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Abstract

Hot carrier solar cells are a third generation photovoltaic technology, which aims to
increase power conversion efficiency of solar cells beyond the fundamental Shockley-
Queisser limit (33%). A major source of loss in conventional solar cells is thermalization
loss (heat generation), which occurs when photogenerated hot carriers lose their excess
kinetic energy by interacting with phonons. Hot carrier solar cells have been proposed
to reduce such thermalization losses if electron-phonon interactions can be inhibited.
Despite significant recent progress in the field, there are still two significant challenges
to overcome in order to design a practical hot carrier solar cell: 1) designing an efficient
hot carrier absorber to inhibit hot carrier-phonon interactions; 2) develop energy

selective contacts to extract hot carriers before thermalization occurs.

Here, type-11 InAs/AlAsSb quantum well (QW) structures are investigated as a
promising candidate for hot carrier absorbers. Continuous wave power and temperature
dependent photoluminescence spectroscopy and ultrafast transient absorption
spectroscopy show evidence of robust hot carrier effects at low excitation powers and
room temperature, which are significant properties when designing practical hot carrier
solar cells. In addition, we have investigated accurate determination of the carrier
temperature and phononic properties in the QW structures to provide a better
understanding and fuller picture of the nature of hot carrier effects in these systems.
Furthermore, we have designed and fabricated p-i-n diodes to study the electrical
properties of hot carriers within practical InAs QW structures. As a result, through

determination of the origin of hot carrier thermalization processes in the system it is
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possible to find ways to manipulate and/or control the hot carrier loss mechanisms for
hot carrier solar cell or other optoelectronic applications. Finally, we have also
investigated the optical spectroscopy of 2D hybrid lead halide perovskite structures for

potential hot carrier solar cells.
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Chapter 1

Introduction: Hot carrier solar cells

1.1 Motivation

The amount of solar energy striking the Earth from the Sun in only one and half hours
can fulfill the global energy consumption for one year! [1] In our modern world it is
inevitable to seek cheap, reliable, and sustainable energy resources. Over recent
decades, there has been a lot of interest utilizing renewable energy such as solar energy
to generate electricity. One technology, which can convert sunlight directly into
electricity, is a photovoltaic solar cell. This technology has the potential to generate a
considerable amount of power directly from sun and to be utilized in most regions of
the Earth. However, there remain issues regarding this technology, which limits its
large-scale deployment. The main issues regarding photovoltaic solar cell technologies
are economic competitiveness and power conversion efficiency. Therefore, it is
essential to reduce solar cell fabrication costs and to improve their power conversion
efficiency, all of which requires having a more fundamental understanding of their

operation in order to expand their implementation.

Most solar cells are formed using p-n junctions. The advantage of a p-n junction is
associated with their capability to separate photogenerated electron-hole pairs due to the
existence of an internal electric field within the depletion region of the diode. As a result,

photogenerated carriers can be extracted and produce electricity in an external circuit.



[2, 3] A schematic of a p-n junction is shown in Figure 1.1. It is observed that several

different processes can occur upon the p-n junction’s exposure to light. [4]

- Electrons

Figure 1. 1. Schematic of a p-n junction with major loss mechanisms: 1) transmission loss, 2)
thermalization loss, 3) non-radiative recombination, 4) radiative-recombination. [Reproduced
from: Brown, Gregory F., et al. "Third generation photovoltaics.” Laser & Photonics Reviews

3, no. 4 (2009): 394-405.] [4]

As is the case for all thermodynamic systems, solar cells suffer from several
fundamental energy loss mechanisms. One of the major loss mechanisms for solar cells
is transmission loss (1) in Figure 1.1. This effect derives from the transmission of low-
energy photons that are not absorbed by the system at energies less than the band gap
of the absorber. Another major loss mechanism in solar cells is thermalization loss
(process labeled 2 in Figure 1.1), which occurs when high-energy photons are absorbed.
In a semiconductor when a photon with energy above the band gap is absorbed, it creates

carriers with excess kinetic energy, which are often referred to as: hot carriers. In most



types of solar cells, photogenerated hot carriers lose their excess kinetic energy through
interaction with phonons in the system. This thermalization loss occurs extremely
quickly after absorption (in a few picoseconds) and causes the relaxation of hot carriers

to the fundamental band edge of the absorber, (2) in Figure 1.1. [3, 4]

Other loss mechanisms, such as (3) and (4) in Figure 1.1, are related to non-radiative
and radiative recombination processes. These loss processes limit the amount of current
that can be extracted from the system. Through these processes, the energy of the
charges is lost via radiative recombination (photon emission) or non-radiative

recombination (defects or phononic interactions). [3, 4]

In general, it is possible to increase the total light absorption in a solar cell by using a
lower band gap semiconductor; however, this causes an increase in thermalization loss.
On the other hand, utilizing a wider band gap semiconductor reduces the thermalization
loss at the expense of absorption. In other words, there is a trade-off between reducing
thermalization loss and increasing the absorption in the solar cell. Therefore, to optimize
power conversion efficiency in a single junction solar cell, it is required to find a balance
between the thermalization and transmission loss. In 1961 Shockley and Queisser
proposed a model to determine the maximum power conversion efficiency for a single
junction solar cell. [5] According to this model, all photogenerated carriers above the
solar cell’s band gap relax down and occupy energy levels at the band edge of the
semiconductor in both the conduction and valence bands. Hence, extracted carriers will
have an energy difference equal to the semiconductor’s band gap. By optimizing the
extracted power, the maximum conversion efficiency for a single junction solar cell

(without concentration) is ~ 33%, which is achieved for an absorber with a band gap of



~ 1.4 eV. [4] This value sets the upper limit for power conversion efficiency in a single

junction solar cell and is known as the Shockley-Queisser limit.
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Figure 1. 2. The amount of power conversion efficiency and different fundamental loss
processes as a function of solar cell absorber band gap. [Reproduced from: Hirst, Louise C., et
al. "Fundamental losses in solar cells." Progress in Photovoltaics: Research and Applications

19, no. 3 (2011): 286-293.] [6]

It is possible to determine the contribution of different loss mechanisms for a range of
band gap energies, as shown in Figure 1.2. These loss mechanisms are intrinsic for solar

cells, regardless of material quality, operation condition, and parasitic resistances within

4



the system. The dark blue area in Figure 1.2 shows the region where usable power can
be extracted in a single gap solar cell. The various colored regions (other than the blue
regime) represent different loss mechanisms in the system. As described above, the two
major losses incurred by the system are due to transmission of below band gap photons
(magenta color) and thermalization (cyan color). The Boltzmann loss (green color) is
due to the mismatch between the light absorption and emission angle and the subsequent
increase in entropy this loss invokes. However, by concentrating light on the cell, it is
possible to reduce this mismatch; consequently, lowering the contribution of this
entropic loss mechanism. The Carnot loss is the thermodynamic loss, which limits the

amount of power conversion for engines working between hot and cold reservoirs. [6]

Designing photovoltaic solar cells with low dollar per Watt ($/W) ratio and high
power conversion efficiency is essential for the implementation of emerging
photovoltaic technologies. Three generations of solar cells have been developed, which
have been aimed at improving conversion efficiency and reducing the production costs.
Figure 1.3 shows an efficiency map — and the parameter space for these three
generations of solar cell. First generation (green region) solar cells are based on a single
bulk semiconductor p-n junction. [2, 3] In the first generation, silicon solar cells have
achieved efficiencies of 26.3%, which is very close to its maximum theoretical
efficiency (29.1%) for such systems. [7, 8] One of the main historical challenges
associated with first generation solar cells are costs related to material consumption.
Therefore, second generation (yellow region in Figure 1.3) solar cells (which are based
on thin film technologies) have been proposed to reduce material usage. Thin film solar

cells, such as CdTe and Cu(In,Ga)Se2 (CIGS), reduce production costs due to the



reduced material consumption of the modules. However, their power conversion

efficiency is still somewhat less than first generation solar cells. [3]
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Figure 1. 3. Efficiency-cost graph of three generations of photovoltaic solar cells. First
generation is about bulk systems, second generation is for thin films, and third generation is
about advanced thin-film systems. [Reproduced from: Conibeer, Gavin. "Third-generation

photovoltaics." Materials today 10.11 (2007): 42-50.] [9]

Although reducing the module fabrication cost is important for solar cell technology,
there are other basic costs, like wiring, inverters, and/or batteries (amongst others),
which are still considerable and increase final module costs. So, further reducing the

module (solar cell) production costs will have a limited impact on the overall power



generation costs. Therefore, third generation (green region in Figure 1.3) solar cells have
attracted considerable recent attention due to their potential to the increase power

conversion efficiency, in tandem with reducing fabrication costs. [4, 9]

As discussed, only photons with the energy values of the absorber are optimally
converted to electron hole pair generation. Photons with energies below the cell band
gap are not absorbed and the excess energy of photons above the band gap is lost via
thermalization. Therefore, to enhance power conversion efficiency there is two main
strategies: 1) increasing the amount of low energy light absorption, and 2) reducing
thermalization loss mechanisms. Third generation technologies are focused on using
novel concepts to increase the conversion efficiency of solar cells beyond the Shockley-
Queisser limit (33%). Several systems have been proposed as third generation solar cells
such as: 1) multi-junction solar cells; 2) intermediate band solar cells; 3) up-conversion
systems; 4) down-conversion techniques; 5) hot carrier solar cells; and 6) multi-exciton
generation solar cells. The photovoltaic devices described from 1 to 4 are mainly
concerned with solar spectral splitting to optimize access to the solar spectrum using
several solar cell absorbers. However, the last two technologies (5 and 6) target

inhibiting (or circumventing) the thermalization loss mechanisms. [3, 4, 9]

Multi-junction solar cells (MJSC) are third generation solar cells, which have
achieved the highest power conversion efficiency to date (~ 46%). [8, 10] These solar
cells consist of multiple semiconductors (with different band gap energies) stacked on
top of one other. Materials with optimal band gap energies are selected in order to cover
the whole solar spectrum range. Thus, the solar spectrum is decomposed to multiple

energy ranges and absorbed by several solar cells. In these solar cells, the layer with the



largest band gap is placed on top of the MJSC — to absorb UV light — and the material
with the lowest band gap is placed at the bottom to absorb low(er) energy IR photons.
Through this strategy, it is possible to optimize solar cell absorption and increase power
conversion efficiency. [4] MJSCs layers are connected in series, therefore, all layers are
required to generate the same amount of current (so-called current matching) otherwise

the extra current generated by one junction will be lost. [2]

Intermediate band solar cells (IBSCs) are photovoltaic devices that have been
proposed to absorb sub-band gap energy photons (while sustaining the operating voltage
of the matrix) establishing an intermediate energy level in the solar cell absorber. [11]
Up-conversion and down-conversion techniques, which are based purely on optical
processes, have been proposed to optimize the absorbed photon energy of the solar cell
band gap in order to improve light absorption. In the up-conversion technique, low
energy infrared (IR) photons are converted to higher energy photons (the opposite
mechanism happens for the down conversion technique) so that: the amount of
transmission losses will be reduced. [4, 12, 13] In multi-exciton generation (MEG) solar
cells, photogenerated hot carriers (generated by high energy photons) promote several
electron-hole pairs. Through this process, one high-energy photon generates multiple
excitons via impact ionization, which results in an enhancement of the extracted current.

