at each interface is taken

into account. The total reflectivity is given by
R=|r]" + Ry, (2.46)

where r is the complex reflectance from all of the layers in the structure and R, is the

reflection of light from the back of the substrate. The complex reflectance is given by

Mz,
r= 20 92.47
My (247)
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Figure 2.16: Reflectivity of the simplified solar cell structure, comparing the transfer

matrix method to the analytical reflectivity formula.

where,

M = ﬁ 1 7:01;1 + ﬁ/z ﬁifl - TNLZ eiai 0 ﬁm + 'ﬁsub 7~7/m - 77Lsub
| 2 \ P — Ry Ty T 0 e P, — Tsub T + Tosup |
(2.48)

where 7; is the complex refractive index of the i* layer, 75, is the complex refractive

index of the substrate. ¢; is the optical path traveled by light inside each layer, given by
d = 2mn;d; /X and d; is the thickness of the it" layer. The multiplication is done from the
first layer (i = 1) to the last layer before the substrate (¢ = m). The first matrix takes into
account the reflection and transmission at each interface between materials of different
index of refraction. The second matrix takes into account the interference between
incoming and reflected light beams. The last matrix is the reflection and transmission
from the last layer and the substrate. The reflection from the back of the wafer is not
considered into the interference patterns. The main reason is that the period of the
oscillations created by the reflection of the wafer is smaller than the resolution of the
apparatus. For a 500 wm thick germanium wafer of refractive index of n ~ 4.1, oscillation
of a period of 0.8 nm at 1800 nm light is expected. As mentioned in Section 2.3.1, the
instrument resolution is 3.3 nm. Hence, these oscillations are smeared out, and only

the reflection from the back of the wafer, without the interference effect, is taken into
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account.
The reflection from the substrate, Ry, is taken into account by using the incoherent

reflection method introduced by Harbecke [58]. It is given by

ﬁsub — Nair
sub — =T . 2.49
Foub Nsub + Nair ( )
which then comes into
—2a5ubdsub
Rsub = |tabtbarsub‘2 ¢ (250)

1 — ‘rsubrba| e_2asubdsub’

where N, sy and dg,, are the complex index of refraction, the absorption coefficient
and the thickness of the substrate respectively. The transitivity and reflectivity quanti-
ties, tap, tpe and 1y, are the complex matrix coefficient of the TMM matrix M, defined

as

1 M1y - Mgy — My o - M,
ab = ) tha = L e 4l e , and Tba = —
My My

t 03 (2.51)
To calculate the total reflectivity of the structure, the complex refractive indexes, n;, and
the thickness d; of all of the i layers are needed.

Using the transfer matrix method, it is then possible to calculate the reflectivity of
a full MJSC structure. Using the TMM method, the reflectivity of a simplified MJSC
structure of 100 nm of SiOy, 1 um of InGaP, 2 um of GaAs and 500 um of Ge is calculated
and shown in Figure 2.16. The differences between the TMM method and the simplified
reflectivity are highlighted in the differences between the curves in the UV-blue (300-
400 nm) and the red-IR (700-1800 nm) regions. In the UV-blue region, the difference
between the two curves arises because the TMM method takes into account the extinction
coefficient k. The InGaP absorption in this region is high enough to have a significant
effect on the reflectivity. In the red-IR region, the two reflectivities follow the same
trend. However, the reflectivity calculated by the TMM method shows strong oscillation
over wavelength. These oscillations are due to the creation of optical cavities in the
structure, namely the InGaP and the GaAs layers. The transmission and reflection of
the light inside those cavities creates constructive and destructive interferences, leading
to those oscillations. It is clear that to accurately calculate the reflectivity pattern in a
full structure, the TMM method is necessary.

The refractive indexes and the extinction coefficients of all the material used in this
thesis are shown in Figure 2.17. The extinction coefficients of InGaP, GaAs and Ge

correspond to the absorption coefficients shown in Figure 2.15. These complex refractive
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Figure 2.17: The refractive index and extinction coefficient of the materials in solar cell
EQE simultation. (Ge [56], GaAs [55], InGaP [54], AlGaAs [61], AllnP [60], SiO [57]
and SigN4 [59])

indexes come from multiple sources in the literature. The dielectric materials, namely
Si09 and SizNy are from [57] and [59]. The extinction coefficient of these dielectric
material are not visible in Figure 2.17, since they are equal to zero in this wavelength
range. The semiconductor materials shown in the figure are AllnP [60], AlGaAs [61],
InGaP [54], GaAs [55], and Ge [56]. In this thesis, the material and thicknesses profile
will be listed for all simulations and these complex refractive indexes will be used to

calculate the reflectivity of the structure.

The intrinsic parameters

The two remaining parameters used in the EQE equations that haven’t been discussed
yet are the permittivity €, and the intrinsic carrier density n;. Those 2 quantities are
used only in the calculation of the built-in bias, Vj;, in Equation 2.28. The permittivity
is related to the refractive index, given by €, = n?, when no absorption in the material
is considered. The values of the permittivity of the three material is given in Table 2.6.

The intrinsic carrier density, n;, is the quantity of free carriers present in an undoped
semiconductor material. They are related to the available carriers in the semiconductor

without any external excitation. These are shown in Table 2.6.
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Material Intrinsic carrier density Permittivity

n; (cm™?) €s
InGaP 1.2-10° 11.8
GaAs 2-10° 12.9
Ge 2.5-101 16

Table 2.6: Intrinsic carrier density and the semiconductor permitivities used in the EQE
simulation. The permittivity is obtained from [62]. The InGaP, GaAs and Ge intrinsic
carrier density are obtained from [63], [64] and [65] respectively.

a)

Figure 2.18: a) Single junction GaAs (sample SJ-ref) design used in the EQE simulation.

b) Picture of single junction GaAs cell epitaxially grown at the Université de Sherbrooke.

2.4.4 The single junction GaAs cell

All the semiconductor parameters that are needed to simulate the EQE of a single junc-
tion EQE have now been defined. A standard single junction GaAs (sample SJ-ref) will
first be studied. The simulated EQE is compared to an experimentally measured EQE
of a n-i-p structure grown at Université de Sherbrooke. Figure 2.18 shows the design
and a picture of the studied solar cell. No anti-reflection coating has been deposited on
the solar cell. An AlGaAs front surface field (fsf) is grown to reduce the front surface
recombination velocity.

The calculated and measured EQE are shown in Figure 2.19. Values of 10° cm/s for

the front and back surface recombination velocities (SRV) were used. Typical values for



External quantum efficiency 52

an unpassivated GaAs layer are 10° to 107 cm/s [66]. The n++ GaAs cap layer and
the AlGaAs fsf layers were considered in the reflectivity calculation, but were assumed
to contribute no current in the EQE. This means that the EQE was calculated using
Equations 2.35, 2.36 and 2.37, multiplied by the transmitted light intensity given in the
TMM method, ¢4, in Equation 2.51. The finger shading was measured to be 7.4 % [67].
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Figure 2.19: The simulated and measured single junction GaAs EQE, sample Sj-ref from
the Université de Sherbrooke.

The similarity between the two EQEs is very strong, with most of the main features
reproduced between the two. The difference between the two curves is calculated using

the mean squared error (MSE), given by

Niot

1 2
MSE = meas — Yeale| > 2.52
N 2 ly Yeale| (2.52)

where Ny, is the total number of points in the measurement, ¥,cqos and Yeqe are the
measured and calculated values. Using those initial values for the calculation of the
single junction EQE, we obtain a MSE of 3.25.

The longer wavelength edges of each EQE, around 880 nm, are both present. The
slow rising of the EQE, starting at 450 nm, is similar for both EQE, and is due to the
non-used absorption in the cap and fsf. The shoulder in both EQEs, placed at ~ 600 nm,

is due to interference effects in the reflectivity. The said shoulder is placed at different
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position for the two curves, and is due to a non-negligible uncertainty in the thicknesses
of the cap and fsf layers.

As mentioned before, there are multiple variables that we can control to simulate the
EQE of this single junction solar cell. Changing these quantities will help obtain a better
fit and lower the MSE. The first quantity that we will study is the SRV of the front and
the back of the solar cell. Figure 2.20a shows the evolution of the single junction GaAs
EQE when the front SRV is varied between 10® and 10 cm/s. The subset of the figure
shows the evolution of the J,. over SRV for an AM1.5G illumination using Equation 2.6.
It demonstrates the continuous decrease of the EQE for increasing front SRV, although
at higher values, 107 cm/s and more, the EQE stabilizes. It demonstrates as well that
the change of EQE for SRV lower than 10* cm/s is negligible.

Comparatively, the second part of Figure 2.20a shows the evolution of the single
junction GaAs EQE when the back SRV is varied between 102 and 107 cm/s. Similar to
the front SRV, the EQE decreases for higher SRV values. It stabilizes for values of 107
cm/s and more or 10* cm /s and less. Interestingly, the effect of the back SRV on the J.
is much less pronounced. This demonstrates the importance of having a good growth of
the front surface field, while the back surface field is less important.

Since the structure and the doping of the solar cell is given, it is not possible to vary
them in our equations. However, the available values of the SRV create a calculated
EQE that does not fit to the measured EQE to a satisfactory value. In the structure,
the highest uncertainty lies in the thickness of the cap layer. It can vary by more than
10 % depending on the structure. Figure 2.20b demonstrates the effect of the variation
of the thickness of the cap layer on the single junction cell EQE. This layer has multiple
effects on the EQE. It absorbs a non-negligible amount of light, especially in the smaller
wavelength region. Furthermore, since it is the first layer on the top of the structure, it
has a strong effect on the reflectivity. Normally, the cap layer is etched away apart from
under the contacts to remove its parasitic absorption.

Having this additional quantity to vary, it is possible to fit the EQE of the measured
cell. To fit the EQE and obtain the optimal parameters, the MSE is minimized. Calcu-
lating a three dimensional matrix of EQEs, the minimal value of the MSE is found. The
MSE of the initial guess was 3.25, using a front SRV of 10° cm/s, a back SRV of 10° cm/s
and a cap layer thickness of 200 nm. It was brought down to a minimum of 2.0 using a
front SRV of 3 - 10* cm/s, a back SRV of 2 - 10% cm/s and a cap layer thickness of 220
nm. Figure 2.20c shows the optimized calculated EQE along with the measured EQE.

Those values will now be considered standard for the single junction GaAs structure.
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EQE was calculated using the structure in Figure 2.18.
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Figure 2.20: Variation of the available parameters in the EQE calculation to optimize
the fit with the measured EQE of the SJ-ref GaAs solar cell.
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Figure 2.21: Variation of the layer properties in a single junction GaAs solar cell EQE.
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um for the emitter thickness c¢) 10' to 10 ecm™ for the base doping and d) 0.5 to 15

um for the base thickness. The arrows show increasing doping or increasing thickness.
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Now that an EQE that matches the experimental results has been obtained, the
available variable parameters are studied to optimize the current production of the solar
cell. The four parameters that are accessible are the thicknesses and doping of the emitter
and the base. Even though the addition of an anti-reflection coating and the removal of
the cap layer are two other key points to improve the solar cell performance, it shall be
studied further in the Chapter 3 of this thesis. Figure 2.21 demonstrates the variation
of the EQE for various values of the thickness and doping of the solar cell layers.

Figure 2.21a shows the variation of the EQE for emitter doping increasing from
10'7 to 10%° ecm~3. It is important to note that for doping of 10 ¢cm™ and higher,
Fermi-Dirac statistic becomes important and the Boltzmann approximation used in the
EQE Equations 2.35, 2.36 and 2.37 is not accurate anymore [68]. However, these values
are kept nonetheless to demonstrate the trend in the EQE changes. For doping values
between 107 to 10'® cm ™2, the EQE does not change significantly. As soon as doping of
10" cm ™3 and higher are reached, the EQE decrease significantly throughout the whole
wavelength range. This is because the recombination lifetime in the emitter becomes
fast enough to significantly increase the recombination rate of the carriers. It is also due
to smaller mobilities of carriers in the heavily doped region of the emitter. This means
that the diffusion length itself is too short for carriers to reach the depletion region. This
can be seen in Figure 2.12, where the GaAs lifetimes are dropping to lower values in
the higher doping region as well in Figure 2.14, where the GaAs electron mobilites are
lower at higher doping values. Hence, to get the highest EQE, one would want to use the
lowest emitter doping possible, to ensure long recombination lifetime and high values of
mobilities.

Figure 2.21b shows the variation of the EQE for emitter thicknesses increasing from
0.1 to 1 pm. The emitter had a fixed doping of 10'® cm™3. The trend in the EQE is
similar to the one in figure 2.21a, where the doping was varied. The EQE decreases for
increasing emitter thickness. This is due to the small recombination lifetime (4.1 ns)
and mobility (174 ¢m?/Vs) of electrons in the highly doped emitter. The longer the
emitter is, the longer the carriers have to diffuse before being separated at the space-
charge region. Hence, the carriers have a higher chance of recombining before reaching
the region where most of the electric field is present. For design purpose, the emitter has
to be the smallest possible. In this case, the used thickness of 0.2 um can be considered
optimal since it is similar to the highest EQE of this graph.

Similarly to Figure 2.21a, Figure 2.21c shows the variation of the EQE for base doping

increasing from 10'% to 10' cm™3. Again, as the doping increases, the EQE is reduced,
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due to the lowering recombination lifetime and carrier mobility. The drop in EQE is
located especially in the longer wavelength region, because the 400 to 700 nm region is

3 is one

dominated by the emitter characteristics. Again, the doping value of 10'7 cm™
of the highest EQE possible, showing that the experimental design uses near-optimal
values.

Similarly to Figure 2.21b, Figure 2.21d shows the variation of the EQE for base
thicknesses increasing from 0.5 to 5 pm. Contrarily to the emitter graph, the EQE now
increases for increasing thickness of the base. This is because the light is incompletely
absorbed by the GaAs cell structure. Since it is assumed that all the light absorbed
in the substrate is not contributing to the photocurrent, the 0.5 um base thick design
absorbs only 70 % of 850 nm light. Hence, to get a good EQE, one must ensure that the
base is thick enough to absorb the incoming light. The used base thickness, of 3.2 um,
is of the highest EQE possible, showing that the experimental design uses near-optimal
values.

One can conclude from this study that to obtain the highest EQE possible, the front
and back SRV‘s needs to be lowered. This is commonly done either by growing a doped
layer of higher bandgap in the front and in the back. For simpler designs, especially in
single junction solar cell, a layer of highly doped material is grown instead. The other

parameters that were tested are the layer doping and thicknesses.

2.4.5 The multijunction external quantum efficiency

Using the model to calculate the EQE, it is now possible to extend it to the calculation of
a MJSC’s EQE. The necessary parameters includes the lifetimes, mobilities and optical
constants for the three main semiconductors in the structure that have been defined in
Section 2.4.3.

Because the solar cells are grown on top of each other, each of the semiconductor layers
will affect the light propagation through the cell. The reflectivity will be calculated using
the TMM method, with all the layers taken into account. It is important to note that
in the TMM method, the wavelength dependence of the refractive index is taken into
account. This is featured in Figure 2.22, where the refractive index is shown as a function
of wavelength and as a function of depth inside the MJSC. The various semiconductor
and thicknesses of each layers used in the EQE calculation are shown in Table 2.7. The
structure is a standard MJSC design, used extensively in the SUNLAB for numerical
simulation [40]. The important variation of the refractive index, highlighted by the
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Figure 2.22: Refractive index of the material as a function of wavelength and position
inside the solar cell. The top subcell starts at 0.14 wm, the middle at 1.9 um and the

bottom at 6.3 wm. The materials and their thicknesses are taken from Table 2.7.

differences in the short wavelength region compared to the long wavelength region, is
essential in the accuracy of the model.

The absorption inside each layer before the active subcells has to be calculated.
Similarly to the previous section, the light absorbed before the electrically active regions
(emitter and base) will not contribute to the subcell in question. The light hitting each
subcell will be reduced by the absorption from the cells above it. This is highlighted in
Figure 2.23, where the extinction coefficient as a function of wavelength and as a function
of depth inside the MJSC is shown. For example, to calculate the middle subcell’s EQE;,
the incoming light will be reduced by the absorption from the top subcell and the top
tunnel junction. Hence, in the calculation, the EQE of the middle and bottom subcell
is multiplied by the transmitted portion of the upper layers. In the TMM method, it is
given by t,, in Equation 2.51. Each layer is taken into account using this method.

The calculated triple junction solar cell EQE is shown in Figure 2.24. The various
semiconductor and thicknesses of each layers used in the EQE calculation are shown in

Table 2.7. The dopings used in the calculation of the lifetimes and mobilities are shown
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tion inside the solar cell. The top subcell starts at 0.14 pum, the middle at 1.9 um and
the bottom at 6.3 um. The materials and their thicknesses are taken from Table 2.7.

100

Top Mid Bot

80 |-

60 |-

40 |-

Calculated MJSC
Measured MJSC

20

External quantum efficiency (%)

0 l '} '} I '} l '} I 1 I 1 I 1
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure 2.24: Calculated multijunction solar cell external quantum efficiency compared

to an experimentally measured multijunction lattice matched solar cell (MJSC-S).
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for each subcell. The front and back SRV’s of the top, middle and bottom subcell are
10% and 10 cm/s, 5 - 10° and 10° ¢cm/s, 107 and 10° cm/s respectively. These values
have been chosen to minimize the error between the two curves. An additional 5 % of
shading coming from the contact shading has been added. The experimentally measured
EQE of sample MJSC-S, a standard lattice matched MJSC, is shown in Figure 2.24 as
the lighter curves. The fit between the calculated and experimental curves is surprisingly
accurate, especially since the complete structure of the experimental sample is unknown,
as this information is under protection of intellectual property. The MSE between the
two curves, of 3.2, is very low for a measurement of the full EQE.

This model is a first step to completely understand the EQE of a lattice matched
MJSC. It clearly demonstrates the distribution of the EQE throughout the three subcells.
It demonstrates as well the importance of the quality of the electrically active region of

each subcell, the emitter and the base, since these directly contribute to the calculated
EQE.

2.5 Conclusion

Now that a model has been developed to explain the EQE of a MJSC, it is possible
to extend this study to the more complex behavior of the EQE. The oscillations in the
bottom subcell’s EQE, as can be seen in Figure 2.24, are explained by the reflectivity
calculated with the TMM method. The behavior of the top subcell’s responsivity in the
blue-UV region (300-400 nm) is described as well by the reflectivity. These topics shall
be studied further in the next chapter.

In this calculated EQE, two important features are not yet present; the bottom
subcell artifact and the QD absorption peak. Comparing the simulation in Figure 2.24
and the measured QQD-enhanced EQE in Figure 1.7, these differences become apparent.
The bottom subcell artifact should be seen as a non-zero value in the bottom subcell’s
EQE in the middle subcell wavelength range (600-900 nm), while the QD absorption peak
should be seen as an EQE peak below the middle subcell band-edge, in the 920 nm region.
The developed model is not yet complete enough to incorporate those quantities. This is
why in Figure 2.24, the calculated EQE was compared to a standard MJSC, with no QD
and with the bottom subcell artifact removed using a correction factor. Experimental
measurements and a further development of the model will be demonstrated for both
features in Chapters 4 and 5. But before that, as much information as possible from the

simple reflectivity measurement shall be gathered.



External quantum efficiency

Subcell Layer ~ Material Thickness (nm) Doping (cm™)
ARC - Si0. 79 -
- SizNy 59 -
Top fsf AllnP 10 -
emitter InGaP 100 3-10'8
base InGaP 1500 5- 107
bsf InGaP 30 -
Tunnel diode buffer  AlGaAs 50 -
p++ AlGaAs 20 -
n—+-+ AlGaAs 20 -
buffer  AlGaAs 50 -
Middle fsf InGaP 20 -
emitter GaAs 100 5-10'8
base GaAs 4000 5-10%7
bsf InGaP 100 -
Tunnel diode buffer  GaAs 50 -
p++ AlGaAs 50 -
n++ GaAs 50 -
buffer  GaAs 50 -
Bottom buffer  GaAs 200 -
fsf InGaP 20 -
emitter Ge 100 10%
base Ge 170 um 2107

quantum efficiency, modified from [40].
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Table 2.7: Standard multijunction solar cell design used in the calculation of the external



Chapter 3

Reflectivity

3.1 Motivation

The reflectivity is a common measurement done in conjunction with the EQE. One of
the most important contributions of this measurement is to demonstrate the importance
of the addition of anti-reflection coatings (ARCs) on solar cells. Furthermore, by sub-
stracting the reflectivity values from the EQE, the internal quantum efficiency (IQE) is
obtained. This quantity gives the conversion from photons to collected carrier efficiency
for photons that are actually absorbed in the solar cell. The IQE gives direct insight into
the quality of the semiconductor layers, as well as the quality of the junctions. Doing
this kind of analysis directly from the EQE can sometimes be cumbersome, especially in
the UV region where the reflection at the surface typically hides important features such
as the front surface field recombination rate. This is why the reflectivity is measured: to
allow a more in-depth analysis of the EQE.

In this chapter, the analysis of the reflectivity of the solar cell is explored. First the
effect of each component in the multi-junction solar cell on the reflectivity is studied. This
is done using the transfer matrix method introduced in the previous chapter. Important
features can be extracted from the reflectivity, and further help the design of these solar
cells. In the second part of this chapter, a method derived from the thin film technology
to obtain the thicknesses in the solar cell is proposed. The method is first studied using
the calculated TMM reflectivity, and then applied to various experimentally measured

reflectivities of solar cells.
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Figure 3.1: Measured reflectivity of sample MJSC-S over wavelength.

3.2 Multijunction solar cell reflectivity

3.2.1 Experimental measurement

As shown in Section 2.3, the experimental measurement of the reflectivity of a solar cell
is done using the IQE200. Figure 3.1 shows a measurement of the reflectivity of a MJSC
from 300 to 1800 nm, at 5 nm steps. This reflectivity is measured on sample MJSC-S.
The goal of this current section is to demonstrate that the model developed in Section
2.4 is capable of reproducing the important features seen in the reflectivity. With the
model in hand, the effect of each component of the solar cell on the reflectivity can now
be explained.

3.2.2 Calculated reflectivities

The calculation of the reflectivity is done using the TMM method. This method was
introduced extensively in Section 2.4.3. The importance of using the complete TMM
method, along with the complex refractive index of each material has been highlighted in
Figure 2.16. Using the standard MJSC structure introduced in Table 2.7, the calculated
reflectivity is shown in Figure 3.2. The curve is divided in 3 colors, each corresponding to
its subcell of interest. Since this reflectivity curve corresponds to the standard structure,
it should qualitatively correspond to the experimentally measured curve in Figure 3.1.
All further MJSC reflectivities are going to be compared to this standard structure.
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Figure 3.2: Calculated reflectivity of the MJSC structure over wavelength. The colors,

blue, green and red, are placed to correspond to the subcell of interest.

Impact of the antireflection coating

The reflectivity of the solar cell is dependent on each layer. The first few layers of
material will, however, have a major impact on the overall reflectivity of the structure.
By looking at the MJSC’s EQE in Figure 2.24, one might wonder why the EQE values of
each subcell lies considerably higher than the GaAs single junction EQE, shown in Figure
2.20c. This is a result of the addition of an ARC on the MJSC. The GaAs solar cell,
having no coatings on its surface, has a significant reflection of light over the wavelength
range of 400 to 900 nm, where it would absorb sunlight. The reason why this reflection
is so high is because the first layer of material the light encounters is a semiconductor.
The photons have to pass from a medium of refractive index of 1 to one of over 3.4
at a wavelength of 800 nm. This leads to a reflectivity of over 54 % at this particular
wavelength. By adding a lower refractive index material on top of the semiconductor, the
reflection at the surface is significantly decreased. The antireflection coating, by careful
design, lowers the reflection of light over the whole spectrum and increases the absorbed
portion of the light by the solar cell.

