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Introduction
Interest in renewable sources of energy is growing as we speak. Photovoltaics (PV) technology is
rapidly emerging and continually improving, and researchers have heavily turned their attention.
Internationally known industries invest huge capitals to the production of photovoltaics that are
more power efficient as it is the future of energy production. Application of photovoltaics
systems is growing over the years, and becoming more common to the average consumer. For
optimizing PV devices, there must be a basic understanding in detail of the various dynamical
processes that take place.
There have been tremendous advancements in the field of ultrafast carrier dynamics in
semiconductors over the past decades. By exploiting State-of-the-Art Laser Systems, generation
of light pulses as short as a few femptoseconds is achieved. This allows us to probe carrier
dynamics on semiconductors on an ultrashort timescale. This is very important as the fastest
electronics can measure only on a nanosecond timescale. The importance of the duration of the
pulse is that the shorter the duration, the better the temporal resolution of the various probing
processes.
This work focuses on the carrier dynamics in a multi-junction solar-cell which promises power
efficiency over 40%. Multi-junction (MJ) solar cells use multiple semiconductor p-n layers to
produce electricity at high operating efficiencies. Each layer has a different energy gap designed
to efficiently absorb a specific segment of the solar spectrum. Our sample under investigation
consists of three different semiconductor layers. This has a major advantage over single-juntion
devices as they have wider range of absorption of incident photons as well as a more effective
energy extraction. The particular photovoltaics technology is not addressed for terrestrial use, as
the price range of the solar cell does not allow it. The fabrication process and the materials used
make it a lot more expensive than the conventional ones. However, multi-junction solar-cells
have complex nano-structure which will have an effect to the temporal behavior of the
photogenerated carriers.
Transient femptosecond reflectivity spectroscopy was employed to study the MJ solar-cell and
determine the relaxation mechanisms that take place. This work was performed using the
experimental pump-probe technique. This technique is based on the time delay between the
much more intense pump pulse and the weaker probe pulse. The resolution is on the scale of the
pulse width and this technique is widely used in order to observe various microscopic processes.
In Chapter 1, a brief historical overview of Energy Consumption reaching to the point that new
forms of energy sources other than fossil fuels are needed is outlined. Then the principle of
photovoltaics systems and their limitations are explained, as well as a brief history of the
discovery and of the first applications is included. Subsequently, the solar irradiance spectrum is
presented, followed by the operating principle of multi-junction technology. Then follows a
further discussion of the sample under investigation mentioning details about the crystal
structure, the materials used, and some fabricating techniques in order to attain maximum

-3-

efficiency. Lastly, a chart portrays the efficiencies of best research photovoltaic technologies
since 1996.
Furthermore, in Chapter 2, a brief overview of some of the relevant microscopic processes will
follow regarding light interaction with semiconductor materials. This will allow the reader to get
a perspective on some of the important recombination processes and understand how the
observable measures are related to the energy band structure of the material. In addition, we
include some of the linear contributions that determine the transient change in reflectivity in our
measurements.
Moreover, in Chapter 3, we focus on the development of the technology of generating and
detecting short optical pulses. We first describe the laser principles, Einstein’s coefficients, the
basic construction of a laser, and the concepts of mode-locking techniques in order to achieve
ultrafast light pulses. The Diagnostic Technique of the pulse that was used is also described as
well as the experimental technique that was used in the laboratory, namely pump-probe
technique. Then a more technical overview follows, including a schematic of the experimental
set-up and the most important components of the experiment.
Meanwhile, in Chapter 4, we present the main work of the Dissertation. We include the
experimental details and the Results of the time-resolved reflectivity changes after photoexcitation at 400nm and 800nm at temperatures 300K and 77K. The typical Electroluminescent
spectrum of the sample under investigation is also provided by the manufacturer. Multi
exponential decay function was necessary to fit the data and the amplitudes and time constants
of the transient decays obtained and are included in this work. We also discuss the linearresponse contributions observed in this experiment and an interpretation of the decay behaviors.
Then further analysis of the non-equilibrium carrier dynamics follows, as we try to interpret any
extraordinary behaviors.
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Chapter 1
1.1 History of Photovoltaic Systems
1.1.1 Brief Historical Overview of Energy Consumption
The history of energy consumption is distinguished into two periods separated by the Industrial
Revolution that took place at the beginning of the 19th century [1].
In the preindustrial epoch, practically all energy sources were renewable (wood fueled fire, wind
and water propelled boats and mills, animals pulled carriages, mine carts, etc). Both the pollution
and consumption per capita remained relatively stable at very low levels and with no serious
threats on the environment. Nevertheless, a typical harness used in antiquity made used of little
more than a third the available power. There was an inability to concentrate large amounts of
energy in small space, thus the energy was limited [1].
Since the beginning of the Industrial Revolution, fossil fuels have been widely used as sources of
energy. The coal era began with the Industrial Revolution and carried on until the end of WWII
when coal was primarily used to power steam engines, heat buildings and generate electricity
[1, 2]. Compared to wood fuels, coal yields a higher amount of energy per mass. Later on, two
events set the stage for the Oil era [3]. In 1846 when Abraham Gesner invented kerosene [4], it
was realized that compared with coal, oil is richer in energy, easier to transport and leaves fewer
residues when burnt. In addition, in 1859 when Edwin Drake invented the first modern drilling
process for deep oil wells [5], oil became easier to extract and further development of drilling
techniques favored its dominance in industry.
Nevertheless, the energy crisis in 1973 [6] required the development of new techniques to
increase the efficiency of energy usage and to seek new forms of energy production. Moreover,
various and fatal threats pose to the environment and to social health; exhaustion of fossil fuels,
the greenhouse effect, acid rain, deforestation and social tensions are some of them [1]. The
explanation of the potential hazards these imminent threats are posing is beyond the scope of
this project. But it is undoubtedly causing an increasing alarm among the science community and
the public in general.

1.1.2 Photovoltaic Systems
Approximately, the one third of all primary energy is used to generate electricity [7]. Given the
problems outlined, the research on new renewable forms of energy production is an absolute
necessity. Photovoltaics (PV) solar energy is inherently nonpolluting [8]. Furthermore, the desire
of space exploration made the development of Photovoltaics a must. Photovoltaics covers the
conversion of light (EM energy) into electricity and is primarily based on the photovoltaic effect.
The Photovoltaic effect is the creation of electric current in a material when exposed to light. A
typical PV system employs solar panels, consisting of a number of solar cells. The photovoltaic
effect was discovered by the French physicist Alexandre-Edmond Becquerel in 1839 [9]. Although
the early discovery of the physical phenomenon, photovoltaics is a rather recent technology. The
theoretical explanation of the Photovoltaic effect is attributed to Albert Einstein, who explained
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the phenomenon in 1904 and he was awarded the Nobel Prize in 1921 for his work [10]. The first
operational solar-cell was Selenium-based with an efficiency of only 1%, fabricated in 1883,
invented by Charles Fritts [11] after Willoughby Smith discovered that Se shows
photoconductivity in 1873 [12]. Solar cells were first commercialized in 1955 by the company
Western Electric for $25/cell at 14 milliwatts each or $1,785/Watt [13]. At that time, solar energy
was mainly addressed to the space race. The first satellite to use solar panels was the Vanguard
1 satellite, launched by the US in 1958 [14]. At these times, the energy from photovoltaics had
an excessively high price compared to any other conventional source, hence its terrestrial use
was excluded. In 1974, the sales of photovoltaics modules for the terrestrial market had grown
notably. Nowadays, solar photovoltaics is gowning rapidly, and it is after hydro and wind power,
the third most important renewable energy source in terms of globally installed capacity [15].

1.2 Operating Principle of Photovoltaics
1.2.1 Solar Cell and Photocurrent
Solar panels are made of smaller units called solar cells. The most common solar cells are made
from Si, a semiconductor which is the second most abundant element on earth after Oxygen [16].
In a solar cell, crystallize Si is inserted between conductive layers. A solar cell uses two different
layers of Si, an n-type and p-type Si where there is an abundance of electrons and positively
charged holes respectively. When these two layers spatially meet, electrons flow across the
p-region, leaving a static positive charge in the n-region, forming in that way a p-n junction.
Electrons combine with holes causing both carriers to disappear, and at the same time, holes
wander across the n-region, leaving static negative charges in the lattice. Therefore, near the
p-n junction is called the depletion zone where all free charge carriers are depleted. The
separated static positive and negative charges in the n and p region respectively, forms an electric
field across the depletion zone, thus an electric potential Vbi. When EM energy is absorbed by the
p-n junction, an exciton (a bound state of an electron-hole pair) is formed. If the pair occurs in
the depletion zone, due to the electric field, the carriers are separated; the electron flows to the
n-region and the hole flows to the p-region. This is known as generation of photocarriers, and
the movement of the carriers in opposite directions causes a potential difference or voltage
between the two layers. Connecting the solar cell to an external circuit, to a load, the electric
current known as photocurrent, can carry on and the energy is allocated in some useful work.
This process requires that the energy of the incident photon must be greater or equivalent to the
Energy Gap, EG, of the semiconductor in order to a valence electron is excited to the Conduction
Band, Ec, leaving a hole behind. Photons with energy below EG, cross the solar cell without being
absorbed. In addition, due to the finite thickness of the semiconductor, even with photons of
energy greater than EG, a certain fraction will not be absorbed. [17-19]
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1.2.2 Loss mechanisms
The theoretical performance of solar cells was first studied in the 1960s and it is known as the
Shockley-Queisser Limit [20]. The limit refers to several loss mechanisms that occur in any solar
cell; blackbody radiation, recombination and spectrum losses are the most important. Losses due
to blackbody radiation, affects any material above absolute zero temperature. At a standard
temperature and pressure any material emits EM radiation, at room temperature this represents
7% of the power. The second loss mechanism is recombination. When a photon is absorbed, an
exciton is formed, which could potentially contribute to photocurrent. But the reverse process
would occur as well, an electron and a hole would recombine, emitting a photon, reducing the
efficiency of the solar cell. However, the most dominant loss mechanism is due to spectral losses.
Only photons with greater energy of the EG of the semiconductor are absorbed and then generate
photocurrent. On the contrary, photons with greater energy than EG, are absorbed by exciting an
electron to an energy state higher than EC, but the excess energy will eventually be lost through
collisions and converted into heat in a process known as thermal relaxation. Therefore, any
energy above and beyond the EG is lost. Graph in Fig(1.1) shows the Shockley-Queisser limit for
the maximum possible efficiency of a single junction solar cell. Theoretically, single-junction cells
have a maximum efficiency of approximately 33% [21] as shown in Fig(1.1), but currently the best
lab samples of crystallize Si solar cells have efficiencies between 20%-25% [22]. The limit is
fundamental to solar energy production, and is considered to be one of the most important
contributions in the field.

Figure(1.1) Shockley–Queisser Limit for maximum efficiency of a single-junction solar cell vs the
bandgap energy
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1.2.3 Solar Radiation Spectrum
The spectrum of the solar radiation can be attributed to blackbody radiation of temperature of
approximately 5778K which is the sun’s surface temperature [23]. The sun emits EM radiation across
most of the electromagnetic spectrum. Figure(1.2) shows the solar radiation spectrum at both the
top of Earth’s atmosphere (yellow area) and at sea level (red area). As Fig(1.2) illustrates, while light
travels through the atmosphere, part of the radiation is absorbed by several gases with specific
absorption peaks. It is obvious that the solar radiation spectrum is not continuous, but mostly is. The
total spectrum can be divided into 3 major regions in increasing order of wavelengths; the Ultraviolet
range, 100-380 nm, the visible range, 380-700 nm, and the infrared range 700nm-1mm. The visible
range is the strongest output range of the Sun’s total irradiance spectrum. These measurements are
based on the American Society for Testing and Materials (ASTM) Terrestrial Reference Spectra
[24, 25]. These standards are used by the photovoltaics industry to ensure consistent test conditions.

Figure(1.2) Solar irradiance spectrum above atmosphere (yellow area) and at sea level (red area). Blackbody
Radiation Curve of temperature 5778K is drawn in dashed line. Discrete absorption peaks are labeled by the
corresponding gases in the atmosphere.