[14]

Another attractive concept for third generation solar cells is a hot carrier solar cell.
This type of solar cell (the main topic of this thesis) has been proposed to increase power
conversion efficiency beyond the Shockley-Queisser limit for a single junction solar

cell via inhibiting thermalization loss. [15] In the absence of thermalization loss it is



possible to reduce the solar cell band gap in order to increase absorption. Through this
technique, the maximum (ideal) achievable power conversion efficiency is predicted to
be ~ 66% and ~ 85% for a single junction solar cell under 1-Sun AM 1.5G and full

solar concentration, respectively. [15, 16]

1.2. Hot Carrier Solar Cells

As discussed, in a semiconductor when a photon with energy above the band gap is
absorbed, it creates carriers with excess kinetic energy, so-called hot carriers, which are
at an elevated temperature with respect to the lattice. However, these photogenerated
hot carriers lose their excess Kinetic energy via electron-phonon interactions a few
picoseconds after generation. Figure 1.4 shows the dynamics of hot carriers from

generation to radiative recombination (full thermalization).

Before photo-absorption occurs (see region (1) in Figure 1.4), electrons and holes are
at equilibrium with the lattice. (1) Immediately after absorption (t = 0 s, region (2)), the
photogenerated carriers occupy narrow energy levels. (2) Then, within sub-picoseconds,
(elastic) carrier-carrier scattering occurs and photogenerated carriers redistribute energy
amongst themselves as shown schematically in (3) and (4). Therefore, photogenerated
electrons (and holes) achieve a global non-thermal “hot carrier” distribution in the
conduction (and valence) band with an associated carrier temperature that is higher than
the equilibrium temperature of the lattice (4). A few picoseconds after light absorption,
however, photogenerated hot carriers interact with phonons, which thermalize the
system. As a result, the energy of the carrier distribution reduces and they cool, see (5)

and (6) in Figure 1.4. Finally, thermalized electrons and holes recombine and



equilibrium is restored. [3] The associated heat dissipation cannot be harnessed as useful

power in a solar cell.
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Figure 1. 4. Time evolution of hot carriers from generation to radiative recombination.
[Reproduced from: Green, Martin A. "Third generation photovoltaics: advanced solar energy

conversion." Physics Today 57, no. 12 (2004): 71-72.] [3]

It is observed by increasing excitation power, the photogenerated carrier density
increases and consequently carrier-carrier scattering reduces. At this condition a steady
state hot carrier distribution can be created if the photo-excitation rate is higher than the
cooling rate and lower than carrier-carrier scattering. Therefore, the density of
photogenerated hot carriers increases and electron-phonon interactions become less
efficient; i.e., the creation of a phonon bottleneck effect. [17, 18] Although a steady state
hot carrier distribution has the potential to create a condition for increased conversion
efficiency, it is still essential to extract the photogenerated hot carriers on an ultrafast

timescale, otherwise hot carriers will eventually dissipate their excess kinetic energy via
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electron-phonon interactions with no impact on enhancing power conversion efficiency.

[19, 20, 21, 22]

Since the first proposal of the hot carrier solar cell concept by Ross and Nozik in 1982,
[15] no practical hot carrier solar cells have been demonstrated. Despite significant
progress in the field, there are still two main challenges that need to be overcome: 1) to
design a hot carrier absorber, which can significantly inhibit hot carrier thermalization;
[23] and 2) to extract hot carriers adiabatically before they thermalize. [24] Figure 1.5
shows a schematic of a proposed mechanism for operation of hot carrier solar cells using

energy selective contacts to extract hot carriers. [25]

The hot carrier solar architecture shown in Figure 1.5 has two main components: 1) a
hot carrier absorber; and 2) energy selective contacts for both electron and hole
extraction. In Figure 1.5, Ti, Ten, Eg, Een, and p are lattice temperature, carrier
temperature, absorber band gap, extraction energy, and quasi Fermi level splitting,
respectively. In the hot carrier absorber, a steady state hot equilibrium distribution is
established via inhibiting hot carrier-phonon interactions. [19, 20, 25] Therefore,
carriers are at elevated temperature with respect to the lattice. Then, photogenerated hot
carriers are extracted resonantly through an energy selective contact designed either for
electrons or holes. The selectivity of the resonant tunneling structure is preferred to be
narrow in order to minimize entropy exchange between the hot (the hot carrier absorber)
and cold (ambient) reservoirs; thus, reducing hot carrier thermalization during the

extraction process.
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Figure 1. 5. Schematic of a hot carrier solar cell with a hot carrier absorber and energy selective
contacts. [Reproduced from: Hirst, L. C., et al. “Hot carriers in quantum wells for photovoltaic

efficiency enhancement” IEEE Journal of Photovoltaics, 4(1), (2014): 244-252.] [25]

By adiabatic extraction of hot carriers through narrow energy range membranes, the
excess kinetic energy of hot carriers is then converted to potential energy. As shown in
Figure 1.5, both electrons and holes are extracted through energy selective contacts. The
energy difference between electrons and holes determines Een, which is larger than the
absorber band gap energy. As a result, the output voltage, V, as proposed by Wirfel et
al. [26] for hot carrier solar cells with extracted energy, Een, and quasi Fermi level

splitting, Ay, is given by:

qV = ( —TT—L) E,, + Ay =% (L)

eh Ten
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1.3. Hot carrier absorbers

One important objective regarding hot carrier absorbers is (obviously) to determine
the photogenerated carrier temperature. Steady state photoluminescence spectroscopy
is a practical technique for the determination of the carrier temperature. It is possible to
model the emitted PL spectrum of a sample utilizing an equilibrium based generalized

Planck’s radiation law, as given by: [27, 28]

I (8) = 2282 [y (£2) 1] a

412h3c2 kpTy

where Ip; is the PL intensity, E is the photon energy, Au is the quasi Fermi level
splitting, h is Planck’s constant, c is the speed of light, k5 is Boltzmann constant, Ay is
the chemical potential difference (quasi-Fermi level splitting), Ty is the carrier
temperature, and A(E) is the absorptivity of the sample. By fitting the emitted PL
spectrum of the sample with Equation 1.2, information regarding the carrier temperature
and chemical potential difference can be extracted. The advantage of this analysis is to
determine a quasi-Fermi level splitting, which is related to the open circuit voltage (Voc)

for a contact-less sample. [28]

Another method to extract the carrier temperature from a PL spectrum without doing
a complicated analysis through fitting the whole PL spectrum using Equation 1.2 is to
simply perform linear fitting on the high-energy side of natural logarithm of PL
spectrum. By taking the natural logarithm of PL intensity in Equation 1.2, the equation

is written: [20, 22, 25, 29]

(1.3)
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where e(E) is emissivity. It is observed that the natural logarithm of the PL intensity is
inversely proportional with carrier temperature. This method is a practical technique to

extract carrier temperature from PL spectroscopy.
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Figure 1. 6. (a) Excitation power dependent photoluminescence spectra at 10 K. (b) Extracted
carrier temperature from the power dependent data in panel (2) versus excitation power at 10 K.
[Reproduced from: Hirst, L. C., et al. "Experimental demonstration of hot-carrier photo-current

in an InGaAs quantum well solar cell." Applied Physics Letters 104, no. 23 (2014): 231115.]

[30]

Figure 1.6 (a) shows the PL spectrum (in a logarithm scale in the y-axis) of an InGaAs
QW structure as a function of photon energy at various excitation powers, reproduced
from Ref [30]. As discussed, it is possible to extract carrier temperature via linear fitting
to the high-energy side of the PL spectrum, the extracted slope being inversely

proportional to carrier temperature. It is observed by increasing the excitation power the
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slope on the high-energy side of PL spectrum becomes shallower, see Figure 1.6 (a).
The reduction in extracted slope, as shown in Equation 1.3, is indicative of an increase

in carrier temperature at higher excitation powers, see Figure 1.6 (b). [20, 22, 29]

The above-mentioned technique therefore makes it possible to determine carrier
temperature and investigate hot carrier behavior in solar cell absorbers using simple
spectroscopy. However, to evaluate quantitatively the performance of a hot carrier
absorber candidate system and to have a comparison with other designs, Le Bris et al.,
[20] proposed a semi-empirical model to characterize hot carrier properties of the

samples. The model is governed by the following equation:

Py, = t7q Bro exp (— FLo ) = Q(Ty — T) exp (— FLo ), (1.4)

Tth KpTHy KpTH

where P, is thermalized power, n, number of phonon modes, E;, LO-phonon energy,
and t,, LO-phonon scattering lifetime. At open circuit voltage when there is no charge
extraction (which is similar to steady state PL experiment) the absorbed power is
considered to be equal to thermalized power (P;;). [18, 20] According to Equation 1.4,
plotting absorbed power (divided by the exponential factor) versus the temperature
difference between carriers (Ty) and the lattice (T') results in an extracted slope that
provides the thermalization coefficient (Q) of the sample. The phonon mediated
thermalization coefficient (Q) in Equation 1.4 represents how efficiently LO-phonon
channels in the system thermalize hot carriers. In other words, an absorber with a large

thermalization coefficient value is not a good candidate as a hot carrier absorber.
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Figure 1. 7. Change in nq/TL o, ratio versus temperature difference between carrier and lattice

at 80 K and 100 K. The extracted slopes show thermalization coefficient of the GalnAsSh QW
structure. [Reproduced from: Le Bris, A., et al. “Thermalisation rate study of GaSh-based

heterostructures by continuous wave photoluminescence and their potential as hot carrier solar

cell absorbers” Energy & Environmental Science, 5(3), (2012):6225-6232.] [20]

Figure 1.7 shows the change in the nq/TLO ratio determined from the power dependent
PL of an InGaAsSh QW structure versus the temperature difference between the carriers
and lattice at 80 K and 100 K (reproduced from Ref. [20]). [20] The extracted slopes in
Figure 1.7 are related to the carrier cooling rates, in other words — equal to the
thermalization coefficient values of the sample at 80 K and 100 K. It is observed that

by increasing the lattice temperature, the thermalization coefficient increases, which
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indicates that at a higher (100 K) lattice temperatures hot carrier thermalization via LO-

phonon emission is a more efficient process. [20]

For hot carrier solar cell applications, it is important to design a hot carrier absorber
with a low thermalization coefficient. There has been significant recent research with
respect to finding materials with low hot carrier thermalization coefficients. Materials
such as InN, [31] BSb, [32] AISb [33] have all shown lower thermalization effects as
compared with other bulk materials. The slow carrier cooling in these systems is due
predominantly to a large band gap between optical and acoustic phonons that reduces
anharmonic coupling and slows heat dissipation created by the large difference in mass
of cations and anions. [23] In compounds with large ‘so-called’ phononic band gaps,
the Klemens mechanism is inhibited. [34] In the Klemens process a high energy LO-
phonon decays into two low energy acoustic phonons with the same energy value and
opposite momenta. Through this Klemens process (which dominates in Il1-V

semiconductors) the energy of LO-phonons is dissipated as heat in the system. [23, 34]

In addition, it is observed that carrier-cooling rates in nanostructure absorbers are also
significantly slower than their bulk counterparts. [23] The comparison between cooling
rates of bulk GaAs and a GaAs/AlGaAs MQW structure using time resolved transient
spectroscopy by Rosenwaks et al. [35] revealed that a hot carrier distribution can be
established for a longer period of time in a MQW structure than a bulk system, even at
low injection levels. Similar studies have been performed on a number of different
nanostructures, such as QWs, [36] QDs, [37] and quantum wires [38] to compare their
carrier cooling rates with bulk systems. It was confirmed that there is a significant

reduction in carrier cooling rates when carriers are confined in regions with dimensions
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less than their de Broglie wavelength; i.e. in the quantum confined regime. [39, 40] This
effect is attributed to the creation of a phonon bottleneck in nanostructures, although the
exact origin of this behavior (or mechanisms involved) remains under debate. One
proposed hypothesis is that the photogenerated carriers do not diffuse significantly in
the lattice — which is not the case in bulk systems. This effect causes an increase in the
local density of (hot) carrier concentration in nanostructures and consequently an
increase in their average carrier temperature. [18, 23] In addition, the local density of
the LO-phonons emitted by confined hot carriers within the QW becomes larger due to
the increase in carrier localization within the QW. As a result, the probability of energy
reabsorption of hot LO-phonons by hot carriers increases due to hot carrier screening
effects. In other words, although there are phonons in the system, they less efficiently
thermalize hot carriers (than bulk systems) via heat dissipation. As a result, it is expected
that a more stabilized hot carrier distribution (even at lower excitation intensities) can

be achieved, as compared with bulk systems. [21, 23]