Figure 3.3 demonstrates the difference between the reflectivity of the standard MJSC
with and without an ARC. Let’s first have a look at the reflectivity in the top subcell’s
wavelength region (300 to 670 nm). In the standard structure, the light first enters the
cell by going through the ARC, a 79 nm layer of SiOs and a 59 nm layer of Si3Ny, and
then goes through the fsf made of 10 nm of AlGaAs and finally gets absorbed by the
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Figure 3.3: Calculated reflectivity of the MJSC with and without the ARC.

electrically active InGaP. The light that is not absorbed by the InGaP active layers then
continues in the structure, either being reflected or absorbed in the subsequent layers. In
the structure without an ARC, the light enters the cell by going through the fsf made of
10 nm of AlGaAs and then gets absorbed by the electrically active InGaP. The differences
in the reflectivity are notable.

The double layered ARC was designed to decrease reflectivity over the complete
wavelength range. This figure demonstrates that the ARC has a significant importance
in the solar cell reflectivity. The overall shape of the reflectivity is determined by the
ARC. Hence, in the complete range of wavelength, from 300 to 1800 nm, the MJSC’s
reflectivity is dependent on the ARC composition. For this reason, it is of upmost
importance to optimize the ARC of a solar cell.

Figure 3.4 demonstrates the effect of changing the material of the fsf on the reflectivity
of the MJSC. The material of the fsf was changed from AlInP to Ge. Even though this
change is not feasible for growth, it was done in the calculation to demonstrate the effect
of the fsf on the reflectivity. This modification of the structure significantly changes the
refractive index of the material that the light encounters when it enters the structure.
Changing this 10 nm layer has an effect on the wavelength range of 600 to 1800 nm. The
reflectivity increases by a few percent over the full range. However, it has an important
effect on the top subcell’s behavior. The curvature and amplitude have changed. Those
changes in the reflectivity can be explained by the significant difference of their refractive

indexes, as can be seen in Figure 2.17. Hence, the reflectivity of the full structure will be
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Figure 3.4: Calculated reflectivity of the MJSC with a top subcell fsf made of AlInP or
Ge.

dependent not only on the ARC design, but on the composition of the first semiconductor

layer as well.

Impact of optical cavities inside the solar cell

As discussed in Section 2.4.3 and shown in Figure 2.16, the complex structure of a MJSC
is capable of creating optical cavities. These cavities create significant interference effects
that can be seen in the solar cell’s reflectivity. Figure 3.5 shows the refractive index at
1200 nm throughout the standard MJSC. The refractive index changes from 3.7 in the
top subcell to 3.9 in the middle subcell and to 5.7 in the bottom subcell. The smaller
changes near the interfaces of each subcell come from either the fsf, the back surface
field (bsf) or the tunnel junctions. At each interface, the light is either reflected or
transmitted. The larger the difference in refractive index, the larger the quantity that
will be reflected. This way, each subcell can act as an optical cavity, creating either
destructive or constructive interferences at different wavelengths.

A good way of viewing the problem is by going back and having a look at the re-
flectivity of a two layer system. A 100 nm layer of SiOy material deposited on top of a

non-absorbing InGaP semi-infinite wafer was considered in Chapter 2. Equation 2.45,
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Figure 3.5: Refractive index of the material as a function of depth inside the MJSC, at
1200 nm. The colors, blue, green and red, are placed to correspond to the subcell of

interest.

written as
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approximated the reflectivity of the layered structure. Assuming that the refractive
indices are wavelength independant, the reflectivity will vary over the optical path, § =
27”dn1. In this scenario, the reflectivity will be maximal at 6 = mn and minimal at
0 = 5 + mm, where m is an integer. The maximum and minimum reflectivity are given
by

2
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Riaz = (3.1)
The amplitude of the oscillations will be dependant on the proportion between the re-
fractive indexes of the layers creating the optical cavity.

Assuming that the index of refraction is constant, the difference between two maxima

(m and m + 1) are going to be approximately given by

2 2
o —dp=mr—(m+ 1)1 = mnd Wnd. (3.2)
A Ao
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This simplifies to
1 1 1

i Ny (3.3)
For large wavelength and small difference between A\; and Ay, the approximate formula
for the period of the oscillations is given by

)2

AN = 3.4
57 (3.4)

where n is the index of refraction of the studied material at wavelength A. This period
will be inversely proportional to the index of refraction of the optical cavity and to its
thickness. For a thicker cavity, the oscillation will have a smaller period, and vice-versa
for the thinner cavity. It is important to note that these equations are derived only as
a proof of concept. They are an approximations to the more complete calculations of
the TMM method. Because the index of refraction varies over wavelength, the period of
the oscillation shall then change over wavelength as well. The period of the oscillations
calculated here is used only as a means to approximate an expected result.

Figure 3.6 demonstrates the implication of varying the first optical cavity, the top
subcell, on the reflectivity of the MJSC. In the standard structure, the top subcell has
a total thickness of 1.63 um of InGaP, while the second structure has a total thickness
of InGaP that was changed to 0.63 um. The top subcell’s region of the reflectivity, from
300 to 600 nm, remains unchanged. Afterwards, the oscillations present in the middle
subcell’s region, from 600 to 900 nm, are affected. The period of the variation increases
in the cell that has a smaller InGaP thickness. According to Equation 3.4, using the
refractive index of InGaP at 700 nm, n = 3.33, the oscillations of the reflectivity at 700
nm should have a period of approximately A\ = 45 nm for the standard cell. Similarly,
in the second structure the reflectivity should have a period of approximatively A = 117
nm. These changes are quantitatively seen in the figure. The distance between the two
maxima around 700 nm for the standard MJSC is 31 nm and is 105 nm for the 0.63 um
top subcell.

The period of the oscillations in the bottom subcell’s region, from 900 to 1800 nm,
changes as well. In this structure, as seen in Table 2.7, the InGaP’s thickness is 1.63 pm
while the GaAs thickness is 4.1 um. Since the GaAs thickness is larger, one would then
expect the oscillations present in the bottom subcell to be due to interference created
inside the middle subcell. If this is true, the frequency of the oscillations present in the
bottom subcell’s region should not change when the top subcell’s thickness is altered.
The refractive index of InGaP at 1400 nm is 3.06 while it is 3.39 for GaAs. Using the
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Figure 3.6: Calculated reflectivity of the MJSC with a different top subcell thickness.
The standard MJSC structure has a total InGaP thickness of 1.63 um, while the modified
structure has a total InGaP thickness of 0.63 um.

approximated method to calculate the oscillations period in the reflectivity, a period of
AX = 71 nm at 1400 nm for the oscillations created by the 4.1 pum middle subcell is
obtained. From Figure 3.6, this does not correspond to the oscillations observed. The
approximate period of the oscillations at 1400 nm is 44 nm for the standard MJSC and
51 nm for the 0.63 wm top subcell. If the oscillations can be created by the optical cavity
created by both the InGaP and the GaAs layers together, a period of A\ = 52 nm and
AN = 62 nm at 1400 nm are obtained for the two aforementionned MJSC designs. This
corresponds more accurately to the observed trend in the figure.

The oscillations present in the bottom subcell are of multiple origins. The higher
frequency oscillations are created by the large optical cavity composed by the top and
middle subcell. The envelope is then a multiplication of the oscillations created by
the middle subcell alone and the top subcell alone and other possible structures in the
cell such as front or back surface fields. As demonstrated earlier in Figure 2.16, the
base variation is governed mainly by the ARC. This means that the bottom subcell’s

reflectivity is an amalgam of the multiple effects of the upper layers in the system.
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3.3 Thickness calculation

As seen in the previous section, the thickness of each layer has an significant role in
the behavior of the reflectivity over wavelength. For example, Figure 3.6 demonstrated
that a change in the thickness of one cell has important effects on the reflectivity of the
structure. If predicting the change in reflectivity created by a change in thickness is
possible, then analysing the data the other way around should be possible. Using the
reflectivity and its oscillations over wavelength should give us interesting insight into the
thickness of each layer. In this section, a methodology to extract the various thicknesses
in the solar cell structure by using solely the reflectivity measurement will be developed.
It will be done non-destructively in the same run as an EQE measurement and will be
used to obtain the thicknesses of various layers inside the structure. In the laboratory,

the method is referred as ‘the etalon effect measurement’.

3.3.1 Thickness measurement in the literature

Measuring precisely the thickness of semiconductor layers can be done using multiple
methods. First, during the growth in a molecular beam epitaxy (MBE) reactor, the
thickness is commonly measured using the reflection high energy electron diffraction
(RHEED) technique. This technique uses grazing angle X-ray radiation to measure the
growth of the semiconductors layer-by-layer. However, even though this technique can
be very precise, it has to be done during growth [69].

Another common method used to measure the thickness of semiconductors is trans-
mission electron microscopy (TEM). If the instrument is calibrated precisely, the resulting
image can yield the thicknesses in the structure. However, this technique is not a feasible
measurement to do on MJSC. It is destructive and the sample preparation is complex.
Hence, even though TEM measurements can be a very powerful tool to obtain the thick-
ness values in the structure, it is not possible to do it on multiple samples that will be
installed in the field.

Optical techniques are often more easily applied. One prominent example is the
ellipsometer. It uses polarized light reflected at various angles on the surface of a material.
In the said technique, a thin film of the material is usually deposited, and the index of
refraction and the extinction coefficient are measured [70]. It is furthermore possible to
extract the thickness of the thin film [71]. However, ellipsometry is limited to the surface
of a material. It either measures only the top material or only a thin film deposited on

top of a substrate.
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Another technique, that will be similar to the one introduced in the current the-
sis, is the use of infrared spectroscopy to infer the thicknesses of semiconductor layers.
Pioneered in 1989, it used infrared radiation (from 5 to 20 wm) reflectivity at oblique
incidence on Si oxide layers [72]. They fitted a calculated reflectivity on the measured
one, putting emphasis on the oscillations present in the spectra.

Then, improving on the technique in 1993, the thicknesses of a 4 layer system was
calculated by using the reflectivity measured at normal incidence in the near-infrared
region (800 to 1100 nm) [73]. They used a simplified version of the TMM framework,
and then fitted the experimental reflectivity by varying the thicknesses of each semicon-
ductor layer in the model. This shows that the model created in the current thesis could
be capable of obtaining the thicknesses in the simple case of a 4 layer semiconductor.
However, because the MJSC used in this thesis possesses more than 10 layers, each of
unknown thicknesses, this technique will not be suitable. There would be too many
fitting variables.

Building on this methodology, it is possible to use a Fourier transform to obtain
the thickness of the layers. In an American 1998 patent [74], the Filmetrics company
describes the use of reflectivity and Fourier transforms to infer the thickness of SiOs films
deposited on an Si substrate. They first measure the normal angle reflectivity from 300
to 900 nm. Then, they manipulate the data, transforming it using the known refractive
index of the SiOy material, giving Z = §. Finally, by applying a numerical Fourier
transform on the Z data array, they are capable of deducing the thickness of the wanted
film. This technique has multiple applications, especially in the lithography industry.

Even though this technique has been applied solely to thin films on Si in the patent,
it is possible to extend it. The mathematical framework to use it shall be developed.
Then, it will be applied to measurements of a simple solar cell structure, and afterward

extended to the complex MJSC structure.

3.3.2 Etalon effect measurement

The etalon effect measurement uses the reflectivity measurement obtained from an EQE
run, applies a Fourier transform in the oscillating region and obtains the thicknesses of
various layers in the structure.

The reflectivity of a structure can be calculated by the TMM method, as seen in

Section 2.4.3. An important part to notice is that the said reflectivity is dependent on
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the optical path that the light travels inside each layer, namely

2mnd
0= N (3.5)

This optical path parameter enters in the equations governing the TMM method as

an oscillating exponential. As the frequency of the light (or {) is continuously varied,
the reflectivity will oscillate between maxima and minima. This was highlighted in the
previous section.

Taking the simplified equation for the reflectivity, given in Equation 2.45, and ex-

panding it using trigonometric functions, it gives

o (no — n2)? (cos(26;) + 1) + (”2—?2 - n1>2 (1 — cos(261))

; . (3.6)
(o + 12)? (cos(201) + 1) + (222 + my ) (1 = cos(201))

The reflectivity will be periodic as a function of 26;, and will not reach infinities when
cos(20;) = 0 or cos(20;) = 1. It is possible to obtain the frequency at which it is
oscillating by using a Fourier transform. Furthermore, in the 26; term, the thickness
d of the layer creating the oscillation is present. Hence, in the Fourier transform, the
integration shall not be done over the wavelength A. Instead, the ordinate coordinate in
the reflectivity is transformed from A to 23, which now corresponds to the time axis in
a normal Fourier transform. Then, by integrating over 2%, the frequency at which the
reflectivity is oscillating, d, is obtained. Figure 3.7a shows a reflectivity curve calculated
using the TMM method, where a simple 2 um GaAs layer on top of a Ge wafer was

assumed. Figure 3.7b demonstrates the transformation of the ordinate from A to Z = 2%.

Fast Fourier transform

A Fourier transform is commonly used to change a signal that varies over time into all
its frequency components. For example, it can obtain all of the sound frequencies of a
voice. It can however be used for most types of data that vary over a certain variable x.

For a certain continuous function f(x), the Fourier transform is defined as

F(k) = / f(x)e > dy, (3.7)
and with the inverse transformation being

fz) = / h F(k)e*™™* df, (3.8)

—00
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Figure 3.7: a) Reflectivity of a simple 2 wum GaAs layer on top of a Ge wafer. b) The
reflectivity, in the new Z = Q”GT‘“‘S coordinate, is periodic and will be used in a Fourier

transform to obtain the thickness of the semiconductor layer.

where k is the frequency and F'(k) is the function in frequency space. The amplitude of
F (k) over frequency k corresponds to the frequencies present in the original f(x) signal.
For example, let’s create a signal that varies over Z, given by f(Z) = Ry+R; cos(2ndZ).

The Fourier transform of this function gives
F(k)= Ry (0(k—d)+d(k+d))+ Roo(k). (3.9)

The function F'(k) will give a peak centered around the thickness d. The curve will be
mirrored in the negative region of k. The constant part of the reflectivity, Ry, will give
a peak at a frequency of k£ = 0. Hence, using a Fourier transform in Z on the reflectivity
data shall give us a figure in frequency space with peaks corresponding to the thickness
contributing to the oscillations.

If, instead of having a continuous function, a discrete set of /N points in x each spaced

by Az is given, the discrete Fourier transform is

F(EAv) =) f(nAz)e 2mhn/N, (3.10)

=z

3
Il
=)

The continuous variables have been replaced, x by nAx and k by kAvr. The spacing in

frequency space is now given by
1

T NAz

Ay (3.11)
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The Fourier transform will give a sequence of the same length of complex numbers in
frequency space. In this thesis, the Fourier transform shall always be taken as the absolute
value |F(k)|. Note that the symmetry present in the continuous Fourier transform of
a real function, given as F'(k) = F(—k), is different in the discrete case. It will now
be given by F(nAv) = F((N — n)Av). This translate to the absolute of the Fourier
transform |F (k)| being symmetric around the folding frequency k; = &2% [75].

Even though this formula is adequate to calculate the discrete Fourier transform, it
is not used anymore. The fast Fourier transform (FF'T), pioneered by Cooley and Tukey
in 1965, removes most of the redundancy in the discrete Fourier transform by using a
complex method to reorganize the coefficients so that the computing time is optimal.
It yields the same values of the discrete Fourier transform, but much more efficiently
[75]. One important features of this algorithm is that the number of points, N, needs
to be a power of two. If the FFT algorithm is directly applied to raw data, it will often
yield results that are difficult to analyse. Important artifacts may arise while using this
algorithm.

First, leakage is created because only a finite quantity of data is measured. The
Fourier transform is not applied to an infinite number or points, but to a truncated part
of an oscillating function. Hence, for the reflectivity seen in Figure 3.7, the FFT will be
applied to data ranging from A=900 to 1800 nm (Z = 3.7 to 8 - 10 m™') only. This is
equivalent to multiplying a rectangular function to an infinitely oscillating function. A

property of a Fourier transform, the convolution theorem, is given by
/ f(@) - g(z)e ™ *dy = F(k) @ G(k). (3.12)

It states that the Fourier transform of a product of two functions, f(z) and g(z), is
given by the convolution between each individual’s function Fourier transform, F'(k) and
G(k). Hence, in the case of a pure cosine multiplied by a rectangular function, the Fourier
transform is the convolution of a Dirac function § and a sinc function. The rectangular
function of width 7' is shown in Figure 3.8a while the resulting sinc function is shown
in Figure 3.8b. Because a truncated portion of the reflectivity is taken, the calculated
peaks are widened.

Furthermore, each central peak creates several side peaks, which are lobes. The
amplitude of those lobes is non-negligible, being up to 22 % of the amplitude of the main
peak. If two frequencies are close to each other, their lobes will distort each other’s peaks
and skew the data. To diminish the amplitudes of these lobes, an additional function

to the data shall be applied. One function that is commonly used and shall be used in
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Figure 3.8: Effect of the used window on the lineshape of the FFT. a) The window of
width 7" applied to the initial signal and b) the FFT of the respective signals. Applying
the FF'T on a rectangular window gives a sinc function, with noticeable lobes. Applying
the FFT on a Hanning window gives a peak with a larger FWHM, but negligible lobes.

the current thesis is the Hanning window. Its shape is seen in Figure 3.8, as well as its
corresponding Fourier transform. Its corresponding lobes are of a much lower amplitude,
with a maximum of 2 %. The truncation of the lobes comes at a cost : the resolution.
If the width of the square window is given by T, the FWHM of the sinc function is
0.884/T, while the FWHM of the Hanning window is 1.44/T. For the proposed ‘etalon
effect” method, the Hanning window will be applied in all cases. For measurements
involving oscillations between 900 and 1800 nm, the resolution for the Hanning window
is 0.4 pm.

The second effect is aliasing. It happens when, at a certain sampling rate, a higher
frequency will have the same points as a lower frequency. As mentioned before, the
FFT of a discrete set of data is symmetrical. The Fourier spectrum is mirrored at the
folding frequency, named the Nyquist frequency, k; = NTA”. This means, for example,
that a frequency component that is 5 Hz higher than the Nyquist frequency will give
the same data points than a frequency component that is 5 Hz lower. Hence, in a
FFT spectrum, if there is some measured frequencies that are higher than the folding
frequency, the values will then be folded into the lower frequency range. This folding
gives an inaccurate representation of the Fourier transform. For a FFT spectrum to be
accurate, the sampling rate of the data needs to be high enough so that the Nyquist

frequency is higher than the highest frequency measured. For example, if reflectivities
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Figure 3.9: Fast Fourier transform of the reflectivity of a 2 um GaAs layer on top of a
Ge substrate, shown in Figure 3.7. The used reflectivity was from 900 to 1800 nm, a

Hanning window was applied and 1800 zeroes were used outside the window.

with stepsize of 5 nm and using the GaAs index of refraction are given, the Nyquist
‘thickness’ is 46 um. For the same reflectivity but with the InGaP index of refraction,
this gives a Nyquist ’thickness’ of 51 wm. These values will be the highest thickness
values that the current method will be capable of obtaining.

The last effect is named the picket-fence. It happens when the frequency resolution
is not high enough, and the spectral peaks are placed between two frequency points. As
mentioned before in Equation 3.11, the frequency sampling rate is inversely dependant
on the total number of points /N. If not enough points are used, the frequency steps in
the FFT graph would be too high. For example, using the previous example of the 2
um GaAs layer, the total number of data points that can be used is 180. This gives a
step in the ‘thickness’ frequency space of 0.5 wm. This would make the peak at 2 pm
unresolved. This effect is, however, easily avoidable. The solution is to add a significant
number of zeroes before and after the reflectivity in the data table. This allows the
FFT algorithm to calculate more points between each frequency sample. This solves the
picket-fence problem and allows peaks to be resolved that would otherwise not be seen.
It furthermore does not change the spectrum, since those zeroes have no other effect on
the FFT. In our case, the number of added zeroes is 10 times the original number of data
points. By solving this effect, the resolution of the method is then solely limited by the

Hanning window.
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The FFT of the reflectivity shown in Figure 3.7 between 900 and 1800 nm is presented
in Figure 3.9. The ordinate change Z = 27¢4« was applied, a Hanning window shape was
applied to the data, and 1800 zeroes were added to the data array. The peak centered at
2 um clearly shows that the FF'T allows us to retrace the thickness of the semiconductor
that created the oscillation in the reflectivity.

In the next section, this technique will be applied to measured reflectivities. It will
be shown that the power of this technique is important to verify various semiconductor

thicknesses. It shall give us important insights in the structure of MJSCs.

3.3.3 GaAs solar cell’s reflectivity

Now that the groundwork to be capable of understanding the reflectivity of a solar cell
has been set, it is now possible to apply the etalon effect technique to experimental
measurements. The method will first be applied on the single junction GaAs solar cell
used beforehand, then extended to MJSCs.

The single junction GaAs solar cell studied here (sample SJ-ref) was introduced in
Section 2.4.4. Its structure has been shown in Figure 2.18, and its EQE in Figure 2.19.
The measured reflectivity of the solar cell is shown in Figure 3.10a. The solar cell is made
out of GaAs layers and a single AlGaAs layer. If the cell was made out purely of GaAs
layers, the reflectivity would be governed mostly by the air-GaAs interface. However, the
single AlGaAs layer, which acts as a front surface field, creates two optical cavities that
should be of interest. The first optical cavity, made out of a 200 nm GaAs is the cap
layer. The second optical cavity, made out of the AlGaAs layer, is 40 nm thick. As made
evident in the EQE simulation study, the cap layer thickness of 200 nm is uncertain. A
thickness of 220 nm was found to be a best fit for the EQE simulation.

The FFT of the reflectivity is shown in Figure 3.10b. It was taken using the reflectivity
from 500 to 1800 nm using a Hanning window and with additional zeroes amounting to
10 times the number of data points in the data array. As made evident from the FFT
spectrum, the measured reflectivity reflects a thickness of 220 nm and not 200 nm. A
simulated reflectivity as well as its associated etalon effect FF'T transformation is shown
in grey. This simulated component was obtained using the TMM method, with a 220
nm cap layer and the rest of the single junction solar cell structure. The oscillations in
the measured reflectivity and the simulated reflectivity correspond well to each other.
However, the amplitude of the oscillations are slightly different. This can be corrected

by either changing the amplitude of the index of refraction of the AlGaAs layer or the
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Figure 3.10: a) Measured (black) and calculated (grey) reflectivity of the single junction
GaAs solar cell (sample SJ-ref). b) The corresponding FFT of the reflectivities, taken
from 500 to 1800 nm using a Hanning window and with additional zeroes amounting to

10 times the number of data points in the data array.

GaAs cap layer. An amplitude change in the index of refraction is expected when one
uses high doping for the cap layer [76].

Another optical cavity is present in this solar cell, the 40 nm thick AlGaAs layer.
Using the Equation 3.4 to approximate the period of oscillation and a value of n = 3.1 at
900 nm, oscillations on the order of AX = 3300 nm are expected in the reflectivity. This
is well beyond the experimental limit of the method. As calculated earlier, the resolution
due to the FHWM of the FFT peak is 0.4 um when the wavelength range of 900 to 1800
nm is used. This resolution improves to 0.1 um when the wavelength range is increased
to 500 to 1800 nm, which is the case for this single junction solar cell. This resolution
allowed the detection of the peak associated to the 220 nm cap layer while not allowing
the detection of the peak associated to the AlGaAs layer.

3.3.4 Multijunction solar cell’s reflectivity

The MJSC is a far more complex structure than the single junction solar cell. Neverthe-
less, as seen in Figure 3.5, optical cavities are created by the top and middle subcell. In
this section, the etalon effect method will be applied on the simulated reflectivity. Then,
after building the methodology to infer the thicknesses of each layers, it will be applied

to experimentally measured reflectivity.
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Figure 3.11: FFT of the calculated reflectivity of the standard MJSC in Figure 3.2. a)
The FFT applied in the middle subcell’s wavelength region, from 670 to 900 nm and using
the InGaP’s index of refraction. b) The FFT applied in the bottom subcell’s wavelength

region, from 900 to 1800 nm and using the GaAs index of refraction.

Simulated standard reflectivity

The standard structure yields the reflectivity seen in Figure 3.2. Let’s first apply the
FFT to the mid region, from 670 to 900 nm. Using this part of the reflectivity, the top
subcell’s optical cavity thickness is obtained. The ordinate coordinate transformation
will be done using the InGaP’s index of refraction, Z = 2*=gel - The resulting FFT
spectrum, using a Hanning window and with 10 times more zeroes added to the original
data array, is show in Figure 3.11a.