1.3 Multi-Junction Solar Cells
1.3.1 Solar panels on spacecraft
Spacecraft operating in the inner Solar System relies significantly on the use of photovoltaic solar
panels to produce electricity directly from sunlight. Mainly for two major uses; firstly, to power
and run the sensors, active heating, cooling and telemetry and secondly to provide power for
spacecraft propulsion by electric propulsion. For example, since the cost of launching a satellite,
into space depends on the size and weight, solar panels need to be as much compact and efficient
as possible. Therefore, alternative forms, other than crystalline silicone are preferred in industry
because higher efficiency and slower degrade in the radiation presence in space are required.
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The most efficient solar cells currently in production are multi-junction solar cells. This brand of
solar cells is not intended for commercial use, but for more specific cases. The materials used and
the cost of production can be far more expensive than the conventional ones.

1.3.2 Operating Principle of Multi-Junction Solar Cells
Multi-junction or Tandem solar cells offer higher energy conversion efficiencies than single
junction solar cells [26, 27]. The multi-junction solar cells in CPV (Concentrating Photovoltaics)
systems demonstrated efficiency over 40% since 2006 [28]. MJ solar cells address to compensate
the Shockley-Queisser limit. Tandem solar cells consist of multiple semiconductor layers as p-n
junctions with different Energy Gaps. The fabrication techniques may be complex, and it is mainly
an engineering challenge. The combination of p-n layers with different EG allows the absorbance
of a broader range of wavelengths, improving the efficiency of the solar cell as shown in Fig(1.3).
A typical tandem solar cell consists of three junctions. The top p-n junction has the highest energy
band gap, EG1>EG2>EG3, that absorbs light from the shortest wavelengths of the solar spectrum.
Photons with energy lower than EG1 pass to the middle junction, and photons with lower energy
than this threshold pass to the bottom junction. The MJ solar cell will absorb the same photons
more efficiently since having band gaps closer to the photon energy, thus reducing the
thermalization losses. The sample under investigation is a structure of GaInP/GaInAs/Ge as
shown in Fig(1.3). The exact semiconductor materials of the MJ solar cell for each layer are not
permitted to be published due to confidentiality of the manufacturer. Generally, the choice of
materials for each band and the layer thickness is determined by the requirements for latticematching, current-matching, and high performance opto-electronic properties. Solar cells made
of III-V semiconductor compounds have the potential for high efficiency as their compound
materials have advantages including bandgap tunability.

Figure(1.3) Absorption of different components of the solar spectrum by different materials.
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1.3.3 Sample under investigation
The sample under investigation has a structure of a multi-junction solar cell of three main
semiconductors; GaInP/GaInAs/Ge. The energy gaps of the junctions are GaInP:1.88eV,
GaInAs:1.41eV and Ge:0.67eV. As mentioned before, the MJ solar cell performs more efficiently
by arranging the different compounds in descending order regarding the energy gap. The solar
cell structure can be schematically illustrated as 3 different diodes in a series, as shown in
Fig(1.4,a).

Figure(1.4) Sample under investigation diagram, a three-junction solar cell of energy gaps of
GaInP:1.88eV/GaInAs:1.41eV/Ge:0.67eV. Electrical circuit equivalent diagram (a) showing top, middle, bottom
diodes and interconnecting tunnel junctions, and (b) a physical schematic of the solar-cell structure illustrating the
order of the materials. Tunnel junctions provide low electrical resistance connection between two different
subcells. Also a buffer zone is placed to reduce lattice mismatch effects between the two layers.

The most important goal of solar cells is maximum power generation, P=I∙V. According to
Kirchhoff’s law, the cell’s current is limited by the smallest current produced from the subcells.
Voltage on the other hand, is additive and by the use of multiple band gaps, results to a higher
obtained voltage. The current produced by each subcell is proportional to the generated
photocarriers. Therefore, photocurrent depends on the number of incident photons with energy
greater than the EG, the absorption coefficient of the material and the layer thickness. Thus
current matching is achieved by adjusting these three factors for optimal performance. It is
apparent that current matching is very important for efficiency improvement. Thus a notable
amount of effort is placed on tuning the current of the subcells. These requirements can be best
met by III-V semiconductors. Despite of the lower current limitation, power production in MJ
solar cells is significantly higher than in single-junction solar cells.
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Crystal Structure:
The biggest and most difficult challenge is the fabrication of a functional solar cell consisted of
different materials. Unwelcomed dislocations in the crystal structure could cause unwanted
carrier recombination, resulting to decrease of efficiency. This is caused by mismatched lattice
constants of the subcells and other layers. Therefore, it is preferable that the materials have
matching or closely compatible lattice constants. The various combinations of III-V
semiconductors have closely similar crystal structures. The use of Ge as the bottom subcell is
mostly due to its lattice constant compatibility to some III-V alloys, narrow energy gap, low cost,
abundance and ease of production. The most common strategy to reduce the lattice mismatch
effects involves using a buffer zone, as illustrated in Fig(1.4,b). A buffer zone layer is used
between the bottom and middle subcells to match the lattice constants and overcome lattice
matching limitations. The other method uses the technique of inverted growth.
Tunnel Junctions:
Each subcell is a pn junction. Therefore an extra pn layer is formed with opposite direction to the
others as illustrated in Fig(1.4,a). Consequently, the generated voltage would drop. In order to
decrease this effect and optimize the efficiency, a tunnel junction is used [29]. The main goal of
tunnel junctions is to provide a low electrical resistance and optically low loss connection
between two subcells. Hence, photocarriers generated in the middle cell would travel through
multiple layers without recombining to reach the front and rear contacts. The expression for the
depletion region width*, W, is given by:
1/2
2𝜀𝜀𝑜 𝑁𝑎 + 𝑁𝑑
(
) (𝑉𝑏𝑖 − 𝑉 )]
𝑊=[
𝑒
𝑁𝑎 𝑁𝑑

where ε, is the relative dielectric permittivity of the semiconductor and ε o the vacuum
permittivity, Vbi is the built-in voltage, V is the applied bias voltage, Na and Nd are the numbers of
ionized acceptors and donors in p-region and n-region of the junction respectively. The tunnel
junction is constructed by the interface of highly doped p++ and n++ layers. Based on the depletion
region width expression, the high doping reduces the width of the depletion region, W, thus
carriers can easily tunnel through the depletion region. The thinning of W favors quantum
tunneling. This allows current to flow between the subcells. It must be noted that in order to
achieve maximum solar cell performance, tunnel junction must be optically transparent to
photons absorbed by the next subcell, for example EGTunnel1>EG2 and EGTunnel2>EG3. Tunnel
junctions are ideal for interconnecting two p-n junctions without a significant voltage drop.

*This derivation is based on solving the Poisson equation in one dimension, using the Depletion
Approximation and the principle of charge density neutrality across the junction [19].
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Materials:
The various combinations of III-V semiconductors have similar crystal structures and ideal
properties for solar cells, including long exciton diffusion lengths, carrier mobility, high
absorption coefficient, bandgap tuning and have direct band gaps meaning phonons (lattice
vibrations) are not required for photon absorption. In addition, the alloys are extremely
consistent and have high radiation and temperature resistances.
GaInP-Gallium Indium Phosphide
GaInP is a ternary alloy of Gallium, Indium and Phosphide. Ga and In are both group III chemical
elements, while P is in the Group V. Their more known compounds are the GaP and InP
semiconductors. They both have zinc blende atomic structure of energy gaps of EG=2.27eV and
EG=1.34eV at 300K respectively. By tuning the concentrations of the alloys In and Ga, the
desirable energy gap is achieved and lattice constant as well. This alloy’s energy gap can be tuned
in the range of 1.92eV to 1.87eV [30]. GaInP is a direct gap type semiconductor, and particularly
the alloy on the sample has energy gap of 1.88eV. GaInP serves as the high band gap alloy in a
triple-junction solar-cell.
GaInAs-Gallium Indium Arsenide
GaInAs is a ternary alloy of Gallium, Indium and Arsenide. Ga and In are both Group III chemical
elements, while As is in the Group V. Their more known compounds are the GaAs and InAs
semiconductors. They both have zinc blend atomic structure of energy gaps of E G=1.42eV and
EG=0.36eV at 300K respectively. By tuning the concentrations of the alloys In and Ga, the
desirable energy gap is achieved and lattice constant as well [30]. GaInAs is a direct gap type
semiconductor, and particularly with energy gap of 1.41eV. GaInAs serves as the middle subcell
in a triple-junction solar-cell.
Ge-Germanium
Ge, is a chemical element with atomic number 32. It is a metalloid and has a crystal structure of
Face Centered Cubic (FCC). Ge is a semiconductor with a direct energy bandgap of approximately
0.67eV at 300K. Ge is very reactive with oxygen forming complexes in nature, thus it rarely
appears in high concentration [31]. Ge has a similar lattice constant (5.657Å) to Ga-compounds
semiconductors, making it a perfect candidate for multi-junction solar cells. Ge substrate is used
as the lowest junction and due to its huge band gap difference between the other two cells, Ge
junction operates significantly current limited.
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1.3.4 Efficiencies
Conversion efficiency of a PV cell is the ratio of output power to the incident solar power. The
efficiency is measured under ideal laboratory conditions, achieving the maximum efficiency.
Three junction solar cell can reach a theoretically efficiency of 49% using methods similar to the
Shockley-Queisser model. Currently, the best lab example of multi-junction solar cells has
demonstrated performance of 46% in CPV systems with a four-junction solar cell in 2016 [32].
Optical concentration can be achieved using mirrors and lenses. With more light concertation the
efficiency increases and reduces the cost-per-area ratio. However, their high price-toperformance ratio has limited their terrestrial applications. In Fig(1.5) a diagram shows the
efficiency in chronological order of best research solar cell for various PV technologies and is
provided by the National Renewable Energy Laboratory-NREL [33]. The efficiencies of crystalline
Si-based solar technology are relatively stable, while the multi-junction technology is progressing.
New emerging and promising photovoltaics systems such as Quantum dot cells and Perovskite
cells have been brought into the surface, but they are still under research investigation.

Figure(1.5) Conversion efficiencies of best research solar cells worldwide for various photovoltaic
technologies since 1996, provided by the National Renewable Energy Laboratory-NREL.
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Chapter 2
2.1 Light Interaction with Semiconductor Materials
When a semiconductor material is illuminated by short laser pulses, a train of microscopic
processes occur. Irradiance of a semiconductor with photon energy larger than the band gap
energy results in the generation of large nonequilibrium carrier densities and increase of
carrier temperatures. These photogenerated carriers, electron-hole pairs, will undergo
several stages of energy relaxation and spatial redistribution. Particle densities several
orders of magnitude above the equilibrium value may be reached and carrier temperatures
of several thousand degrees may be obtained depending on the incident fluence and the
photon energy of the laser radiation. Consequently, various macroscopic parameters will be
affected such as those governing the optical properties of the system, such as reflectivity and
absorption [34].
The electron–hole pair is the fundamental unit of generation and recombination,
corresponding to an electron transitioning between the energy bands. Generation of electron
is a transition from the Valence Band, VB, to the Conduction Band, CB, and recombination
leads to a reverse transition. This is called an interband transition. Semiconductors materials
have an electronic band structure determined by the crystal properties of the material. In an
intrinsic (undoped) semiconductor, the Fermi Level, the maximum energy an electron is
allowed to have at absolute zero temperature, lies in the middle of the energy gap, EG. The EG
is a forbidden band between the valence and the conduction band, where no allowed energy
states are supposed to exist. At non-zero temperatures the energy levels are filled according
to Fermi-Dirac distribution with temperature Te or Th, the temperature of electrons and
holes respectively. In an extrinsic (doped intentionally by a specific impurity) semiconductor
the Fermi level is shifted according to the doping that it has been applied.