Another proposed reason for the creation of the phonon bottleneck effect in
nanostructures is the potential to engineer the phononic properties of compounds. In
designing a nanostructure, it is possible to combine layers with very little overlap at
their LO-phonon energies at the interface between the well and the barrier. Hence, LO-
phonons generated during hot carrier cooling processes cannot propagate effectively
through the interface and are therefore reflected. As a result, the local density of LO-
phonons increases and the probability of energy reabsorption by hot carriers becomes
larger (i.e., a phonon bottleneck). This provides the potential for a condition for the

creation of a stabilized hot carrier distribution. [21, 23, 41]
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1.4. Energy selective contacts

So far, the importance of reducing the carrier-cooling rate to keep hot carriers at higher
temperatures than the lattice has been discussed. However, it is still essential to extract
carriers quickly before they thermalize. With no efficient hot carrier extraction
mechanism, hot carriers will eventually lose their excess Kkinetic energy via
thermalization. Extraction of hot carriers requires an adiabatic process to reduce entropy
within the system. Energy selective contacts (ESCs) have been proposed to extract
carriers within a specific range of energy. To reduce the amount of entropy exchange
with the environment, it is required to create a narrow energy selective (6E) contact.
[16, 18] On the other hand, narrow energy selectivity has less electrical conductivity as
compared to wider energy designs. Therefore, there is a trade-off between reducing
entropy exchange and increasing the electrical conductivity in optimum hot carrier solar

cells especially, at high solar concentration, which generates high carrier densities.

There have been several different proposed approaches to extract hot carriers with
minimal entropy exchange with the ambient reservoir; such as resonant tunneling
structures utilizing double-barrier QWSs, [42] QDs, [24] and barrier oxide layers
incorporating impurities or defects states. [19] In the above mentioned structures, wide
band gap materials are typically used in order to separate the hot carrier distribution
from a cold reservoir (ambient). Therefore, hot carriers can tunnel through the barrier
material and be extracted. The energy selectivity of ESC structures is determined by the
energy confinement in the nanostructures; only carriers with energy values equal to the
confined states can tunnel through the barrier material resonantly.
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Figure 1. 8. Calculated efficiency for a hot carrier absorber with 1 eV band gap versus energy
selectivity ranging from 1 meV to 1 eV for various thermalization coefficient values.
[Reproduced from: Le Bris, A. (2011). Feasibility study of a hot carrier photovoltaic device

(Doctoral dissertation, Ecole Centrale Paris).] [18]

Figure 1.8 shows the change in solar cell conversion efficiency versus energy
selectivity of a resonant tunneling structure for various thermalization coefficients.
Although designing ESCs with narrow energy selectivity reduces the entropy exchange
with an ambient reservoir, a theoretical study of energy selective contacts with different
energy selectivity has shown that the difference in power conversion efficiency for
energy selectivity at the range of energy values between 1 meV to 1 eV is at most 12%
under full solar concentration — for a system with a very low thermalization coefficient,
see red line in Figure 1.8. In addition, as shown in Figure 1.8, it is observed that by
utilizing wide band selective contacts (~ 1 eV) the total conversion efficiency does not
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change considerably for a hot carrier absorber that has a thermalization coefficient in
the range of a few W K-lcm. In other words, the results indicate that semi-selective
contacts (6E > 0.5 eV), which are desirable for enhancing electrical conductivity are
also promising for hot carrier extraction — especially, at a condition with high solar

concentrations. [18]

1.5. Recent progress in the hot carrier solar cells

The simultaneous demonstration of hot carrier photocurrent and photoluminescence
recently published on an Ino.16Gao.ssAs/GaAs QW solar cell at 10 K by Hirst et al. [30]
Figure 1.9 (a) shows J-V characteristics of the QW structure under a monochromatic
laser source (1.41 eV, pumped below the GaAs barrier band gap energy) excitation at
10 K (red line) and at 1-sun illumination at 295 K (dashed line). It is evident that in
reverse bias the J-V curve has a constant photocurrent density, which is indicative of
extraction of all photo-excited carriers from the solar cell. However, by increasing bias
voltage (moving towards positive values), the J-V curve develops an inflection, which
is indicative of a barrier effect inhibiting carrier transport. Indeed, in Figure 1.9(a) it is
observed that in the range 1.1 V — 1.4 V, the extracted current density from the QW
structure is zero. At elevated temperature (295 K, dashed line) the J-V curve does not

show any evidence of barrier effects.

The reason for zero extracted current in the bias regime between 1.1 V and 1.4 V is
due to the strong confinement of photogenerated carriers within the InGaAs QW. Under
these conditions, photogenerated carriers cannot readily escape the QW and are not

effectively extracted as current. However, the J-V characteristic at 295 K does not show
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such effects of localization of charges within the QW. This behavior is due to enhanced
thermionic emission and the escape of photogenerated carriers from the QW at higher

temperatures. [30]
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Figure 1. 9. (a) Current-voltage characteristic of the InGaAs QW at two conditions: 1) under a
monochromatic laser source (1.4 eV) at 10 K, see the solid red line, 2) under a solar simulator
(AM 1.5) illumination at 295 K, see the dashed line. (b) Extracted current percentage (the ratio
between photo-excited current at 1.2 V and reverse bias saturation current) versus carrier
temperature. Red stars and black circles show the values for non-equilibrium hot carriers and
thermal equilibrium carrier with lattice, respectively. [Reproduced from: Hirst, L. C., et al.
"Experimental demonstration of hot-carrier photo-current in an InGaAs quantum well solar

cell.” Applied Physics Letters 104, no. 23 (2014): 231115.] [30]

To investigate the presence of hot carrier derived photocurrent in the QW structure,

PL spectroscopy of the sample at 10 K was performed while the sample is under a fixed
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bias at 1.2 V. At this condition and under low excitation power, it is expected that the
photogenerated carriers are strongly localized in the InGaAs QW. Therefore, by
increasing the excitation power, any enhancement in photogenerated current is expected
to be associated with an increase in the hot carrier distribution, which facilitates
tunneling and/or thermionic emission processes through the barrier material. [30] This
hypothesis is supported by the simultaneous determination of the carrier temperature
from the high energy tail of the emitted PL spectra. Figure 1.9 (b) shows the percentage
of current extracted (the ratio between photo-excited current at 1.2 V and reverse bias
saturation current) versus temperature. The red stars in Figure 1.9 (b) show the amount
of extracted current (%) at 10 K for various excitation powers. It is seen by increasing
the non-equilibrium hot carrier temperature (or associated excitation powers), there is
an increase in extracted current (%) in the system. In addition, a similar trend is observed
for extracted current (%) when the lattice temperature increases while carriers remain
at equilibrium with the lattice. The increase in extracted current (%) indicates that when
the hot carrier distribution increases (either by an increase in excitation power or
increase in lattice temperature) more photogenerated hot carriers (escape) are extracted

the QW. [30]

Another recent demonstration of hot carrier solar operation was presented by
Dimmock et al., [42] incorporating a double barrier resonant tunneling structure, as
shown in Figure 1.10 (a). In this design, hot carriers are generated within a narrow band
gap material and then collected via a resonant tunneling process through a double-
barrier structure into a wider band gap collector. The resonant tunneling structure in the

system acts as an energy selective contact, which allows only carriers with a particular
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range of energy to propagate through the system and finally be collected at the metallic
contact. Through this mechanism, photogenerated hot carriers are extracted with
minimal energy loss. In addition, electrons with different energy values are reflected

back into the absorber and their energy redistributed amongst the other electrons. [42]
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Figure 1. 10. (a) Schematic of a double-barrier resonant tunneling structure as a hot carrier solar
cell. (b) Current-voltage characteristic of the device at 93 K under various wavelength
excitations. [Reproduced from: Dimmock, J., et al. "Demonstration of a hot-carrier photovoltaic

cell.” Progress in Photovoltaics: Research and Applications 22, no. 2 (2014): 151-160.] [42]

The QW structure in this study consists of GaAs as a narrow band gap absorber
embedded between two AlAs layers as the barrier regions. The collector material is
Aloo7Gao.gzAs (a wide band gap material), which is undoped in order to improve the
tunneling process from the absorber into the collector. The absorber region is also
undoped to reduce the thermalization loss of hot carriers through interactions with pre-
existing electrons, which are in equilibrium with the lattice. The driving force in this

structure is attributed to the temperature difference between the photogenerated carriers
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within the absorber and collector. Therefore, hot carriers in the absorber can tunnel

through the barrier material and reach the collector. [42]

The device is illuminated using several different wavelengths from 790 nm to 810 nm
to investigate the properties of the photogenerated carriers. It is expected under a short
wavelength excitation that the photogenerated carriers will be at higher temperature
with a broader carrier distribution, than when the system is excited with longer
wavelength (lower energy) light. Consequently, shorter wavelength photons are
expected to create a broader carrier distribution than those excited by longer wavelength
light. As a result, by pumping the sample with shorter wavelength (790 nm) — higher
energy — excitation, the peak position of the current-voltage (I-V) characteristic is
expected to be at a lower voltage as compared with the I-V when excited with the other
(longer) wavelength sources. In addition, the peak to valley current ratio (PVR) becomes
less in the presence of an energetically wide electron distribution created by short
wavelength light. The reduction in PVVR is associated with tunneling of more hot carriers

through the resonant tunneling structure. [42]

Figure 1.10 (b) shows the current-voltage characteristic for various wavelength
excitations at 93 K. First, it is evident that peak current shifts to lower values under short
wavelength excitation. Secondly, it is seen that the PVR decreases with increasing
(decreasing) excitation photon energy (wavelength), which is indicative of a change in
the linewidth broadening of the photogenerated carrier distribution as a function of the
wavelength of excitation. [42] These characteristics are strong evidence of the creation

of hot carriers and energy selective extraction in the simple QW system proposed.
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Figure 1. 11. (a) Extracted carrier temperature versus the laser excitation. (b) Extracted
electrochemical potential for electrons in the QW (green triangles), the barrier (red circles), and
the extracted open circuit voltage (black circles) versus laser excitation. The solid green line
shows the lowest energy transition within the QW. [Reproduced from: Nguyen, D., et al.
"Quantitative experimental assessment of hot carrier-enhanced solar cells at room

temperature.” Nature Energy 3, no. 3 (2018): 236.] [43]

Recently, an InP/InGaAsP single quantum well structure was designed to operate as
a hot carrier solar cell at room temperature. [43] Continuous wave power dependent
photoluminescence up to 1650 W/cm? (equivalent to 55,000 Suns) was performed to
investigate the thermodynamic properties of the device. [44] The emitted PL spectra
were fit with Planck’s radiation law, and the results of the fitting of the carrier
temperature and chemical potentials of both the QW and surrounding barrier material
are shown in Figure 1.11. It is evident in (a) that the carrier temperature in the QW
increases as a function of excitation power and it reaches a temperature greater than

1000 K above room temperature. [43]
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The electrochemical potential of electrons in the QW (green triangles) and in the
barrier (red circle), along with the open circuit voltage as a function of excitation power
are plotted in Figure 1.11 (b). The solid green line shows the lowest energy value for
the interband transition in the QW (E1-HHa4). It is evident that by increasing excitation
power, the open circuit voltage increases and at certain value it exceeds the lowest

energy transition in the QW (0.82 eV).