Two main peaks can be seen. The first peak, which has its maximum point at 0 pm
but is 0.6 pm large is due to the ARC coating. The coating implemented in the structure,
made out of 79 nm of SiOy and 59 nm of Si3Ny, creates long wavelength oscillations in
the reflectivity. The FFT picks those oscillation in the reflectivity, and this is reflected in
this low thickness peak. Even though the combined thickness of the coating layers is 138
nm, the fact that the FFT used the index of refraction of InGaP skews the value of their
thickness. As mentionned in the previous section, the FFT method has a resolution of
0.1 wm when using the wavelength range of 500 to 1800 nm, which would not be enough
to resolve the ARC peak adequately. The results for the ARC are then inaccurate, but
still visible in the peak.

The peak labelled 1 in Figure 3.11a comes from the oscillations created by the top

subcell. Its maximum is placed at 1.8 um. It is created by the combination of the
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Figure 3.12: Position of the measured optical cavities inside the solar cell. The refractive

index is taken at 1200 nm, similarly to Figure 3.5.

complete top subcell (10 nm AllnP and 1630 nm InGaP), the tunnel diode (140 nm
AlGaAs) and the middle subcell fsf (20 nm InGaP) for a total of 1800 nm of material.
Nevertheless, the value of the peak is a good approximate to obtain the total thickness
of the layer.

The FFT is then applied to the reflectivity in the bottom subcell region, from 900
to 1800 nm. The bottom subcell’s thickness will be obtained, using the results obtained
from the FFT applied in Figure 3.11a. The FFT spectrum is shown in Figure 3.11b,
with the ordinate transformation done using Z = 2#¢4=. The peak associated to the top
subcell, labeled as number 1 at 1.5 um, is seen in a thickness slightly lower than the one
obtained earlier. This is because the index of refraction used is different for both FFT.

Four other peaks are of interest in the current structure. The first two peaks, labeled
as number 2 and 3, are positioned at 4.2 um and 4.7 um respectively. The first peak
corresponds to the optical cavitiy created by the top tunnel junction and the GaAs
middle subcell (140 nm of AlGaAs, 4000 nm and 100 nm of GaAs). This gives a total of
4240 nm of semiconductor material. The second peak correspond to the optical cavity
created by the top tunnel junction, the middle subcell and its bsf (140 nm AlGaAs, 4100
nm GaAs and 100 nm InGaP), the bottom subcell tunnel diode (150 nm GaAs and 50
nm AlGaAs) and the buffer layer of the bottom subcell (200 nm), for a total of 4740 nm
of semiconductor material.

The last two peaks, labeled as 4 and 5, are positioned at 5.7 um and 6.2 pm re-
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spectively. These each correspond to similar cavities than the peaks number 2 and 3,
but with the top subcell as well. The peak number 4 correspond to the full top subcell
(1.5 pm in this transformation of index of refraction) and the GaAs emitter and base
(4100 nm) for a total of 5.6 wm worth of effective material. Similarly, the peak number
5 corresponds to all semiconductor material up to the Ge semiconductor, containing the
full top subcell (1.5 um) and the full middle subcell with the GaAs buffer (4.6 um) for a
total of 6.1 wm worth of effective material. Each optical cavity are shown in Figure 3.12.
This demonstrates that the thicknesses obtained from the FFT technique corresponds to

a good degree of precision to the thicknesses inside the solar cell.

Measured reflectivity

Now that the etalon effect measurement technique has been expanded to the case of a
MJSC, it shall be applied to experimentally measured samples. The used samples for the
application of this technique are the MJSC-S and the MJSC-920. MJSC-S is a standard
InGaP/GaAs/Ge solar cell while MJSC-920 is a quantum dot-enhanced MJSC.

The reflectivity of sample MJSC-S is shown in Figure 3.13a, along with the corre-
sponding FFT of the middle and bottom subcells. The FFT in Figure 3.13b was taken
from 670 to 900 nm using the InGaP index of refraction, nr,q.p. The peak maximum is
placed at 1.5 wm, meaning it has a similar thickness of the top subcell compared to the
standard design.

The FFT in Figure 3.13c was taken from 900 to 1800 nm, using the GaAs index
of refraction, ngq.as. The peak values are shown in the legend of the figure. The peak
number 1, corresponding to oscillations from the top subcell, is placed at 1.4 um in this
index of refraction transformation. The combination of the peaks shows the possible
optical cavities created. The addition of peaks 1 and 2 and 3 is equivalent to peaks 4 and
5. This means an optical cavity creates peak 1, from the InGaP top subcell, and another
optical cavity creates peaks 2 and 3. The peaks 4 and 5 represent the overall optical
cavities created by both top and middle subcells. The reconstruction of the structure,
along with the according peak labels, is shown in the fourth part of Figure 3.13.

Using this structure, consisting of 1.56 wm InGaP for the top subcell, 3.3 um GaAs
for the middle subcell, another 50 nm InGaP for the bsf of the middle subcell, 0.6 um
GaAs for the bsf of the middle subcell, the tunnel junction and the fsf of the bottom
subcell and 500 um Ge for the bottom subcell, the reflectivity of the analysed structure
can be calculated. The standard ARC (79 nm SiOs and 59 nm SizN,) was added as well.
The resulting reflectivity is shown in the first part of Figure 3.13. Its corresponding
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Figure 3.13: a) Experimentally measured and calculated reflectivity of sample MJSC-S.
b) FEFT of the reflectivity from 670 to 900 nm, using nr,g.p, to infer the top subcell’s
thickness. c¢) FFT of the reflectivity from 900 to 1800 nm, using ng,as, to obtain the rest
of the thicknesses inside the structure. The FFT of the simulated structure is shown in
grey. d) Refractive index at 1200 nm of the structure obtained from the analysis of each

peak in the FFT spectrum, which is then used to simulate the reflectivity.
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FFT transformation is shown as the light grey curve. The resulting structure and its
reflectivity yield satisfying results. Even though the finer structure of the solar cell is not
resolved, the fact that the oscillations in the reflectivity are reproduced demonstrates
that the thicknesses obtained are correct. The errors therefore originate from the fact
that some layers of different materials, for example in the tunnel junctions, are present
in the real structure while they are omitted in the model. Furthermore, the n and k data
are assumed to be independent of doping in the model while they are expected to vary
in the semiconductor structure.

The reflectivity of sample MJSC-920 is shown in Figure 3.14, along with the cor-
responding FFT of the middle and bottom subcell. Similarly to sample MJSC-S, the
FFT in Figure 3.14 was taken from 670 to 900 nm using the InGaP index of refraction,
Ningap- The peak maximum is placed at 1.2 pum, meaning the thickness of the top subcell
is smaller than in the standard design.

The FFT in Figure 3.14c was taken from 900 to 1800 nm, using the GaAs index of
refraction, ngeas. Peak number 1, corresponding to oscillations from the top subcell, is
situated at 1.0 wm using this index of refraction transformation. The peak values are
shown in the legend of the figure. The combination of the peaks shows the possible optical
cavities created within the MJSC. The addition of 2 and 3 gives peak 5. The addition of
the two peaks labeled 2 also gives the peak number 4. Taking these combinations into
account, it is possible to reconstruct the structure. It is shown, along with the according
peak labels, in the Figure 3.14d.

Using this structure, composed of 1.1 um InGaP for the top subcell, 3.1 um GaAs
for the middle subcell, another 50 nm InGaP for the bsf of the middle subcell, 2.55
um of GaAs forming the tunnel junction and the fsf of the bottom subcell and 500 pm
Ge for the bottom subcell, the reflectivity of the analysed structure is calculated. This
is shown in Figure 3.14a as the light grey reflectivity curve labeled as ‘Calculated’ as
well as the light grey curve in the FFT Figure 3.14c. Similarly to the sample MJSC-S,
some noticeable differences are visible. The oscillations present in the bottom subcell’s
reflectivity are similar in both curves. However, the amplitude of these oscillation are
different, and the position of some major peaks are different in the simulation. Many of
these subtle changes in the oscillations can be controlled by changes in the structure of the
fsf and bsf of each subcell. However, since there are so many variables, multiple solutions
are possible. This demonstrates that the method is relevant to estimate the thicknesses
of each subcell, but is not capable of resolving the finer detail in the semiconductor

structure.
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Figure 3.14: a) Experimentally measured and simulated reflectivity of sample MJSC-920.
b) FFT of the reflectivity from 670 to 900 nm, using ny,gep, to infer the top subcell’s
thickness. ¢) FFT of the reflectivity from 900 to 1800 nm, using ng.as, to obtain the
rest of the thickness inside the structure. The FF'T of the simulated structure is shown
in grey. d) Refractive index at 1200 nm of the structure obtained from the analysis of

each peak in the FFT spectrum, which is then used to simulate the reflectivity.
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3.4 Review of results

This chapter provided an in-depth study on the reflectivity of MJSCs. The importance
of the addition of an ARC on the overall reflectivity was demonstrated. The effects of
the optical cavities inside the solar cell were highlighted in the oscillations created in the
reflectivity.

Furthermore, the methods shown in this chapter demonstrate the wealth of informa-
tion that the reflectivity of a solar cell contains. Not only it is important in maximizing
the current output, it can also be used to study the internal structure of the solar cell.
The reflectivity measurement in a solar cell can be used to estimate the thicknesses of the
semiconductor layers. This was done using the Fast Fourier transform of the reflectivity
under a new ordinate, Z = 2%. In this case, the frequency peaks corresponds to the

thickness of the layers creating the oscillation in the reflectivity.



Chapter 4

Spectroscopy of quantum dots in

solar cells

Quantum dot-enhanced solar cells have been shown to be a viable alternative to the
widely adopted lattice matched MJSC design, InGaP /InGaAs/Ge, where InAs QDs are
added to the intrinsic region of the middle subcell [77]. The QDs act to increase the ab-
sorption range of the middle subcell, and therefore increase the overall current generated
by the device with optimized top subcell bandgap. It does so by capturing light that
would normally be absorbed within the current overproducing Ge subcell.

In this chapter, the addition of QDs in a solar cell and its effects on the EQE will
be explored. The characteristics of the nanostructures will be reviewed. Then, the
semiconductor nanostructures will be simulated using a finite element solver, COMSOL
Multiphysics [78]. This simulation shall then be transformed into an absorption coeffi-
cient that will be used in the calculation of an EQE. The experimental characterisation
of QDs shall then be studied through photoluminescence and electroluminescence and be
compared with the respective simulation. Finally, the goal of the chapter is to compare

the simulated QD-enhanced EQE to experimentally measured solar cells.

4.1 Quantum dots in solar cells

The addition of QDs in solar cells is an active area of research in photovoltaics. The
InAs/GaAs QDs have been mainly discussed in the literature from the point of view of
the intermediate band model [79]. This process relies on the probability that the carriers
are excited into the QD states by a photon of sufficient energy, and then the subsequent

86
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absorption of another photon to finally excite the electron from the confined intermediate
state to the conduction band. The efficiency of this two photon absorption process is
predicted to go up to 63 % in a single junction solar cell [10]. Another possible scenario,
which is of interest to the current thesis is the absorption of a photon to excite a carrier
into the confined QD state, followed by the thermal escape into the conduction band via
phonon scattering. The effect of the thermal escape and the depth of the confinement
has been studied in a published paper [80].

In GaAs solar cells, most devices demonstrate a lowered V,. when nanostructures
are added. This reduction of the V. is typically significant such that it counteracts the
added current from the extended absorption of the QDs. Work has shown improved
performance with optimization of the growth thickness of the quantum layers in [81] and
[82]. By changing the amount of InAs material grown for the QD, the author of the
study changed the sizes of the dot, modifying their absorption properties. The larger
QDs absorbed further in the infrared and had an increased photocurrent under 1 sun.
However, their effect on the V,. was significant, leading to a lower efficiency. The cell
with the smallest QD had a negligible V. drop and a small photocurrent improvement.

The possibility of bandgap engineering MJSCs using QDs has been studied as well
in the literature. The Rochester Institute of Technology (RIT) group has proposed a
design containing up to 200 layers of QD in the middle subcell to increase the efficiency
[83]. They furthermore demonstrated that the QDs improve the radiation tolerance
of these cells in space [84]. Dr. Fafard and Cyrium Technologies have pioneered the
commercialization of the QD-enhanced MJSC [77].

The behavior of QDs in MJSC under concentrated light is beneficial. The effects
of concentration on the MJSC have been extensively studied for the lattice matched
system [85]. The concentration of light increases the efficiency up until the series re-
sistance becomes non-negligible. However, the efficiency variation is different between
the QD-enhanced and a standard MJSC. This is explained by a shift in the dominant
recombination mechanism in the solar cell. Under operating conditions, at 1000 suns,
the QD enhanced cell is expected to have an efficiency of 0.1 to 1.2 % higher than the
control case [86]. This dominant recombination shift can be seen as a change in the F'F

and the V. over concentration [87].
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4.1.1 Quantum dot growth

At 300 K, InAs has a lattice parameter that is 6.7 % larger than GaAs. When InAs
is grown epitaxially on top of the GaAs crystal, its atoms are under strain. After a
few planar layers of InAs, the strain energy is high enough to cease the planar growth.
Islands spontanously form on top of a wetting layer to relieve the stress. This is the
Stranski-Krastanov growth process [88]. The onset for the spontaneous island-formation
in InAs/GaAs structures is 1.6 monolayers [89]. This phenomenon can be compared to
water drops forming on a flat surface. An important difference, however, is that the
water droplets do not form a wetting layer.

The growth of a large number of quantum dot layers is limited. Because of the very
nature of the Stranski-Krastanov growth process, the QD material has to have a different
lattice parameter than GaAs. As the number of QD layers increases, the accumulated
strain increases. At a certain threshold, the strain is high enough in the structure to
create dislocations. These dislocations propagate through the rest of the growth of the
structure, as can be seen in [90]. Being a center for non-radiative recombination, they
deteriorate the electrical properties of the solar cell. A possible solution is to introduce
layers of semiconductor material of larger lattice constant to balance the strain on the
semiconductor structure [91]. For example, the introduction of GaP layers between the
InAs QD layers and the GaAs spacer improved the performance of a QD enhanced GaAs
solar cell [92].

Another technique used to manipulate the strain is the indium flush technique [33].
This technique was first developed to engineer the size and shape of the QDs while
keeping a good crystal quality. The steps involve the normal growth of InAs QDs. After
depositing 5 nm of GaAs over a QD layer, the substrate’s temperature was raised from
510 to 610 °C for 70 s. Then, the temperature was brought back down to 510 °C and
the growth was continued. This eliminated all the possible In atoms left in the topmost
semiconductor layers, creating a flatter quantum dot. The technique led to a more
homogeneous composition of dots [93]. A TEM image of an example of indum flushed
QD layers is shown in Figure 4.1.

An important consequence of this indium flush technique is the relief of strain energy.
It allows a good relaxation of the strain in the structure [94]. By using the anneal, the
QDs evolve to their equilibrium shape and remove a significant portion of strain. For
example, by using the indium flush technique, it was possible to grow up to 50 layers of
QDs without dislocations [95].
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Figure 4.1: Transmission electron microscopy of indium flushed QDs. The InAs layers
are shown in lighter gray, with the wetting layer crossing the image from bottom left to
top right and a QD in the center of the image. Image courtesy of Jihéne Zribi from the
Université de Sherbrooke.

The importance of a thermal anneal has been shown as well in [96]. In this tech-
nique, instead of annealing after a small GaAs cap layer is grown like the indium flush
technique, the full structure is grown and a post-growth thermal anneal is performed.
In the cited experiment, 30 layers of QD were grown and compared to a structure that
was not annealed. The structure without thermal anneal showed significant dislocations
in the structure. Its electrical characteristics were significantly lower than its annealed
counterpart. This demonstrates that it is possible to grow a large number of QD layers
in a GaAs solar cell, with high quality crystalline structure, as long as the thermal anneal
or the indium flush technique is completed. The thermal anneal has been furthermore
shown to cause intermixing of Ga inside the InAs semiconductor [97].

For these reasons, it is possible to grow a large number of QD layers while precisely
controlling their sizes and energy levels. By using the indium flush and a thermal an-
neal, it is possible to remove the constraint of using strain compensating layers. It is
furthermore possible to have a fine control over the ground state energy of the QDs.

The InAs/GaAs quantum sizes and densities vary widely in the literature. Earlier

work on these nanostructures measured QDs of 24 nm diameter and 3 nm height, amount-
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Figure 4.2: The experimentally measured EQEs of a) single junction QD-enhanced solar
cells along with the reference GaAs cell, b) QD-enhanced MJSC.

ing to a density of 8.8 -10% cm~2 [89]. However, much higher densities can be achieved,

2 in some cases [98]. Good control of QD sizes from 12 to 28 nm

going up to 10'* cm~
diameter has been demonstrated as well [99]. For these reasons, the current simulation
in the thesis assumes that a continuous control over the QD size is possible. The size
and shape of the dots will be mentioned for each simulation.

In this thesis, multiple QD enhanced solar cells shall be studied. The single junction
QD-enhanced GaAs solar cells, shown in Section 4.3, were grown at the Université de
Sherbrooke as part of the Ph.D. thesis of Jihéne Zribi. The single junction GaAs (SJ-ref)
with no QD was simulated in Figure 2.20c. Different QDs were grown inside the intrinsic
region for samples SJ-A and SJ-B [100]. The reference cell is the GaAs solar cell grown
without QDs. Their measured EQEs are shown in Figure 4.2a. Twenty layers of QDs
were grown inside the intrinsic region of the solar cell for samples A and B. An indium
flush was applied to modify the shape of the QDs. These were applied either after the
deposition of 2.5 nm of GaAs (SJ-A) or after deposition of 5 nm of GaAs (SJ-B). This
changes the QD absorption peak while keeping the wetting layer absorption peak the
same. These curve shall be reproduced by simulating the corresponding QDs structures
in Section 4.3.

The QD enhanced MJSCs were grown at Cyrium Technologies and graciously given
by Dr. Simon Fafard. Their measured EQEs are shown in Figure 4.2b. They have a
noticeably higher EQE value due to a good ARC coating on the surface of the cell. Fur-

thermore, the top subcell (not shown in the figure) absorbs significantly at wavelength
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under 700 nm, explaining the different EQE shape compared to the single junction solar
cell. The quantity of layers as well as the QD growth procedure is unknown in those
structures, as this information is protected by intellectual property. Hence, each of the
structure will be named depending on the approximate ground state energy transition
(MJSC-920 and MJSC-970). These structures shall be studied extensively through spec-
troscopy and their EQE will be reproduced in Section 4.4.

4.2 Simulation of quantum dots

The absorption coefficient of the quantum dots is a complex quantity to obtain. It is
dependent on the energy levels present in the QDs and well as the wavefunction overlap
between the electrons and holes. This section shall introduce the methodology used to
simulate the QDs in this thesis.

4.2.1 Conduction and valence band offsets

The simulation of the energy levels in InAs/GaAs QD structures is an elaborate problem.
The first seminal paper on the numerical simulation of QDs, published by Grundmann
Stier and Bimberg in 1995 [32], demonstrated the importance of strain in the calculation
of the energy levels. They calculated the strain induced potential using elastic stress-
strain theory. Afterwards, they obtained the energy levels in the system by treating
electrons and heavy holes as single particles moving in the potential. They did this
calculation using the Schrodinger’s equation under the effective mass approximation,
and assuming anisotropic masses for the holes.

A more complex 8-band k - p Hamiltonian can be used to calculate the energy levels
without the effective mass approximation. Pryor pioneered such research in 1998 [101].
In this framework, the effective mass can be obtained from the dispersion relation by
1 0’E

— = gz The cited author used continuum elasticity to calculate the strain in

the structure, which modifies the conduction and valence bands. The heavy-hole band is

using

deeper than the light-hole and split-orbit bands, creating bound states only for the heavy-
hole component. He demonstrated that the strain anisotropy is large enough so that the
assumption of a heavy hole effective mass is inadequate. However, he demonstrated
that the resulting energy levels and electron-hole wavefunctions are similar to the ones
calculated using the simpler model of Grundmann.

A basic model was proposed by Califano in 1999 to determine the electronic structures
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Figure 4.3: Band alignment in the InAs quantum dot in a GaAs matrix. The conduction
band offset (CBO) and valence band offset (VBO) determines the depth of the potential

barrier for the electrons and hole.

in the QDs [102] . It was composed of a single-band, constant-confining potential model
applied to a pyramidal QD shape. They used carrier confining potential, that shall now
be referred as band offsets, to approximate the effect of the different bandgaps and the
strain. They then assumed constant effective masses for electrons and holes in each of the
materials in the system. The 1-band Schrodinger’s equation was subsequently solved for
the system and for each of the carrier type, electron and hole. They demonstrated that
this simplified model recreated adequately the results of the more complex simulations.

This simplified 1-band model shall be used in the current thesis. For a lens-shaped
quantum dot, the values for the conduction band offset (CBO), the strained InAs bandgap
(Ey.mas) and the valence band offset (VBO) are (0.58,0.82,0.36) eV [103, 104]. These
CBO and VBO are similar to the ones calculated in [101]. The band offsets are assumed
to be temperature independent [105], while the strained bandgap is assumed to follow
the Varshni relationship [106]. The Varshni parameters for the strained InAs are o = 454
meV /K and 5 = 210 K, giving a strained InAs bandgap at room temperature (300 K) of
0.749 eV. The resulting band alignment of InAs and GaAs is shown in Figure 4.3. The
transitions in the quantum dot shall be given by calculated energy levels in the valence

band and in the conduction band.
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4.2.2 COMSOL simulations

In the proposed method, the 1-band Schrodinger’s equation shall be numerically solved
using COMSOL for the particular shapes of the QD. COMSOL Multiphysics is a finite
element solver for general partial differential equations [78]. The finite element method
is a numerical methodology that uses variational method to minimize an error function
and find an optimal solution. It divides a large domain into a mesh with small elements
(see Figure 4.4b) where simplified equations can be solved. The boundary values over
the full domain need to be specified and the solver finds the appropriate solutions of the
given equation inside the domain. The time independent general equation that COMSOL
solves is

V- (—cVu — @u+7) 4+ au+ 3 - Vu = d)u, (4.1)

where V is the three dimensional gradient, @, 7 and 5 are vectors while ¢, a, d, and A
are scalars that can all be dependent on the spatial coordinates [107].

The Schrodinger’s equation is then manipulated and transformed into an equation
solvable in COMSOL. The method will follow the methodology of [108]. If we have an
electron in a semiconductor, its electronic wavefunction and energy can be calculated

using the 1-band Schrodinger’s equation. It is given by

h? 1
- (V : ( vw)) + Vi = Ev, (4.2)
2 my

where £ is the reduced Planck’s constant, m; is the effective mass of the electron in the
semiconductor, v is the electron wavefunction, V' is the applied potential on the electron
and E is the energy of the electron. A similar calculation is done for the holes using
their effective mass mj and corresponding potential. In this 1-band approximation, the
complete wavefunction of the electron is given by the multiplication of the calculated
wavefunction ¢ and the Bloch wavefunction. The applied potential, V', can either come
from an electric field applied to the semiconductor or can come from band changes due to
the semiconductor heterostructure. In this equation, the wavefunction 1 and potential
V' are both dependant over position, as well as the effective mass m;.

The shape of the QDs that are simulated are paraboloids, as shown in Figure 4.4a [103,
109]. Because the paraboloid has a rotational symmetry around the axis z, cylindrical

coordinates are appropriate. The wavefunction can then be separated into

¥ =x(z,1)0(9), (4.3)
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Figure 4.4: a) The QD geometry and b) the mesh used in the COMSOL simulation.