Figure(2.1) Direct and Indirect Bandgap SM energy structure schematics, illustrating electron excitation from the Valence
Band to the Conduction Band in a Direct SM (a) and in an Indirect (b). In indirect bandgap SM, interband transition do not
occur at the same value of wave-vector k, thus both a photon of energy ℏωo (1) and a phonon of energy ℏωph, is involved
in the transition (2).
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If an electron in the VB obtains energy equal or greater than EG, then it is excited to the CB.
At the same time a hole is left behind in the VB, that can flow as current exactly like an
electron but with positive charge. However, this electron-hole pair is generated spatially
together as an exciton, a bound state of the two particles, which are attracted to each other
by the electrostatic Coulomb force. Interband transitions are expected to have a threshold
energy at the EG. Transitions are either direct (conserve crystal momentum Ev(ki) → Ec(ki))
or indirect where a phonon is involved because the k-vectors for the EV and EC are different.
A simple schematic in Fig(2.1) illustrates a direct (a) and an indirect (b) type bandgap
semiconductor.
When a semiconductor is illuminated, a part of the light radiation is reflected and part of it
enters the solid where some of it is absorbed and the rest is transmitted. In a direct type SM,
linear absorption takes place when the photon energy is larger than the energy gap
producing nonequilibrium carrier densities and increase of carrier temperatures. These
photogenerated carriers will undergo spatial and temporal evolution with characteristic
times depending the various relaxation processes.

Figure(2.2) Electron-hole creation following photon excitation of energy ℏωo is illustrated. Energy
relaxation follows via multiple optical phonon emission of energy ℏωph.

Energy relaxation of carriers with excess kinetic energy occurs mainly via the emission of
optical phonons of energy ℏωph, as illustrated in Fig (2.2). However, in small wave-vector
phonon emission, conduction band electrons can interact with large wave-vector phonons
resulting to scattering of electrons from the central valley of the Brillouin zone to side valleys.
All optical phonons will eventually decay into lower energy phonons via multiphonon
processes. This decay time is dependent on the lattice temperature and it is a slower process
than carrier-optical phonon thermalization time, resulting in a large nonequilibrium optical
phonon populations. Therefore, these ‘hot phonons’ can suspend energy relaxation of the
carriers through hot phonon re-absorption. Momentum relaxation occurs on a femtosecond
time scale via elastic and inelastic scattering.
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Spatial inhomogeneous absorption of light must also be considered. The absorption of
incident light in semiconductors materials occur over a depth of the scale of ~0.1μm. Carrier
generation happens within this small region and in turn leads to carrier spatial diffusion
causing the system to return to equilibrium. Nevertheless, the combined electron-hole
diffusion depends on the carrier temperature. Therefore, the initial rise in the carrier
temperature due to excess kinetic energy causes a substantial increase in the diffusion
coefficient. This enhanced diffusion occurs over the initial period of photoexcitation lasting
a few picoseconds until energy relaxation. The diffusion coefficient returns to equilibrium as
well, as ‘hot carriers’ lose their excess kinetic energy.
The optical properties of materials provide an important tool for studying energy band
structure, impurity levels, excitons, defect states, phonon dynamics and magnetic
excitations. In other words, interaction of light with matter, an electromagnetic perturbation,
can disturb the equilibrium of the material and by studying the changes that are induced,
conclusions for its optoelectronic properties can be derived. From these measurements, the
dielectric function ε(ω) and the optical conductivity(ω) are deduced which are frequency
dependent and are directly related to the energy band structure of the material.

2.2 Recombination Processes
Carrier generation and recombination processes in a semiconductor are very important to
the operation of many optoelectronic devices. When an electron makes an interband
transition from the VB to the CB, then carrier generation and recombination occur due to
interaction with other carriers, phonons or photons. Recombination and generation of
carriers are constantly happening in semiconductors, optically and thermally, but their rates
maintain a steady equilibrium. This is referred also as “Law of mass action”. When and where
there is an abundance of carriers, the recombination rate becomes greater than the
generation rate, driving the system towards equilibrium conditions [35]. On the contrary, if
there is a deficit of carriers, the generation rate becomes greater. There are three main
recombination mechanisms:

2.2.1 Shockley–Read–Hall (SRH) process
SRH recombination process, also called trap-assisted recombination, happens when the
electron making the transition between energy bands passes through a new unexpected
energy state created in the forbidden energy gap [36]. These energy states are also called
defect states or deep-level traps. Most of the times, they are unwelcomed, caused by
impurities in the lattice and can accelerate recombination process. This process is dominant
in indirect gap type semiconductors, as these states can absorb differences in momentum
between the carriers. It is also considerable in direct gap materials under conditions of low
carrier densities.
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2.2.2 Radiative Recombination process
In radiative recombination, an electron’s de-excitation leads to the emission of a photon with
the wavelength corresponding to the energy released. This recombination process is
dominant in direct gap type semiconductors as the photon carries relatively very little
momentum. The rate of this process is dependent with the square of the density of states,
because two carriers are involved, a hole and an electron. This process is also called a bandto-band recombination.

2.2.3 Auger Recombination process
When an electron is an excited energy state, recombines with a hole in a band-to-band
transition and now the resulting energy is given to another electron or hole which is then
excited to a higher energy state. The excess energy is then relaxed via other mechanisms. It
is clearly that three particles are involved in this process. The Auger effect is not easily
observed because it is significant only at high carrier densities and it is only considerable on
time scale greater than 100ps (depending on the carrier density) [34]. The Auger effect is
credited to the French physicist Pierre Victor Auger (1899-1993) who discovered the effect
in 1923 [37].
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2.3 Complex Dielectric Function
The response of materials to light is described by a number of quantities. The dielectric
function, ε(ω), of a material describes the electrical and optical properties versus frequency,
wavelength, or energy. It describes the electric polarizability and absorption properties of
the material [38]. The most important question is the relationship between experimental
observable measurements such as light reflectivity and absorption, and the electronic energy
structure.
The electrons in the conduction band are free carriers and their motion in response to an
electric field is the free current. Because the carriers have inertia, their response will lag the
field as frequency increases. This phase delay can be represented by having σ be complex,
with the imaginary part being an inductive response that results from this inertia. Similarly,
the remaining electrons in the solid are bound to their atoms, and their response is the
polarization current. Inertial and response effects will ensure that ε also is complex.
A monochromatic light wave propagating in matter can be described by a real frequency ω,
and a complex wave vector K, which has a real and an imaginary part. The complex nature of
the wave-vector is to introduce the decrease in amplitude of the light wave as it travels
through the crystal.

𝐸⃗ = 𝐸0 𝑒 𝑖(𝐾⃗∙𝑟−𝜔𝑡)

(2.1)

⃗ is equal to the wave factor, while the imaginary part accounts for
The real part of 𝐾
attenuation of the wave inside the solid as mentioned before. The Maxwell’s equations (c.g.s.
units) in a medium, where the charge density is assumed zero are:
⃗⃗

⃗ − 1 ∂D = 4π j
∇ × ⃗H
c ∂t

(2.2)

c

⃗

1 ∂𝐵
∇ × ⃗E +
=0

(2.3)

⃗ =0
∇ ∙ ⃗D

(2.4)

⃗ =0
∇∙B

(2.5)

c ∂t

⃗ = 𝜀E
⃗ (2.6) and j = 𝜎E
⃗ (2.7) for linear materials defines the complex quantities ε
where ⃗D
and σ that are introduced through the equations. From Maxwell’s equations and (2.6), (2.7)
wave equations for the magnetic and electric field are obtained:

⃗ =
∇2 E

𝜀𝜇 𝜕2 ⃗E

⃗ =
∇2 ⃗H

⃗
𝜀𝜇 𝜕2 ⃗H

𝑐2

𝜕𝑡 2

𝑐 2 𝜕𝑡 2
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+
+

⃗
4𝜋𝜎𝜇 𝜕E
𝑐2

𝜕𝑡

⃗⃗
4𝜋𝜎𝜇 𝜕H
𝑐2

𝜕𝑡

(2.8)

(2.9)

Substitution of the equation (2.1) into the wave equation (2.8) the relation of the wavevector yields to:

𝐾2 =

𝜀𝜇𝜔2
𝑐

+

4𝜋𝑖𝜎𝜇𝜔
𝑐2

(2.10)

which can be also written as 𝐾 = 𝜔⁄𝑐 √𝜀𝜇 , where ε is the complex dielectric function
defined as:

𝜀=𝜀+

4𝜋𝑖𝜎
𝜔

= 𝜀1 + 𝑖𝜀2

(2.11)

where ε1 and ε2 are the real and imaginary parts of the complex dielectric function (2.11).
The complex index of refraction, n, of the material is calculated from the square root of the
dielectric function (2.11):

𝑛̂ = √𝜀 = 𝑛 + 𝑖𝑘

(2.12)

The quantities n and k in the eq.(2.12) are the index of refraction and the extinction
coefficient respectively. Not to be confused with the density of carriers and crystal wavevector. Thus ε1 would be equal to 𝜀1 = 𝑛2 − 𝑘 2 , and 𝜀2 = 2𝑛𝑘. In addition, n and k are related
through the Kramers-Kronig relations [38]. At normal incidence as shown in Fig(2.3), using
the continuity condition, EO=EI+ER, across the surface of the solid, the reflectivity R is given
by the relation:

𝑅=|

1−√𝜀̂
1+√𝜀

2

|

(2.13)

Reflectivity, R, is a number less than unity and is a physical observable related to the optical
constants. As it will be discussed in the next chapters, experimental data for transient
changes in reflectivity are obtained for the carrier dynamics analysis of the sample.
Contributions to the reflectivity’s change may vary depending in the wavelength and the
fluence of the incident light beam and the EG of the sample. The governing contributions to
reflectivity characteristics are the carrier density N, and lattice temperature TL.

Figure(2.3) Normal incidence reflectivity schematic diagram
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2.4 Linear-response contributions
Changes in the dielectric functions cause changes to the measured reflectivity and
absorption. There are two main contributions; changes associated with the presence of freecarriers (intraband processes) and changes associated with interband transitions. The freecarrier contribution is described with the Drude Model [17, 19]. It occurs when a carrier is
excited from an already-excited state to another unoccupied state in the same energy band
or sub-valleys. This is different from interband transition where the carrier was initially in a
fixed, non-conducting band. The interband contribution can arise from three effects; state
filling, lattice temperature and band-gap renormalization. However, not all effects contribute
on the same scale nor their contribution can always be easily quantified.
State filling is a consequence of the occupied available energy states by photogenerated
carriers resulting in a time dependent reduced absorption [39]. If the carriers remain in the
excited nonequilibrium states long enough, the absorption is reduced at that energy.
Nevertheless, as the excited carriers are scattered out of their initial states by phonon
emission or carrier-carrier scattering, the absorption recovers. Full saturation of optical
absorption occurs when the occupations of the excited and ground states are equal.
Both effects, namely state filling and photoinduced absorption (free carrier absorption) are
competing effects and may occur at the same time.
Band-gap renormalization is significant at high enough excitation carrier densities where
many-body effects can effectively reduce the optical band gap, resulting in a change in
dielectric function.
To observe extremely fast phenomena such as the various aforementioned carrier dynamics
in semiconductors, ultrafast experimental techniques have been developed exploiting Stateof-the-Art Laser Systems, which will be discussed further in Chapter 3.

2.5 Electroluminescence
Radiative recombination of nonequilibrium electrons and holes produce a luminescent
spectrum that measures the energy distribution of electrons and holes. According to
conservation of energy, the energy of each luminescent photon, thus the wavelength, is equal
to the sum of the kinetic energies of the electron and hole and band gap. Luminescence
spectroscopy of nonequilibrium carries in semiconductors can be very useful for obtaining
information on the nature of these processes. Electroluminescence (EL) is similar to
Photoluminescence (PL), except that in EL the excess carrier densities are produced by
current injection. Instead, in PL, nonequilibrium carriers are photogenerated, by exposure
of the SM to a light source with photon energy larger than the bandgap. PL is mainly
determined by the optical properties of the material, while EL is determined by a number of
factors including the optical properties, the physical structures of the optically active layers,
and the properties of the two conductive regions which are used for contacts through which
the electrical current is injected. In order to measure EL on a sample, it should be a finished
device since it requires a device structure to be able to inject electrical current. [40]
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Chapter 3
3.1 Laser Principles
The principle of a laser base on three mechanisms; spontaneous and stimulated emission
and absorption. The idea of stimulated emission came in 1916 by Albert Einstein [41].