This behavior is consistent with an increase in the chemical potential of electrons in
the QW and the barrier, as well as a hot carrier distribution, as shown in Figure 1.11 (b).
In addition, it is seen that at lower excitation powers, the difference between the electron
chemical potential in the QW and barrier is small, but as the illumination intensity
increases, this separation becomes larger. Moreover, the electron chemical potential in
the QW does not go beyond the lowest transition of the QW; while, the electron
chemical potential in the barrier increases beyond the lowest transition in the QW. This
effect, which is associated with temperature gradient between electrons in the QW and
those in the barrier, can be manipulated to increase the operating voltage of the solar
cell by transferring hot electrons from the hot QW into the cold barrier (pseudo-Seebeck

effect). [45]

The results presented in this recent Nature Energy article are strong evidence for the

existence of hot carriers in the operation of a device at ambient conditions!

Outline of the thesis

This thesis presents a details investigation of the potential of type-1l1 quantum wells

and low-dimensional systems as candidate materials as the absorber for hot carrier solar
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cells. This includes a comprehensive investigation of the InAs/AlAsSb system; in
addition to optical spectroscopy of InGaAsP quaternary QWs and 2-dimentional (2D)

hybrid lead halide perovskites (MAPDI3). The thesis is organized into eight chapters.

Chapter 1 presents introductory material that describes hot carrier solar cells, along
with current trends, perspectives, and techniques in this field of research. Chapter 2
describes the information regarding the experimental setups and characterization
techniques used. Optical and electrical measurements performed in the PV group at OU
are: photoluminescence spectroscopy, transmission spectroscopy, current-voltage
characterization, and external quantum efficiency (EQE) measurements (amongst

others).

The results of the optical characterization (continuous wave excitation power and
temperature dependent photoluminescence spectroscopy) of the type-1l InAs MQW
structure are discussed in Chapter 3. In addition, methods for the extraction of the carrier
temperature and phonon-mediated thermalization coefficient are also discussed in this

chapter.

In Chapter 4, a detailed discussion of the methodology of extracting the hot carrier
quantum wells is presented. Specifically, several methods are proposed and presented;
as well as, potential issues related to the contribution of the higher order confined states
and valence band degeneracy. This study focusses on the optical spectroscopy of an
InGaAsP QW and type-II InAs QWs with supporting simulations calculated by NRL’s

MultiBands® software tool.

In Chapter 5, the origin of enhanced hot carrier effects in the InAs MQW structure is

further investigated specifically, the origin of the robust hot carrier distributions
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measured in these systems. The results of time-resolved transient absorption
spectroscopy of the QW structure are discussed; as well as, an investigation of the

phononic properties of the system, which is supported by Raman spectroscopy.

The results of the electrical characterization of type-11 InAs/AlAsSb MQW p-i-n
diodes with different barrier thicknesses, along with the details of the device fabrication
techniques developed during this process are discussed in Chapter 6. Current-voltage
characterization of the devices under 1-sun solar illumination (under concentration
also), resonant and non-resonant monochromatic excitation, along with external

quantum efficiency (EQE) measurements of the QW at various lattice temperatures.

The effects of the typically-used InP capping layer on the PL spectrum in standard
InGaAsP QW structures are presented in Chapter 7. These results are disseminated by
comparing QW structures with and without this InP layer. The origin of non-idealities
in the system derived using temperature, power, and polarization dependent

photoluminescence.

In Chapter 8, 2D and 3D MAPDIz hybrid lead halide perovskite structures are
investigated using continuous wave photoluminescence and transmission measurements
at various lattice temperatures. This study reveals several crystal phase transitions in
these materials as a function of temperature. In addition, analysis of the temperature
dependent PL is used to reveal contribution/roles of phonons and impurities in the PL

linewidth broadening of these interesting new systems.
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Chapter 2

Experimental setups and characterization methods

2.1. Standard solar spectra

An important measurement to evaluate the performance of a solar cell is current
density-voltage (J-V) characterization. In this experiment, the solar cell is illuminated
with a simulated solar spectrum to assess the power conversion efficiency of the device.
Via this experiment several important parameters can be deduced such as: the open
circuit voltage (Voc), the short circuit current (Jsc), and the aforementioned power

conversion efficiency ().

In order to be able to compare the measured results with solar cells from different
laboratories, a standard reference for illumination is required. Moreover, it is important
to evaluate solar cells under practical conditions within the laboratory. [1, 2] The
temperature of the Sun is ~ 5700 K, therefore, its radiation can be simulated as a
blackbody emitting at ~ 5800 K. The solid black line in Figure 2.1 shows the spectrum
emitted by a blackbody at 5777 K, which is well matched to the solar spectrum above

yellow — AMO) and below (orange — AM 1.5) the earth’s atmosphere.

The solar irradiation that reaches the earth above the atmosphere is referred to AMO
(air mass zero) spectrum, which is shown in yellow in Figure 2.1. The AMO spectrum
is appropriate for photovoltaics systems in space, where atmospheric absorption is
negligible. [3] However, when the solar irradiation passes through the atmosphere some

of the photons are absorbed by the constituent different gases in the atmosphere —
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therefore, the spectrum that reaches the earth surface is attenuated by molecular
absorption. The AML1.5 spectrum (shown in orange in Figure 2.1) is a global standard
that represents the solar flux incident on the earth at an angle of 42° elevation under

clear sky conditions. [4] The total integrated irradiance of the AM1.5 spectrum is ~

1000 W m*2.
Energy (eV)
50 45 40 35 30 25 20 15 10 05
225 1 | | | | 1 1 1 1 30000
Juvivisible: IR
2004 if i _Extraterrestrial Radiation
1 i _ 25000
1.75 Global Tilt
1.50 ~ L 20000

1.25 -
Black Body (5777 K) — 15000

1.00 —

0.75 ~ 10000

Spectral Irradiance (W m” nm™)
(L_wu S, w AA) @ouelpey Apog joelg

0.50
L - 5000
0.25
s | y it C Hzo
0.00 -5 ‘ e e -0

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Wavelength (nm)

Figure 2. 1. Solar spectrum above (AMO; yellow region) and below (AML1.5; tangerine region)
atmosphere. Solid black line shows the radiation of a blackbody at 5777 K (temperature of the
Sun). Atmospheric gases responsible for sunlight absorption in AM1.5 solar spectrum are
shown. [Reproduced from: Herron, J., et al. "A general framework for the assessment of solar

fuel technologies." Energy & Environmental Science 8, no. 1 (2015): 126-157.] [3]
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2.2. Current Density-Voltage Analysis

2.2.1. Theory and equations

Solar cells produce electricity when they are illuminated. As such, it is possible to
determine the power conversion efficiency (n,.) of the solar cell by dividing their
maximum extracted power (P,,,) (electricity) by the incident power (B,,4) upon the

device by:

= Dmax @.1)

Figure 2.2 shows current density-voltage (J-V) characteristic of a solar cell under
illumination. The blue and red lines show how the extracted current density and
operating power change versus bias voltage, respectively. In Figure 2.2, at zero bias (V
=0 V), the extracted current density is non-zero, this current density value is called the
short circuit current density (Jsc), which reflects the amount of current generated in the
device. By increasing the bias voltage, the amount of extracted current density does not
change significantly until a certain value (here it is about V = 0.45 V); above that voltage
(V > 0.45 V), the extracted current density drops abruptly. In addition, it is evident that
at a particular bias voltage, known as the open circuit voltage (Voc), the extracted
current density is zero. The operating power of a solar cell is determined by multiplying
the optimum photocurrent density by the optimum photo-voltage. At the zero bias open
circuit voltage condition, the operating power is zero. Within the photovoltaic regime
(displayed in black in Figure 2.2), there is a point at which the operating power is

maximized (Pm) when considering the value of the maximum extracted current density
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(Jm) and maximum bias voltage (Vm); this is the power considered in the calculation of

power conversion efficiency, as described by Equation 2.1.
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Figure 2. 2. Current density-voltage characteristic of a solar cell under illumination.

Another useful parameter for solar cell characterization is the so-called fill factor
(FF), which represents how "square” of an ideal solar cell is the J-V response. The fill
factor is determined by the ratio of the maximum operating power (Pm) divided by the

product of the Voc and Jsc. The equation for the solar cell FF is given by:

FF = YmaxJmax (2.2)
VOC ]SC

As a result, the power conversion efficiency of a solar cell can be written as:

_ Pmax _ JmaxVmax _ Voc Jsc FF 23
Mpe = 24X = SMUCIA - 200 (2.3)
in in in
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In dark conditions (under no illumination) a solar cell works as a conventional p-n
diode. Therefore, it is possible to determine the J-V characteristics of a solar cell via the

ideal diode equation (J 4,1 (V)):

Jaark (V) = Jo(e®/mksT — 1), (2.4)

where Jo, ¢, ks, m, and T are the dark saturation current density, coulomb charge,
Boltzmann constant, diode ideality factor, and lattice temperature, respectively. By
illuminating the solar cell, its current density-voltage equation is the superposition of a
constant photogenerated current density (which is usually Jsc) and the ideal diode

equation, as given by:
JO) = Jaarc = Jse = Jo(e®/™keT — 1) = J,.. (25)

2.2.2. Experimental setup

To characterize solar cell properties under the AM1.5 (or AMO) solar spectrum in the
laboratory at OU, a Newport Oriel Sol2A solar simulator is utilized. The applied bias
on test solar cells are supplied using a Keithley 2400 multimeter, which concurrently
measures the extracted current from the device. Via this system, current density-voltage
characteristics of solar cells are determined in the temperature range 77 K to 350 K

using a Linkam THMSG600E cryostat connected to a Linkam LNP95 cooling system.
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2.3. External Quantum Efficiency (EQE) Analysis

2.3.1. Theory and equations

External quantum efficiency (EQE) is a standard characterization technique for solar
cells, which considers the absorption of the solar cell as a function of excitation
wavelength. Specifically, the EQE of a device represents how many electrons (or holes)
are generated and extracted (as electrical current) per photon absorbed by the system.
In addition, EQE characterization provides information about the absorption profile of

the device. The EQE of a solar cell is: [4]

Number of extracted electrons __ current/q (ﬂ.)

EQE (1) =

(2.6)

Number of incident photons - Pin/hv

The EQE of a device depends on two main parameters: 1) optical absorption; and 2)
charge collection/transport efficiency. Hence, if one charge is collected per photon with
a wavelength (1): the EQE of the device will be 100% at that wavelength. As suggested,
carrier extraction is also important for the EQE of solar cells. In a device, if
photogenerated carriers cannot be extracted or recombine before extraction — the EQE

of the sample will drop.

As discussed above, EQE determines the wavelength dependent behavior of charge
extraction per incident photon for a solar cell. Therefore, the total charge extraction
under illumination (Jsc) of a solar cell can be determined by integrating the device EQE
multiplied by the incident photon flux (the solar spectrum). The relationship between

Jsc and EQE is therefore:
Jse =q fCDO\) EQE(A) dA, (2.7)
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where q is coulomb charge and @ (A) is the wavelength dependent photon flux. [4]

2.3.2. Experimental Setup

The EQE of a solar cell is measured in the laboratory at OU using an Oriel Cornerstone
260 monochromator and an Oriel Merlin digital lock-in amplifier radiometry system, as

shown in Figure 2.3.
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Figure 2. 3. Schematic of an EQE setup to study the wavelength dependence of solar cells.