29296 points were used for this mesh structure.

where z is the direction perpendicular to the wetting layer, r is the distance in the plane
and ¢ is the azimuthal angle. In cylindrical coordinate, the Schrodinger’s equation is
given by

RPTo (1 0x 10 (r Ox B2y 0%0
2 |0z o2 ) T ror . Y Yol = ExO. 4.4
2 L‘?z (m; az)+r8r (mz 87")}@ 2 mer? 0g2 + VX0 xX© (4.4)

Rearranging this equation, the terms in © are isolated, giving

L [2 (100 L0 (r o] 2w 156
meTX 0z \m} 0z +7“@7’ mg or + h2 v E)_@a¢2‘ (4.5)

Because of the symmetry in ¢ of the problem, and because the left hand side of the

equation is independant of ¢, the solution for © is an oscillatory exponential:

1 0°0

— o id T g2
O=e 0 95 l= (4.6)

where [ is an integer. The equation is now arranged to be similar to the general partial

differential equation,

RETO (1 o 10 ([ r oy e
) [a_ (mga) o (mgﬁ)} - (zm;ﬁ * V) =By (@47)
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Parameter Value Reference
Eo rnas 749 meV  [103, 106]
CBO 580 meV [103]
m;op 0.053 myg [101]
M Gads 0.0665 my [102]
VBO 360 meV [103]
mh op 0.341 my [102]
M}, Gas 0.3774 myg [102]

Table 4.1: Quantum dot band offsets and effective masses used in the COMSOL simula-

tion.

Comparing this equation to Equation 4.1, the coefficients are given by

2 2 72 2
2?,”*7 a=0, ’7:(0’0)7 a ! 6:<_ I

e

0), do=1. (4.8)

CcC =

2mrrz 2mrr’

This is now a two dimensional problem, with the spatial coordinates given by r and z.
The variables that shall be solved are A\ which will give the energy E; and u which will
give the wavefunction ;.

The values that are needed are the effective masses, the QD size and the potential V'
inside the structure. The potential V is defined as zero inside the InAs semiconductor,
and V = CBO in the GaAs semiconductor. The important parameters are given in Table
4.1, as discussed in Section 4.2.1.

The final features that are important to define in the finite element simulation are
the boundary conditions. In the simulation problem, the wavefunction must be zero
for values of z that are far from the QD and the wetting layer. Conditions imposed
on the problem are that x; = 0 at the top and bottom boundary of our problem. For
all other boundaries, the wavefunction y does not necessarily equal to 0. However, the
wavefunction slope, given by --V, needs to be continuous [110].

Let’s have a look at the boSndary conditions available in COMSOL. The conditions

that are available on the domain boundaries are given by
i (cVu+au—7)+qu=g—h"p, (4.9)

hu=r (4.10)
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where 7 is the unit normal vector that is perpendicular to the boundary, ¢, g, h, r are
new constants that can be defined by the user, h’ is the transpose of h, and pu is a
Lagrange multiplier. The other constants were defined in Equation 4.8.

Two boundaries where the wavefunction needs to be forced to 0 are the top and the

bottom. The coefficients in those cases are defined as
gq=0, ¢g=0, h=1, and r=0. (4.11)
It forces the Equations 4.9 and 4.10 to give
n-(cVu) =0, wu=0, (4.12)

which means it forces the wavefunction to be zero and its slope to be zero at this interface.
The other boundaries are the left and the right. They both are non-trivial, and shall
be observed carefully. The boundary on the left, where r = 0, is the axis of symmetry of
the quantum dot. In Equation 4.7, the term %fq—i)@ diverges when r = 0. This means
that the wavefunction yx; needs to be zero when El is not zero.
For the cases when [ = 0, this term does not diverge. However, the solution for the
wavefunction in the azimuthal angle is the same on all angles, giving O(¢) = O(¢ + 7).

This means that for a point that is positioned infinitesimally close to the axis of rotation,

lim (2, €, 6) = lim (2, €, 6 + 7). (4.13)

In the two dimensions the simulation is employing, this means that the value of the
wavefunction must not vary when it approaches the axis of rotation. This shall be
applied by setting the gradient 7 - ﬁxl = 0 and forcing u # 0. This is done by imposing
Vu=0and h=0 (0-u=0).

For the boundary to the right of the domain, the conditions are similar. The wave-
function either approaches 0 for a bound quantum dot state or a non-zero value for a
quantum well state. The solution for a pure quantum well state in cylindrical coordinate
is given by [108]

V= AppZn(2)J (kr)e™?, (4.14)

where Z,,;, is the wavefunction in the z direction, A, is a constant that normalizes the
wavefunction, and J,, (kr) is the Bessel function of the first kind at a certain wavevector k.
The Bessel function can oscillate between values of +1 and —0.4 at a certain r, depending
on the particular wavevector k. Because it is impossible to impose a boundary condition

at a certain r to vary between two values, our solution space will then be limited. By
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Parameter Symbol Value

QD density ) 1.25- 10 cm~2
QD radius r 5.2 nm

QD height L 1.71 nm

QW thickness T 1.11 nm

Table 4.2: Nanostructure parameters and dimensions for the MJSC-920 design.

applying the condition 7 - 6)@ = 0, the solution is placed at a maximum or a minimum
of the Bessel function. This means that this boundary condition will find only solutions
where the wavevector k satisfies the condition of the minimum or maximum of the Bessel
function at the boundary. This solution to the boundary condition problem only works
for domain sizes that are much larger than the QD size. This ensures that the solutions
where Y; is non-zero at the boundary are quantum-well like.

For those two boundaries, the coefficients are
g=0, g=0, h=0, and r=0. (4.15)
These coefficients forces the Equations 4.9 and 4.10 to give
n-(cVu) =0, 0-u=0. (4.16)

The second equation, where 0 = 0, states that the wavefunction given by w can be
non-zero. The first equation states that the slope of the wavefunction is zero.

One last step necessary to complete the simulation is the wavefunction normaliza-
tion. Because the wavefunction u in the calculation is not normalized, it is necessary to

complete it afterwards. It is done by applying

u

- 4.1

where € is the domain of the simulation and |u| is the absolute value of the calculated
wavefunction u. By applying this transformation, the final wavefunction is normalized
and gives |¢| = 1. Tt is done practically by integrating the absolute value of the wave-
function [ |u|*rdrdz over the spatial coordinate using Matlab, and multiplying it by 27
to take into account the ¢ spatial coordinate.

Figure 4.4a shows the structure of the simulated quantum dot. The dimensions for

the simulated nanostructures are given in the Table 4.2. These quantities will be related
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Figure 4.5: a) The electron and b) hole ground state wavefunction for the MJSC-920
simulated design. The principal number is [ = 0 and the wavefunction is at the ground

state n = 0 energy level.

to the experimentally measured sample MJSC-920. Figure 4.4b shows the discrete mesh
created by the software, with 29296 mesh points. The size of the domain was from
z = —20 nm to z = 20 nm and from » = 0 nm to » = 150 nm. It was chosen to obtain
a better view of the extended wetting layer wavefunctions, as seen later in the current
section in Figure 4.8.

Figure 4.5 shows the electron and hole ground state wavefunctions. The wavefunction
was zoomed into z = —10 nm to z = 10 nm and » = 0 nm to r = 20 nm instead of
showing the complete domain size for clarity purpose. For each simulation, only the
ground state (n = 0) was bound for the quantum number [ = 0. The wavefunction
(wvf) amplitude, shown in the legend, ranges from —1.0 - 10'% to 1.9 - 10'? for the hole.
The maximum wavefunction amplitude for the electron is 1.1 - 10'2. The energy of the
carriers are E = 440 meV over the InAs conduction band for the electron and £ = 144
meV under the InAs valence band for the hole. The electron wavefunction is significantly
more extended than the hole wavefunction. The significantly heavier effective mass of
the hole explains this behavior. The wavefunction for both carriers are equal to 0 for
large r and are maximal at the center of the QD.

The electron-hole wavefunction overlap, given by |M| = |[(¢.|1)], is important.

It is calculated similarly to the normalization of the wavefunction, using the integral
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wvf amplitude

Figure 4.6: Quantum dot hole wavefunction for the [ = 1 quantum number in the MJSC-

920 simulated design.

2 f XeXnrdrdz. For the n = 0 case, because the wavefunctions are not equal, the
wavefunction overlap will not be 1. The result of the integration in this case gives
M| = [(¢e|ton)] = 0.86. It is similar to wavefunction overlap calculated using more
rigorous techniques [111].

For this particular QD geometry, no bound state for electrons was found for non-zero
values of [. However, one bound state was found for the holes, at n = 0 an [ = 1. The
corresponding wavefunction is shown in Figure 4.6. This is consistent with a rigourous
simulation of the wavefunction, in [109]. As stated earlier, the wavefunction needs to be
zero at r = 0 for the solution to have physical meaning. The wavefunction is situated
towards the edge of the QD and is equal to 0 at the axis of symmetry. Because the
quantum number is [ = 1 for this wavefunction, the wavefunction overlap with the
electron ground state will be zero. A similar range of wavefunction amplitude label as
Figure 4.5 is used for comparison purpose. The maximum wavefunction amplitude is
1.5 -10'2 in this case.

The solutions where the value of the wavefunction at the right boundary are zero are
assumed to be QD bound states. The solutions where the wavefunction is non-zero at the
boundary are assumed to be quantum well-like states. Figure 4.7 shows the first quantum

well-like wavefunction for an electron and a hole. The wavefunction amplitude ranges
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Figure 4.7: a) Quantum well electron and b) hole wavefunctions in the MJSC-920 sim-
ulated design. The principal number is [ = 0 and the wavefunction is at the lowest QW

energy level.

from —2.5- 10" to 2.5- 10! for the electron and for the hole. The energy of the carriers
are £ = 453 meV over the InAs conduction band for the electron and £ = 191 meV
under the InAs valence band for the hole. The wavefunction overlap in this case gives
M = |(tpe|ton)| = 0.86. If the wavefunction has a Bessel function shape, the corresponding
wavevector is k = 2.6 - 10" m~'. Hence, the wavefunction shall extend indefinitely in the
plane. In the real structure, the ground state quantum well-like wavefunction will have
a wavevector that starts at £k = 0. However, the simulated wavefunction is assumed to
be equivalent to the ground state.

The quantum-well like wavefunction is expected to have a shape similar to the Bessel
function. However, because Figure 4.7 represents the calculated quantum well-like state
of the lowest energy, only one oscillation is seen. Figure 4.8 represents a quantum well-
like wavefunction of higher energy but of the same quantum number, with a wavevector
of k =1.1-10% m~!. The wavefunction oscillates in a Bessel-like shape. It is interesting
to note that a peak of high intensity is seen at the center of the QD at » = 0. Hence,
the calculated wavefunction will extend indefinitely in the plane.

The energy of the possible transitions can then be calculated using the resulting
energy levels in the simulation and the strained InAs energy. For example, the n = 0

state has an energy transition given by the sum of the bound electron energy (440 meV),
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the strained InAs bandgap at 300 K (749 meV) and the bound hole energy (157 meV).
This particular transition has an energy of 1.346 eV (921 nm). In a similar fashion, it is
possible to calculate the energy level of the quantum-well like transitions. In this case,
the transition has an energy of 1.379 eV (899 nm). Using these simulated values, it is

now possible to calculate the absorption of these nanostructures.

4.2.3 Absorption coefficient

In the previous section, the wavefunctions and energy levels of carriers in QDs were
simulated. A procedure to link those quantities to the absorption coefficient is derived
in this section.

The first published absorption coefficient of the InAs/GaAs nanostructures was in

1997 by Cusack [112]. They first used the valence force field methodology to calculate
the strain induced potential surrounding the quantum dots. The shape of the quantum
dots they assumed was a pyramidal shaped structure of 20 nm width and 2.5 nm height.
They then used a four-band Hamiltonian to solve for the wavefunction and energy levels in
the structure. They demonstrated that the resulting absorption coefficient is dependent
on the direction of the light, and that normal incident light is absorbed strongly. They
calculated an absorption coefficient amplitude for their ground state transition of 1.5-10%
cm L.
A more complete calculation was completed in 2008 by Tomié¢ [113]. In this study,
where they focus on the possibility of intraband transitions for the operation of interme-
diate band solar cell, they use a 8-band Hamiltoninan to solve Schrodinger’s equation.
They simulated truncated pyramidal QDs with a 6 nm base and a 3 nm height. Their
calculation leads to an absorption coefficient of the order of 3 - 10* cm™!, with a well
defined transition at 1.3 eV. Tomié¢ published an extension of this work in 2014 [114].
Again, using a 8-band Hamiltonian, they studied the coupling between the wavefunc-
tion of neighbouring QDs. Similarly to the earlier study, they obtained an absorption
coefficient amplitude for the ground state transition of 5 - 103 cm™!.

To the best of our knowledge, the only reported experimentally measured absorption
coefficient of InAs/GaAs QD was published by Vorobjev in 2007 [115]. Their measured
structures were InAs QDs with a 5 nm Ing 15GagggAs layer grown on top, creating larger
QDs. Their ground state transition energy was placed at 1.07 eV at 77K, at a significantly
lower energy than the other reported values. Using an incoming light beam aimed at 45°

of the sample, the photons passed six times through the QD layer before being collected.
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They measure the absorbance of the single layer of QD at 77 K, giving o - L = 3 - 1074,
Using their reported QD height of L = 5.5 nm, this leads to an absorption coefficient of
a=5.5-10* em™! for the ground state transition.

With those values in mind,the methodology to calculate the absorption coefficient
shall now be derived. This part of the thesis was done in conjunction of a simulation study
of quantum dots incorporated in the Sentaurus environment. A very similar derivation
can be found in Alex Walker’s Ph.D. thesis [40]. The resulting absorption coefficient was
used in several papers [80, 116, 117, 118].

The absorption coefficient is defined as the ratio of energy removed from an incident
beam of light per unit time and unit volume. It is given by

R
. Ty

where R, is the transition rate due to absorption of photons, %, Ug is the energy flux,

o = hw

(4.18)

“/,, is the speed of light in the material and Ug being the energy density of the photon
beam.

The transition rate of carriers can be described using quantum mechanics. The
transition of electrons from the valence band initial state |i) to the conduction band final

state |f) of energy Ey is given by the Fermi’s golden rule
27 ,
Risp =~ WD £(E) (L= fr(Ep)) (4.19)
f

where H' is the perturbed Hamiltonian arising from the interaction of the light, f; is
the Fermi-Dirac probability of having an electron present at energy E; and 1 — fr(Ey) is
the probability of having a hole at energy E;. The summation ) s over all final states
f needs to be completed to take into account all possible transitions at the particular
energy Ej.

If expanding the Hamiltonian, completing the integration over final and initial states
and entering the transition rate back into the definition of the absorption coefficient, the

absorption coeflicient is now [119]

a=AY §(Ep(k) — Ei(k) — hw) (4.20)
k

where §(E; — E; — hw) is the Dirac delta function forcing the transition to occur between
two energy states that equals the photon energy, k is the wavevector of the electron, and

the constant A is given by

2
AT pp (4.21)

cnegm3hw |



Spectroscopy of quantum dots in solar cells 104

In this constant, ¢ is the elementary charge, n is the index of refraction of the material,
go is the vacuum permittivity, mg is the electron mass and |P.,| is the dipole matrix

element. The dipole matrix element, given by

|Peo| = [{f1€- Pl7)] (4.22)

where ¢ is the polarization vector and p’is the momentum operator, is a quantity that
is different for each semiconductor material and can be calculated through numerical
methods. In the literature, this matrix element is given by the Kane energy parameter,
Ep = 2‘P"” . The Kane parameter is 22.2 eV for InAs and 25.7 eV for GaAs [120]. A
complete derlvatlon is given in appendix A.

The summation over wavevector k in Equation 4.20 can be transformed into an inte-

gral over energy by using the joint density of states (JDOS),
P / JDOS(Ey)dE;;. (4.23)

The absorption coefficient is then given by the combination of the constant A and the

joint density of state,

a=A-JDOS(hw). (4.24)
For example, the joint density of states for a bulk material is given by
2u(FE — E
JDOSsp(E) = PVH <2h3 o). (4.25)
T

where F; is the bandgap of the semiconductor and p is the reduced effective mass % =

1 1
mk my "
The absorption coefficient comes from multiple components. First of all, the GaAs

layers separating each QD layers contributes to absorption in the structure. These will
have the GaAs absorption coefficient. Then, each QD layer is created by the wetting
layer and the parabolic QDs. The absorption coefficients of the wetting layer will first
be derived, then QDs and then subsequently of the whole structure. Equation 4.24 will
be the main equation governing the absorption coefficient of our structures.

The wetting layer, created by the growth of few monolayers of InAs on top of GaAs,
creates a potential barrier that is a quantum well. It confines the electrons and holes
in the z direction, while no confinements are imposed in the plane. The JDOS of a

quantum well is given by

JDOSqw = L EQZ’HE En), (4.26)
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where H is the Heaviside function, L is the thickness of the quantum well and F,, are
the n possible energy transitions calculated for the quantum well.

For each transition n, there is a corresponding wavefunction overlap integral M =
|{(1e|1hn)| that was calculated in the previous section. The dipole matrix element, |P.,|,
contains both the electron and the hole wavefunctions. In the case that was derived
earlier, the bulk wavefunction was used. However, in the confined case, the wavefunction
of the carriers is defined as the product of the envelope wavefunction v and the Bloch
wavefunction u. The wavefunctions are now given by |W.) = [¢))|u.) and [W) = [1)p,)|u,).

The dipole matrix element is now given by

[Peol® = [{Wel(ucle-Plus) [n) I* = [{eltbn) [*[Cuclé-plun ) [+ [{helé-plon) | (uclua) . (4.27)

Because the Bloch wavefunctions u, and u. are orthogonal, their overlap is equal to zero,

|(uc|u,)| = 0. The dipole matrix element, in our case, is then given by

‘Pcv‘z = ’<we|¢h>‘2’<u0|é 'ﬁluv>|2 = ’MIQ‘Pcv,bulkP’ (4'28>

where |M|? is calculated in the COMSOL simulations.
The wetting layer (WL) absorption coefficient is then given

L p

awr L’/‘[‘hz

> [Mow[*H(hw — En), (4.29)
which gives a stepwise absorption coefficient for each energy level present in the quantum

well. Similarly, for a single quantum dot, the absorption coefficient will be given by

A
agp = - > gl Map*d(hw — E,), (4.30)

where E, are the possible transitions inside the quantum dot, |Mgp|? is the square of the
wavefunction overlap between electron and hole, g, is the degeneracy of the energy level
n and Vg, is the volume of the quantum dot. A similar formula was derived in [114].
In the structure, the absorption coefficient of the ensemble of the quantum dot is
important. The density of the QDs in the plane has to be taken into account. To
generalize the one dot absorption coefficient in Equation 4.30, the absorption coefficient
has to be multiplied by the absorption cross section and by the density [121]. Assuming

that the absorption cross-section of the QD is equal to its surface area Sgp,

aQp =

A
T Sap > gs|Mop|*6(hw — E,), (4.31)
ot
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Figure 4.9: Multiplication of the electron and hole wavefunction in the MJSC-920 simu-
lated design. The integration of this quantity gives the optical matrix element |M 2.

where the surface area of a paraboloid dot is Sgp = 7r? and the density of the quantum
dots is denoted p. Figure 4.9 shows the multiplication of the electron and hole wave-
function in the quantum dot. Since the multiplication of the electron-hole wavefunction
gives a matrix element that is confined to the QD shape, assuming that the absorption
cross-section of the QD is equivalent to the surface area of the dot is a good approxima-
tion. The amplitude of the matrix element, as shown in the legend, ranges from —1-10%2
to 2.2 - 10%.

In the current case, either the photons will hit the QD inside its absorption cross-
section, or go through only the WL when it is outside the absorption cross-section. As
seen in Figure 4.8, a quantum well like wavefunction extends throughout the full plane,
QD included. This means that if a photon of enough energy is travelling through the
structure, it has a chance to create a transition at any place in the well.

In our system, the size distribution of quantum dots is non-negligible. Because of
the spontaneous process of the quantum dot growth, their sizes and shapes will range
in a distribution of different QD types. The calculated energy levels FE, will now be
considered as a distribution of energies centered around this value. If a distribution of
energies of probability P(F) is given, the absorption coefficient of the ensemble of QDs
(agp) will be [122]

C_YQD = /P(E)OéQDdE (432)
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The distribution of energy levels is considered as a standard normalized Gaussian distri-

bution, given by
1 (g n?
P(F)= ——e 2% | 4.33
(B)= omem (4.33)

where FE,, is the energy level of the transition and £ is the relative standard deviation

of the said energy level. If this probability distribution is applied to the absorption
coefficient of the quantum dots, the equation becomes

B A gs|MQD|2 _(%—1)2
Qa =———p-S ¢ 262 4.34
P e S0 2, .

n

In the quantum dot of interest, the degeneracy factor g; is given by 2(1+1), where 2 spins
and [ + 1 wavefunctions are given in the cylindrical coordinate. It is important to note
that the A coefficient, given in Equation 4.21, is a quantity that varies over wavelength.
It is inversely proportional to the index of refraction of the material, ny,s in our case.
It is furthermore inversely proportional to the energy of the photon, hw.

The wetting layer is also subject to variation of its thickness over the span of the
solar cell. Similarly, if the probability distribution over energies given in Equation 4.33

is applied, the absorption coefficient of the wetting layer is given by

Mowl® [ - B s — B VdE 4.35
Q 2 w— by . .
w=Ap e Y e | (o~ ,) (4.3
A variable transformation and the integral of a Heaviside function with a squared expo-
nential are completed and the final equation for the absorption coefficient of the wetting

layer is obtained,

1 — Iw
_ H 9 E
=A——— E M, 1 —erf L , 4.36
awr o k2], e ’ QW’ ( er ( /—252 )) ( )

where erf is the error function, which looks like a smoothed Heaviside function. In the
case of the absorption coefficient of the wetting layer, E, represents the energy levels
present in the quantum well. Furthermore, the optical matrix element of the quantum
well, |Mgow|, is dependent on the polarization of the incoming light. Using unpolarized
light, the matrix element is integrated over all directions of the polarization vector and
gives | Mowl? = L5 - |(urlun) 2 [123).

Now that the absorption coefficient of the quantum dots and the quantum well are

given, it is necessary to investigate the property of conduction like states. These states are
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Transition (ne, ny, [) Energy Overlap Deviation
Eop. 000 1.35eV (920 nm)  0.86 0.005
Eow. 00, 1.39 ¢V (888 nm)  0.86 0.015

Table 4.3: Components used in the calculation of the total absorption coefficient in
Equations 4.34 and 4.36.

placed above the CBO and VBO in the InAs structure. They are highlighted in Figure
4.3. In this energy range, it is assumed that the absorption coefficient has bulk-like
property of the InAs material. The transition between the quantum well-like absorption
coefficient and the bulk-like absorption coefficient appears at the GaAs bandgap, at 873
nm. This transition will be applied in a continuous fashion, with an error function similar
to the one applied to Equation 4.36.

It is now possible to calculate the absorption coefficient for the QDs contained in
the MJSC-920 design. The wavefunctions of the carriers in those nanostructures were
shown in the previous section. The transition energies, their wavefunction overlap |M |
and their relative standard deviation & of the nanostructures are shown in Table 4.3.
The quantum numbers for each transition is the energy levels for the electrons n, and
the holes n; and the principal quantum number [. These were calculated for 300 K. The
resulting absorption coefficient of the QD structure is shown in Figure 4.10.

The absorption coefficient at the QD peak is 1.9-10* cm ™. It compares well with the
absorption coefficients simulated in the literature, 1.5 - 10* cm™! from [112] and 5 - 10?
cm™! from [114]. Furthermore, it is similar to the experimentally measured absorption
coefficient, o = 5.5 - 10* em™?, obtained in [115].

4.2.4 Emission

Radiative recombination in the solar cell is a phenomenon that can be used extensively
to study its material properties. This is completed by filling the conduction band with
electrons and the valence band with holes. Then, by radiative recombination, the carriers
recombine and emit photons.