3.1.1 Spontaneous and Stimulated Emission and Absorption
Supposedly, there is a 2 level system a,b, these energy levels are inside an atom or an ion or
a molecule. The Energy of the lower energy state is Ea and the energy of the higher energy
state is Eb. There is a finite energy gap between these levels, ΔΕ=Eb-Ea=ℏω. An electron sits
on the low energy level, and an external photon comes in. The frequency of the incoming
light is ω, matches the energy spacing of the 2 levels, the electron will be excited and will
jump to the higher level, as shown in Fig(3.1,a). This process is called Absorption.
In the entirely converse process, the electron sits in the excited level. Somehow it has been
excited previously. The electron has some lifetime period, τ, in the excited level because it
has to lower its energy. Every natural system wants to stay in its ground state. So in this case,
the electron falls down, and in the process it emits a photon of exactly same energy of the
energy gap, Eph=ℏω, illustrated in Fig(3.1,b). The atom acts as an emitter. This process is
called Emission, and it is a Spontaneous Emission. The electron naturally comes to the lower
energy level. It does not need an external dictation to command it to fall to the lower energy
level.
Now the electron happens to be in the excited state and it has not spontaneously decayed
yet, and an external photon of precisely same energy ℏω and there is no higher level
available, shines on the atom. What happens in this case, the incident photon dictates the
emission of another photon; the electron falls down to the lower energy level, thus a photon
is emitted in the process, of the same frequency ω, as shown in Fig(3.1,c). The incident
photon as well as the emitted photon are totally coherent. This process is called Stimulated
Emission and was first predicted by Albert Einstein in 1916 .

Figure(3.1) Two energy level system, interaction of an atom’s electron with radiation; (a) Absorption,
(b) Spontaneous Emission and (c) Stimulated Emission. Photon’s energy is equal to the energy gap ΔE=ℏω.
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In the case of stimulated emission, the electromagnetic field gains energy ℏω from the atom,
because one photon went in and two came out; the original one that dictated the transition
and in addition another one from the process itself. In a cavity of atoms, supposedly all in the
higher energy level, a single photon of frequency ω, would occur a chain reaction. An
enormous number of photons would come out with same frequency, phase, direction,
polarization so they are completely coherent. This raises the probability of amplification of
radiation. This is the principle behind the LASER, a word which is an acronym for Light
Amplification by Stimulated Emission of Radiation. For this process it is essential that the
majority of the atoms to be into the higher energy level, which is called population inversion.
The reason is because stimulated emission competes with absorption.

3.1.2 Einstein’s A and B Coefficients
There is a large number of atoms inside a cavity. This particular system is described better
with rates and statistics. Rate of transition means what it is the probability a transition can
take place between these two energy levels by unit of time. If the absorption process is called
R ab and Nb and Na are the populations of the upper and lower energy state, then:

𝑅𝑎→𝑏 =

𝑑𝑁𝑏
𝑑𝑡

= 𝐵𝑎𝑏 𝑁𝑎 𝑝(𝜔)

(3.1)

where Bab is a coefficient which absorption is proportional to and p(ω) is the energy density
of photons. In the case of the emission process would be Rba where the upper level is
depleted, that is why the rate is negative. In this process spontaneous and stimulated
emission should both be considered.

𝑅𝑏→𝑎 = −

𝑑𝑁𝑏
𝑑𝑡

= 𝐴𝑁𝑏 + 𝐵𝑏𝑎 𝑁𝑏 𝑝(𝜔)

(3.2)

The absorption and stimulated emission are proportional to p(ω), but spontaneous
emission, contrarily is not. It does not depend on the presence of the photons, but only
depends upon the number of electrons that are in the higher energy level and some
coefficient A. The terminology of these coefficients was introduced by Albert Einstein [41].
In a state of equilibrium, the rate of absorption must be equal to the rate of emission. If the
two rates Rab and Rba, are equated and rearranged, then the energy density of photons p(ω)
is given by:

𝑝(𝜔) =

𝐴
𝑁
𝐵𝑎𝑏 ( 𝑎 )−𝐵𝑎𝑏
𝑁𝑏

(3.3)

In addition, it is well defined from statistical mechanics that the number of particles with
energy E, at a certain temperature T, is proportional to the Boltzmann factor, 𝑒 −𝐸 /𝐾𝐵 𝑇 . So the
ratio of the two different populations 𝑁𝑎 /𝑁𝑏 would be:
𝑁𝑎
𝑁𝑏

=

𝑒 −𝐸𝑎 /𝐾𝐵𝑇
𝑒 −𝐸𝑏 /𝐾𝐵𝑇

= 𝑒 ℏ𝜔/𝐾𝐵𝑇

- 22 -

(3.4)

From Max Planck’s work on “Blackbody Radiation”, it is known that the energy density of
thermal radiation is given by the formula:

𝑝(𝜔) =

𝜔3

ℏ

(3.5)

𝜋2 𝑐 3 eℏω/KB 𝑇−1

Comparing the two expressions of p(ω) (3.3) and (3.5), it is concluded that, 𝐵𝑏𝑎 = 𝐵𝑎𝑏 = 𝐵
and

𝐴=

𝜔3 ℏ
𝜋2 𝑐 3

𝐵

(3.6)

That means the transition rate for stimulated emission is the same as for absorption in a
state of equilibrium. This result is also calculated from the Fermi’s Golden Rule*. Moreover,
it should be noted that the spontaneous emission rate is proportional to the cube of the
frequency ω. As mentioned, the Laser works on the principle of stimulated emission. Thus
stimulated emission should surpass spontaneous emission. It is understood now that higher
the desirable lasing frequency ω, higher would be the spontaneous emission. Therefore, for
higher frequencies, it would be more difficult Lasers to be made than for lower frequencies.
In a state of non-equilibrium, the ratio of the Rate of Emission and Absorption would be:
𝑅𝑏→𝑎
𝑅𝑎→𝑏

=

𝐵 𝑁𝑏 𝑝(𝜔)+𝐴 𝑁𝑏
𝐵 𝑁𝑎 𝑝(𝜔)

= [1 +

𝐴

𝑁

𝑁

] ∙ ( 𝑏) ≈ 𝑏
𝐵 𝑝(𝜔)
𝑁
𝑁
𝑎

(3.7)

𝑎

The coefficients A and B were derived in a condition of equilibrium where the result of the
ratio would be equal to 1. In order to Lasing to take place, the ratio should be greater than 1.
On condition that the second term of the expression in the bracket, goes to zero, or be very
small, then in order to the rate of emission dominates the rate of absorption, population
inversion must be achieved. In other words, by increasing stimulated emission or absorption
with respect to the spontaneous emission and by inverting the populations so that 𝑁𝑏 > 𝑁𝑎 ,
then Lasing action would happen. So the equilibrium condition must be broken and a nonequilibrium condition must be accomplished. All these processes occur simultaneously
within a medium. Therefore, a medium suitable for Lasing operation is appropriately chosen.

*Special Case of Fermi’s Golden Rule for time-dependent perturbation theory, which says
that the transition rate is proportional to the square of the matrix element of the perturbing
potential and to the strength of the perturbation at the transition frequency.[41]
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3.1.3 Multilevel System for Attaining Condition of Population Inversion
In fig(3.1) a 2-level system for lasing is illustrated. Although atomic energy states in real laser
system are much more complex. The 4-level system shown in figure(3.2), represents some
real lasers. The electron is pumped, by some pumping mechanism, from the ground state E1
to upper state E4. Then it decays to E3, then to E2 and eventually to E1, by this particular order.
E3 is a metastable state, thus the time it takes to decay from E3 to E2 is much longer than the
time it takes to decay from E4 to E3 or from E2 to E1. In that way population inversion is
achieved between N3 and N2, and lasing action happens between energy levels E3 –E2 at
moderate pumping. Larger width of the energy state density of E4 could make more effective
absorption as it allows a wider range of wavelengths to make pumping more energy efficient
[42].

Figure(3.2) 4-level Energy System Diagram. Population Inversion is achieved between populations N3-N2, thus
Lasing Action happens between energy states E3-E2 of photon energy equal to the energy level difference
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3.2 Construction of a Laser
A typical Laser device consists of three particular parts; the pumping source, the gain
medium and the optical resonator. A simple schematic is illustrated in Figure(3.3).

Figure(3.3) A typical Laser device set-up including the gain medium, pumping source, and the optical resonator which
consists of 2 mirrors M1, M2 with reflectance R1, R2 respectively. The laser output is obtained by making the M2 a
partially transmitting mirror, allowing a small portion of the light to escape the cavity.

Pump Source
The pump source is the energy source for the gain medium. In order laser action to take
place, population inversion is required. By pumping the gain medium, the energy provided
is stored in the form of electrons excited in upper higher energy states. The minimum pump
power needed to begin laser action is called the lasing threshold of the laser. The pump
energy is often provided in the form of optical or laser pumping, electric discharge, passing
current, chemical pumping and other types.
Gain Medium
The gain medium is where the light is amplified, where stimulated emission takes place. It is
the main determining factor of the frequency of lasing operation and other properties. In
order to gain medium to be operational, it needs to be excited by the pump source so a
population inversion is achieved, leading to light amplification. Lasers are most commonly
named after their gain medium that are consisted with. Generally, Lasers can be divided into
five big categories; gas lasers, chemical lasers, dye lasers, solid-state lasers and
semiconductor lasers.
Optical Resonator
When population inversion is achieved, amplification of light is possible via stimulated
emission. But in order to amplify the signal way more, an optical resonator is applied. In that
way, the input signal is amplified and the output is fed back to the input, where it undergoes
further amplification. This oscillation continues until a large output signal is produced. The
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system will reach a steady state, where the growth of the signal is limited, when the amplifier
gain is saturated. The optical resonator typically consists of two flat or concave mirrors, one
at each end of the gain medium. The output coupler of a laser is usually a partially
transparent mirror on one end of the laser cavity. That allows some of the light to leave the
optical cavity to be used for the production of the laser beam. While on the other side, is as
close to a perfect reflective mirror as possible. It should be mentioned as well, that photons
produced by spontaneous emission in other directions off the axis of the resonator, will not
be amplified to compete with stimulated emission [42].

3.2.1 Gain Coefficient
Supposedly in the lasing cavity of distance dz, at each end there is a mirror M1 and M2 of
area A. Light of a certain intensity 𝐼(𝑧) comes in, and light of intensity 𝐼(𝑧 + 𝑑𝑧) comes out.
In the presence of a gain medium, it is expected that the output intensity has to be greater
than the input intensity, because light amplification occurs. The net energy emitted by the
medium will be the difference of the emitted and absorbed energy of the medium. The net
energy emitted yields to:
𝑁𝑒𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 − 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 = 𝐵 𝑁𝑑 𝑝(𝜔) 𝐴𝑑𝑧

where B is the absorption and stimulated emission coefficient derived by Einstein’s
coefficients, Adz the volume of the cavity, Nd is the population’s difference between the
higher and the lower energy level Nb, Na, and p(ω) the energy density of photons. If the
distance dz is small, then the intensity of the output light can be expanded as a Taylor series
to, 𝐼(𝑧 + 𝑑𝑧) = 𝐼(𝑧) + 𝜕𝐼/𝜕𝑧 𝑑𝑧. The second term of the expression can be equated with the
net energy emitted by the medium if it is multiplied by area A. Then if B is replaced with
eq.(3.6), 𝐵 = 𝐴 𝜋 2 𝑐 3 /ℏ𝜔3 , where A the spontaneous emission rate can be written as the
inverse of the lifetime that the electron lives in the upper energy level, 1/τ, and if it is
considered that intensity is proportional to the speed of light in the medium of refractive
index n and the energy density p(ω), 𝐼 = 𝑝(𝜔) ∙ 𝑐/𝑛, then:
𝜕𝐼
𝜕𝑧

𝑑𝑧𝐴 = 𝑝(𝜔)𝐵𝑁𝑑 𝐴𝑑𝑧 ⇔

𝑑𝐼
𝑑𝑧

= 𝑁𝑑

𝜋2 𝑐 2 𝑛
ℏ𝜔3 𝜏

∙ 𝐼(𝑧) = 𝐺(𝜔) ∙ 𝐼(𝑧)