The light sources used to characterize the EQE of solar cells are either a quartz tungsten
halogen (QTH) bulb or a Xenon lamp, which radiate over the solar spectrum between
the infrared (IR) and the ultra-violet (UV). A Si detector or a Ge detector is used to
measure the incident light intensity between 300 nm to 1100 nm or 700 nm to 1800 nm,

respectively. In addition, the temperature dependence of the EQE can also be studied
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from 77 K to 350 K using the same Linkam cryostat setup described previously (Section

2.3.1) for the J-V measurements.

2.4. Photoluminescence (PL) Spectroscopy

2.4.1. Theory

Photoluminescence (PL) is a powerful technique, which can provide useful
information about the optical properties of materials such as: optical transition levels,
radiative recombination mechanisms, and general material qualities. [5] When a
semiconductor absorbs a photon it excites an electron from the valence band to the
conduction band. Quickly after photogeneration, these charges relax to the energy level
minima and after a few nanoseconds the electron-hole pairs recombine radiatively or
non-radiatively. As such, PL provides information regarding the properties of the band
gap and/or localized states in the semiconductor. Figure 2.4 shows the schematic of a
radiative recombination (photoluminescence) mechanism in a semiconductor. First, a
photon with energy above the band gap is absorbed and excites an electron from the
valence band to the conduction band. Then, photogenerated carriers in both the
conduction and valence bands occupy the minimum energy levels after relaxation.
Finally, the photogenerated carriers recombine and re-emit a photon. Therefore, by
detecting and dispersing the emitted photons, it is possible to study the PL spectrum of

the sample.

As such, continuous wave (CW) power and temperature dependent PL spectroscopy
provide comprehensive information about the behavior of photogenerated carriers in

semiconductor materials and structures, which provides significant physical information
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for the development and assessment of solar cells (and other devices). The various

methods to analyze PL spectrum data are discussed in detail in the following chapters.
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Figure 2. 4. Schematic of laser excitation of a semiconductor. A photon (blue arrow) excites an
electron from valence band into conduction band, then photogenerated carriers relaxes to the
minima of conduction and valence bands. Finally, they recombine radiatively (PL emission) and

emit a photon (PL emission; red arrow).

2.4.2. Photoluminescence: Experimental Setup

Photoluminescence spectroscopy is performed using laser sources with various
excitation wavelengths: a He-Cd (325 or 442 nm) laser, a He-Ne (632.8 nm) laser, and
a 1064 nm diode pumped solid state (DPSS) laser to investigate materials with different
band gap energies. As shown in Figure 2.5, the emitted PL spectra is dispersed using a

Princeton Instrument Acton SP2500 spectrometer and detected with either an air cooled-
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Si charge coupled device (2 dimensional CCD array) — for shorter wavelengths (300 nm
to 1100 nm) — or a liquid N2 cooled InGaAs linear array for longer wavelengths (750

nm to 1600 nm).
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Figure 2. 5. Schematic of a photoluminescence spectroscopy setup.

Power dependent measurements were performed using an array of neutral density
filters placed in the optical path of the laser beam. As a result, it is possible to change
excitation power by up to three orders of magnitude. Temperature dependent PL
spectroscopy was performed in a Janis closed-cycle Helium system with active
temperature control provided by a Lake Shore® Cryogenics temperature controller

(Model 335) from 4.2 K to 300 K.
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Chapter 3

Analysis of hot carrier temperature

3.1. Introduction

Hot carrier solar cells have been proposed to increase the power conversion efficiency
of solar cells beyond the fundamental limit (33%). One of the main challenges regarding
practical hot carrier solar cells is to design a hot carrier absorber that inhibits electron-
phonon interactions, or thermalization loss, and to generate stabilized hot carrier
distributions in the absorber. [1] Several designs have been proposed to reduce phonon
mediated thermalization loss in solar cells. [2] One technique is to utilize nanostructures
in order to reduce carrier-cooling rates. [2, 3, 4] Slowed carrier cooling was first
observed in a GaAs/AlGaAs QW [5] followed by several other QW systems, [6] QDs,
[7] and nano-wires. [8] One proposed hypothesis for suppressing the phonon-mediated
thermalization process in nanostructures is attributed to an increase in the local density
of photogenerated hot carriers in the system, which can cause screening of optical (LO)
phonons — thus, inhibiting LO-phonon decay to low energy acoustic (LA) phonons
(heat), i.e., a phonon bottleneck effect. [2, 9] As a result of inhibiting thermalization
loss, it is possible to establish photogenerated hot carrier distributions at elevated

temperatures with respect to the lattice.

An accurate determination of the carrier temperature is extremely important in
studying the hot carrier dynamics in a system. [1, 10, 11, 12, 13] One simple, practical

technique is to use continuous wave photoluminescence (PL) spectroscopy. It is
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possible to model a PL spectrum via Planck’s radiation law through modeling developed
by Lasher and Stern (1964), [14] De Vos and Pauwels (1981), [15] and Wurfel (1982).

[16] The relevant equation is:

8 = 52 o () ] o

where Ip; is PL intensity, h Planck’s constant, ¢ the speed of light, kg Boltzmann’s
constant, Au the difference in chemical potentials for electrons p® and holes u" (i.e.,
quasi-Fermi level splitting), T the carrier temperature and A(E) the absorptivity of the

sample. The absorptivity is described by the following relationship:

E—Ep)?
A(E) =1 — exp(—(4;, exp (— %) +

1 2
: = Yd (fy —16))
1+exp(—7(Epi§Z?t')) 1+exp(—2 1/7?22;:;?) Y o

(3.2)

where d is the thickness, fi7 and f£ are Fermi-Dirac distribution for transitions in
valence band and conduction band states, respectively. A;,, Apn, and Aconte. are
amplitude of light holes, heavy holes, and continuum states transitions, respectively.
Ey,, Eny and Econe. are the energy of light holes, heavy holes, and continuum states,
respectively. Finally, Iy, T, and Tcone. are broadening of light holes, heavy holes, and

continuum states transitions, respectively. [17, 18, 19, 20]

To apply this model there are several different methods. One technique is to apply a
linear fit to the high-energy side of the natural logarithm of the intensity of the PL

spectrum: [10, 11, 12, 21]
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In(lp, () = In(e(B)) — (3.3)

where £(E) is effective emissivity of the sample. E is energy, and kgT is the thermal
energy. As indicated in Equation 3.3, by taking the natural logarithm of the PL intensity,
the equation becomes inversely proportional to carrier temperature, T. This is a simple
method to determine carrier temperature, however in extracting carrier temperature, it
does not include subtle contributions from state filling and/or phonon mediated line-
width broadening. A comprehensive study involving the limitations of this technique is

discussed in Chapter 4, Section 4.3.2. [22, 23]

An alternative technique to extract the carrier temperature is to fit the whole PL
spectrum by applying Equation 3.1. [17, 18] To extract a carrier temperature via this
method, it is necessary to determine the absorptivity of the sample. Doing a best fit by
applying Equations 3.1 and 3.2 enables one to extract both the carrier temperature and

the chemical potential difference for electrons and holes from the CW PL spectra.

The determination of the carrier temperature via fitting whole PL spectrum using
Equation 3.1 is a powerful technique to determine optical properties of a sample. In
addition, it excludes the effects of phonon mediated PL line-width broadening from the
extracted carrier temperatures, which improves the accuracy of the extracted results.
Another advantage of this technique is to determine the chemical potential difference
(quasi-Fermi level splitting), which is proportional with open circuit voltage (Voc),
using a contact-less method. [18] However, there are several variables in Equation 3.2,

which need to be determined. In addition, this technique does not include the
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contribution of state filling effects, which have an important contribution to linewidth

broadening in nanostructures.

Recently, the generalized Planck’s radiation law was further developed by the hot
carrier community to aid extracting individual (electron and/or hole) carrier
temperatures and chemical potentials for both charge carriers in the semiconductor. The

modified equation is given by: [17, 18]

Ip (E) =
)< ) (e ) - () G )\ |
A(E) (E)* kg \T§ T} me+mh) \ 2 ¢ mermi) \ 2 v .
4m2h3c2 E mh + me Mi] I‘I}-ll - )
kg(me+mm)\ 18 ~ Th kTS  kpTi

(3.4)

where E; is the band edge of semiconductor, E! and EY confinement energies for
electrons in the conduction band and holes in the valence band, respectively. m¢ and m”
are effective mass of electrons in the conduction band and holes in the valence band,
respectively. T and uf, are the conduction band electron’s temperature and chemical
potential. T/ and ul are the valence band hole temperature and chemical potential,

respectively.

As has been discussed, one of the main advantages of Equation 3.4 is its ability to
extract information for both electrons and holes through a fit of the PL spectrum. This
is significant because at a non-equilibrium condition, the temperature of electrons and
holes may be different due to the difference in effective mass of these carriers, typical
for most systems. It is expected that the thermalization process for holes is faster than

electrons due to holes larger effective mass. [24] The determination of carrier
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temperatures via this technique however, can be tedious — due to the various variables,

which are needed in order to do the best fit.

In this chapter, the results of extracting the carrier temperature through applying the

various methods described will be presented.

3.2. Description of InAs/AlAsxSbix multi-quantum well structure

The sample studied is an InAs/AlAso.16Sbo.ss multi-quantum well (MQW) grown by
molecular beam epitaxy (MBE) on a GaAs (001) substrate. To improve the quality of
sample growth and to remove native oxide layer on the surface, the substrate was heated
to 580 °C. This was followed by growth of a thin GaAs layer to planarize the growth
front. Due to the large lattice mismatch (7%) between InAs and GaAs material, a 2000
nm InAs buffer layer was grown prior to the growth of the active structure to improve
the quality of the succeeding InAs/AlAsSb layers. The active region consists of 30
repetitions of 2.4 nm InAs QWs and 10 nm AlAso.16Sbo.s4 barriers grown at 450 °C and
510 °C, respectively. Finally, a 50 nm InAs cap layer was grown to isolate the MQW

structure from the effects of oxidation.

The quantum well structure presented has several interesting characteristics as a
potential hot carrier absorber. First, there is a large conduction band offset between InAs
and AlAsSh, promoting significant absorption of the solar irradiation within the InAs
QWs. As shown in Figure 3.1 (b), there is a large confinement potential for electrons in
the QW with a low confinement for holes in the valence band — it is expected that holes
will escape more readily from the valence band at elevated lattice temperatures while

electrons will be strongly confined in the conduction band. This will reduce the
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recombination losses typically problematic in QWSCs, despite strong direct absorption
in the InAs QW. Moreover, this system offers the potential to use superlattice designs
to aid hot carrier extraction by resonant tunneling structures in future hot carrier solar

cell designs. [21, 25]
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Figure 3. 1. Schematic (a) and band structure (b) of InAs/AlAsSb multi-quantum well (MQW)
structure. [Reproduced from: Esmaielpour, H., et al. "Suppression of phonon-mediated hot
carrier relaxation in type-II INAs/AIAsSb quantum wells”. Progress in Photovoltaics: Research

and Applications, 24(5), (2016): 591-599.] [27]

The InAs QW structure shown in Figure 3.2 (a) has a type-Il band alignment, which
results in the rapid spatial separation of the photogenerated electrons and holes. [26] In
a type-Il system the radiative recombination lifetime is slow (compared with a type-I
band alignment); therefore, while the sample is being pumped by a laser: the lifetime
(therefore carrier concentration) of photogenerated carriers in the conduction band is

larger than expected for a type-1 quantum well with a direct transition. [27]
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Figure 3.2 (b) shows the 2D electronic density of states (DOS) for each energy level
in the InAs QW — overlaid with an emitted PL spectrum from the sample — at 300 K
(shown by gray). In Figure 3.2 (b) the energy separation between the ground and first
excited-states is relatively large (~ 655 meV) and the 2D electron density of state is on
the order of 103 eV =1 cm~2, which is four orders of magnitude larger than the
excitation level induced optical pumping (for the laser excitation conditions used).
Therefore, it is expected that significant occupation of excited states is negligible in any
measurement performed. Furthermore, the PL spectrum in Figure 3.2 (b) does not
display evidence of a significant shoulder due to state filling or occupation of higher

order states on the high-energy tail of the PL.
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Figure 3. 2. () InAs QW structure with type-1l band alignment for three quantum wells. (b) 2D
electron density of states (DOS) for the INnAs MQW structure as a function of energy and emitted
PL spectrum from the sample at 300 K. [Reproduced from: Esmaielpour, H., et al. "Suppression
of phonon-mediated hot carrier relaxation in type-II InAs/AlAsSb quantum wells". Progress in

Photovoltaics: Research and Applications, 24(5), (2016): 591-599.] [27]
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These characteristics imply the shape of the emitted PL and conditions of the
measurements are not significantly affected by ambiguities associated with state filling
and/or absorption in the barriers or higher-order states in the system under investigation.
This further demonstrates the potential of InAs/AlAsSb QWs for practical hot carrier

solar cells.