Electroluminescence (EL) is the phenomenon where material emits light in response to



Spectroscopy of quantum dots in solar cells

-
o
)

-
o
(5]

10*

10°

109

Total layer
Quantum dots
~~~~~~~~~ Wetting layer
- - -Bulk InAs

Absorption coefficient (cm™)

[ I 1 I ] I [ I [ I E:I
400 500 600 700 800

300 900 1000

Wavelength (nm)

Figure 4.10: Absorption coefficient of QDs contained in the MJSC-920 design calculated
in Equations 4.34 and 4.36.

an electric current. In the case of the solar cell, an electric current is driven in forward bias
through the semiconductor p-n junction. The said current recombines either radiatively
or non-radiatively, mainly in the space-charge region. The radiative recombination can
then be collected by a spectrometer. The spectral distribution of the luminescence will
be dictated by the bandedge of the semiconductor.

Photoluminescence (PL) is the optical counterpart of electroluminescence. It involves
irradiating the semiconductor material with light of energy higher than its bandgap. Each
absorbed photon creates an electron-hole pair that relaxes to the lowest available point
in the conduction and valence band. The pair subsequently recombines by emitting a
photon. The emitted light is then captured by a spectrometer that shows the intensity
distribution over wavelength. Again, similarly to the electroluminescence, the spectrum
will be dependent on the band structure of the semiconductor.

By using the Fermi’s Golden rule, it is possible to evaluate the emission of these
nanostructures when their density of states is filled with carriers. For the case of the
solar cell, the spontaneous emission rate (ry,) is given by [124, 125]

() = alhe) 2 g - (1~ i

E,)),

where « is the absorption coefficient of the semiconductor, f.(E,.) is the probability that

(4.37)

an electron is found in the conduction band at the energy E., (1— f,(E,) is the probability
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that a hole is found in the valence band at the energy F,, Ay is the quasi-Fermi level
split in the semiconductor and hw is the photon energy. The quasi quasi-Fermi level split
in the semiconductor is given by Ap = F,, — F,, where F,, and F), are the electron and

hole quasi-Fermi level. The Fermi functions are given by

1 1
fe(Be) = 55— and  [y(BE)) = 57— (4.38)
e BT 41 e T +1

This quasi-Fermi level split is either induced by the applied voltage on the structure or
by the accumulation of electrons in the conduction band and holes in the valence band
by illumination.

Assuming that the semiconductor is undoped, the Fermi functions can be approxi-

mated to .

fC(EC) ’ (1 - fv(Ev)) N hean -
(e 26T 4 1)2

For the case of the electroluminescence, the photon emission happens in the space-

(4.39)

charge region. Hence, to obtain the complete photon current emitted outside the semi-
conductor, one has to integrate over the region where photons are emitted and take into
account the reflectivity at the surface [124]. The total emission rate (R;y) during EL is

given by

(4.40)

where a is the absorptivity of the region where the emission takes place, the space-charge

region in this case. The absorptivity is given by
a=(1—R)-(1—e*r) (4.41)

where R is the reflectivity of the semiconductor structure, « is the absorption coefficient
of the space-chage region and x.,. is its thickness.
The contribution of each component is shown in Figure 4.11. The EL is given by the

2
75?%”3)62 and the Fermi-Dirac

multiplication of the absorptivity a, the prefactor given by

1
hw—Ap 2
e 2kgT +1

distribution given by The absorption coefficient was assumed to be the

one shown in Figure 4.10. Twenty layers of QDs were simulated inside the structure
of the single junction GaAs solar cell. The quasi-Fermi level split originating from the
excitation was assumed to be 1.5 V. The scale of the EL and the prefactor were changed
for clarity purposes. As can be seen in the figure, the EL shape is determined mostly by

the quasi-Fermi level position and the absorptivity.
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Figure 4.11: Calculated electroluminescence of 20 layers of QDs in the single junction

GaAs cell, demonstrating the effect of each component in the calculation.

The ASD FieldSpec Spectroradiometer [126] is used to obtain the spectrum of the
EL. It detects light in the range of 300 to 2500 nm and is calibrated for the light guide
used. It can be used for detection of broadband source, with a resolution of 7 nm.

The measured EL spectrum of the single junction GaAs solar cell (SJ-ref) is shown
in Figure 4.12. It was taken for a current of 100 mA applied to the solar cell. The
calculated spectrum using Equation 4.40 is shown as well. Both peaks were normalized
for comparison purposes. The EL peaks have a similar shape. Both spectra have a
similar width of the peak.

Hence, for a given absorption coefficient of the nanostructure, it is possible to calculate
the expected emission, either from PL or from EL. It shall be used to compare the QD
simulation results to an experimentally measured spectrum. Then, after confirmation
that the simulated absorption coefficient gives emission properties that corresponds to

the measured spectrum, it shall be applied to the EQE simulation.

4.3 Quantum dot-enhanced single-junction solar cell

In the QD-enhanced single junction solar cells that are studied in the current thesis, two
different shapes of QDs are used. As mentioned in Section 4.1.1, the QDs were either
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Figure 4.12: Measured and calculated electroluminescence of the single junction GaAs
solar cell (SJ-ref), with 100 mA applied.

Parameter Symbol Value

QD density p 5-10'9 cm—2
QD radius r 5.5 nm

QD height L 2.5 nm

QW thickness T 1.3 nm

Table 4.4: Nanostructure parameters and dimensions for the SJ-A design.

indium flushed after a 2.5 nm GaAs layer (sample SJ-A) or a 5 nm GaAs layer (sample
SJ-B). The number of layers grown is 20 layers of QDs in a 660 nm intrinsic layer.

A TEM measurement of a QD receiving a 2.5 nm indium flush is shown in Figure
4.13. The approximate values for the QD parameters obtained from this TEM are shown
in Table 4.4. The surface density of the QDs were measured by Jihene Zribi by an atomic

2

force microscopy (AFM) measurement. A density of 5 - 10'Y cm™2 was measured.

4.3.1 Absorption coefficient

The resulting structure was simulated in COMSOL, using the band offsets and effective

masses shown previously in Table 4.1 . In the simulation, one bound electron wavefunc-
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Figure 4.13: TEM of a single indium flushed QD after deposition of a 2.5 nm GaAs
layer in the single junction solar cell. Courtesy of Jihéne Zribi from the Université de
Sherbrooke.

tions for [ = 0 is obtained. Furthermore, three bound hole wavefunctions, two for [ = 0
and one for [ = 1, are simulated. The [ = 1 wavefunction will not make transitions with
the other electron wavefunctions since it has a different quantum number. The transition
between a bound state and a quantum well state are assumed to be negligible [127].

The resulting energy transitions, at 300 K, are shown in Table 4.5. The quantum
numbers for each transition is the energy levels for the electrons n, and the holes n; and
the principal quantum number [. These quantities are then used to obtain the related
absorption coefficient for the 2.5 nm QD layers (sample SJ-A). The resulting absorption
coefficient is shown in Figure 4.14a.

The other type of QDs that were grown in the single junction solar cells are QDs that
have received an indium flush at 5 nm. The said indium flush did not change the optical
property of the QDs that were grown without the flush. However, their properties started
to change as soon as the indium flush was done at 4 nm [128]. For this reason, the height
of these dots was assumed to be 4 nm, while keeping the radius and the quantum well
(QW) height the same. These dimensions are summarized in Table 4.6. The resulting
structure was simulated in COMSOL, using similar band offsets and effective masses as

before. In the simulation, bound electron wavefunctions are obtained at [ = 0 and at
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Transition (ne, np, 1)

Overlap Deviation

Eqp, 000
Egp, 01,0

Eow

Bl

Energy

1.23 eV (1005 nm) 0.91
1.29 eV (961 nm) 0.35
1.34 eV (925 nm) 0.76
1.42 eV (873 nm) 1

0.02
0.02

0.02

0.01

114

Table 4.5: Energy transitions and wavefunction overlap used in the calculation of the
absorption coefficient of the QDs in the SJ-A design at 300 K.
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Figure 4.14: Absorption coefficient of the QDs (a)2.5 nm height for SJ-A and b) 4 nm
height for SJ-B) grown in the single junction GaAs solar cell.
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Parameter Symbol Value

QD density p 5-10'9 cm~2
QD radius r 5.5 nm

QD height L 4 nm

QW thickness T 1.3 nm

Table 4.6: Nanostructure parameters and dimensions for the SJ-B design.

[ = 1. Furthermore, four bound hole wavefunctions are obtained, two for [ = 0, one for
[ = 1 and one for [ = 2. The [ = 2 wavefunction shall not make transitions with the
other electron wavefunctions since it has a different quantum number. The transition
between a bound state and a quantum well state are assumed to be negligible.

The resulting energy transition components, at 300 K, are shown in Table 4.7. These
quantities are then used to obtain the related absorption coefficient for the 4 nm QD
layers (sample SJ-B). The resulting absorption coefficient is shown in Figure 4.14b.

Comparing the two absorption coefficient, notable differences appear. First, three
peaks associated to QD transitions are visible in the absorption coefficient of the sample
SJ-B while only 2 are seen for the sample SJ-A. It is because the SJ-B QDs are large
enough to contain a n. = 1 electronic state. In this case, the transition between the
ne. = 1 and nj, = 1 states is possible, while it was not present in the SJ-A case.

Both absorption coefficient shows a peak that corresponds to a transition between the
n. = 0 and n;, = 1 states. This peak has a significantly lower wavefunction overlap. In a
quantum system with a paraboloic potential, these transition between different quantum
numbers would be forbidden. However, because our potential profile is different, these
transitions become allowed.

Both samples have a ground QD transition of similar amplitude in absorption coef-
ficient. The difference in wavefunction overlap (|M| = 0.95 for SJ-B and |M| = 0.91
for SJ-A) originates from the difference in the confinement of the wavefunctions. In the
SJ-A case, the electron wavefunction is more extended in space than in the SJ-B case,

giving rise to a lesser wavefunction overlap.
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Transition (ne, ny, [) Energy Overlap Deviation
Eap. 000 1.12 eV (1108 nm)  0.95 0.02
Eop. 010 1.19 eV (1037 nm) 0.36 0.02
EQD, 0,0,1 1.28 eV (969 nm) 0.80 0.02
Eow 1.34 eV (925 nm) 0.90 0.01

Table 4.7: Energy transitions and wavefunction overlap used in the calculation of the
absorption coefficient of of the QDs in the SJ-B design

4.3.2 Electroluminescence

The EL of the two QD-enhanced single junction solar cells were measured by the cali-
brated ASD spectrometer. A constant current of 100 mA was applied at room tempera-
ture, and the corresponding spectrum was obtained by aiming the collecting fiber of the
spectrometer at the sample. The resulting spectrum for the samples containing the 2.5
nm QDs (SJ-A) and the 4 nm QDs (SJ-B) are shown in Figures 4.15a and b respectively.
The maximum of the calculated peak is placed at a longer wavelength. This is due to
a calculated energy level that is lower than the actual energy level in the system. The
position of the measured energy peak for the SJ-A design is 1006 nm (1.23 eV) while
the calculated peak is placed at 1023 nm (1.21 eV). The position of the measured energy
peak for the SJ-B design is 1113 nm (1.11 eV) while the calculated peak is placed at
1126 nm (1.10 eV). The difference between the two peaks, on the order of 20 meV, is
considered small because of the multiple approximations needed to calculate the energy
levels in the QDs, such as assuming constant potentials in the structure and a 1-band
effective mass approximation.

The interesting feature that is visible in the SJ-A solar cell’s spectrum is the sec-
ondary peak seen in the 930 nm region. The peak, visible in both the measured and
the calculated spectrum, is due to the non-negligible population of the quantum well
state by the EL. A third peak is visible in the measured spectrum, at 875 nm, while it is
not seen in the calculated spectrum. The peak comes from luminescence from the bulk

GaAs semiconductor. Another important difference between the measured and calcu-
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Figure 4.15: Measured and calculated electroluminescence of the QD enhanced single
junction solar cells of a) sample SJ-A and b) SJ-B. The current that was applied to the
cell was 100 mA. The spectrums were normalized to the highest value of the 20 layer

spectrum.

lated spectrum in both the SJ-A and the SJ-B cells is the linewidth. In both cases, the
calculated spectrum had a much more abrupt low-wavelength tail.

The calculated model assumes that the carriers always populate the lowest energy
levels possible, while there is a non-negligible probability that the carriers escape the
QD at any given time [129]. Furthermore, in the measured case, the carriers have a
non-negligible lifetime in the excited states. For example, it has been calculated that the
intraband relaxation between the excited p orbital and the ground s state is on the order
of 10 ps [129]. Because of this, carriers that populates higher energy levels has a higher
chance to radiatively recombine than in the calculated case. This is one reason why the
measured EL demonstrates a higher intensity for the low-wavelength tail.

Furthermore, as will be evidenced by the EQE study done in the next section, the
1-band effective mass model underestimates the quantity of excited states present in the
system. As evidenced in [127], multiple energy levels are bound in the system. They are
calculated by the 8-band Hamiltonian, which takes into account the interactions between
each carrier states. There is furthermore a possibility that the strain-induced potentials
in the QDs creates localised states over the CBO, the so-called strain-induced localised
states [130]. Finally, possible valence band mixing or coupling between quantum well
and dot increase the quantity of available energy levels between the ground state and the

quantum well state [66]. This demonstrates the limits of the 1-band model used in this
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thesis. Even though it is capable of deriving the ground state energy level and absorption
coefficient to a good approximation, it is limited in its capacity to calculate the excited

energy levels and their effects on the luminescence properties.

4.3.3 External quantum efficiency

The absorption coefficient derived in the previous section can now be applied in the
simulation of the quantum efficiency of solar cells. The quantum dots are grown in the
intrinsic region, or space-charge region, of the solar cell. The simulation of the EQE in

this layer of the solar cell is calculated using Equation 2.36, as
EQE,.,(A) = ¢(1 = R())) e W™, (4.42)

where x; = x4, + w; is the total intrinsic region thickness, with the thickness of the
additional intrinsic region growth, w;, and the space-charge region wg. created in the
base and emitter layers calculated in Equation 2.27. The absorption coefficient « is given
either for the GaAs spacer layers or the QD layers.

For example, Figure 2.20c shows the EQE simulation of the GaAs solar cell (SJ-ref)
shown in Section 2.4.4. The effect of the addition of 20 layers of QDs is now simulated.
These QD layers will use the properties introduced earlier in the COMSOL simulation
as well as their corresponding absorption coefficient. The effective thickness of the QD
layers is 1.3 nm. For 20 layers of QDs, 26 nm of the effective QD medium has to be
calculated. The intrinsic layer thickness for the 20 layers QD enhanced solar cell is 660
nm. The equation governing the EQE of the intrinsic region of the GaAs solar cell is

now

EQE,, () = g (1 — R (X)) aamas S3tme-agn 2o, (4.43)

In this equation, it is assumed that no recombination losses due to the confinement poten-
tial occurs. Hence, in the simulation, all of the carriers absorbed by the nanostructures
will escape the confinement and be collected.

The resulting calculated EQE of the sample SJ-A (20 layers, 2.5 nm height dot), along
with the original measured EQE in light grey, is shown in Figure 4.16. The measured
EQE of the single junction GaAs subcell without added QD (SJ-ref) is shown as well
for comparison purpose. The addition of the QDs increases the absorption range of the
solar cell towards longer wavelength.

As can be seen in a), the amplitude of the EQE in the bulk region (mainly from 700

to 800 nm) is increased for the QD-enhanced cell compared to the reference case. This
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Figure 4.16: Measured and calculated EQE of the QD enhanced single junction solar cell
sample SJ-A (20 layers, 2.5 nm height QDs) compared to the reference single junction
GaAs solar cell (SJ-ref). a) is the normal scale to show the general EQE trend while b)

is on a logarithmic scale to emphasis the nanostructure’s effect.

is due to the addition of the InAs layers in the intrinsic region of the cell in both the
measured and the calculated case. The InAs nanostructures have a higher absorption
coefficient than GaAs, and create this small increase in the EQE in this region.

The shape of the EQE in the nanostructure region, from 900 to 1100 nm, follows
the same trend for both the measured and the calculated regime. Both EQE showcase a
wetting layer peak, situated around 920 nm, and a QD peak situated around 1000 nm.
One important difference, however, lies in the amplitude of both peaks. The measured
peaks are significantly lower than the calculated one, as emphasised by the logarithm
scale in Figure 4.16b. The assumption that all carriers created in the space-charge region
are collected as current is the principal cause of this difference. As demonstrated in [80],
the addition of nanostructures creates a non-negligible amount of recombination in those
layers which reduces the amplitude of the EQE peaks. In [66], where the effect of the
addition of quantum wells in GaAs solar cell was studied, they added a multiplicative
factor f for the carriers created in the nanostructures to take the non-negligible recom-
bination into consideration. However, since there is no analytic relationship between the
recombination rate and the said multiplicative factor, the methodology will refrain from
using it as a fitting tool. Hence, the calculated EQE overestimates the contribution from
the nanostructures.

The Figure 4.17 shows the calculated and measured EQE of SJ-B (20 layers, 4 nm
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Figure 4.17: Measured and calculated EQE of the QD enhanced single junction solar cell
SJ-B (20 layers, 4 nm height QDs) compared to the reference single junction GaAs solar
cell (SJ-ref). Subfigure a) is the normal scale to show the general EQE trend while b) is

on a logarithmic scale to emphase the nanostructure’s effect.

height dot). Similarly to the 2.5 nm QD height sample, the amplitude in the bulk
region is higher for the QD enhanced sample. Furthermore, both the measured and the
calculated EQE follows a similar trend in the 900 to 1200 nm region, with the quantum
well peak positioned at 925 nm and a QD peak at 1100 nm. Again, the simulated QD
and QW peaks are significantly higher in amplitude than the measured peaks, due to
the recombination rates in the nanostructures not reflected in the simulation.

An interesting difference arises in the region between the QW and the QD peaks,
from 950 to 1050 nm. In this region, the calculated EQE does not follow the smooth line
of the measured EQE. The oscillations in this region are principally due to the excited
peaks (the cross-transition at 1037 nm and the [ = 1 transition at 969 nm) seen in
Table 4.7. It furthermore has a lesser value between 1000 and 1050 nm. This seems
to contradict the conclusion that the calculated EQE is overestimated. However, as
was demonstrated in the previous section on EL, the 1-band simulation underestimates
the available energy levels above the ground state energy level. This shall increase the
absorption coefficient, and the EQE, in the 950 to 1050 nm region. Hence, the model is
not adequate to accurately predict states that lie between the ground state energy level

and the quantum well energy level.
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4.4 Quantum dot-enhanced multijunction solar cell

In this section of the chapter, the QD-enhanced MJSC shall be studied. Two different
samples, with different QD sizes, are examined. These samples are labeled as a function
of their QD peak in the EQE, with MJSC-920 having a QD peak at approximately 920
nm and MJSC-970 at 970 nm. These were graciously given by Cyrium Technologies as
part of the SUNRISE research project.

The complete structure of these cells is unknown, and no TEM measurement is avail-
able. For this reason, it is not possible to infer the QD sizes and simulate their cor-
responding energy levels. Hence, the extensive use of PL spectroscopy will allow us to
estimate the QD structure and its corresponding absorption coefficient. These shall then
be used to calculate the EQE and compare to the experimentally measured EQE shown

in Figure 4.2.

4.4.1 Photoluminescence of quantum dots

The PL setup present in the SUNLAB was built as a collaboration effort between the
author and Jamie Brar as part of the work for her masters thesis [44]. In simple words,
the experimental setup consists of a laser which is directed towards the solar cell sample.
The solar cell emits light that is then collected and directed towards a spectrometer that

measures the corresponding spectrum.

Experimental setup

Figure 4.18 shows the schematic of the experimental setup. Two continuous wave lasers
are installed on the optical table. The first is a 500 mW ND:YAG 532 nm solid state laser
from Changchun Optoelectronics Technology (MLL532). The second is a 100 mW solid
state 785 nm laser from Pavillion Integration Corporation (W785-100FS). The power
of these lasers was controlled by the addition or removal of reflective neutral density
filters (Newport FR-ND) placed in front of the lasers. Combinations of multiple optical
densities, ranging from optical density (OD) 3 to 0.1 are used to precisely control the
power on the sample.

The chosen laser beam is directed towards a beamsplitter. The said beamsplitter is
an OD 0.3 reflective neutral density filter, which transmits 107%3 ~ 50% of the light
and reflects ~ 50%. A silicon photodiode coupled with a power meter is placed behind

the beamsplitter to continuously measure the laser power that is received on the sample



Spectroscopy of quantum dots in solar cells 122

Mirror ND filters Laser

t—<—1

f# Collimating Cryostat
Monochromator lens Beamsplitter lens

filter

Power Meter

Figure 4.18: Schematic of the photoluminescence experimental setup.

(Newport 842-PE with 918D-SL-OD3). A conversion factor is used to estimate the
difference between the measured power behind the beamsplitter and the actual power
hitting the sample. The beamsplitter redirects half of the laser beam towards a focusing
lens.

A biconvex lens of 7.56 cm focal length is placed in front of the cryostat containing
the solar cell sample. This lens is used to focus the ~ 2 mm laser beam into a focused
80 pwm diameter point [44].

The solar cell sample is mounted in a cryostat from Cryo Industries of America (ND
1100H). It consists of a copper cold finger that is the sample holder which is connected
to a liquid nitrogen reservoir. This holder contains a 50 ohm heater coupled to a resis-
tance temperature detector. The structure is placed in a isolated cavity in which a high
vacuum is created. A turbo pump coupled to a mechanical pump (Agilent turbo-V 81-M
and DS42) is used to evacuate all air down to a pressure of 1 mTorr in the cryostat. This
ensures that no possible condensation is created on the sample surface when it is brought
to liquid nitrogen temperatures. The temperature of the sample was controlled contin-
uously between 77 K and 400 K by the liquid nitrogen and the temperature controller
(CryoCon 32B). The laser beam has to go through an UV grade fused silica window
before hitting the solar cell sample.

The light hitting the semiconductor is absorbed and PL is emitted. The emitted
light is recollected by the 7.56 nm lens and directed towards the beamsplitter. Again,
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half of the light passes through and the other half is lost. The light is finally collected
by the f# matching lens, which focuses the photoluminescence in the spectrometer. As
mentioned in Section 2.3.1, a well matched lens is necessary for the optimal operation of
the spectrometer, which is 10 ¢m in this case.

For the measurement with the 532 nm laser light, a 550 nm longpass filter (Edmund
Optics NT62-984) is installed directly after the focusing lens. This filters all the light
that is of lower wavelength than 550 nm, and has a flat transmission at wavelengths
between 550 and 1600 nm. The PL taken using the 532 nm laser light is not shown in
the current thesis, but demonstrated similar behavior as the 785 nm one.

Finally, the emitted PL is collected by the spectrometer. In this thesis, a Horiba
Jobin Yvon iHR320 spectrometer coupled with a liquid nitrogen cooled charge coupled
device (CCD) detector and a liquid nitrogen cooled InGaAs array detector was used. For
the experiments shown in the thesis, solely the CCD detector was used. The functioning
principles is similar to the spectrometer described in Section 2.3.1 for the EQE system.
Three diffraction gratings are available: grating I with 600 grooves/nm and a 1000 nm
blaze, grating IT with 600 grooves/nm and a 1500 nm blaze and grating IIT with 1200
grooves/nm and a 500 nm blaze. The grating I was used for all the measurements in the
current thesis.

For each measured spectrum of PL, the stray light spectrum has to be substracted.
This stray light spectrum is taken when the laser is turned on, but without the semi-
conductor sample. Most of the stray light created by the laser inside the spectrometer
is measured. Each subsequent PL spectrum is measured, and the stray light spectrum is
subtracted.

Figure 4.19a shows a raw photoluminescence spectrum. It consists of 15 averaged
spectra taken with the CCD detector and an integration time of 0.01 s. The spectrum
is from the MJSC-920 sample, illuminated with the green laser beam of 793 uW. Even
though the QD peak is observed, the shape of the spectrum is influenced by multiple
other constituents of the setup. The emitted light has to pass through the UV grade
silica window, the 7.56 cm collecting lens, the OD 0.3 beamsplitter, the 10 cm f# lens
and the 550 nm longpass filter before being collected in the spectrometer. Furthermore,
in the spectrometer, the mirrors, the 500 nm blazed grating and the CCD detector
all have different spectral efficiencies. Because of these components, the raw collected
photoluminescence spectrum shall be different than the one emitted.

These spectral modifications are corrected by calibrating the system using a calibrated
white light source (Newport 6334 QTH 250 W source). The spectrum of the said white