(3.8)

The solution of differential equation (3.8) is 𝐼(𝑧) = 𝐼𝑜 𝑒 𝐺(𝜔)∙𝑧 , where G(ω) is called the Gain
of the laser medium and is a function of ω. G(ω) is a measure of how much amplification is
achieved as light of frequency ω, passes a certain distance z in the medium [43]. If G(ω) is
positive, then the outgoing intensity of light is larger than the incoming intensity, and for that
population inversion is essential, Nd must be positive. Additionally, G(ω) is dependent on the
upper state lifetime, τ, as well.
Lasing action can only be sustained if the net gain overcomes the total losses in a round trip
through the feedback loop. Thus the effective gain coefficient reduces to G-Y, where Y is the
Loss coefficient that photons encounter in an oscillation. As it is shown in Figure(3.3), the
two mirrors in the optical resonator M1, M2 are not mere perfect. With R1 and R2 the
reflectance of the mirrors M1 and M2 respectively, the gain attained in a round-trip should
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be at least unity to sustain lasing action. Therefore, equation (3.9) is the threshold condition,
where L is the length of the optical resonator.
𝑅1 ∙ 𝑅2 exp[(𝐺 − 𝑌) ∙ 2𝐿] = 1

(3.9)

3.2.2 Spectral Distribution of the Laser Output
Bandwidth of laser gain medium
The bandwidth of the laser medium defines the range of wavelengths over which
amplification can be obtained. The bandwidth can be expressed in a wavelength range Δλ G,
or a frequency range ΔvG as the two have an inverse relationship 𝑣𝐺 = 𝑐/𝜆2 ∙ 𝛥𝜆𝐺 , where λ
is the central wavelength of the bandwidth that the laser is operating. This bandwidth is
determined by specific properties of the energy levels involved in the optical transitions. For
example, how the atoms interact with other atoms, how atoms are arranged in the medium
and their energy level lifetimes.
Longitudinal Modes
The optical resonator sustains only frequencies that correspond to a round-trip phase shift
that is an integral multiple of 2π. Thus the phase change of the laser beam after a round-trip
would be
𝑑𝜑 = 2𝜋/𝜆 ∙ (2𝐿) = 2𝑛𝜋 , where n is an integer number. In the frequency
domain the expression transforms to 𝑣 = 𝑛 𝑐/2𝐿. These modes of frequency 𝑣 , are also
called the resonator’s eigenfrequencies. Therefore the allowed modes along the resonator
axis are separated in frequency by 𝛥𝑣 = 𝑐/2𝐿, where L is the resonator length and c the
speed of light.
Total Spectral Laser Output
The total spectra of the output of a laser is the combination of the two above conditions. Both,
allowed longitudinal modes of a cavity and the gain bandwidth of the laser medium must be
considered. As it is shown in Figure(3.4), longitudinal mode amplitude is dictated by gain
curve, resulting in the final curve which represents the multimode laser output spectrum.

Figure(3.4) Laser Output Spectrum.
(a) Laser oscillation can occur only
at frequencies for which the gain
coefficient is positive, overcomes
the losses, known as the gain
bandwidth
(b) The allowed frequencies that the
optical resonator can sustain inside
the cavity, which are separated by
Δv=c/2L
(c) The overlap of the two graphs,
resulting to the total laser output
spectrum
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3.3 Generation of Ultrashort Pulses
Ultrafast pulses are generated by mode-locked lasers. By constructive interference, a short
pulse is formed when many longitudinal modes are held in phase in a laser resonator. Self
mode-locking in Ti:sapphire-based lasers was discovered in 1990 and the early 1990s
[44, 45]. This development brought a new revolution for investigating ultrafast phenomena
in semiconductors. Today the Ti:sapphire laser is considered as the ideal one for extreme
ultrafast studies in semiconductors.

3.3.1 Mode-Locking
Pulsed laser action is attained by coupling together a large number of modes sustained by
the laser gain bandwidth and locking their phases. The longitudinal modes of a continuous
wave laser, which oscillates at frequencies that are equally separated by c/2L, may be made
to behave in that way. When the phases of these components are locked together, they
behave like the Fourier components of a periodic function, and therefore form a periodic
pulse train. This produces a chain of very short pulses in time separated by
𝛥𝑡𝑠𝑒𝑝 = 1/𝛥𝑣 = 2𝐿/𝑐 . The width, Δtp , of each of the successive pulses is approximately
equal to the inverse of the frequency range ΔvG, spanned by the modes being locked in phase.
There are two broad categories of mode-locking mechanisms; active and passive.

3.3.2 Time-Frequency Relationship
As mentioned, an ultra-short pulse of light consists a bandwidth of different frequencies.
Thus the pulse can be expressed in the time and frequency domain and their Fourier
transforms can be written as:
1

+∞

𝐸(𝑡) = 2𝜋 ∫−∞ 𝐸(𝑣)𝑒 −𝑖𝑣𝑡 𝑑𝑣

(3.10)

and

∞

𝐸(𝑣) = ∫−∞ 𝐸(𝑡)𝑒 𝑖𝑣𝑡 𝑑𝑡

(3.11)

Where E(t) and E(ω) represent the time and frequency evolution of the electric field of the
pulse, respectively [46]. The relationship between the temporal pulse width Δt , and the
frequency bandwidth of the laser Δv, is given by the inequality 𝛥𝑡𝛥𝑣 ≥ 1, which is known as
the pulse width-bandwidth uncertainty product [34]. As a result, the generation of an ultrashort pulse, requires a broad spectral bandwidth. For example, in order to produce 100fs
laser pulses, then the spectral bandwidth must be at least 10THz. Thus the shortest
attainable pulse width from a laser is limited by its bandwidth which is determined by the
gain bandwidth of the gain medium and the design of the optical cavity. When the equality is
reached, then the pulse is called a Fourier transform-limited pulse.
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3.3.3 Kerr-Lens Mode-Locking – KLM
Kerr-Lens mode-locking (KLM) is a passive self-modelocking mechanism. KLM relies on
nonlinear optical phenomena in which the refractive index of a material changes with optical
intensity. In most cases, the Kerr-lens medium is the gain medium itself. The nonlinear index
of refraction, n2, introduces an intensity dependency index given by 𝑛 = 𝑛0 + 𝑛2 𝐼, where n0
is the linear index of refraction of the medium, and I is the instantaneous laser pulse
intensity. If the seed beam is considered with a Gaussian intensity profile, the nonlinear
phase delay of the beam will be highest at the center as it focuses into the Kerr medium. This
leads to the beam self-focusing phenomenon, known as the Kerr-lens effect. Thus, there is an
additional lens in the cavity with an intense pulse which is absent for low intensity light. For
the stronger focused frequencies, the Kerr lens favors a higher amplification. This will force
all the modes to have equal phase (mode-locking). All the modes of different frequencies will
constructively interfere, resulting in a very intense short light burst. Thus the mode-locking
occurs due to the Kerr lens effect induced in the nonlinear medium by the beam itself and
the phenomenon is better known as Kerr-lens mode-locking. The laser is called self-modelocked because this mode-locking mechanism is induced by the pulse itself. [43, 46]

3.3.4 Ti:Sapphire Laser

Figure(3.5) The emission and absorption band of Ti:Al2O3. The absorption band, which peaks near 500nm, occurs in the bluegreen region of the spectrum and allows it to be optically pumped by frequency-doubled Nd:YAG lasers. The emission band
peaks near 800nm. The broad character of the absorption/emission spectra is due to the strong coupling between the
vibrational energy states of the host sapphire crystal and the electronic energy states of the active Ti 3+ ions.

Titanium doped Sapphire (Al2O3:Ti3+) is a popular solid-state crystal, used for generating
ultra-short pulse or wavelength tunable lasers. The Ti3+ doping concentration is kept at
around 0.15%-0.25%. Ti:sapphire laser comes up with some very significant features such
as large gain-bandwidth, very large emission bandwidth, excellent thermal conductivity,
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short upper-state lifetime (3.2 μs), high saturation power, high damage threshold, high
repetition rate (70-100 MHz) and lastly strong Kerr lens effect. The most important feature
is its large gain bandwidth, extending from 680 nm to 1100 nm as shown in Figure(3.5) [44],
which is necessary for ultrashort pulses. The absorption band has its peak at around 500 nm
and the emission spectrum is peaked at around 800 nm. Since the absorption and emission
bands are well separated, losses due to reabsorption of the laser radiation are very limited.
In these lasers, the Kerr medium is the Ti: sapphire crystal itself, which means that the crystal
is used both to obtain gain and to obtain mode-locking.

3.3.5 Diagnostic Techniques
Before any serious measurements are taken in an experiment, the pulse must be measured
as well. Since the fastest electronics are not capable of measuring on the femtosecond scale,
the pulse is measured with itself. There are several methods of measuring the pulse profile.
Some techniques come with some advantages that others lack. In this experiment, the
method which is used is the Frequency-Resolved Optical Gating technique, F.R.O.G [47]. The
FROG technique is based on the second harmonic generation, SHG, in nonlinear crystals. The
incident laser pulse is split in two identical pulses with a beam splitter and later they are
focused onto a frequency-doubling crystal, in this way, they are auto-correlated with a
variable optical delay between them. Then the signal pulse is spectrally resolved by a gating
and probed by a CCD detector. This technique gives information about the characteristics of
a laser pulse in both time and frequency domains.
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3.4 Pump-Probe Technique
Pump–probe measurements can be used to obtain information on ultrafast phenomena [34].
The general principle is the following; an ultrashort laser pulse is separated into two pulses,
the pump and the probe usually with a beam splitter. The two beams have a variable optical
delay between them. The two incident laser pulses are adjusted to overlap spatially on the
sample under studying. Ideally, pump beam has to cover completely the probe beam. The
intensity of the two pulses is not the same. The more intense pump pulse excites the sample,
causing a disturbance of the equilibrium of the carries. The weaker probe pulse monitors
these changes caused by the pump beam. So an excitation is generated by the pump beam,
and after an adjustable time delay (controlled with an optical delay line), the probe pulse
hits the sample, and its transmission or reflection is measured. By monitoring the probe
signal as a function of the time delay, it is possible to obtain information on the decay of the
generated excitation, or on other processes initiated by the pump pulses. The temporal
resolution is fundamentally limited only by the pulse duration of pump and probe pulses.
Figure(3.6) illustrates a schematic of a typical pump-probe technique experiment set-up.

Figure(3.6) Illustration of a typical pump-probe experimental technique. The ultrafast light pulse is separated into the
more intense pump beam and the much weaker probe beam with a variable optical delay, Δt, between them. Then
the probe beam is measured with a detector as the pump beam is dumped somewhere else.
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3.5 Experimental Set-Up
3.5.1 Generation of Ultrafast Laser Pulses System
The system of generating ultrafast laser pulses consists of 4 parts; Millenia, Tsunami, Merlin

and Spitfire. The broad absorption band of Ti:sapphire allows it to be pumped by a variety
of methods, and the peak of the absorption is in the blue-green region of the spectrum.
The Millenia is a solid-state laser, frequency-doubled, using an Nd:YAG crystal (Neodymiumdoped Yttrium Aluminium Garnet; Nd:Y3Al5O12) as a gain medium, and it emits in the green
(532nm). The Millenia acts as an optical pump for the Tsunami where the Ti:sapphire crystal
is located. Tsunami is the femtosecond oscillator, where ultrafast light pulses, as short as
Δt=100fs, are generated at a repetition frequency of 76MHz and with pulse energies
approximately 10nJ. The pulse energy is very low for the needs of the experiment; therefore,
the next stage is the amplification stage of the femtosecond light pulses. The method of
chirped pulse amplification, CPA, avoids high peak powers, which can cause optical damage,
within the amplifier stages. This method makes use of the fact that when a short pulse travels
through a dispersive medium, the component frequencies are dispersed in time, thus the
pulse is chirped. In that way, the energy of the pulse is not all located at the same point in
time and space. The pulse is chirped using a dispersive delay line consisting of a diffractiongrating arrangement. The pulse is stretched temporally from duration of 100fs to 250ps.
After optical amplification, when the pulse is very energetic, a second grating pair is then
used to recompress the pulse back to femtosecond domain at a duration of Δt=100fs, and at
a repetition frequency of 1KHz. The CPA takes place in Spitfire. The Merlin laser serves as
the optical pump of the stretched pulses, using an Nd:YAG crystal as a gain medium,
frequency-doubled, emitting at 527nm. Merlin is a Q-switched laser, an active mode-locked
laser, generating light pulses of Δt=250ps. Eventually, the output ultrashort pulse is of
duration Δt=100fs, centered at 800nm, with a repetition frequency of 1KHz and pulse
Energy E=1mJ. Figure(3.7) illustrates a schematic of the whole system.