3.3. Photoluminescence spectroscopy of the InAs MQW structure

Continuous wave power and temperature dependent photoluminescence (PL)
spectroscopy of the InAs QWs are studied using different lasers to pump below and
above the band gap of the AIAsSb barrier material. As such, the sample under
investigation was illuminated with a 442 nm He-Cd laser, a 633 nm He-Ne laser, or a

1064 nm diode-pumped solid state (DPSS) laser.

Figure 3.3 shows a temperature dependent PL of the sample from 4 K to 300 K using
the 442 nm He-Cd laser. As the lattice temperature increases there is an initial shift in
the peak energy towards higher values (blue-shift); then, the peak energy redshifts to
lower energies. This is an example of a so-called "'s-shape™ behavior in the peak energy
versus lattice temperature that typically arises due to the existence of localized states in

the system. [21, 28]
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Figure 3. 3. Temperature dependent photoluminescence spectroscopy of InAs QW structure
using the 442 nm laser. Dashed line shows the trend of peak position change against
temperature, which is due to the existence of localized states at the interface between the QW
and the barrier material. This figure is an example of "s-shape" behavior of peak energy due to

existence of localized states at MQW interfaces.

Figure 3.4 shows the peak energy versus lattice temperature for the InAs QW pumped
with He-Ne laser (632 nm) extracted from the PL spectra. It is observed that the peak
energy first decreases (T < 75 K) and is then followed by an increase upto T ~ 125 K.
Then, at T > 125 K the peak energy decreases (redshifts) following the typical thermal
expansion behavior of the lattice. The behavior at T <125 K ("s-shape" dependence) is
attributed to trapping and de-trapping of photogenerated charges at localized states in
the quantum well interface created by non-idealities or alloy fluctuations during sample

growth. As a result, photogenerated charges (here especially holes due to large effective
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mass and small band offset in the valence band, AE, — 0) become trapped at localized
centers, particularly at low temperatures. By increasing the lattice temperature, the holes
gain enough thermal energy to delocalized and transfer to the lower potential within the
barrier material (holes are at lower energy in the AIAsSb). At elevated lattice
temperatures (T > 175 K) the peak PL energy follows a typical Varshni-like behavior

given by: [29]

TZ
E(T) =Ey— 7 (3.5)

ogsof ~ ' ~ ' T T T T
Varshni Fit
-~ _
— 0.845 | .
~
2 [
> = ]
c,)0.840
| .
o
L 0.835} Experiment J
X
o
o 0.830 -i'g-* .
Ik.l
0.825 | o
| |
0 50 100 150 200 250 300

Temperature (K)

Figure 3. 4. Peak energy change for InAs MQW as a function of lattice temperature. Red dashed
line shows the result of Varshni fitting on the experimental data. [Reproduced from: Tang, J.,
Esmaielpour, H., et al. "Effects of localization on hot carriers in InAs/AlAsSb quantum wells"

Applied Physics Letters, 106(6), (2015):061902.] [21]
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where a and 8 are material constants, E,, is the band gap at T = 0 K and T is the lattice
temperature. The red dashed line in Figure 3.4 shows the result of Varshni fitting to the
experimental data. The extracted a and 8 values are 0.1 meV /K and 93 K, respectively.
These extracted values are slightly less than reported values in the literature, which is
attributed to perturbations in the PL due to the existence of localized states in the system.
[30, 31] AE,,.. indicated in Figure 3.4 shows the amount of energy that trapped carriers

require to enable escape from the localization centers in this material.

Quasi Type-I Type-lII Quasi Type-ll
m | €1 € €,
[ hw
R/ AV R
/ X hw W\ »\
P [ g g
A 3 : : 4 hr]21 1 | L
Localized at the Confined states in Continuum States
interface AlAsSb material Degenerate’ valence band
(a) (b) (c)

Figure 3. 5. Schematic of type-Il InAs QW structure. Arrows show different transitions that
happen in the structure at different lattice temperatures. (a) Quasi-type-I transition within the
QW due to existence of localized states at interface. (b) Band to band transition (type-Il
transition) above 90 K. (c) Quasi-type-Il transition at elevated temperatures when holes can
escape from the shallow confinement in the valence band. [Reproduced from: Esmaielpour, H.,
et al. "Enhanced hot electron lifetimes in quantum wells with inhibited phonon coupling.”

Scientific reports 8, no. 1 (2018): 12473.] [32]
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To provide a clearer picture when describing the recombination of photogenerated
carriers in the system and the effective transitions at different temperatures a schematic
of the InAs QW with type-I1 is shown in Figure(s) 3.5 under various conditions. At low
temperatures (< 90 K — Figure 3.5 (a)), holes are trapped at the interface between the
QW and the barrier in the valence band. As a result, they recombine with electrons in
the conduction band following a quasi-type-I transition. In this condition, radiative
recombination is efficient and the thermalization rate increases until 90 K (this is

described more fully in Chapter 5, Section 5.2). [32]

As the lattice temperature is increased, the density of phonons also increases.
Therefore, phonons will readily absorb the excess kinetic energy of the hot carriers
facilitating thermalization of the carrier distribution. However, this expected behavior
is not observed. This unusual behavior is attributed to the thermal redistribution of the
photogenerated holes at T > 90 K that are delocalized from InAs/AlAsSb interface states
and relax into the AIAsSb barrier. Consequently, the photogenerated electrons and holes
carriers are spatially separated. Under these conditions, the radiative recombination
efficiency is reduced, as expected in a type-I1 system (see Figure 3.5 (b)). The result of
this spatial separation of the electron and hole wavefunctions is the increased lifetime —
therefore, the density of electrons in the conduction band continues to grow as the
sample is pumped under CW laser excitation. It is proposed that along with the increase
in the electron density, there is a large hot LO phonons distribution, which inhibits the
energy transfer to low energy acoustic phonons (heat) due to a large mismatch in the
phonon density of states; i.e. a phonon bottleneck effect. [9, 11, 27] This hypothesis and

its subtleties are further discussed in Chapter 5, Section 5.4.
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Figure 3.5 (c) illustrates the situation at elevated lattice temperatures when the
delocalized holes confined to the AIAsSb valence band gain further thermal energy such
that they can escape from the shallow confinement (70 meV). [33] We describe this
system as the quasi-type-Il configuration whereby the fundamental band alignment is
type-11 but the holes are distributed throughout the valence band and the electron-hole

interaction increases relative to the ‘pure’ type-11 configuration at temperatures above

90 K and below 225 K. [32]
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Figure 3. 6. Power dependent PL spectra at 10 K. At low excitation powers, peak position shows
a blueshift behavior due to localized states and after state filling of these states (above
intermediate excitation levels) it stabilizes. [Reproduced from: Esmaielpour, H., et al.
"Suppression of phonon-mediated hot carrier relaxation in type-11 InAs/AlAsSb quantum wells".

Progress in Photovoltaics: Research and Applications, 24(5), (2016):591-599.] [27]
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Figure 3.6 shows power dependent PL spectra for the InAs/AIAsSb MQW at 10 K.
At low excitation powers there is a shift in the peak PL energy position. This is related
to the influence of unintentional alloy fluctuations in the system that is prevalent at low
temperature and excitation, which has been discussed in detail above. By increasing the
excitation power to intermediate values, the localized states begin to fill and eventually
saturate at higher powers, resulting in a blueshift in the peak PL energy as the localized
states are occupied. Further increasing the excitation power causes the peak energy
position to stabilize and a broadening on the high energy side of the spectra, which is

indicative of the existence of hot carriers in the system.

The shift in peak energy that is also shown in Figure 3.7 indicates that the radiative
recombination is not a conventional type-I transition since in such a configuration the
energy would be independent of excitation power. However, since here the holes are
spatially localized in a fundamentally type-11 system, the excitation energy dependence
follows two-dependencies, at low and higher powers, P < ~ 2 W/cm?, and P > 2 W/cm?,
respectively. At lower power (and low temperature), the photogenerated carriers are
localized at interface states, an increase in excitation power under these conditions
causes a blueshift in the peak PL energy and a linear dependence of excitations as the
photoexcited carriers start to occupying the localized states (see the inset to Fig. 3.7).
[25, 34, 35] Once these states are occupied the system will convert to the ‘pure’ type-II
configuration, and additional photogenerated carriers will be screened from the effects
of the localized states and rapidly occupy the lowest energy bands in the system:
electrons in the InAs QW and holes in the AIAsSb barrier. In this situation, the radiative

recombination follows the expected power law of laser excitation intensity (P/3). [36]
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Figure 3. 7. Peak energy behavior as a function of excitation power for various lattice
temperatures. Inset shows peak energy change versus P/3. Dashed lines show a linear
dependence between peak energy and P1/3. [Reproduced from: Tang, J., Esmaielpour, H., et al.
"Evidence of hot carriers at elevated temperatures in InAs/AlAsSb quantum wells.” In Physics,
Simulation, and Photonic Engineering of Photovoltaic Devices IV, vol. 9358, p. 93580Z.

International Society for Optics and Photonics, 2015] [35]

So far, the properties of the InAs QW structure has been described while under
excitation of He-Cd (442 nm) and He-Ne (633 nm) lasers, which excite the QW above
and close to the top of the AIAsSDh, respectively. It is expected that higher energy
photogenerated electrons will rapidly relax into the InAs QWSs, on a shorter timescale
than radiative recombination lifetime. This is confirmed by temperature dependent THz

measurements (as described in Chapter 5, Section 5.4). However, under higher energy
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excitation, issues related to the AIAsSb and possible interactions and contribution to
impurities in this barrier cannot be excluded in contributions to the energy high PL
spectrum. To further assess these possibilities, the QW was optically pumped below the
barrier (between Ei1 and E») using a 1064 nm IR diode laser to generate carriers
resonantly within the InAs QW. Figure 3.8 shows the power dependent PL spectra of
the InAs QW under 1064 nm excitation at two lattice temperatures (77 K (a) and 300 K
(b)). The peak position of the PL spectrum at 300 K (Figure 3.8 (b)) is ~ 845 meV,
which is close to the peak position at the same temperature when the sample was
pumped with the He-Cd (442 nm) laser, confirming the high energy excitation
predominately probes luminescence initiated in the QWs, with little contribution of the

AlAsSD barriers.
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Figure 3. 8. Power dependent PL spectra at 77 K (a) and 300 K (b). Dashed Lines show where

the InGaAs detector cutoff energy is.