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Figure 4.19: a) Raw spectrum of QD photoluminescence from sample MJSC-920, along
with the conversion factor used to obtain the corrected spectrum. b) QTH white light

source spectrum used to calculate the conversion factor.

light source is shown in Figure 4.19b and corresponds to a 3500 K blackbody radiation
source. Hence, before each photoluminescence measurements, a spectrum of the white
light source is obtained, and the resulting collected raw data is used to calculate a
calibration curve for the system. Figure 4.19a shows the corrected spectrum on top of
the raw photoluminescence data with the corresponding conversion factor as the dashed

line.

Sample MJSC-970

To ensure a maximal PL collection efficiency of the QDs in the middle subcell, the top-
most layers in the MJSCs were removed in the samples. The ARC and top subcell were
removed through chemical etching, courtesy of Artur Turala at the Nanofabrication and
Nanocharacterization Research Center at the Université de Sherbrooke. The photolumi-
nescence of the samples was obtained by shining a laser directly onto the middle subcell
layers.

To investigate the different energy levels in the nanostructures, intensity dependent
photoluminescence is completed. By increasing the intensity of the laser beam, the
quantity of electron-hole pairs created increases proportionally. Hence, by having a
higher intensity laser hitting the semiconductor sample, the quasi-Fermi level split Au
increases. By increasing the quasi-Fermi level split, luminescence from the higher energy
level states in the system becomes visible.

The intensity dependent photoluminescence of the first sample, the MJSC-970 solar
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cell, is shown in Figure 4.20a. The sample was installed in the cryostat and cooled down
to 77 K. The solar cell sample was excited by the 785 nm laser over intensities ranging
from 1.11 to 310 uW. The spectrum was obtained using the grating I and the CCD
detector, 0.01 s of integration time and averaged over 15 measurements. Fach spectrum
was corrected for the spectral dependence of the optics in the system using the white
light source.

The main QD peak at 77 K is placed at 920 nm. This means that the ground state
energy transition is at 1.34 eV. At lower intensities of illumination, a non-negligible peak
is measured at 874 nm. This corresponds to an excited state in the QD. As the intensity
of the laser beam increases, the electron-hole pairs completely fill the QD energy levels
and an emission peak starts to be measured at 850 nm. This demonstrates the filling of
the ground state energy level. This emission comes from the wetting layer energy states.

By looking carefully at the main QD peak, one can notice oscillations in the curve.
These are not unique energy levels. As evidenced by Equation 4.40, the reflectivity of the
structure has an influence on the luminescence. In fact, light emitted by the quantum
dots undergoes constructive and destructive interference by the reflection from the front
and the back of the GaAs layers. Hence, the oscillations observed in the PL spectrum
are due to the internal reflections inside the structure.

Because no size measurements on these quantum dots are available, contrarily to the
single junction QD samples, assumptions concerning their physical properties need to be
made. The Table 4.8 shows the physical parameters used in COMSOL to obtain a similar
ground state and wetting layer state energy emission at 77 K. The resulting energy levels
in the system are given in Table 4.9. For this geometry, only states for the quantum
number [ = 0 are bound, and only one excited hole energy level at n; = 1 is bound. It is
interesting to note that even though only the ground state of the QD was used to obtain
the structure, the excited state at 876 nm corresponds to the one measured in the PL
spectra.

It is important to remember that the label MJSC-970 is for the absorption prop-
erty at 300 K. The variation of the energy levels over temperature is the next topic of
investigation.

The calculated emission property of the nanostructures using Equation 4.40 is shown
in Figure 4.20b for quasi-Fermi level splits ranging from Ap = 1.24 to 1.42 eV. It was
calculated using the standard MJSC structure, with 100 QD layers incorporated into the
intrinsic region of the middle subcell. The resulting spectra demonstrate similar behavior

as the measured data in Figure 4.20a. At low intensities, solely the QD peak is observed.
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Figure 4.20: a) Intensity dependant PL of the MJSC-970 sample at 77 K. The labels
represent the QD ground transition (n. = 0 and n, = 0), the QD excited transition
(n. = 0 and n, = 1) and the transition from the WL. b) Calculated PL of the MJSC-970
sample at 77 K over different excitation intensities. The quasi-Fermi level split Ap is

given in eV.
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Parameter Symbol Value

QD density p 1.25- 10 cm~2
QD radius r 5.2 nm

QD height L 2.3 nm

QW thickness T 1.11 nm

Table 4.8: Nanostructure parameters and dimensions for the MJSC-970 design.

Transition (ne, ny, [) Energy Overlap Deviation
Eop. 000 1.34 eV (920 nm)  0.90 0.01
EQD, 0,1,0 1.41 eV (876 nm) 0.16 0.01
Eow 1.46 eV (846 nm) 0.70 0.01
o 1.51 eV (823 nm) 1 0.01

Table 4.9: Energy transitions and wavefunction overlap used in the calculation of the
emission and absorption properties of the MJSC-970 quantum dots at 77 K.
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As the intensity of the laser is increased and the quasi-Fermi level split is increased, the
energy transition at 876 nm becomes apparent. Furthermore, the QW energy transition
becomes apparent for quasi-Fermi level split of 1.30 eV and higher.

An important difference is observed at higher laser intensities and higher quasi-Fermi
level splits. In the calculated figure, as the quasi-Fermi level split increases for values of
1.40 eV and higher, the QD peak stops increasing in intensity, whereas the other peaks
increases. On the other hand, the measured QD peak continues to increase even though
the QW peak becomes visible.

This difference comes from the limitation of the laser in the experiment. The focused
laser beam has a Gaussian shape. Hence, the intensity of the laser beam is different
between the center of the beam and the outer limit. As the power of the laser is increased,
the QDs placed in the middle of the beam will have a higher quasi-Fermi level split
than the ones at the outter limit. For this reason, the QDs in the middle will become
‘saturated’ first and their emission peak will stop increasing in intensity like the calculated
figure. However, when this happens, the QD situated in the outskirts of the laser beam
have less power impinging on them, and hence have a lesser quasi-Fermi level split. At
this intensity, those QDs will not be saturated and their emission peak shall still be
increasing. For this reason, the QD peak can increase in intensity over laser power even
though the quasi-Fermi level split allow transitions from the higher energy transitions in
the system.

Now that the nanostructures optical properties have been simulated at low temper-
atures, these quantities shall be simulated towards higher temperatures. Figure 4.21a
displays the behavior of the measured photoluminescence of MJSC-970 over temperature.
Similarly to the intensity dependent photoluminescence, the MJSC-970 cell was installed
in the cryostat and cooled down to 77 K. The spectrum was obtained using the grating
I and the CCD detector, 0.01 s of integration time and averaged over 15 measurement
and finally corrected for the spectral dependence of the optics in the system using the
white light source. Each spectrum is taken at a different temperature, ranging from 100
to 300 K. Spectra were taken up to 400 K and demonstrated a similar trend as observed
in the figure. However, they are not shown, for clarity purpose.

The QD photoluminescence peak shifts towards longer wavelengths as the temper-
ature is increased. This is due to the bandgap dependence over the temperature. The
strained InAs bandgap follows the Varshni relationship.

The intensity of the main QD peak decreases over temperature. Equation 4.40 governs
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Figure 4.21: a) Measured temperature dependent PL of the MJSC-970 sample excited by
300 uW 785 nm laser light. b) Calculated temperature dependent PL of the MJSC-970
sample. The used quasi-Fermi level split Ap is 1.36 eV.
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the emission from the semiconductor and the Fermi-Dirac term, #, should

e BT 41
make the emission increase as the temperature is increased. For all temperatures, the
laser intensity was kept the same. Hence, the quantity of electron-hole pairs created
by the laser is constant throughout the temperature range studied. For this reason,
the quasi-Fermi level split Au decreases as well as the temperature is increased. To a
first approximation, the quasi-Fermi level split shall follow a Varshni relationship that is
similar to the bandgap of the semiconductor.

The calculated emission spectrum as a function of temperature is shown in Figure
4.21b. The quasi-Fermi level split used in the equation was 1.36 eV for the initial 77 K
spectrum. It was subsequently adjusted at each temperature so that the total emitted
photons is the same for all temperature. It was done by calculating the carrier concen-
tration for the quasi-Fermi level split of 1.36 eV at 77 K, then subsequently calculating
the quasi-Fermi level split necessary to recreate the same carrier concentration over dif-
ferent temperatures. The QD peak follows the same trend in both the calculated and
the experimental case. The position of the calculated peak is placed at 971 nm at 300 K
while the experimental peak is at 967 nm. This result will be useful when the emission
peaks will be correlated with the EQE of the MJSC.

One major difference lies in the higher emission energies. The experimental pho-
toluminescence at 300 K is maximal at 967 nm and continuously decreases at smaller
wavelengths. The calculated luminescence, on the other hand, has 2 major peaks, one
for the QD and one for the QW. This demonstrates again that the model does not take
into account multiple available energy levels between the ground QD energy and the QW
energy levels. This was highlighted in Section 4.3 for the electroluminescence of single
junction GaAs solar cell.

Another interesting difference is the intensity of the QD peak. From the 100 K to the
300 K spectrum, the amplitude of the QD peak decreases by 82 % in the experimental
measurement while it only decreases by 29 % in the calculated case. The main reason
comes from the increased non-radiative recombination at higher temperatures. As the
temperature is increased, carriers are allowed to thermally escape from the QD into the
GaAs barrier material, where they have a higher probability of being lost to non-radiative
recombination [131]. This quenching occurs at a certain activation energy that correlates
with the barrier height [132]. Hence, a more complete model would take into account
the possibility of exchange of carriers between the GaAs and the QD layers.

Now that the calculated emission properties have been shown to corresponds to the
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Figure 4.22: Absorption coefficient of QDs contained in the MJSC-970 design calculated
in Equations 4.34 and 4.36.

measured PL, the absorption coefficient of the nanostructures can be derived. In Sec-
tion 4.2.3, the absorption coefficient of the QDs contained in the MJSC-920 design was
obtained. In a similar procedure, the absorption coefficient of the nanostructures in
the MJSC-970 design is calculated. The transition energies, the wavefunction overlap
|M| and the relative standard deviation £ of the nanostructures are shown in Table 4.9.
These are used in Equations 4.34 and 4.36. The resulting absorption coefficient of the

QD structure is shown in Figure 4.22.

Sample MJSC-920

The intensity dependent photoluminescence of the final sample, the MJSC-920 solar cell,
is shown in Figure 4.23a. The sample was installed in the cryostat and cooled down to 77
K. The solar cell sample was excited by the 785 nm laser over intensities ranging from 1.22
to 309 uW. The spectra were obtained using the grating I and the CCD detector, 0.01
s of integration time and averaged over 15 measurements. Each spectrum was corrected
for the spectral dependence of the optics in the system using the white light source.

In this case, the main QD peak is placed at a wavelength of 868 nm, or 1.43 eV. This
energy peak is measured at 77 K, while at room temperature the emission peak shall

translate to approximatively 920 nm. Contrarily to the MJSC-970 sample, the wetting
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Figure 4.23: a) Measured intensity dependant photoluminescence of the MJSC-920 Sam-
ple at 77 K. b) Calculated PL over different excitation intensities of the MJSC-920 sample
at 77 K . The quasi-Fermi level split Ay is given in eV.
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layer energy peak is not clearly observed from the intensity dependent PL. While it is
expected to be placed at 850 nm, only a small increase in this energy level range is seen
in the spectra. For this particular experiment, the quasi-Fermi level split created by the
laser is not large enough to effectively saturate the energy levels in the QDs.

Furthermore, there are interesting features in the luminescence spectrum in the higher
wavelength range. Non-negligible emission is observed in the wavelength range between
900 and 950 nm. This emission comes from larger nanoislands. It is possible, under
certain growth conditions, that a bimodal composition of QD sizes is created [82]. The
creation of small and large dots of different densities depends mainly on the InAs coverage
and its growth rate [133]. To have emission in this wavelength range, according to
COMSOL simulations, their radii need to be at least 20 nm if their height is kept the
same as the smaller dots. These larger QDs are of significantly lower densities, and shall
have a negligible contribution to the EQE of the solar cell.

The COMSOL simulations of these types of QDs was completed in the Section 4.2.3
of this thesis. It was used to derive the absorption coefficient given in Figure 4.10. This
particular QD size was used as a demonstration because the main product from Cyrium
showcases similar QDs compared to this MJSC-920 sample. Only one energy state is
bound, at quantum numbers n, = 1, n, = 0 and [ = 0. For the transition at 77 K, the
QD peak is placed at 875 nm and the QW peak is placed at 846 nm.

The calculated emission property of the nanostructures using Equation 4.40 is shown
in Figure 4.23b for quasi-Fermi level splits ranging from Ay = 1.30 to 1.48 eV. It was
calculated again using the standard MJSC structure, with 100 QD layers incorporated
into the intrinsic region of the middle subcell. In this case, the QW energy level present
at 850 nm becomes important at higher quasi-Fermi level, unlike what was measured. No
emission at wavelengths in the range of 950 nm is observed since the larger QD ensemble
is not taken into account in the simulation.

An important difference between the two simulations is the fact that only one energy
transition in the QD is calculated for the MJSC-920 calculation, while the MJSC-970
had one additional energy transition at higher energies (1.41 eV). Comparing the MJSC-
920 Figure 4.23 and the MJSC-970 Figure 4.20, at higher intensities the MJSC-970
spectrums has an additionnal peak at 876 nm. This additional transition reproduces
more accurately the behavior of the experimentally measured photoluminescence in this
wavelength region. Again, this demonstrates the limitation of the model to calculate
allowed excited energy transitions in the QDs.

The measured PL of MJSC-920 over different temperature is shown in Figure 4.24a.
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The experimental measurement is completed similarly to the temperature dependant PL
of MJSC-970.

The calculated emission spectrum as a function of temperature is shown in Figure
4.24b. The quasi-Fermi level split used in the equation was 1.36 eV for the initial 77 K
spectrum. Similarly to the MJSC-920 calculation, it was subsequently adjusted at each
temperature so that the total emitted photons is the same for all temperature.

The QD peak follows the same trend in both the calculated and the experimental
case. The position of the calculated peak is placed at 923 nm at 300 K while the
experimental peak is at 924 nm. Again, the calculated emission property demonstrates
similar properties as the MJSC-970 Figure 4.21. The calculated luminescence has 2 major
peaks, one for the QD and one for the QW, while the measured case shows continuous
luminescence from the QD ground state to lower wavelengths. The decrease in the QD’s

peak intensity is only 48 % while it is 87 % for the experimental case.

4.4.2 External quantum efficiency

Now that the QD absorption model has been introduced and that it reproduces the
behavior of the emission of solar cell over intensities and temperature, it shall now be
applied to the EQE simulation. The comparison of the calculated emission properties
to the measured spectra was necessary to create an adequate model for the absorption
coefficient.

The measured EQE of sample MJSC-970 is shown in Figure 4.25a, along with the 300
K PL spectrum. A clear correlation between the emission property of the QDs and their
absorption is observed in the figure. The emission peak, centered at 967 nm, corresponds
to the absorption peak centered at 966 nm in the EQE. The continuous absorption from
the quantum dots between the bandgap of the GaAs matrix, at 873 nm, and the QD
ground state is an indication that the density of states over the ground state energy level
is non-negligible.

Both PL and EQE peaks associated to the QDs are expected to be at similar energies.
Differences between the position of the ground QD energy peak of the photoluminescence
and the photocurrent have been measured in the literature [134]. They are due to the
carrier redistribution among the QDs. In PL measurements, if the thermal energy is
high enough, the carriers can redistribute themselves into different QDs. In a layer with
different QD sizes, the carriers generally distribute themselves into the lower energy QDs

first. Hence, if only the QDs of the lowest ground energy level are populated, the PL peak
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Figure 4.24: a) Measured temperature dependant photoluminescence of the MJSC-920

sample excited by 300 pW 785 nm laser light. b) Calculated photoluminescence of the

(C920 sample over different temperature. The used quasi-Fermi level split Ap is 1.36 eV.
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Figure 4.25: a) The measured EQE of MJSC-970 along with its corresponding PL spec-
trum. b) The calculated EQE, using the standard structure in Table 2.7 and the QD’s
absorption coefficient shown in Figure 4.22.

will be centered towards lower energies, while the absorption peak will be unaffected. The
expected energy difference between those two peaks is 10 meV, or approximatively 6 nm
in this wavelength range.

In the current PL experiment, however, the QD was illuminated with a high power
laser. The ground state energy level is saturated for the measurement at 300 uW. Hence,
carrier redistribution is not possible in our luminescence measurement, and the PL peak
is expected to be at the same energy as the EQE peak.

The calculated EQE of the middle subcell of sample MJSC-970 along with the cal-
culated PL is shown as well in Figure 4.25b. It was calculated using the standard
multijunction solar cell structure given in Table 2.7, with the exception of the addition
of an intrinsic layer in the middle subcell. This intrinsic layer was assumed to be 1 um
thick, and contains 100 layers of QDs. To conserve the total thickness of the standard
solar cell, the GaAs base of the middle subcell was reduced by 1 pum.

The calculated EQE shows a clear peak in the QD ground state region, and subse-
quently goes down to 0. It then has a small peak of 1 % at the second bound energy
transition at 925 nm. It finally goes back up to values similar to the bulk GaAs EQE in
the wavelength range of the quantum well transition, at 890 nm. The difference between
the calculated and measured EQE demonstrates the importance of taking into account
the energy states between the ground QD state and the wetting layer state.

The amplitude of the calculated QD peak is significantly lower than the measured
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Figure 4.26: a) The measured EQE of MJSC-920 along with its corresponding PL spec-
trum. b) The calculated EQE, using the standard structure in Table 2.7 and the QD’s

absorption coefficient shown in Figure 4.10

QD peak. However, because of the unknown number of layers in the structure and the
unknown QD density, the 100 layers and density of 1.25 - 10'° cm~2 were chosen was an
arbitrary quantity. These values correlate well within the more sophisticated Sentaurus-
based simulations completed in the laboratory [40]. The amplitude of the QD peak is
expected to vary significantly as a function of these two quantities.

The resulting EQE of the C920 sample and its corresponding 300 K photolumines-
cence is shown in Figure 4.26. Both the measured EQE and PL peaks are positioned
at 925 nm. This time, the calculated EQE demonstrate a behavior that is much more
close to the experimentally measured EQE. The QD peak is placed at 921 nm, then drop
slightly before the wetting layer absorption increases the EQE. Because the QD peak is
much closer to the QW peak in this case, the quantity of allowed energy transition is
less in this case. For this reason, the model reproduces accurately the EQE of the QD
enhanced solar cell for high QD energies.

Using this developped absorption coefficient, it is possible to quantify the contribution
of the QDs in the middle subcell’s EQE. In the calculated QD-enhaced EQE of MJSC-
920, the addition of 100 layers of QDs increased the J,. of this subcell by 1.2 mA /cm?.
For the MJSC-970 desgin, the J,. increase was 0.93 mA /cm?. Interestingly, the smaller
increase in current from the MJSC-970 design comes from the contribution of the AM1.5D
spectrum. As can be seen in Figure 1.7, the direct solar spectrum has an absorption band
in the 930-970 nm region. For this reason, the QQDs that absorb in the 920 nm region are
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better suited for the absorption of the solar spectrum than the QDs that absorb in the
970 region.

Using a more sophisticated simulation technique, it is possible to calculate the contri-
bution of these layers to the overall efficiency of the device, as in [116]. It is not possible
using the model proposed in this thesis, since no recombination was assumed in the QDs.
The goal of the current chapter was to explain and derive the contribution of the QDs
to the EQE of the GaAs subcell.

4.5 Conclusion

This chapter studied an important feature in the EQE that was not taken into account in
the initial model, the QD absorption peak. As highlighted in the EQEs shown in Figure
2.24, the absorption of the standard middle subcell extends only up to 900 nm. However,
as demonstrated by the experimentally measured EQE of QD-enhanced MJSCs shown
in Figure 4.2, the addition of QDs can extend the absorption range up to 970 nm.

The electronic structure of InAs/GaAs QDs was obtained using a finite element solver,
COMSOL. The simulation was completed by assuming strain dependant conduction and
valence band offsets and the 1-band effective mass Schrodinger’s equation. The elec-
tron and hole wavefunctions for each QD sizes were obtained and their corresponding
wavefunction overlap and energy levels were calculated. Subsequently, those quantities
were used to calculate the absorption coefficient of the nanostructures. Furthermore, the
equations calculating the emission properties of the QDs were derived.

The QD model was subsequently applied to a single-junction QD-enhanced GaAs
solar cell. The EL of the solar cell was measured, and the simulated emission properties
were compared to the experiment. Subsequently, the measured EQE of the QD-enhanced
GaAs solar cells demonstrated the additionnal photon absorption by the QDs. The model
accurately reproduced the behavior of QDs in the EQE of the solar cell.

Then, the QD-enhanced MJSC was studied. First, because no physical measurements
of the QDs were available for the samples, their properties were obtained differently.
The intensity dependent PL was measured and the QD ground energy levels and the
QW energy level were obtained. Then, using these values, their size and absorption
properties were derived using the COMSOL simulation. The emission properties over
intensities and over temperature were calculated and compared to the experimentally
measured spectra. Finally, the measured EQE of the solar cells were compared to the
calculated EQEs with their corresponding QDs. The model reproduced the EQE of the
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QD enhanced solar cell MJSC-920. However, the MJSC-970 sample demonstrated the
limitation of the model in calculating the excited energy levels.

The absorption coefficient derived in this thesis was used extensively in the complete
numerical simulation of QD-enhanced solar cell in Sentaurus. This simulation work
was part of Alex Walker’s thesis [40]. It was first used to demonstrate the increased
performance of the MJSC due to the addition of QDs in the middle subcell [80]. Then,
the optimal number of QD layers in the system was derived in [116]. The behavior of
the carrier dynamics in the QD enhanced MJSC over concentration was shown in [118].
Finally, the importance of the correct positioning of the QD layers was demonstrated in
[117].



Chapter 5

The bottom subcell artifact

An important component of the EQE of a MJSC is the ‘bottom subcell artifact’. It
consists of a non-zero value for the EQE of the bottom subcell when it is probed in
the middle subcell wavelength region. As seen in Figure 5.1, where the EQE of sample
MJSC-920 is shown, it is visible as the EQE of the bottom subcell in the wavelength
range of 600 to 900 nm. On paper, the bottom subcell should not be absorbing photons
that are in this wavelength range. The middle subcell is thick enough to absorb all of
these photons, and none should be capable of reaching the bottom subcell.

This artifact either comes from internal voltage biasing between each subcell or comes
from light coupling between the middle and bottom subcell. In this chapter, each hypoth-
esis is studied. An experimental procedure using the fill-factor bias (FF-bias), proposed
by Cyrium Technologies [39], is used to independently separate the effect of both the
internal biasing and the light coupling.

5.1 Internal voltage biasing

In an EQE measurement, light bias is applied to the solar cell so that the subcell of in-
terest is current-limiting. The additional chopped monochromatic light will be absorbed
by the measured subcell and will create an additional alternating photocurrent that can
be measured.

During the operation of an EQE measurement, the external voltage applied on the
MJSC and the operating voltage of each subcell are different. If the total voltage is 0, it
does not necessarily mean that the internal applied voltage on each subcell is 0. Because

the sum of each subcell’s voltage is equal to the total voltage, they are correlated. If 2