Figure(3.7) Stages for the generation of ultrafast laser pulses schematic. Tsunami is optically pumped by Millenia, and
low energy ultrashort pulses are generated. Then in Spitfire, which is optically pumped by Merlin, Chirped-pulse
Amplification takes place, and Recompress of the pulse. The output ultrashort pulse is of duration Δt=100fs, centered at
wavelength λ=800nm, with a repetition frequency of 1KHz and pulse Energy, E=1mJ.
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3.5.2 Optical Path
This is a pump-probe experiment, therefore the incident light beam is separated into a pump
and a probe beam with a beam splitter. When the central wavelength of the pump beam is
needed to be λ=400nm, a nonlinear crystal is placed in the light path, known as a SHG
(Second Harmonic Generation) crystal, placed after the amplification stage. The ratio of the
two beams, is controlled with a λ/2 waveplate placed before of a polarizer. The two beams
travel different optical paths. Varying a beam’s path length will effectively vary the time
delay between the pump and probe pulses, allowing time-resolved measurements. The
pump beam has a variable path length and is controlled with a precise motorized transitional
stage, of resolution 1μm. In order to take time-resolved measurements in a variety of
wavelengths, the probe beam is focused on a sapphire window for white light generation.
For the desired probe wavelength, a narrowband filter is then placed, thus several excitation
states can be probed. Eventually the pump and probe beams are focused on the same spatial
point on the sample. The pump beam is carefully dumped, the probe beam though is directed
to a detector. Due to weak signals, a chopper and a Lock-in Amplifier are used in the
arrangement as shown in Figure(3.8). An illustration of the experimental set-up is shown in
Figure(3.8).

Figure(3.8) The arrangement of the time-resolved reflection and transmission experiment. The incident pulse is separated to the more
intense pump and much weaker probe beam. The probe beam is focused on a sapphire window for white light generation and with
a narrowband filter, the desirable probing wavelength is chosen. A SHG crystal is placed in the path of the pump beam, which changes
the central wavelength from 800nm to 400nm when needed. The pump beam path has variable length, controlled with the
transitional stage. A chopper and a lock-in amplifier are utilized for sensitivity improvement of the experiment.
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3.5.3 Additional Components
Lock-in Amplifier (LIA) and Optical Chopper
To improve the sensitivity of the experiment, these two components are utilized. The main
idea, is to transform the signal from dc to ac with a known frequency. An optical chopper is
a device which interrupts a light beam with a stable frequency. This frequency is given as
reference to the Lock-in Amplifier. Thus, the LIA can extract the signal with the particular
reference frequency from an extremely noisy environment. The chopper is placed in the path
of the pump beam, which modulated the excitation, thus giving a synchronization signal to
the lock-in amplifier. In this way, signal-to-noise ratio is improved. [48]
Broadband mirrors
Mirrors are widely used in this experiment, and their quality and reliability are key to
success. When an ultrafast pulse travels through a dispersive medium, the component
frequencies are dispersed, causing rapid phase variations at specific wavelengths. Therefore,
appropriate mirrors are chosen to achieve the minimal phase distortion. Additionally, the
spectral range that the mirror promises excellent reflectance is considered. [49]
Sapphire Window and Narrowband filters
When wavelength selectivity is required, one way is the use of super-continuum generation.
This can be achieved by focusing an ultrashort laser pulse on a sapphire window. The input
ultrashort laser pulse undergoes extreme spectral broadening through nonlinear
interaction, generating a super-continuum pulse, referred as white light. Its broad spectral
range allows probe measurements over many different wavelengths. Thus the probe
wavelength is chosen from the white light continuum. This is done with a narrowband filter,
with a bandpass in the range of 10nm.
Microstat Cryostat
The sample under investigation was cooled at 77K in order to eliminate the background
phonon population. The sample was placed in a Microstat branded cryostat, provided by
Oxford Instruments, which allows optical access and short working distances, specifically
designed for the desired temperature provided with continuous flow. This particular
cryostat requires liquid nitrogen to achieve 77K. High vacuum is also applied, because
without vacuum conditions, humidity in the cryostat will turned into ice. Microstat cryostats
are used in experiments where the samples under investigation must be irradiated and
measurements of emitted radiation are taken. [50]

- 34 -

Chapter 4
4.1 Experimental Details
Femtosecond resolution measurements are made possible by the pump-probe technique as
mentioned in Chapter 3.4. In this technique, each pulse is split into a much more intense
pump pulse and a weaker probe pulse. The pump pulse is used to generate the transient
event to be observed by the probe pulse. Control of the optical path length of the probe pulse
produces a variable time delay between the pump and probe pulses. The probe then takes a
snapshot of the change in reflectivity at a specific time delay relative to the pump, where the
temporal resolution of the snapshot is on the order of the probe pulse duration. The time
delay is controlled with a precise motorized transitional stage of 25cm range and step
resolution of 0.1μm via the software programme Labview.
The sample under investigation, as mention in Chapter 1, is a multi-junction solar-cell
consisted of three different direct energy gaps; GaInP(1.88eV)/GaInAs(1.41eV)/Ge(0.67eV).
The source of excitation consists of a self-mode-locked Ti:Sapphire oscillator generating
100fs pulses centered at 800nm (1.55eV). A regenerative CPA amplifier system is used to
amplify the pulses ~106 times at a repetition rate of 1kHz. These pulses were used as the
pump source for generating non-equilibrium carrier densities in the sample. Light pulses
centered at 400nm (3.1eV) were used as well generated using a SHG crystal. A sapphire
window was used for white light generation for probe wavelength selection. Transient
reflectivity change measurements were conducted at room temperature (300K) and at 77K
using Microstat Cryostat provided by Oxford Instruments.
Since changes in transmission for the sample are orders of magnitude smaller than changes
in reflectivity, only transient reflectivity change measurements were carried out. In this
Chapter, experimental results will be presented and data analysis and some further
discussion will be included as well.

4.2 Results
The experimental results are shown separately into 2 categories according to the ultrafast
pump pulse’s wavelength and then 2 sub-categories according to the sample temperature300K and 77K.
The typical Electroluminescence (EL) of the sample has been also measured by the
manufacturer and is shown in Fig(4.5).
Table 5 in Appendix, will be helpful for wavelength to Energy conversion in electronvolt units
(eV). Generally, there is no reason of probing wavelengths lower than the pump pulse’s
wavelength, as optical properties will not be affected, thus no signal will be observed.
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4.2.1 Results for Pump Pulse at 400nm
Transient reflectivity measurements of the sample, following ultrafast excitation well above
the highest bandgap are shown in Fig(4.1) at 300K and in Fig(4.2) at 77K below. The probing
range was between 500nm and 980nm or 2.48eV-1.27eV.
Time-resolved reflectivity changes for the sample seen in both figures cover a range of 200ps
following excitation at t=0. What is interesting here is that we have observed for some
probing wavelengths different temporal behaviors according the temperature that the
measurements were carried out. The sample has a very complex nanostructure in terms of
available energy states and how the photogenerated carriers will be temporally distributed.
The measurements in Figures (4.1),(4.2) indicate some very important characteristics.

Figure(4.1) Normalized time-resolved induced reflectivity measurements 400nm|300K. The sample is excited by 100fs
FWHM pulses centered at 400nm-3.1eV at temperature 300K. Probe wavelength ranging between 500nm and 980nm.

At first glance, there is a peak for all the corresponding wavelengths at t=0 at room
temperature-300K. Then several relaxation mechanisms take place, driving the system
towards equilibrium. The highest energy states, 500nm and 550nm, show an initial increase
in reflectivity, followed by a rather fast recovery towards equilibrium. In the following region
600nm-750nm, we notice an initial negative change in reflectivity. It is fairly obvious that
reflectivity at wavelengths 650 and 750nm shows a slower recovery towards equilibrium. We
should also notice that at 600nm, the reflectivity from negative becomes positive in the first
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tens of picoseconds and then returns to equilibrium. Lastly, at 900nm there is an initial
positive change and at 980nm there is a negative change in reflectivity, returning then both
towards equilibrium.

Figure(4.2) Normalized time-resolved induced reflectivity measurements 400nm|77K. The sample is excited by 100fs
FWHM pulses centered at 400nm-3.1eV at temperature 77K. Probe wavelength ranging between 500nm and 980nm.

Regarding the time-resolved reflectivity measurements at 77K following ultrafast excitation
at 400nm-3.1eV in Fig(4.2), we can distinguish some differences and some similarities from
the Fig(4.1). Firstly, we must point out that the reflectivity at the highest energy states 500550nm remains unaffected, showing the same behavior at both temperatures. The same can
be said for the 600nm and 700nm wavelengths. What is interesting here, the temporal
behavior at 650nm is particularly different. First of all, the change in reflectivity is positive
in opposition to 300K temperature measurements where it was negative. Secondly, the
initial rise does not take place at t=0, but gradually, reaching a peak some several
picoseconds later. That indicates, that the change is not attributed to the external pulse beam
itself, but from some other internal mechanisms. We subsequently see a sharp positive
change in reflectivity at 750nm, which is also in contrast with the corresponding wavelength
at graph in Fig(4.1). Meanwhile, the most interesting change in reflectivity is shown at
900nm. It can be seen from the graph in Fig(4.2), there is an initial positive rise at t=0 which
is also seen in graph in Fig(4.1) at 300K. However, at 77K, as the system recovers, it reaches
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a second peak of lower amplitude after several picoseconds and then it returns to
equilibrium. This behavior is only observed at this occasion. Lastly, with regard to 980nm,
we perceive an initial rapid increase in reflectivity and then recovers to equilibrium
conditions.

4.2.2 Results for Pump Pulse at 800nm
Transient reflectivity measurements of the sample, following ultrafast excitation at 800nm1.55eV, are shown in Fig(4.3) at 300K and in Fig(4.4) at 77K below. The probing range was
between 850nm and 980nm or 1.46eV-1.27eV. Time-resolved reflectivity changes for the
sample seen in both figures cover a range of 200ps following excitation at t=0.

Figure(4.3) Normalized time-resolved induced reflectivity measurements 800nm|300K. The sample is excited by 100fs
FWHM pulses centered at 800nm-1.55eV at temperature 77K. Probe wavelength ranging between 850nm and 980nm.

Considering the structure of the multi-junction solar-cell, the top cell (GaInP) should be
transparent to the excitation ultrafast pulse, thus the pump pulse is transmitted to the two
lower cells. This will allow us to further understand the carrier dynamics of the sample after
ultrafast optical excitation. In Fig(4.3) the sample was maintained at room temperature
300K. As we can see at 850nm, which is well above the second cell’s Band Gap (GaInAs),
there is a positive change in reflectivity at t=0, and then returns towards equilibrium. We
can see a similar trend when looking at 870nm which is just above the Band Gap. Regarding
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the behavior at 900nm, there is an initial negative change in reflectivity, then rising to a
positive constant after several picoseconds. Reflectivity changes positively at 940nm and
980nm following the ultrafast excitation, and recovers to positive constants. The observed
positive change at 980nm is much larger followed by a slower recovery toward equilibrium.

Figure(4.4) Normalized time-resolved induced reflectivity measurements 800nm|77K. The sample is excited by 100fs
FWHM pulses centered at 800nm-1.55eV at temperature 77K. Probe wavelength ranging between 850 and 980nm.