Figure 3.8 (a) shows the power dependent PL at 77 K. With increasing fluence, the

peak PL peak position increases. This blueshift is (again) attributed to the contribution

62



of localized centers at the InAs/AlAsSb interface. Figure 3.8 (b) shows the power
dependence at 300 K. The change in PL energy at elevated temperatures is negligible,
which is attributed the reduced confinement and spatial extension of the hole’s
wavefunction within the valence band; i.e., the quasi-type-II configuration of the system

at higher temperatures. [32]

3.4. Extraction of carrier temperature using CW

photoluminescence

3.4.1. Method 1: Generalized Planck’s law — Simple linear fit of high energy

PL spectra

The first technique is to determine the carrier temperature is applying a linear fit to
the high energy side of natural logarithm of the PL spectra using Equation 3.3. A typical
example of such a linear fit to the high energy tail of the PL spectrum is shown in Figure

3.9.[10, 11, 12, 27]

Recall that the first term in Equation 3.3:

E

In(Ip,(E)) = In(e(E)) ——, (3.3)

kgT

is the effective emissivity (g), which is related to the absorptivity of the system, and
considered constant in Planck’s radiation law, in this analysis. [27, 37] Figure 3.9 (a)
shows the power dependent PL spectra at 10 K from a micro-PL system used to produce
large power densities and generate robust hot carriers. [27] The blue squares show the
natural logarithm of ¢ extracted by transposing Equation 3.3 for low power PL

measurements at 10 K. Low excitation power rapidly generates carriers that are
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predominately at equilibrium with the lattice. Therefore, it is possible to calibrate the

system to determine the ¢ from the intercept (In €) of the graph.
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Figure 3. 9. Natural logarithm of PL spectrum at 300 K pumped with 1064 nm laser line. Red
solid line shows the linear fit to the high energy side of the PL spectrum, which is inversely

proportional to the carrier temperature.

In Figure 3.10 (a) is evident that an increase in the photon energy towards the band
gap results in an increase of the natural logarithm of effective emissivity, up to the
ground state (peak) energy of the InAs QW. Above this energy, the effective emissivity
stabilizes mimicking (somewhat) the absorption profile of the InAs QW at higher

energies.
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Figure 3. 10. (a) Power dependent PL spectra at 10 K. It is observed by increasing excitation
power the slope at high energy side becomes shallower, which is indicative of increasing carrier
temperature. Blue squares show the natural logarithm of effective emissivity when the excitation
power is low and it is expected the carrier temperature in this condition to be close to the lattice
temperature. (b) Solid black line shows the PL spectrum emitted from the excitation with highest
excitation power. Dotted lines show natural logarithm of effective emissivity for power
dependent PL spectra from panel (a). [Reproduced from: Esmaielpour, H., et al. "Suppression
of phonon-mediated hot carrier relaxation in type-ll InAs/AlAsSb quantum wells". Progress in

Photovoltaics: Research and Applications, 24(5), (2016):591-599.] [27]
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Figure 3.10 (b) shows the natural logarithm of the ¢ for the excitation power dependent
PL spectra shown in panel (a), the solid black line shows the PL spectrum of the highest
excitation power. It is evident that above the ground state energy (~ band gap) In € is
constant, over a large energy range, which indicates that significant occupation of the
excited states in the QW does not occur in this system — under the experimental
conditions assessed. These measurements further support our hypothesis that the high
energy spectra (and decreasing slope) with increasing excitation power in the PL is
predominately the result of hot carriers, with little contribution from excited states in
the QW. As a result, this simple technique is an appropriate method to extract carrier

temperatures in the InAs/AlAsSb system. [27]
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Figure 3. 11. Temperature difference (AT) versus excitation power at lattice temperature of 10
K. [Reproduced from: Esmaielpour, H., et al. "Suppression of phonon-mediated hot carrier
relaxation in type-l1l InAs/AIAsSb quantum wells". Progress in Photovoltaics: Research and

Applications, 24(5), (2016):591-599.] [27]
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In general, it is expected that by increasing excitation power the number of
photogenerated hot carriers increases and therefore the average carrier temperature
increases. As shown in Figure 3.10 (a), when the excitation power increases the slope
of the high energy side of the natural logarithm of the PL spectrum becomes shallower.
This is indicative of a higher carrier temperature as the slope is inversely proportional
with carrier temperature. [10, 11, 12, 21] Figure 3.11 shows the temperature difference
(the difference between the extracted carrier and lattice temperatures, AT) as a function
of excitation power for the power dependent PL spectra shown in Figure 3.10(a). Figure

3.11 indeed shows that AT increases as a function of excitation power.

3.4.2. Method 2: Equilibrium generalized Planck’s law — Fitting the whole

PL spectrum

Despite the simplicity of Equation 3.3 and its applicability to the InAs/AlAsSb QWs
under investigation, full fitting of the whole PL spectrum can facilitate the extraction of
additional parameters than the carrier temperature, including the quasi-Fermi level
separation (chemical potential difference: Ap = u, — puy). This allows for assessment
of the open circuit voltage using a contactless method — in simple optical structures. The
whole PL spectrum can be simulated and fit using the so-called equilibrium generalized

Planck’s radiation law (Equation 3.1): [14, 15, 16, 17]

Ip (E) = A® (B)° [exp (ﬂ) — 1]_1. (3.1)

4m2h3c? kgT
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Figure 3. 12. Black line is the PL spectrum at 300 K. The red line shows the fit of the PL using

the equilibrium generalized Planck’s radiation (Equation 3.1).

Figure 3.12 shows the fit of the InAs MQW PL spectrum at 300 K applying Equation
3.1. There is a good agreement between PL spectrum and theory. This analysis is applied
at 300 K and 150 K (above any affects due to carrier localization) to study the excitation
power dependence behavior of the carrier temperature and chemical potential
difference. Table 3.1 shows extracted parameters via fitting with Equation 3.1 at 300 K.
Here (Table 3.1), "OD" in the first row represents optical density filter used to control
the excitation power: a high value for optical density attenuates the signal more strongly
and produces low excitation powers; in other words, OD00 and ODO08 have the highest
and the lowest excitation powers in Table 3.1, respectively. The extracted average
carrier temperature (T) and quasi-Fermi level splitting (4u) as a function of excitation

power are provided in Table 3.1, and plotted in Figure 3.13.
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Table 3. 1. Extracted parameters from fitting power dependent PL spectra at 300 K with

Equation 3.1.
Excitation OD00 OD01 0OD02 0ODO03 OD05 0oD08
Power (mW) 6.381 5.838 4.475 3.485 1.807 0.987
Ann 9.8 9.8 9.8 9.6 9.6 9.6
Ain 12.6 12.6 124 124 124 124
Acont. 6.4 6.4 6.2 6.2 6.2 6.2
Enn (eV) 0.838 0.838 0.838 0.839 0.839 0.839
En (eV) 0.866 0.866 0.866 0.866 0.866 0.866
Econt. (€V) 0.89 0.89 0.89 0.89 0.89 0.89

Thh (V)  47/1000  47/1000  47/1000  47/1000  47/1000  47/1000
In (V)  83/2000 83/2000  83/2000  83/2000  83/2000  83/2000
Teont (€V)  27/2000  27/2000  27/2000 ~ 27/2000  27/2000  27/2000
Ap (eV) 05 0.494 0.486 0.475 0.443 0.405
T (K) 491 489 485 484 480 475

Applying this technique for a sample with a type-1l band alignment can be
challenging, especially if the sample suffers from non-idealities such as alloy
fluctuations and non-idealities in its structure. As discussed previously, a system with a
type-11 band alignment experiences a peak energy shift to higher with increasing
excitation power. A similar blueshift behavior occurs in the peak energy as a function
of excitation power in the presence of localized states in the system. Therefore, it can
be difficult to distinguish the contribution of the peak shift due these competing and
independent mechanisms, which can affect the presumption of constant emissivity
(absorptivity) from the PL spectrum. Under these conditions, the accuracy of extracted
carrier temperature must be considered with care. However, these concerns are

alleviated somewhat by the analysis described in section 3.4.1 and the extraction of the
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carrier temperature using Equation 3.1 — linear fitting technique. Moreover, fitting
whole the PL spectrum using Equation 3.1 still does not exclude (as per linear fitting)
effects associated with the contribution of state filling or occupation of the excited
states, which is highly probable for nanostructures with closely spaced energy levels.
Again, the validity of this method is strong in the system presented here (InAs/AlAsSh
QWs) since a larger ground to first excited state exist that limits the contribution of the

higher order states to the measured PL spectrum (see Figure 3.2 (b)).
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Figure 3. 13. Carrier temperature (a) and quasi-Fermi level splitting (b) at 150 K (black dots)

and 300 K (red dots) extracted by Equation 3.1.

Figure 3.13 shows the extracted carrier temperatures (a) and quasi-Fermi level
splitting (b), respectively, extracted from the fits using Equation 3.1 to the experimental
results at 150 K and 300 K. It is evident that the extracted carrier temperatures at 150 K
and 300 K show a power independent behavior, which was observed (and is consistent

with the results found) from the linear fitting method (see Figure 3.17 (b)). [21, 27, 33]
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In addition, it is seen that the quasi-Fermi level splitting (see Figure 3.13 (b)), which is
proportional with operating voltage, slightly increases with excitation power. Similar
behavior, as discussed in Chapter 6 Section 6.4, is observed for the open circuit voltage

of the p-i-n device of the MQW structure as a function of excitation power.

The origin of this effect (as discussed in Section 3.5 and comprehensively in Chapter
5, Section 5.4) is attributed to the creation of a phonon bottleneck due to the slow
radiative recombination lifetime of photogenerated hot electrons in the type-1l InAs
MQW, the inhibited anharmonic coupling between the LO and LA phonons in the

system, along with the poor thermal dissipation of the phonons through the matrix. [32]

3.4.3. Method 3: Non-Equilibrium Generalized Planck’s law — extension of

full PL fit

To expand upon the equilibrium method (Section 3.4.2) a third technique has been
recently developed by the hot carrier solar cell community. In this technique, the carrier
temperature and separate chemical potentials for electrons and holes (instead of the
chemical potential difference) are assessed in the system. [18] The non-equilibrium

generalized Planck’s radiation law is governed by Equation 3.4: [17]

Ip (E) =
1 1 1 mé E , mh E . -1
A(E) (E)? kg (T_ﬁ B TT’}) X [(me+mh) (TG + Eé) B (me+mh) (7G +|E, |)]
4m2h3c2 B mh  me i ub -1
kp(me+mh) (_13 * T_,’}) " kTE  kpTh
(3.4)
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Figure 3. 14. Black line is PL spectrum at 300 K. Red line is the result of fitting of the whole

PL spectrum using non-equilibrium generalized Planck’s radiation (Equation 3.4).

Figure 3.14 shows the result of fitting Equation 3.4 to the PL spectrum for the InAs
MQW at 300 K. As shown, there is a good agreement between experiment and theory.
Here, to fit the experimental data with Equation 3.4 two assumptions are made: 1) there
IS no shift in peak position as a function of excitation power at 150 K and 300 K in the
small range of powers studied; and 2) at elevated lattice temperatures, the
photogenerated electrons and holes are spatially separated due to the type-Il band
alignment; i.e. electrons are in InAs QW and holes are in AIAsSb barrier. Therefore for
the analysis, the bulk InAs effective mass and bulk AISb (instead of AIAsSb due to low
concentration (16%) of As) effective mass are considered for electrons (m; = 0.027 me)
and holes (m;, = 0.98 m¢), respectively. *® Table 3.2 shows the extracted parameters

considering these assumptions in Equation 3.4 at 300 K.
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Table 3. 2. Extracted parameters from fitting power dependent PL spectra at 300 K with

Equation 3.4.