140
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Figure 5.1: External quantum efficiency of sample MJSC-920, where the bottom subcell’s
artifact is highlighted.

subcells are illuminated while the 3' is not illuminated, the 2 subcells will operate near
their V,, while the 3 will be reverse biased by V = V; + V5. Hence, it is possible that
this internal biasing will have an effect on the measured photocurrent.

The initial explanation of the EQE measurement artifact was published by Meusel in
2003 [37]. They calculate the J-V curve of each subcell under bias illumination. They

did so using the 2 diode model, including the series and shunt resistances, given by

qV+JRs qV+JRs V + JRS
— 7. _ EpT _ kgl I
TV = Jughe — Joi <e b 1) Jos <e b 1) B (6D

where Jjign: is the photo-generated current density, Jy; is the dark current density coming
from radiative recombination, Jy, is the dark current density generated by the Schockley-
Read-Hall (SRH) recombination in the junction, R; is the series resistance and Rgpyn; is
the shunt resistance [9]. This technique shall be reproduced in this chapter to explain
and study the internal voltage biasing .

For a given voltage, the current density J that solves the Equation 5.1 is found by
a root of nonlinear function numerical technique. Then, each individual J-V curve is
calculated numerically with step-wise increase in voltage. The triple junction J-V curve
is calculated by adding the voltages of each subcells,

VMJSC(J) = ‘/top(J) + szd<<]) =+ %ot(J)' (52)

This creates the full J-V curve under illuminated bias. Then, to calculate the EQE,
the measured subcell’s photocurrent is increased by AJ = 0.5 mA/cm?. The MJSC’s
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Subcell Top Middle Bottom
Jo1 (A/cm?) 1072 10717 1077
Joz (A/cm?) 1.7-107% 1.6-107° 107°
Jight (A/cm?) 0.128 0.124 0.187
R, (2 cm?) 0.001 0.004 0.009
Rshunt (Q) 20000 50000 2000

Table 5.1: J-V curve parameters used in the two-diode model calculations.

J-V curve is then recalculated under this new applied photocurrent. To obtain the
EQE, the original and the new MJSC curves are substracted, giving the alternating
current that would be measured, and subsequently dividing the result by the initial

applied photocurrent of 0.5 mA /cm?. This quantity will be refered as the photocurrent

AJ
’ AJphoto

the subcell is converted into the measured EQE. For the subcells not under test, this

proportion . Ideally, this quantity would be 1 if all the photocurrent created by
quantity should be 0.

The parameters used to trace each individual J-V curves are shown in Table 5.1.
They are obtained by using an experimental fitting procedure that will be introduced in
Section 5.3 of this chapter.

Figure 5.2a shows the top, middle and bottom subcell’s J-V curves under light bias
as the blue, green and red curves respectively. The total MJSC J-V curve, calculated
by the sum of each subcell’s voltage, is shown in light grey. The dashed lines are the
J-V curves under the additional oscillating photocurrent for the EQE measurement. For
demonstration purposes, the shunt resistance of the bottom subcell was decreased to 500
) and the middle subcell’s series resistance was increased to 40 €2. This additionnal series
resistance is not realistic. An added series resistance would be applied for the complete
structure. However, in this case, it is only applied to the middle subcell to demonstrate
the difference between having a large series resistance (middle) or a negligible series
resistance (top). Because the bottom subcell is measured, its photocurrent was reduced
to 2 mA/cm?. An additional photocurrent of 0.5 mA /cm? is used to measure the bottom
subcell’s EQE.

It is assumed that the measurement is taken at V' = 0. Hence, the measured EQE
shall be equivalent to the difference in current measured at V' = 0 on the MJSC’s J-V

curve. Under these conditions, the applied voltage on each subcell is shown as the dots
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on the J-V curves. The voltage applied on the MJSC is V' = 0 while the internal applied
voltages are V' = 1.30 for the top subcell, V' = 0.56 for the middle subcell and V' = —1.86
for the bottom subcell.

Figure 5.2b shows the bottom subcell’s J-V curve near the operating voltage point
while Figure 5.2c¢ shows the top and middle J-V curves near their operating voltage
points. The arrow labeled as 1 shows the increase of 0.5 mA in the bottom subcell’s
photocurrent. Looking at the top subcell’s curve in Figure 5.2c, the increase in the
photocurrent has negligible effect on its operating voltage. On the other hand, the
operating voltage of the middle subcell is decreased by approximately 0.02 V because
of the additional series resistance. This decrease in the operating voltage of the middle
subcell leads to a decrease in the operating voltage of the bottom subcell highlighted
by the arrow 2 in Figure 5.2b. Because the bottom subcell has a non-negligible shunt
resistance, the decrease in voltage leads to a decrease in the current density, as shown
by the arrow 3. In this case, the reduction in photocurrent by the bottom subcell is
0.047 mA/cm?. The measured current is then AJ = 0.453 mA /cm? while the applied
current was AJppor, = 0.5 mA/cm?. This means that the photocurrent proportion is

AT — 90.6% and that the measured EQE is 10.4 % smaller than the real EQE of the

AJph,oto
bottom subcell.

As highlighted by the difference between the middle and top subcell’s curve, an
additional series resistance will have an important effect on the measured artifact. The
top subcell’s effect on the operating voltage is negligible compared to the middle subcell’s
effect. This is because the added series resistance in the middle subcell creates the
noticeable slope on the J-V curve while the small resistance in the top subcell creates
this near-vertical J-V curve in this region. Hence, to decrease the artifact, one wants to
reduce the series resistance in the system.

Furthermore, the small shunt resistance in the bottom subcell is essential in creating
the artifact. If the bottom subcell had a large shunt resistance, the curve in Figure 5.2b
would be horizontal. Hence, even if the applied voltage changes, the photocurrent will
not be different. The smaller the shunt resistance, the larger the amplitude of arrow 3,
which outlines the drop in current due to the shunt. This will lead to a more important
artifact.

In the current case, the calculated difference in current was completed at an applied
voltage of V' = 0. However, as highlighted in Section 2.3.4, it is necessary to apply a
voltage to the MJSC for an accurate measurement. Figure 5.3 shows the evolution of

the calculated alternating current AJ divided by the applied photocurrent AJ,pq, over
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Figure 5.2: a) J-V curves of the MJSC while the bottom subcell’s EQE is measured,
demonstrating the artifact created by the shunt resistance. b) The bottom subcell’s
J-V curve near the operating voltage point. ¢) The top and middle J-V curves near
their operating voltage point. The circled numbers and arrows are used to describe the

behavior of the cell during an EQE measurement. These are throughly described in the
text.
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Figure 5.3: Calculated photocurrent proportion of the bottom subcell artifact in the
bottom subcell’s wavelength range for a shunted bottom subcell over different applied

voltage.

voltage. As highlighted by the J-V curves in Figure 5.2, the calculated photocurrent
proportion is 90.6 % at an applied voltage of 0. As the voltage is increased, the proportion
increases up to 91.2 % at 1.9 V and decrease rapidly afterwards for increasing voltage.
It therefore becomes clear that this must be corrected to account for this missing 8.8 %,
assuming the cell can be properly biased.

These J-V curves explain the behavior of the EQE when the bottom subcell is mea-
sured. The bottom subcell’s measured EQE is reduced when there is a small shunt
resistance in the bottom subcell and a non-negligible series resistance in the MJSC.
However, this does not yet explain the presence of the bottom subcell’s artifact in the
600 to 900 nm region. Figure 5.4a shows the J-V curves when the light bias is applied to
measure the bottom subcell, but the alternating probing light is in a wavelength range
that is absorbed by the middle subcell. Like Figure 5.2, the bottom subcell is the cur-
rent limiting subcell. However, as shown by the dashed lines representing the J-V curves
under the additional alternating light, the probing light is fully absorbed by the middle
subcell.

Again, Figure 5.4b shows the bottom subcell’s J-V curve near the operating voltage
point, while Figure 5.4c shows the top and middle J-V curves near their operating voltage

points. This time, the increase in photocurrent caused by the probing light shifts the
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Figure 5.4: a) J-V curves of the MJSC while the bottom subcell’s EQE is measured in
the middle subcell’s absorption range, demonstrating the artifact created by the shunt
resistance. b) The bottom subcell’s J-V curve near the operating voltage point. ¢) The

top and middle J-V curves near their operating voltage point.
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Figure 5.5: Calculated photocurrent proportion of the bottom subcell artifact in the
middle subcell’s wavelength range for a shunted bottom subcell as a function of applied
voltage.

middle subcell’s J-V curve upwards. This increase in photocurrent increases the voltage
at the operating point by 0.003 V. This can be seen in Figure 5.4c as arrow 1. This
change in the operating voltage of the middle subcell then changes the operating voltage
of the bottom subcell by the same amount.

As seen in Figure 5.4b, the decrease in the operating voltage of the bottom subcell

leads to an increase in photocurrent of 0.007 mA /cm?

. This is shown by the arrow 2.
Although the bottom subcell absorbed no light from the alternating light, it still creates
a non-zero photocurrent. In this case, the photocurrent proportion will give 1.5 % of the
middle subcell’s EQE.

Figure 5.5 shows the evolution of the calculated alternating current AJ divided by
the applied photocurrent AJ,p, over voltage for the EQE of the bottom subcell when
it is measured in the wavelength range that is absorbed by the middle subcell. As the
voltage is varied, the proportion decreases from 1.5 % down to 1 % at 1.7 V and increase
rapidly afterwards.

This demonstrates that the artifact can arise from internal coupling between each
subcell’s J-V curve. If the series resistance is negligible, it is possible to derive a method

to remove the artifact [135]. The bottom subcell’s EQE measured in the middle subcell’s



The bottom subcell artifact 148

wavelength region will be dictated by the said middle subcell’s EQE. If the notation from
[135] is used, the bottom subcell’s EQE in the middle wavelength range is given by

EQEmeasured = EQEmid : Sf7 (53)

where sf is a scaling factor. Furthemore, they demonstrated that the bottom subcell’s

EQE is reduced by the same amount, as in

EQEmeasured - EQEbot . (1 - Sf), (54)

where EQEy,; is the real bottom subcell’s EQE.

Hence, to correct for the bottom subcell’s artifact, one must use the middle subcell’s
EQE. The procedure is applied on the measured EQE of sample MJSC-920 in Figure 5.6.
First, the middle and bottom subcell EQEs are compared in the wavelength region of 600
to 800 nm. The middle subcell’s EQE is fitted to the bottom subcell’s artifact by using
the scaling factor sf. The artifact is removed by subtracting the middle subcell’s EQE
multiplied by the scaling factor from the bottom subcell’s EQE. Finally, the reduction
of the measured EQE by the artifact is corrected by multiplying it by ﬁ In equation

form, this gives
1
1—sf

The scaling factor sf necessary to correct for the artifact in Figure 5.6 is 8 %.

EQEbot = (EQEmeasured - EQEmzd : Sf)

(5.5)

Comparing this procedure to the calculated artifact arising from the J-V curves, the
correction is not necessarily similar in both cases. For the simulated J-V curves, 1.5
% of the middle subcell’s EQE from the bottom subcell has to be removed, and the
bottom subcell’s EQE has to be divided by 0.9. These numbers do not correspond to
a scaling factor sf that should be similar in both cases. This difference arises from the
fact that the series resistance of the subcells was neglected in the derivation of the sf in
[135]. Hence, this correction procedure is not adequate when significant series resistance
is present in the system.

Second, the assumption that the bottom subcell’s J-V curve is dependent on a shunt
resistance is not always correct. The low bandgap of germanium generates a low reverse
breakdown voltage [37]. The creation of a nucleating layer on the Germanium layer
needed in the growth of the MJSC can create a non-linear effect on the J-V curve. This
creates a slow reverse bias breakdown of the bottom subcell [136]. Hence, in reverse

bias, the J-V curve of the bottom subcell does not necessarily follows the qualitative
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Figure 5.6: Correction procedure to remove the artifact for the bottom subcell EQE of
sample MJSC-920.

behavior observed in Figure 5.2. The reverse breakdown of the bottom subcell is not
easily simulated since it is highly growth dependent, and its shape is hidden in the
common 1 sun J-V curve measurement.

Finally, the amplitude of the measured artifact in the middle subcell region does not
correlate with the results obtained earlier. By using the J-V curves of each subcell, an
artifact arose in the EQE because of the shunt resistance in the bottom subcell. An
artifact of the order of 1 % was calculated for the middle subcell, but for unusually small
shunt resistances. In common measurements of the EQE, such as the one seen in Figure
5.6, the artifact is on the order of 7 %. This amplitude varies between MJSC.

A possible answer to these problems is the possibility of light coupling between the
middle subcell and the bottom subcell. In the following section of this chapter, the
literature on light coupling will be reviewed. Then, the FF-bias experiment will be used

to resolve the problem that arises from the correction procedure previously described.

5.2 Light coupling

During the EQE measurement of the bottom subcell, the top and middle subcells are
forward biased. This condition commonly creates a large amount of radiative recombina-
tion. If the probing light is absorbed by the middle subcell, it is possible that the excited

carriers will radiatively recombine. This additional light could then subsequently be re-



The bottom subcell artifact 150

emitted towards the bottom subcell and create signal that would be picked as an EQE.
It is believed that a part of the artifact, if not the entirety, is due to photon coupling
between the middle and the bottom subcell [38]. GaAs is a highly efficient emitter, and
world record solar cells of single junction actually exploits its high radiative efficiency to
obtain very high V,. [137].

Recent work has been performed extensively in the literature to demonstrate this
light coupling. An important demonstration has been completed in 2007 by Baur [138].
In this work, a simple n-GaAs layer was grown on top of an electrically active Ge subcell.
It was a GaAs double heterostructure on top of a Ge photodetector. This inactive GaAs
layer is surrounded by two thin InGaP layers to ensure that the minority carriers cannot
diffuse to the bottom subcell. With this structure, they measure the EQE of the bottom
subcell, and still observe the artifact in the middle subcell region. Because the GaAs
layer is electrically inactive, the internal voltage biasing does not have any effect on the
behavior of the EQE. The measured artifact is then due to light coupling between the
high quality GaAs layer and the Ge sub-cell.

They furthermore radiated the GaAs layer with high energy protons, giving rise to a
higher non-radiative recombination rate in the GaAs layer. This completely removed the
artifact present in the middle subcell region for this solar cell. This work convincingly
shows that radiative coupling between subcells is important in understanding the artifact.

In 2012, Derkacs [139] used dual junction solar cells and their isotypes to demonstrate
the light coupling between each of them. They grew three different samples, based on
a GaAs/GalnNAsSb solar cell. They had a GaAs isotype, a dual junction cell and a
GalnNAsSb isotype. The isotypes were single junction cells, but with the similar semi-
conductor structure than the dual junction cell. The same material is grown, but with
significantly different dopings to ensure that parts are electrically inactive. They measure
the current of each cell under illumination of a 808 nm (1.53 eV) laser, which is com-
pletely (99.2 %) absorbed by the GaAs subcell. As expected, the bottom subcell isotype
sample had a short circuit current of 1% of the laser illumination, which is equivalent to
the amount of light that goes through the GaAs inactive region. Interestingly, the dual
junction tandem cell did not have a similar behavior. Instead, it had an illuminated-like
J-V curve, with light coupling going up to 35 % between the two subcells.

The NREL group has studied the impact of light coupling in MJSC extensively.
Steiner and Geisz have published a study of the luminescent coupling between each sub-
cell in 2012 [140]. They measured radiative coupling between each subcell by measuring

the J,. of the MJSC while increasing the light illumination corresponding to the top
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and middle subcells. In this experiment, the middle subcell LED is kept below 1 sun
illumination while the top subcell LED corresponds to 1 sun illumination. The J,. of
the MJSC increases approximately linearly with the LED bias light corresponding to
the middle subcell. This demonstrates that the middle subcell is light coupled to the
bottom subcell. However, they did not take into account the internal voltage biasing.
As demonstrated in the previous section, even if the bottom subcell does not absorb any
light, the possibility of a small shunt resistance could recreate this increase in J..

Using this experimental technique, they derived the methodology to correct for the
luminescent coupling [141]. Even though the luminescent coupling is a real effect on the
EQE, it is necessary to remove it. Under the normal operation of the solar cell, when
it is illuminated by the AM1.5D spectrum, the individual subcells are expected to be
current matched. In this configuration, since all subcells operate near their maximum
power point, negligible luminescence coupling between each subcells is expected. Their
proposed methodology to remove the artifact related to the light coupling is the same as
the one proposed by [135] and shown in Equation 5.5. They remove the middle subcell’s
EQE multiplied by a scaling factor from the bottom subcell’s EQE and subsequently
multiply its EQE by the corresponding factor. They correct as well for the middle
subcell’s EQE when there is light coupling from the top subcell in a similar fashion.

Their demonstration was completed for inverted metamorphic solar cells. As men-
tionned in Chapter 1, this design uses substrate removal techniques and has a bottom
subcell made out of InGaAs. In this case, the bottom subcell’s J-V curve behavior is
optimal. They furthermore demonstrate that it is possible to adequatly measure the light
coupling in a Ge based MJSC. However, their method shows that the reverse breakdown
behavior of the Ge subcell has a non-negligible effect on the luminescent coupling. They
determined empirically that adding 1.5 V to the experiment minimized this behavior.
Hence, from the conclusion of this paper, the artifact present in the bottom subcell’s
EQE either comes from the luminescent coupling or the internal voltage biasing from the
subcells. Both effects are corrected in the same way.

Li demonstrated the effect of both the shunt and the luminescence coupling as a func-
tion of biasing light [38]. However, the method was not complete enough to quantitatively
differentiate the contribution of each component. Using their model, they developed a
pulsed voltage bias method and a pulsed light bias method to minimize the EQE artifact
(142, 143].
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5.3 The fill-factor bias measurement

As seen in the previous section, the EQE artifact has been studied extensively in the
literature. However, the quantitative extraction of the contribution of each effect has not
been shown. Furthermore, the reverse bias breakdown of the bottom subcell has been
neglected by most techniques. The current section will demonstrate the possibility of
using an experimental technique to independently separate the effect of both the internal
biasing and the luminescence coupling. The experimental procedure is the fill factor bias
experiment (FF-bias), proposed by Cyrium Technologies [39].

The apparatus consists of 3 light sources, one for each subcell. Each of these light
sources is tailored to be exclusively absorbed by their corresponding subcell. Their
intensity can be continuously controlled between values of 0 to 1 sun.

For a single measurement, the intensities of the three light sources are set to 1 sun.
Subsequently, the intensity of the light associated to the subcell under test is varied
between 0 and 1 sun. For each intensity increment, a full MJSC J-V curve is measured.
The resulting measurement, as seen in Figure 5.9 and 5.10, demonstrate curves that
are highly dependent of the subcell’s internal J-V curve. It is possible to complete this
measurement for each of the subcells under test to obtain a complete picture of each
subcell. This experimental technique was implemented initially to assess the quality of
each subcell through the measurement of their respective FFs. This created the name of
the apparatus, ‘the fill-factor bias measurement’ (FF-bias).

By measuring the J-V curve as a function of the illumination of each subcell, it is
possible to extract each subcell’s characteristic. This technique shall then be used to
obtain the shunt behavior of the bottom subcell as well as the light coupling from the
middle to the bottom subcell.

The FF-bias setup was built at the SUNLAB using multiple optical components. The
solar cell was installed on a metallic stage and the electrical contacts were created using
electrical probes. The light bias used to illuminate the top subcell was a 505 nm high
power LED source coupled to a continuous power supply. This continuous power supply
took an input from 0 to 5 Volts and subsequently applied a maximum of 700 mA to
the high power LED. Figure 5.7a shows the spectrum of the LED source as a function
of applied current. Similarly, for the middle subcell, a 780 nm LED source was used.
Again, a continuous power supply used an input of 0 to 5 Volts to apply a maximum of
1000 mA to the LED. Figure 5.7b shows the according spectrum of the LED.

The bottom subcell’s biasing light was an Oriel 1600 W solar simulator coupled with
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Figure 5.7: a) Spectra of the biasing high power 505 nm LED for the top subcell, driven
by currents ranging from 116 to 700 mA. b) Spectra of the biasing high power 780 nm
LED for the middle subcell, driven by currents ranging from 167 to 1000 mA

a long wave pass 1000 nm filter (20CGA-1000). The filter removed all the light that
was of a wavelength lower than 1000 nm. To control the intensity of the light going
onto the solar cell, a combination of neutral density filters were used, similarly to the
PL measurement in Section 4.4.1. The resulting spectra of the light source is shown in
Figure 5.8, using filters of optical densities ranging from OD 0.2 to OD 3.0.

To calculate the equivalent intensity going onto the cell, calibrated reference isotype
solar cells were used. These isotypes are single junction solar cells that are grown with
a similar structure than a MJSC. This ensures that they have similar EQEs than their
MJSC’s counterpart, and hence have a similar response to different specta. Each ir-
radiation intensity was converted to their value in number of suns (with the AM1.5D
spectrum). The J-V curves were measured from 0 to 3 V using a Keithley 2420 sourceme-
ter.

Using these spectra, setting the intensity of the middle and bottom subcell’s light
sources to 1 sun, the top subcell’s light source was varied to obtain its corresponding
FF-bias curves. These are shown in Figure 5.9a for the sample MJSC-920. The FF-bias
curves in Figure 5.9b are obtained by setting the top and bottom subcell’s light source
to 1 sun and subsequently by varying the middle subcell’s light intensity.

The top subcell’s FF-bias measurement behaves as expected. Its calculated Js. under
the AM1.5D spectrum is 12.8 mA/cm?. As the bias light intensity is increased, the

J-V curve linearly increases up to its Jg. at 1 sun. The V,. of the device increases
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Figure 5.8: Spectra of the Oriel 1600 W solar simulator coupled with a 1000 nm long-

wave pass filter and neutral density filters, used to bias the bottom subcell in the FF-bias

measurement.
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Figure 5.9: J-V curves as a function of light bias intensity of the sample MJSC-920

during the FF-bias experiment. a) The top subcell FF-bias measurement, with the 505

nm LED intensities varying from 0 to 1 sun. b) The middle subcell FF-bias measurement,

with the 780 nm LED intensities varying from 0 to 1 sun.
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logarithmically up to 2.44 V. The shape of the J-V curve is ideal and no shunt resistance
is present for this subcell. Its measured EQE is then expected to be ideal.

The middle subcell’s FF-bias measurement is similar to the top subcell’s measure-
ment. However, an important difference arises at 0 sun intensity. The J-V curve has
a non-zero current at this intensity. It is expected to be zero since no light is applied
on the said subcell. At V' = 0, the measured current density is 0.4 mA /cm?. Carefully
looking at the top subcell’s EQE of MJSC-920 in Figure 5.6, the middle subcell’s EQE
is 3 % at 505 nm. This either comes from light coupling or from light that is actually
not absorbed by the top subcell. The thickness of the top subcell in this sample was
derived in the Figure 3.14 in Chapter 3. The top subcell’s thickness is 1.2 um. Using
the absorption coefficient of InGaP at 505 nm (ar,gap = 5.35-10* cm ™), the amount of
light that is absorbed by the top subcell at this wavelength is 99.8 %. This means that
at this wavelength, the amount of light that reaches the middle subcell is 0.2 %. Hence,
when the top subcell is biased at 1 sun while the middle subcell is biased at 0 sun, the
light coupling between the top subcell and the middle subcell is approximately 2.8 %.
Since the J,. of the top subcell is 12.8 mA /cm?, the middle subcell will create 3 % of
it, 0.38 mA /cm?. This corresponds to the measured J-V curve at 0 suns in Figure 5.9b.
The J-V curve subsequently increases linearly with the applied light bias.

The bottom subcell’s measured FF-bias is shown in Figure 5.10. It was obtained by
setting the top and middle subcell’s light source to 1 sun, and then subsequently changing
the neutral density filters in front of the bottom subcell’s biasing light source. The J;. of
this subcell is 18.7 mA /cm?. The J-V curves of the MJSC are current limited by the top
and middle subcells at higher light bias intensities. As highlighted beforehand, multiple