Transient reflectivity changes following ultrafast excitation at 800nm-1.55eV maintaining
the sample at temperature 77K can be seen in Fig(4.4) above. We can compare the temporal
behaviors of the reflectivity changes with those at 300K in Fig(4.3). To begin with regarding
the highest energy state, at 850nm, there is a sharp rise in reflectivity after ultrafast
excitation at t=0, then gradually decaying to a negative constant after several picoseconds.
Meanwhile, the reflectivity at 870nm shows a gradual positive rise to a positive constant,
remaining for longer times than the range of the experiment. What is most interesting here
is that at 900nm the two peaks do not appear like they did in Fig(4.2) where the excitation
pulse was of higher energy at 400nm-3.1eV. This indicates that the two peaks should be
attributed to carrier distribution generated in higher energy states. We subsequently
observe that reflectivity at 940nm shows a rapid positive rise, and then returns towards
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equilibrium. It can be also seen that the reflectivity at 980nm shows an initial negative
change at temperature 77K, which is on contrast with the change seen in Fig(4.3) at 300K.

4.2.3 Electroluminescence
The Electroluminescence of the sample has been measured and provided by the
manufacturer. The Electroluminescent spectrum is shown in Fig(4.5) below.

Figure(4.5) Electroluminescence of the sample. The highest intensity wavelengths have been labeled.

Simple Peak-Gauss data fitting has been used via scientific data analysis software OriginPro,
to calculate the two means of the EL graph with the highest intensity. Since radiative
recombination has a longer characteristic time, relatively to other microscopic processes,
the electroluminescent spectrum is very helpful in indicating the radiative energy states and
to have a better understanding of the carrier dynamics of the sample. As we can see, the EL
spectrum is narrow, covering two ranges from just after 600nm to 700nm with the peak
around 660nm and the other one from 800nm to approximately 950nm with the peak
around 886nm respectively. This emission is associated with the two energy gaps of the two
top cells of the MJ solar-cell.
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4.3 Data Analysis
Data fitting analysis may provide important information regarding the characteristics of the
MJ solar-cell. Electrons in the Valence band have obtained energy from the incident pump
pulse photons and have been excited to the Conduction Band. The temporal behavior of the
transient reflectivity measurements was analyzed using a multi-exponential fit to the data
via the scientific data analysis software OriginPro. For the purpose of the experiment, a
double exponential rate model was found to provide an adequate fitting of the transient
decays, denoting the presence of various excitations relaxation mechanisms:

𝛥𝑅/𝑅(𝑡) = 𝐴𝑜 + 𝐴1 ∙ 𝑒

−

𝑡
𝜏1

+ 𝐴2 ∙ 𝑒

−

𝑡
𝜏2

(4.1)

where A1, A2 indicate the two channels of electron relaxation decay of relaxation time
constants of τ1 and τ2 respectively. The experimental measurements cover a range of 200ps
following excitation at t=0. The constant Ao indicates slower processes that require longer
times than the range of the experiment, thus a constant in fitting parameters. Although, for
simple decay behaviors, a single exponential rate model has been applied. The data fitting is
applied after the ultrafast excitation at t=0 as we wish to see the decay of the carriers after
excitation. A couple of examples describing the data analysis procedure will be presented:
Data Analysis for 400nm Pump Pulse | 550nm Probe Pulse | T=300K

Figure(4.6) Normalized Data Fitting P.400nm|Pr.550nm|300K. Double exponential decay fitting model to
describe the temporal decay behavior of the photogenerated carriers after ultrafast pulse excitation at 400nm
and probing wavelength at 550nm at temperature T=300K.
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The aim is to decide whether there are multiple energy relaxation channels and also to
determine their time decay constants. In Figure(4.6) the whole data fitting process is
illustrated. As we can see, this decay behavior can be best described by a double exponential
decay curve. What that means is there is a faster recovery component towards equilibrium
(red colored line) with time decay τ1 and a slower one (green colored line) with time decay
τ2, of different amplitudes A1 and A2 respectively. Moreover, the constant Ao is non-zero,
meaning there is also a third channel which returns into equilibrium in longer time range of
the experiment. The sum of the two exponential curves and of the constant Ao provide an
adequate fit of the data (blue colored line). Constants Ao, A1 and A2 represent the fraction of
the photogenerated carriers in percentage.
Data Analysis for 800nm Pump Pulse | 900nm Probe Pulse | T=300K
In some cases, single exponential decay model is enough to describe the decay behavior of
the photogenerated carriers. An example has been included and it is illustrated in
Figure(4.7). We notice that the curve relaxes at a negative constant. As it will be discussed in
the next section, multiple relaxation mechanisms are competing, resulting ‘’pulling’’ the
signal above zero (see figure(4.4)) and artificially changing the decay constant [51].
Therefore, negative Ao constants mean that linear response contributions which were not
responsible for the intitial reflectivity change, become more important as the system relaxes.

Figure(4.7) Normalized Data Fitting P.800nm|Pr.900nm|300K. Single exponential decay fitting model to describe
the temporal decay behavior of the photogenerated carriers after ultrafast pulse excitation at 800nm and
probing wavelength at 900nm at temperature T=300K.
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Not all the data fitting process will be included in this work. Although, Table 1 and Table 2
contain the amplitudes and time constants of the transient decays obtained by lineshape
analysis with the aforementioned models, after ultrafast excitation at 400nm at
temperatures 300K and 77K accordingly.

Pump=3.1eV
λ
(nm)
500
550
600
650
700
750
900
980

T=300K
A0
(%)
--5
-24
13
5
3
-17
3

n=1
τn
(ps)
5.1
16.6
7
2.9
13.6
19
11.1
6.1

n=2
An
(%)
53
42
--13
50
30
68
40

τn
(ps)
21
60
--429
96
263
51.6
12

An
(%)
47
54
--74
45
78
32
57

Table 1: Summary of transient decay linefitting analysis 400nm|300K . Ao,1,2 and τ1,2 denote respectively the
amplitude and the time decay fitting values obtained using model (4.1), after ultrafast pulse excitation at 400nm
at temperature 300K.

Pump=3.1eV
λ
(nm)
500
550
600
650
700
750
900
980

T=77K
A0
(%)
-----15
25
7
--22
---

n=1
τn
(ps)
10.2
19.9
13
18
29
25
41.2
16.7

n=2
An
(%)
------51
---------

τn
(ps)
------82
---------

An
(%)
------24
---------

Table 2: Summary of transient decay linefitting analysis 400nm|77K. Ao,1,2 and τ1,2 denote respectively the
amplitude and the time decay fitting values obtained using model (4.1), after ultrafast pulse excitation at 400nm
at temperature 77K.

It is clear to see that on the whole, the relaxation behaviors at temperature 77K tend to be
less complex, thus the single exponential decay model is enough to describe adequately the
experimental data. We were expecting this because the sample was cooled down at 77K in
order to eliminate the background phonon population as mentioned in section 3.5.3.
Consequently, scattering of electrons from the central valley of the Brillouin zone to side
valleys is reduced as carrier-phonon scattering is significantly limited. In other words, this
is a way to take a clearer understanding of the carrier dynamics in the sample under
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investigation by eliminating the interactions which phonons are involved. Therefore, the
decay behavior will be simpler at 77K temperature.
We should notice that the photogenerated carriers have the longest decays at 650nm at both
temperatures. Moreover, non-zero Ao constants corresponds to the presence of a significant
carrier density on a long time scale. These carriers are most likely to contribute to the
observed EL. The fast component (5-15ps) from the Table 1 is associated with the
redistribution of the photogenerated carriers around the probing energy states of the
sample. Whereas the longer time constant is most likely associated with the relaxation of the
carriers to energy states located far from the probing region [52]. The variation in the
lifetime of the carriers at different wavelengths reveal the complex nanonstructure of the
solar cell, the presence of multiple states which have an effect on the relaxation of the
photogenerated carriers.
Moving on, Table 3 and Table 4 contain the exponential time constants and their associaterd
strengths using data analysis with the aforementioned models, after ultrafast excitation at
800nm at temperatures 300K and 77K accordingly. The top cell of the MJ solar cell (GaInP)
is considered to be transparent to the excitation ultrafast pulse as the photon’s energy is

Pump=1.55eV
λ
(nm)
850
870
900
980

T=300K
A0
(%)
4
---60
43

n=1
τn
(ps)
7.6
8.9
10.4
13

n=2
An
(%)
81
89
--42

τn
(ps)
98
238
--368

An
(%)
16
11
--15

Table 3: Summary of transient decay linefitting analysis 800nm|300K. Ao,1,2 and τ1,2 denote respectively the
amplitude and the time decay fitting values obtained using model (4.1), after ultrafast pulse excitation at 800nm
at temperature 300K.

Pump=1.55eV
λ
(nm)
850
900
940
980

T=77K
A0
(%)
-34
29
15
11

n=1
τn
(ps)
0.68
2.45
1.05
1.2

n=2
An
(%)
80
39
45
32

τn
(ps)
15.5
47
35.4
26

An
(%)
20
33
40
57

Table 4: Summary of transient decay linefitting analysis 800nm|77K. Ao,1,2 and τ1,2 denote respectively the
amplitude and the time decay fitting values obtained using model (4.1), after ultrafast pulse excitation at 800nm
at temperature 77K.
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lower than the corresponding bandgap, thus no electron transition will be observed.
Therefore, this analysis mainly focuses on the carrier dynamics that take place to the lower
cells (GaInAs and Ge).
It should be noted that at wavelengths 870nm at 300K, the photogenerated carriers
demonstrate the slowest decay, meanwhile at 77K the carriers relax to a positive constant.
These carriers are most likely to contribute to the observed EL, as seen in Figure(4.5). In
addition, at 900nm, considering the Figures(4.3)(4.4), at both temperatures, the carriers
relax to a positive constant as well, also contributing to the observed EL. On the whole, the
fast recovery component at 77K is shorter than the corresponding at 300K, denoting that the
coupling to the nearby probing energy states at 77K is stronger and this may be attributed
to the phonon population elimination.

4.4 Discussion
To relate the observed measurements to the power absorbed and transmitted at normal
incidence, we utilize the relation which expresses the concept that says that all the incident
power is either reflected, absorbed or transmitted:

1=𝑅+𝐴+𝑇

(4.2)

where R, A and T are the fraction of power that is reflected, absorbed and transmitted
respectively as explained in section 2.3 of Chapter 2. Since no transmission was observed,
we assume T=0, thus absorption is equal to 1-R.

The observed transient absorption changes in a semiconductor following the above bandgap
femptosecond pulse excitation are associated with the generation of non-equilibrium carrier
density via interband transitions of electrons from the Valence Band to the Conduction Band.
As the system recovers towards equilibrium, the photogenerated carriers distribute
themselves along the energy states that are normally unoccupied under equilibrium
conditions [53]. Probing these energy states will result in a reduction in the absorption of
the sample due to occupation of states. In our measurements, this appears as a negative
change in the absorption, thus a positive change in reflectivity. This effect is also referred as
‘State Filling’ [39, 53-55]. A schematic illustrating the effect is shown in Figure(4.8) below.
The occupied states become available as soon as carriers’ energy relaxes resulting into a
recovery of the steady-state absorption.
However, it should be noted that in addition to the above described state filling, there are
also effects due to secondary excitations of the photogenerated carriers caused by the
probing laser pulse, as explained in section 2.4 of Chapter 2. As the photo-excited carriers
relax to various available energy states of the material, there is a possibility that the probing
pulse will re-excite them to higher states if these are available of course. This mechanism
due to free-carrier absorption results a positive change in absorption, thus a negative change
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in reflectivity. This effect is also referred as ‘Photoinduced Absorption’ (PA) [39, 53-55].
Again in Figure(4.8) a schematic illustrating the mechanism is shown.

Figure(4.8) Schematic representation of the carrier dynamics following photoexcitation. State Filling appears a
negative change in absorption, however Photoinduced Absorption appears as a positive change. Both effects are
competing, and take place at the same time.

Furthermore, we should point out that the strength of the induced absorption signal depends
significantly on the density of states and the number of carriers present at the energy state
being probed. Both effects, namely state filling and photoinduced absorption are competing
processes and may take place at the same time.
In order to obtain a clear picture of the dynamics in the MJ solar-cell, a schematic band
diagram model in Figure(4.9) and Figure(4.10) showing the various energy states and
electrons redistribution during relaxation utilized in our interpretation are included.
With reference the transient changes in reflectivity after ultrafast photoexcitation at 400nm
at temperature 77K in Figure(4.2), we perceive strong state filling effect for the shorter
wavelengths, namely 500nm and 550nm. These energy states are immediately occupied by
the photogenerated carriers. Moving on, at 600nm, the reflectivity is decreased,
corresponding to an increase in absorption meaning PA is observed but as the system
recovers, it relaxes to a negative absorption constant, revealing that carriers lives at that
energy state for longer that the experimental time range. At 650nm, we notice state filling
effect, but not at t=0, and then a longlived negative absorption signal. This can be attributed
to contributions from additional state filling at different energy states, possibly of lower
conduction band states. These carriers are most likely to contribute to the observed EL.
Positive transient change in reflectivity is observed at 750nm and 980nm as well, which are
below the first Energy Gap, with stronger signal at the former. Although, at 700nm there is
an immediate negative change in reflectivity, indicating PA coupling to higher energy states.
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Figure(4.9) Schematic Band Diagram showing the distribution of photo-excited electrons (400nm) to the energy

states of the sample after ultrafast photoexcitation at 400nm. The energy levels axis in not on scale.

However, the most interesting behavior is perceived at 900nm, which is located just below
the second Band Gap (GaInAs). As we can see, there is an initial positive change in reflectivity
corresponding to a negative drop in absorption, and is mainly associated with the occupation
of states by photo-generated carriers. Although, an initial drop follows, and after about 10ps
a second peak appears and then relaxes towards equilibrium with a long time decay constant
of 41.2ps (see Table 2). We hypothesize that this behavior corresponds to additional state
filling at different higher energy states. More specifically we assume that the carriers
responsible for the occupation of this state originate from the 650nm (1.91eV) energy state
of the top cell (GaInP). This belief is based on the decay behavior of absorption at 650nm as
seen in Figure(4.2). The same time carriers relax towards equilibrium at 650nm, state filling
at 900nm becomes stronger, and we can also see a similar trend when looking at their decay
behaviors. This is a plausible transition as illustrated in Figure(4.9), excited carriers above
the first and second bandgap, to relaxes to lower energy states located in the second
(GaInAs) and the third (Ge) energy bands. Other contributions are also possible, from higher
energy states, but there are not strong indications to support it further.
Transient reflectivity measurements at room temperature 300K in Fig(4.1) shows various
trends of carriers’ energy relaxation. Firstly, it is obvious that state filling is once again the
dominant effect for the shorter wavelengths, namely 500 and 550m. With increasing probing
wavelength, 600nm-750nm, PA becomes more important. The fast PA behavior is attributed
to the broad energy distribution of the existing of various states near the excitation region
providing coupling with higher lying states via secondary excitations. Absorption recovers
to a positive constant at 980nm, denoting the presence of strong PA to higher energy states.
Lastly, we should note that the behavior at 900nm that appears at 77K does not duplicate at
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300K, meaning that due to phonon population, carriers undergo carrier-phonon scattering,
resulting to scattering of electrons from their initial states to side valleys, thus we do not
observe the same trend.

Figure(4.10) Schematic Band Diagram showing the distribution of photo-excited electrons (800nm) to the energy

states of the sample after ultrafast photoexcitation at 800nm. The energy levels axis in not on scale.

Figure(4.10) includes a schematic of the Band Diagram of the sample showing the
distribution of the photogenerated carriers after ultrafast excitation at 800nm. Transient
reflectivity measurements will help us to investigate further our aforementioned hypothesis.
In Figure(4.4), we can see the reflectivity changes at temperature77K. At first sight, we
notice an initial rise in reflectivity corresponding to a drop in absorption at 850nm, with a
fast relaxation to a positive constant. It is apparent that PA effect becomes more important
after only 7-8ps despite the initial state filling effect. It is obvious that at longer wavelengths
870-940nm, state filling is more dominant resulting in negative change in absorption and the
system relaxes to a negative absorption constant. We should also point out the positive
pulling of the signal at 870nm, denoting that carriers stay longer than the time range of the
experiment. These carriers most probably contribute to the observed EL (second peak) as
seen in fig.(4.5). Although, at 980nm, PA effect is strong thus a residual negative change in
reflectivity. It should be noted that at this excitation energy, 800nm (1.55eV), the two peaks
in reflectivity at 900nm do not appear as they do in Figure(4.2). From this result, we can say
more confidently that higher energy states are responsible for this effect.
However, at temperature 300K and 77K we can see some similarities and differences
regarding the transient reflectivity behaviors at certain probing wavelengths in fig(4.3) and
fig(4.4) respectively. We observe that transient change in reflectivity at 900nm after
ultrashort optical excitation at 800nm, at temperature 300K, is initially negative,
corresponding to a positive change in absorption and then relaxes to a to positive constant.
This reveals that Photoinduced absorption due to free carrier contributions is stronger at
first, and as the system evolves state filling becomes more dominant thus relaxing to a
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positive constant with time decay of 10.4ps. The pulling of the signal to a negative absorption
constant reveals that carriers remain at this energy state for longer time than the
experimental range. Although at 77K (see fig(4.4)), the change in reflectivity at 900nm is
initially positive, and relaxes to a positive constant similarly. Both effects, namely state filling
and PA are competing effects, taking place at the same time. We conclude that state filling is
stronger at 77K from the beginning, as phonon interactions’ elimination may contribute to
this behavior. In other words, carrier-phonon interactions result to scattering of photoexcited carriers from their initial energy states, thus PA is initially stronger at 300K at t=0
instead of state filling therefore we notice an initial negative change in reflectivity and then
evolves to positive as we can see in fig(4.3). As the system evolves, we believe that state
filling from other energy states contribute to the observed positive constant change in
reflectivity. Although, at 77K, carriers occupy the 900nm energy state at t=0, thus a positive
change in reflectivity and is attributed to phonon population elimination.
Furthermore, at probing wavelength 980nm, we observe a positive change in reflectivity at
300K in fig.(4.3) ,on the contrary, a negative change in 77K in fig(4.4). It is obvious that at
300K state filling is dominant meanwhile at 77K Photo-induced Absorption due to free
carrier contributions is stronger. The explanation for this occasion differs from the previous
observation. In this case, the reason why we see different behaviors, is because due to
difference in temperature. The 980nm (1.27eV) energy state is located in the bottom cell
(Ge) well above the Energy Gap. The energy bandgap of semiconductors tends to decrease
as the temperature is increased. As a result, the energy band diagram changes and energy
states shift accordingly. It is clear to see that at 77K carriers do not occupy this energy state,
as it may not be available anymore due to change in temperature. Therefore, we do actually
not probe this state, but we only observe absorption from free carriers which are then
excited to higher energy states. However, at 300K we perceive state filling, thus occupation
of the energy state from photo-excited carriers.
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Conclusions
We have investigated carrier dynamics in a multi-junction solar-cell using femtosecond
transient reflection spectroscopy. Following ultrafast pulse excitation at 3.1eV, far above the
band edge of the top cell (GaInP-1.88eV), energy relaxation of the photogenerated carriers
occurs via nonradiative and radiative mechanisms in states located within the cells.
Transient reflectivity measurements reveal a plethora of energy states located between the
Energy Bands of the solar cell.
The sample under investigation consists of three different p-n junctions of GaInP/GaInAs/Ge
and of energy gaps of 1.88eV/1.41eV/0.67eV respectively. This highly advanced PV
technology in not addressed for terrestrial use due to its unaffordable price range. However,
it is already commercialized and applied in cutting-edge technologies such as space shuttles,
satellites, military vehicles, etc.
Measurements were carried out at room temperature 300K and at 77K using a Microstat
Cryostat provided by Oxford Instruments. The main idea was to eliminate phonon
population in order to obtain a clearer understanding of the carrier dynamics followed by
ultrafast excitation. Indeed, different decay behaviors were observed at different
temperature, denoting the important involvement of phonons in carrier relaxation
mechanisms. Energy relaxation of the carriers to constants indicate that these carriers stay
for longer time periods of the experimental time range. These carriers most probably
contribute to slower processes such as PL. Analysis suggests that double and single
exponential decay models were adequate to fit the data. We have observed State Filling and
Photoinduced Absorption as competing effects in the transient induced absorption of the MJ
solar cell. For some cases, the strength of the coupling of the two effects was dependent on
the temperature. Moreover, after photoexcitation at 400nm, we notice that the
photogenerated carriers remain within the excitation states for a relatively long time.
We find that the sample exhibit state filling following carrier excitation for the shorter
probing wavelengths, 500-550nm at both temperatures. Overall, carrier relaxation tends to
be faster at 800nm pump excitation, than at 400nm. This can be explained by the fact that
additional different energy states contribute thus making the relaxation slower. The time
constants obtained from these fits were 2.9-7ps (13%-40%), 11.1-21ps (42%-68%),
60-429ps (54%-74%) and Ao (3-24%) at 400nm excitation whereas 0.68-2.45ps
(32%-80%), 15.5-47ps (20%-57%) and Ao (11%-34%) at 800nm excitation pulse. The fast
component is associated with the redistribution of the photogenerated carriers around the
probing energy states, whereas the longer time constant is most likely associated with the
relaxation of the carriers to energy states located far from the probing region.
However, what is interesting to point out is the carrier dynamics at 900 nm probing
wavelength after photo-excitation at 400nm at temperature 77K. An initial negative drop in
absorption is observed, and as the system recovers towards equilibrium, a second drop
appears. We hypothesize that transitions of excited carriers at 650nm are responsible for
this behavior. The same behavior was not observed at 300K. To investigate this hypothesis
further, we conducted measurements after photo-excitation at 800nm, so no
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non-equilibrium carrier densities would be generated at 650nm. No similar behavior was
noticed at both temperatures, making our assumption more plausible. It is a first solid
indication that carriers transport from one cell to the other. So far, there have been only
assumptions for this transition. In this work we not only prove it to be possible but we can
also determine the time range of the transition by performing measurements on a
femptosecond scale.
Furthermore, we should note that at 980nm probing wavelength after photo-excitation at
800nm, we observe different changes in reflectivity depending on the temperature. This
energy state is located at the bottom cell (Ge) well above the energy gap. At 300K we perceive
a positive change in reflectivity, corresponding to a negative change in absorption. It is
obvious that state filling is dominant due to occupation of the energy state by
non-equilibrium carriers. Although at 77K, we observe a negative change in reflectivity, thus
a positive change in absorption. This indicates that we do not actually probing the energy
state, and secondary excitations of free-carriers contribute to the residual change. This is
attributed to the change in temperature. Specifically, due to change in temperature, the
energy band of the semiconductor is changed, thus the energy state is shifted and it is not
available anymore for carriers to occupy.
This work was a first attempt to investigate the carrier dynamics in the three-junction solar
cell on a femtosecond scale. Recombination affects carrier lifetimes, mobilities, diffusivities
and surface recombination velocities which result in extractable current and voltage and
hence efficiency of the solar-cell. In order to investigate recombination mechanisms further
the understanding of nonequilibrium carrier kinetics is very important. However, due to its
complex nano-structure, in order to reach more solid conclusions, we suggest performing
the same experimental work on two of the three cells separately each time. Therefore, a
clearer image will allow us to explain the carrier dynamics even better. It is important though
that the manufacturer is able to provide the samples. Such work will not be easily done, as
the fabrication of these samples is a formidable task.
Lastly, I would like to recommend for future works, that in order to obtain a better
understanding of the dynamics in the MJ solar-cell on a longer time scale, Time-resolved
Photoluminescence (TRPL) will be useful. Time-resolved PL may reveal the existence of nonradiative channels available to the probing carriers.
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Appendix
Table 5: Wavelength to Energy conversion in eV units. The corresponding wavelength of the Band Gap of
each cell of the sample has been included as well.

Wavelength (nm)
400
500
550
600
650
659-GaInP
700
750
800
850
870
879-GaInAs
900
940
980
1850-Ge

Energy (eV)
3.10
2.48
2.25
2.07
1.91
1.89
1.77
1.65
1.55
1.46
1.43
1.41
1.38
1.32
1.27
0.67
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