components influence the J-V curves. The two important ones that are highlighted in
this thesis are the reverse bias breakdown of the bottom subcell and the light coupling
between the middle and bottom subcells.

Comparing the resulting J-V curves of Figure 5.10 to the calculated bottom subcell’s
J-V curve in Figure 5.2, they are not similar. While the calculated J-V curve shows
a straight line from V' = 0 to V = —2, the measured J-V curve demonstrate a curved
behavior. This can be explained by the fact that the Ge subcell has a reverse bias
breakdown. The small bandgap of the germanium as well as the growth of a nucleation
layer increase the chance of observing such breakdown in this subcell [136]. Hence, in this
case, the calculation of the bottom subcell’s artifact by assuming a small shunt resistance
in the bottom subcell is incorrect.

The calculation of the internal J-V curves in the MJSC done in Section 5.1 shall now
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Figure 5.10: Measured J-V curves as a function of light bias intensity of the sample
MJSC-920 during the bottom subcell FF-bias experiment.

be revisited. This time however, the reverse bias breakdown and the light coupling will
be included. The MJSC J-V curves again are calculated using Equations 5.1 and 5.2.
The light coupling is calculated as an additional constant term in the J,. of each subcell.
Hence, in Equation 5.1, Js. becomes J,. + Jo where Jp¢ is the light coupling current
density. The J-V curves are calculated for each of the light conditions in the FF-bias
experiment.

The individual subcell’s values in Table 5.1 were obtained by fitting the calculated
J-V curves to the measured curves in Figures 5.9a and b and Figure 5.10. The top
subcell’s parameters were first obtained by fitting the J-V curve of the 0.1 sun curve
in Figure 5.9a. It was assumed that the middle and bottom subcells were operating
near their V,.. The fit was obtained by varying each parameter in Table 5.1 to create
an array of different J-V curves. The J-V curve with the least MSE compared to the
experimentally measured curve was chosen as the fitted curve.

Subsequently, the middle subcell’s parameters were obtained by doing a similar fit to
the 0 sun curve in Figure 5.9b. The additional light coupling from the top subcell was
calculated as well in this fitting procedure. The obtained light coupling was calculated
to be of 0.4 mA /ecm?, or 3.1 %.

The bottom subcell’s J-V curve is more complex to fit. First, light coupling between
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Figure 5.11: Calculated J-V curves as a function of light bias intensity of the sample
MJSC-920 reproducing the a) top and b) middle subcell FF-bias experiment.

the middle subcell and the bottom subcell is observable. By estimating that the internal
Ve of the top and middle subcells are similar to the calculated ones using Table 5.1 (1.32
V and 0.83 V respectively), the Jg. of the bottom subcell is seen when V' = 2.15 is applied
to the MJSC. The measured current at V' = 2.15 when 0 sun is applied to the bottom
subcell is J = 0.1 mA/cm? . Similarly to the top subcell, the middle subcell’s thickness
was obtained in Chapter 3. The total thickness of GaAs that was measured using the
FFT of the reflectivity was approximately 5.8 um. Using the absorption coefficient of
GaAs at 780 nm (agaas = 1.53 - 10* em™!), the amount of light that is absorbed by
the middle subcell at this wavelength is 99.9 %. The 780 nm biasing light is completely
absorbed by the middle subcell, and the J,. is created by light coupling.

Secondly, the shunt resistance approximation is inadequate. To adequately fit the
measured J-V curve, it is necessary to replace the shunt resistance by a diode in reverse
breakdown in series with a resistance. To fit the bottom subcell’s J-V characteristics,
the J-V curves were calculated for the 0 sun case in Figure 5.10. An additional resistive
reverse breakdown diode as well as light coupling from the middle subcell were added
to the circuit calculation. The best fitted curve had the parameters that fit into the
two-diode model shown in Table 5.1. The light coupling from the middle subcell was 1
mA /cm?, or 8 %. The resistive reverse breakdown diode has an ideality factor of n = 10,
a dark current of Jy = 10" mA/cm? and a resistance of 200 2. These values have no
physical meaning, and solely serve to fit the curve.

The calculated J-V curves for the top and middle subcell’s FF-bias experiment are
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Figure 5.12: Calculated J-V curves as a function of light bias intensity of the sample
MJSC-920 reproducing the bottom subcell FF-bias experiment.

shown in Figure 5.11a and b respectively. They show similar behavior as the measured
curves in Figure 5.9b.

The calculated J-V curves for the bottom subcell’s FF-bias experiment are shown in
Figure 5.12. They accurately reproduce the behavior of the bottom subcell over different
light bias intensities.

The model is capable of calculating the internal J-V curves of the sample MJSC-920
under different illumination conditions. It is then possible to estimate the contribution
of each component, namely the light coupling and the internal voltage biasing, to the
bottom subcell’s artifact. The light coupling measured in Figure 5.10 and calculated in
Figure 5.12 creates an artifact of 8 %. This means that the bottom subcell’s EQE in the
middle subcell’s region will be 8 % times the middle subcell’s EQE due to light coupling.
This further means that the measured bottom subcell’s EQE in the bottom subcell’s
region will be 92 % of the real EQE due to light coupling.

Furthermore, It is possible to calculate the contribution of the internal voltage biasing.
By using a similar procedure as the one presented in Section 5.1, the effect of the bottom
subcell’s J-V curve on the measured EQE is calculated. Figure 5.13a shows the amplitude
of the photocurrent proportion % ']AphJoto as a function of applied voltage. When V' = 0 is
applied on the MJSC, the internal voltage biasing reduces the amplitude of the measured
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Figure 5.13: Calculated bottom subcell artifact as a function of voltage using the J-V
curves derived from the FF-bias measurement. a) Reduction of the EQE amplitude due

to the artifact. b) Artifact present in the middle subcell’s region.

EQE down to 94.5 %. As evidenced by this figure, the optimal voltage to measure the

EQE is 2.1 V. At this voltage, the measured EQE is 99.7 % of the real EQE.

AJ
AJphoto

length range that is absorbed by the middle subcell as a function of applied voltage.
When V' = 0 is applied to the MJSC, the measured EQE will be 3.3 % of the middle
subcell’s EQE. Again, the optimal voltage to measure the EQE is 2.1 V, with an artifact
of 0.2 %.

The internal voltage biasing artifact is not accurately resolved by using the scaling

Figure 5.13b shows the amplitude of the photocurrent proportion in the wave-

factor procedure shown in Equation 5.5. As highlighted by Figure 5.13, the measured
artifact in the bottom subcell’s region when V' = 0 is applied is 94.5 % while it is 3.3
% in the middle subcell region. Hence, to correct for this artifact, a scaling factor of
sf = 3.3% is needed in the middle subcell region and a scaling factor of sf = 5.5% is
needed in the bottom subcell’s region. This cannot be completed solely by fitting the
middle subcell’s EQE to the bottom subcell’s artifact, as shown in Figure 5.6. It can,
however, be resolved by completing the FF-bias measurement.

The measured EQE in Figure 5.6 was not measured at V' = 0. As mentioned in
Chapter 2, the applied voltage for the bottom subcell’s EQE is 2 V. In this case, the
measured artifact in the bottom subcell’s region when V' = 2 is applied is 99.6 % while
it is 0.2 % in the middle subcell region. This is considered negligible compared to the
light coupling artifact.
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In this case, the calculated scaling factor to fit the middle subcell’s EQE to the bottom
subcell’s artifact is 8 %. This corresponds to the light coupling of 8 % between the middle
subcell and the bottom subcell that was measured in the FF-bias experiment. Hence, it
is adequate to apply the scaling factor procedure to remove the artifact in the middle
subcell’s region and to increase the bottom subcell’s EQE from 92 to 100 %. However, it
was necessary to complete the FF-bias experiment to ensure that in the studied sample,
the internal voltage biasing was negligible. If the measurement demonstrated that the
internal voltage biasing was significant, a separate correction procedure would need to
be applied for each EQE region.

This study demonstrated that as long as an adequate voltage biasing was applied,
the internal voltage biasing is negligible in MJSC. It is however necessary to measure the
internal J-V curves to ensure that the bottom subcell’s reverse bias breakdown is small.
If the bottom subcell’s reverse bias breakdown is strong, it shall have an important effect
on the measured EQE artifact.

5.4 Conclusion

This chapter highlighted the bottom subcell’s artifact. This artifact has two effects on
the EQE of the bottom subcell. First, it creates a non-zero EQE in the region where
the middle subcell would absorb the incoming light. Secondly, it creates a reduced EQE
amplitude for the bottom subcell.

This artifact arises from two different physical processes. First, it was demonstrated
that the internal biasing between each subcell’s J-V curves can contribute to the artifact.
This internal voltage biasing arises when the bottom subcell has a small shunt resistance.
Second, the possibility of light coupling between the subcells was discussed. In the light
conditions for an EQE measurement, the incoming probing light can be absorbed by
the middle subcell and subsequently be re-emitted towards the bottom subcell. When
measuring the bottom subcell, both physical processes creates a non-zero EQE in the
middle subcell region. Furthermore, they both create a reduced EQE amplitude.

The standard procedure to correct for this artifact is to use a scaling factor and the
middle subcell’s EQE to remove the artifact in the middle subcell’s region and to correct
the EQE amplitude. This was shown in Equation 5.5 and Figure 5.6. However, this
procedure does not decipher the contribution of each physical process in the artifact.

The analysis of the FF-bias experiment permits the quantification each physical pro-

cess. In this measurement, the MJSC’s J-V curve is measured under different light
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conditions. To measure the FF-bias of the top subcell, a light source of 1 sun is applied
to the middle and bottom subcell while the top subcell light biasing source is varied from
0 to 1 sun. The measured J-V curve is highly dependent on the top subcell’s J-V curve
since it is the current-limiting one. The measurement is subsequently applied for the
middle and bottom subcells with according light bias.

As seen in Figure 5.9, the top and middle subcells behave as expected. A two-diode
model was fitted to their J-V curves. However, as seen in Figure 5.10, the bottom subcell
had a non-negligible reverse-bias breakdown. Its J-V curve was fitted using a two-diode
model with a resistive reverse breakdown diode. Furthermore, a light coupling of 8 %
between the middle and bottom subcells was measured under particular conditions.

Using these newly fitted J-V curves, the effect of each physical process in the bottom
subcell’s artifact was estimated. For the measured EQE at V' = 2, the contribution for
the light coupling was 8 % and the contribution from the internal voltage biasing was 0.2
%. If the EQE was measured at V' = 0, the internal voltage biasing created an artifact
of the order of 3.3 % in the middle subcell region and of 94.5 % in the amplitude in the
bottom subcell’s region. In this case, the correction procedure shown in Equation 5.5 is
not adequate.

This demonstrated the importance of correctly applying the adequate voltage when
the bottom subcell’s EQE is measured. This ensures that the artifact arising from the
internal voltage biasing becomes negligible. This leaves only the light coupling, which is
easily corrected using the appropriate procedure. It is important to note that luminescent
coupling between the top and middle subcell is possible as well [141]. Such coupling, when

present, is corrected similarly.



Chapter 6
Conclusion

The EQE measurement of a solar cell is an essential tool for the thorough characterisation
of the solar cell structure. The analysis of this measurement gives important insight in
the physical processes governing the electrical and optical behavior of this device.

This thesis analysed indepth the EQE of single and multi-junction solar cells. First,
the experimental procedure and instrumentation was explained in Chapter 2. The main
equations governing the behavior of the EQE were introduced. A model was developed
and fitted to a single junction GaAs solar cell (cell SJ-ref). It was furthermore demon-
strated that the model reproduced the behavior of a MJSC’s EQE.

The following chapters subsequently studied in detail the important features that are
obtained in the EQE of a MJSC. In Chapter 3, the reflectivity of the semiconductor
structure was studied. It was demonstrated that the design of a standard MJSC created
optical cavities composed of material with different refractive indexes. Those cavities
created interference effects visible in the reflectivity of the structure. A novel technique
was introduced, the etalon effect measurement, which used a fast Fourier transform to
calculate the thicknesses of the optical cavities. Using this method, it was possible to
determine the thicknesses of the top and middle subcells of MJSC samples MJSC-S and
MJSC-920.

In Chapter 4, the effect of adding QDs in the middle subcell of a MJSC on the EQE
was described. The semiconductor nanostructures were first simulated using a finite
element solver. Their absorption and emission properties were subsequently derived.
Then, QDs grown in single junction (SJ-A and SJ-B) and in MJSC (MJSC-920 and
MJSC-970) were characterised. Their PL and their EL spectra were measured, and

further compared with their calculated emission properties. Then, the QD enhanced
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EQE of each structure was measured and compared with the calculation. The calculation
of the absorption properties of the nanostructures explained adequately their effect on the
EQE. Adequately describing the effect of the nanostructures on the EQE has multiple
benefits. When coupled with semiconductor simulation techniques, it can be used to
predict the increase in J,. created by the addition of QDs.

Finally, in Chapter 5, the bottom subcell’s artifact was studied. This artifact creates
a non-zero bottom subcell EQE in the middle subcell’s wavelength region. It furthermore
creates a lower amplitude for the bottom subcell than the real EQE. The origin of the
artifact comes from two possible physical processes: the internal voltage biasing and the
light coupling. Then, the FF-bias experimental technique was introduced. It was used
to separate the contribution from the two physical processes on the artifact. The reverse
bias breakdown of the bottom subcell was measured and its effect on the artifact was
quantified. In the measured solar cell (MJSC-920), under optimal voltage biasing, the
light coupling contributed to an artifact of 8 % while the internal voltage biasing was
negligible.

Future research shall concentrate on newer MJSC designs. Four junctions and even
five junctions [144] designs have been proposed to further increase the efficiency of so-
lar cells. The technique proposed in Chapter 2, using the reflectivity to calculate the
thicknesses of the semiconductor layers in the solar cell, could be extended to these solar
cells. Furthermore, the possibility of adding QDs in different subcells of a five junction
cell design is an important concept that would need an extensive study. The added flex-
ibility that the nanostructures introduce in the current matching process can possibly
significantly improve the design possibilities in those types of cells. The work introduced
in this thesis on QDs can conceivably be extended to different materials and demonstrate
the added benefit that these nanostructures might have in these MJSCs.

The FF-bias methodology proposed in Chapter 5 should yield important insights for
these types of structures. In some proposed designs, the third junction of a four junc-
tion lattice matched MJSC (InGaP/GaAs/GalnAsN/Ge) is a dilute nitride cell, which
is known to yield reduced material quality [145]. The measurement of the individual
subcells in those devices, and furthermore the electrical influence between each subcell
should be an important step in the research of these cells.

The analysis of the MJSC’s EQE presented in this thesis gives a complete picture
of the importance of this measurement. As was mentioned in Chapter 1, the CPV
industry is a young industrial sector. Scientific research plays a major role in the field,

and efficiency increase is a vital path to ensure that the technology gets implemented
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in today’s world for renewable energy production. Hence, the methodology presented in
this thesis, using the EQE as a tool to investigate the properties of each component in the
solar cell, is an essential step for the research community. It was demonstrated that using
the reflectivity gave insight in the structural details of the solar cell, that the addition of
nanostructures in the middle subcell could tailor its absorption properties, which could
assist in current matching the MJSC, and that using the FF-bias measurement technique
gives strong insights into the light coupling and the electrical behavior of each subcell.
These are important insights in the operation of the solar cells that should catalyze the

design towards higher efficiencies.



Appendix A

Derivation of the absorption

coeflicient

This annex will outline the methods and equations needed to obtain an analytical set of
equations to be able to calculate the absorption coefficient of quantum wells as well as of
the parabolic quantum dots. We will first define the absorption coefficient, then obtain
the rate of transition in a quantum mechanical fashion. We will apply these results to
obtain the absorption coefficient of the nanostructures present in the system, namely a
quantum well and quantum dots. We will then extend the analysis to a broad Gaussian
distribution of energy levels. The results shown in this appendix are used in chapter 4.
It was derived using [125].

The absorption coefficient is defined as the ratio of energy removed from the incident

beam per unit time and unit volume, or, in a more common fashion
I(x) = Iye ", (A.1)

where [ is the incident flux of energy per unit time per unit area and « is the absorption
coefficient. In a solid, the absorption coefficient will be related to the rate of the absorbed

photons. This can be written as
Ry

C/n(]E ’

where Rr, is the rate of transitions due to absorption, ¢/,,Ug is the energy flux, ¢/,, is the

(A.2)

o = hw

speed of light in the material and Ug being the energy density of the photon beam. We

will consider an electric field, in complex notation

B(x,t) = Re[E(x)e "] = % (Blre ™ + B*(x)e") (A3)
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where we are assuming that the electric field has the form of a plane wave E (x) = Eel @),

For an electromagnetic wave, the time averaged energy density is given by (in SI units)
1
Ug = 5(5E2 +1,.B%). (A.4)

Assuming that we have a non-magnetic material,

2

2

Ug = | Ey|?. (A.5)

If we assume to have quantization of photons, the energy density at energy E is simply

related to the number of photons per energy mode Ng,

Back into the absorption coefficient, we obtain

o = RT
C/nNE

(A7)

It is important to note here that E is the photon energy while |E’b| is the amplitude of
the electric field. We now have to define the transition rate Ry.
The transition of carriers from the valence band initial state |i) to a final state |f) of

energy Ey is given by the Fermi’s golden rule
27 .
Rios = S0 WA DEAED (1 f1(Ey), (A8)
f

where H' is the perturbed Hamiltonian arising from the interaction of the light, f; is the
Fermi-Dirac probability of having an electron present at energy E; and 1 — f;(Ey) is the
probability of having a hole at the energy Ey. The summation ) ; over all final states

f needs to be completed to take into account all possible transitions at the particular

energy Fy.
The full Hamiltonian under an electromagnetic field is given by
1
H=_—(P+qA)?’+V A9
o (P a4 + V(1) (A.9)
where the vector potential A is obtained from the electric field E= —%—f. If we expand

the square, and we assume the term in A% to be negligible, we can get the Hamiltonian

1
H=Hy+H =—P*+V(r)+-Lp. A, (A.10)
ng mo
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where H’ is the perturbed Hamiltonian creating the optical transition. We can now
evaluate the matrix element of the transition by

[(fIH|i)|* = :1—22|<f!P Al (A11)

0

In the case of an initial electronic state in the valence band and the final state in the

conduction band, the wavefunction will be given by Bloch functions

i) = wy(r) - etk . e’iETvt,
1) = ug(r) - €T . o5 (A.12)

where u. and u, are the Bloch wavefunction, EU and EC are the wavevector of the carrier
and F, and E, are the intial and final energy states in the valence and conduction band.

The integration over time inside the matrix element will involve conservation of energy

/e_wﬁcte_we_i%t dt  — 6(E. — E, — hw). (A.13)

The matrix element will be (with é being the direction of the polarization)

| 2

(1P Al = £

2
1 /u*ei(ﬂ_kc)'ﬂé-ﬁuveik“'Fdr : (A.14)
w

We operate p on the last part of the equation (where j'= —hV)

7 upe®” = e, + hkyu,e™r. (A.15)

Since u, and u,. are orthogonal, the integration over space of the second term will give

0. The matrix element becomes

B ?

(1P - Al = = (A.16)

/e’(chk”)'ruz <€ - uydr

We now change the integral so that it is only inside the unit cell instead of over the whole
space (ﬁ] is a lattice vector), giving
2

2 Bl
[(fIP - Ali)|" = 12

S eld-Re ) R / QTR KTy oy (A17)

j unitcell

The summation over the lattice vector gives a Kronecker delta,

—

Zez‘(q'fk}kl)ﬂj =0 1 . (A.18)
j
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We will now assume the photon wavevector (§) to be small compared to the electrons.
This is equivalent to the dipole approximation. We apply the delta function on the

equation,
2

/ wt (k) - é - uy(k)dr'| . (A.19)
unitcell

This integral is the one we call the momentum matrix element, |P,.,|. Continuing our

| Eol

(1P AR = 2

integration of the equation, we obtain

[(fIP - Ali)*

(A.20)

Ccv

|BP
4w?

Rivs = Z%’EO‘ PuPO(E, — By~ ) (B (L~ f5(Bp). (A1)

We are now able to see the possible link to the absorption coefficient. Remembering the
definitions of the photon energy flux, it is possible to relate our transition rate to the

number of photons
n 80

Ug = ——|Eo|* = Ng - hw,

2 ¢ Ug )
Rivp ==~ Ef: m—g%Q—soszM 6(Eey — hw) fi(E;) (1 — fr(Ef))-

We then obtain the absorption coefficient

RT — hw 2T q U

_ 7 il B
“ CL)C/TLUE h m3 ¢/ ,Up2n2eow?

| P8 (Eeu(k) = heo) fi(E3) (1 = fr(Ey),

o WMDW o (B) — h) Fi(B) (1~ f5(E)).

cneomy

The probability of finding carriers in a certain state is related to the Fermi statistics.
We have the probability of finding an electron in the valence band, f;(E;), and the
probability of finding a hole in the valence band (1 — f¢(Ey)). Under the assumption of
low illumination, these factors can be approximated to be equal to 1. Now, to obtain the
complete absorption coefficient, we need to sum over all possible final state in k space.
The summation can be transformed into an integration over energy with the joint
density of states (JDOS)
> o [ DiEudE.), (A22)

k
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where the density of states can be calculated with

1 dSk
D;(E.,) = . A.23
J( ) 471'3 / ‘Vk<Ecv>| ( )
The joint density of states for various sizes of materials are as follow :

1/ 20(E — Ey)
w2h3

JDOSsp =

JDOSsp = Liﬂh S H(E - E,)

1 21
JDOSp =
YL\l B2(E - E,)
1
‘/dot
where p is the reduced effective mass given by i = mi + #, E, is the bandgap of

the semiconductor, FE, is the energy transition possible in the nanostructures, L is the
thickness of the quantum well or the nanowire and T is the width of the 1D nanowire.

The joint density of state can now be implemented in the absorption coefficient

oA / 5(Euy — hw)J DOS(E)dE,,

a=A-JDOS(hw), (A.25)
where the coefficient A is given by
2
Tq°h 2
= |P.|% A2
cneom%hw| 2 (4.26)

We can now derive the absorption coefficient of a quantum well with its corresponding
joint density of states and the general absorption coefficient formula.

For each transition in a nanostructure, there is a corresponding wavefunction overlap
integral | M| = [(¢]1)]. In the A coefficient, the dipole matrix element, | P,.,|, contains
both the electron and the hole wavefunctions. It is defined as |P.,| = [(uc|é - plu,)],
where u, and u, are the Bloch wavefunction in the conduction and valence bands. In the
confined case, the wavefunction of the carriers is defined as the product of the envelope
wavefunction ¢ and the Bloch wavefunction u. The wavefunctions are now given by

(W) = |te)|ue) and [Wy) = |1y )|u,). The dipole matrix element is now given by

|[Peol = (el {uclé-pluo) [ton) [ = [{eltbn) 7] (ucle-pluo) [ +[{tbel &Pl [*{uclun) [*. (A.27)
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Because the Bloch wavefunctions u, and u, are orthogonal, their overlap is equal to zero,

|{(uc|uy)| = 0. The dipole matrix element, in our case, is then given by

| Peol* = [{eton) [*[(uclé - Plus) * = [ M| Peo puae|*. (A.28)

In a real world device, broadening of the step function is usually seen. We will assume
that the energy transition F,, in the well follows a Gaussian distribution. The probability
distribution is then

1 (0P A
P(F)= ——e¢ 2% | .29
) V2réE, (429

We can then apply the probability distribution to the absorption coefficient

agw = A- / P(E)JDOS(E)dE

(£-1)?

_ 7] 9 1 _E T
aow = A —— M, ———ee 2> H(hw— E)dE.
The properties of the Heaviside function are given by

1 hw>F

H(hw — E) = :
0 hw< FE

Hence, we can transform our Heavyside function to

(£ -1)?

_ 0 °° | S o
=A. = - 262 hw — E)dE
aQw 7 /_Oo §n | M| ngEne H(hw — E)dE,

(& —1)2

hw
_ 7 9 1

—A. M S | S dE,
aw TLi? /mfty - M ameE

_ 1% > 2 1 a2
—A. MP——E, V2™V dy,
“ow 7 Lh? /yn ;‘ | V2réE, e Y

1 \/_
2
aqw = A- Lh2 Z’M| \/— erf(y ) —003

hw
4 M oL [ 1-&
aow = A s zn: M2 (1 erf < N )) . (A.30)

Similarly, the quantum dot absorption coefficient is given by

aQp = A- JDOSOD(hw),
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OéQD =

A
‘/d . ’ Z ‘MQDPQS : 5(hw - En>7 (A31)

where F,, are the transition energy of the quantum dots, g, is the degeneracy of the
energy level and V,, is the volume of the quantum dot. This absorption coefficient is
for a single dot. In our system, we have a distribution of a certain density of dot. For a

density p of quantum dots of cross section Sgp, the absorption coefficient is

A
Vdot

QQp = - Sqp - ,OZ |MQD|29s O(hw — Ey). (A.32)
Again, due to the random distribution of quantum dot size, we shall apply a distri-
bution to the energy levels. By applying the Gaussian distribution to the energy levels,

we obtain . ,
A 1 S

aop = -Sop - Mopl?gs———— e 2% . A.33

QD = 17— 5ep P;! opl°g VoriE, (A.33)

These are the absorption coefficients that shall be used in the calculation of the

complete structure.
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