Excitation ODO00 OD01 OD02 0OD03 ODO05 0OD08
Power (mW) 6.381 5.838 4.475 3.485 1.807 0.987

Ann 9.8 9.8 9.8 9.6 9.6 9.6
Al 12.6 12.6 12.4 12.4 12.4 12.4
Acont. 6.4 6.4 6.2 6.2 6.2 6.2
Enn (eV) 0.838 0.838 0.838 0.839 0.839 0.839
En (eV) 0.866 0.866 0.866 0.866 0.866 0.866
Econt. (€V) 0.89 0.89 0.89 0.89 0.89 0.89

Tnh (V) 47/1000  47/1000  47/1000 47/1000 47/1000 47/1000
Iin (eV) 83/2000  83/2000  83/2000  83/2000 83/2000  83/2000
[eont. (€V) 27/2000  27/2000  27/2000 27/2000 27/2000 27/2000

He (eV) 0.28 0.273 0269 0266 0247  0.223
Uh (eV) 0.19 0.19 0188 0184 0177  0.168
Te (K) 499.5 498 494 491 484 480
Th (K) 308 306 306 305 303 303

Although extracting individual carrier temperatures and chemical potentials for both
electrons and holes using this technique is advantageous, this technique has several
limitations or uncertainties. As discussed, the presence of localized states in the type-II
system can reduce the accuracy of the absorptivity considered — consequently, the
extracted carrier temperatures as a function of excitation power must therefore be
considered with care. Moreover, there are multiple several variables in Equation 3.4,
which make the fitting process demanding and somewhat arbitrary without careful

consideration of the constants and parameters inserted into the equation.
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respectively, extracted from fitting with Equation 3.4.

Figure 3.15 (a) and (c) show carrier temperatures and Figure 3.15 (b) and (d) show
chemical potentials at 150 K and 300 K, respectively, extracted from fitting the power
dependent PL spectra with Equation 3.4. Comparison between results in Figure 3.15 (a,
c) and Figure 3.13 (a) indicate a similar power independent behavior of the carrier
temperatures at elevated temperature that were extracted using the non-equilibrium
generalized (Equation 3.4) and generalized equilibrium (Equation 3.1) techniques,

respectively. The similar extracted results further support the applicability of the simple
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linear fit, which reduces some of the uncertainties introduced by the more advanced

methodologies enacted to fit the full PL spectrum.

In Figure 3.15 (b), chemical potentials for electrons and holes at 150 K are shown as
a function of excitation power. It is evident that the chemical potential of electrons is at
higher values than holes, due to their smaller effective mass and their higher
temperatures. [18] Similar behavior is observed for the extracted chemical potentials at
300 K for electrons and holes, which confirms more kinetic energy is transferred to

electrons rather than holes. [24]

3.5. Temperature dependent behavior of phonon mediated hot

carrier thermalization coefficient

In extracting the carrier temperature for the type-11 InAs/AlAsSb QWs all techniques
discussed above indicate an unusual behavior above T ~ 90 K, when the system is in
the type-11 regime. The effect of state filling and the role of hot carrier lifetime and
phonon dissipation have been considered. [22, 23] Here, it is suggested that the hot
carrier dynamics are quite different from these observed in the literature for type-I
systems. [11, 12] This becomes apparent when considering Figure 3.16, which shows
the carrier temperature extracted from power dependent PL at various lattice
temperatures. In Figure 3.16, increasing the lattice temperature up to T = 90 K results
in a reduction in the temperature difference (AT). Moreover, in this temperature regime
(4.2 K < T <90 K) there is a strong conventional power dependence for AT. These
characteristics are indicative of efficient electron-phonon thermalization with a

concomitant increase in phonon density as the lattice temperature increases.
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However, by increasing the lattice temperature above 90 K, it is evident that the
overall AT increases despite an increasing phonon density and the effect of power is
reduced. This behavior suggests that at elevated temperatures there are other
mechanisms dominating the thermalization in the system, rather than conventional
phonon-mediated hot carrier thermalization processes. Indeed, remarkably, robust hot
carriers are observed up to room temperature, which is significant for designing

practical hot carrier solar cells at low concentrated solar power. [21, 27, 32]
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Figure 3. 16. Temperature difference (AT) versus lattice temperature for various excitation
powers. [Reproduced from: Tang, J., Esmaielpour, H., et al. "Effects of localization on hot

carriers in InAs/AlAsSb quantum wells” Applied Physics Letters, 106(6), (2015):061902.] [21]

The interaction of hot carriers with phonons in the system has been developod by Le

Bris, et al. [9, 11] in hot carrier absorbers utilizing an analysis, which considers a
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phonon-mediated thermalization coefficient (Q). The thermalization coefficient (Q) is
an empirical parameter, which determines the amount of heat dissipation via
interactions between electrons (holes) and phonons. In other words it represents how
efficient phonon relaxation channels are in the system. A sample with a large phonon-
mediated thermalization coefficient indicates the contribution of optical phonons in
thermalization of hot carriers is large and phonon channels are efficient in thermalizing

hot carriers.
The extracted power (P) in a solar cell is described by:
P = Paps — Pemit — Pen, (3.6)

where Paps is the absorbed power, P, the thermalized power and Pemit the emitted power.
The emitted power is a much smaller quantity when compared with the other terms, if
active light extraction methods are not used. The thermalized power is due to the transfer
of heat to the system from the dissipation of energy from the hot carriers to the LO-

phonon bath and is governed by: [11, 39]

Py, = L0 e (- 2), (3.7)

Tth KpTHy

where ng, E;o, and 7, are the density of phonon modes, the LO-phonon energy, and
the LO-phonon lifetime, respectively. Here for the InAs MQW structure, the LO-
phonon energy (E, o) is taken as 29 meV, which is the LO-phonon energy of bulk InAs.
[40] Under open circuit conditions, such as during a photoluminescence measurement,
the extracted power (P) is zero, therefore the absorbed power becomes equal to the

thermalized power. Moreover, there is a linear relation between the temperature

7



difference and the ratio of phonon modes to LO-phonon lifetime (:—q) as such,
th

Equation 3.7 can be written: [9, 11]

Pabs = Pon = Q(Tyy — T) exp (- 222). (38)

KpTH

The parameter (Q) in Equation 3.8 is the phonon-mediated thermalization coefficient,
which is the related to the slope of the graph when the absorbed power divided by the

exponential factor is plotted versus temperature difference. [11]

m 10K | 90K 200 )
200 ® 40K v MOK| _ygo (u o ®a = {1200
i 90K " w L & 130K | £ ;
= 120
160 |- - 1F ool m ¢ 1160 _
Q | | W 295K !
= L 4 8 12 :
=120 . o 1 P, Wiem') 1420 5
¢} . :
8ol . 1 # % 7 a0
e 2 | ¥ & hed
3 6 9 12 3 6 9 12
(a) Absorbed Power (W/cmz) Absorbed Power (W/cmz) (b)

Figure 3. 17. (a) — (b) Temperature difference (AT) against absorbed power for various lattice
temperatures and inset in panel (b) shows the results for 225 K and 295 K. [Reproduced from:
Esmaielpour, H., et al. "Suppression of phonon-mediated hot carrier relaxation in type-11
InAs/AlAsSb quantum wells". Progress in Photovoltaics: Research and Applications, 24(5),

(2016):591-599.] [27]

The absorbed power is determined by calculating how much light is absorbed in the
quantum well in units of W/cm?, which is dependent on the spot size of the excitation

laser. The spot size of the beam is measured utilizing a pinhole method and the amount
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of light absorption in the active region is determined utilizing transfer matrix analysis.
The details about the spot size measurement and light absorption are discussed in

Appendix A and B, respectively.

To investigate the phonon-mediated thermalization coefficient of InAs MQW, power
dependent photoluminescence measurements of the sample at various lattice
temperatures were assessed. Figure 3.17 (a) and (b) show power dependent behavior of
the temperature difference (AT) at several lattice temperatures. As has been discussed,
at elevated temperature AT increases but, its dependence upon excitation power reduces
— becoming effectively independent of power under the measurement conditions
investigated. This is illustrated in the inset to Figure 3.17 (b), which shows that although
AT increases at elevated lattice temperatures (225 K and 295 K), it does not depend on
excitation power at these temperatures. Similar power independent behavior has been
observed when the whole PL spectrum was fit using both equilibrium (Figure 3.13 (a))
and non-equilibrium (Figure 3.15 (a) and (c)) generalized Planck’s radiation laws. [21,
25, 27] The power independent behavior has been attributed to the creation of a phonon
bottleneck in type-11 QWs, where the photogenerated carriers are spatially separated.
Under these this conditions, radiative recombination is less efficient (than a type-I band
system), and as a result the density of photogenerated carriers within the QW is high
and longer lived than more conventional type-1 QWSs. In it suggested that these
properties facilitate the creation of a strong phonon bottleneck in the InAs/AlAsSb
QWs. Similar behavior has been observed in spatially separated carriers in

GaAs/AlGaAs quantum dots (QDs) [41] and indirect band gap Si colloidal QDs [42]
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with slow radiative recombination rates, each feature critical for the creation of a phonon

bottleneck effect in their respective systems.
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Figure 3. 18. (a) — (b) Phonon-mediated thermalization coefficient (Q-factor) analysis is applied
to the same data as Figure 3.17 (a) and (b). The extracted slope from each set of data is equal to
thermalization coefficient at that lattice temperature. [Reproduced from: Esmaielpour, H., et al.
"Suppression of phonon-mediated hot carrier relaxation in type-11 InAs/AlAsSb quantum wells".

Progress in Photovoltaics: Research and Applications, 24(5), (2016):591-599.] [27]

In the InAs MQWs, a stabilized hot carrier distribution is observed at elevated
temperatures when the MQW sample reveals its dominant type-1l behavior. At this
condition, although there is a considerable density of phonons in the system, the
thermalization effect does not appear to be the dominant carrier relaxation mechanism.
This conclusion is supported when applying Equation 3.8 to the results in Figure(s) 3.17
(a) and (b), and assessing the thermalization coefficient for the sample at various lattice
temperatures, as shown in Figure 3.18 (a) and (b). It is observed by increasing the lattice

temperature, the thermalization coefficient increases up to 90 K, and then above that
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temperature, it stabilizes. The increase of thermalization coefficient up to 90 K is
expected because as the lattice temperature increases, the density of phonons in the
system increases. Therefore, electron-phonon interactions will increase in efficiency

serving to thermalize the hot carrier distribution. [11, 12, 27]

However, despite the further increase in phonons above 90 K, the thermalization
coefficient stabilizes actually starts to decrease, then becomes unphysical above 150 K
(see the inset to Figure 3.19). This indicates that in the temperature regime above 90 K,
electron-phonon interactions are not the dominant thermalization mechanism. These
results are consistent with those described in Figure 3.15 where above 90 K, there is an
increase in carrier temperature due to ineffective phonon relaxation channels in the

system (see also Figure 3.19).

This hypothesis is summarized in Figure 3.19, which shows a comparison of the
thermalization coefficient (blue open triangles) and the AT (closed black stars), versus
lattice temperature. The thermalization coefficient increases — as expected — up to 90K,
but then starts to decrease —at 150 K and above no Q-value can be extracted. The ability
to extract a reasonable Q-value up to 90 K occurs in the low temperature regime where
a quasi-type-1 regime dominates the PL. However, when the type-I1I transition occurs
(at T > 90 K) the thermalization analysis is no longer valid supporting the hypothesis
that it is the radiative lifetime of the photogenerated carrier, rather than electron-phonon
interactions that define the thermalization rate of the hot carriers in the type-11 QWs.
The inset of Figure 3.19 shows the results of Equation 3.8 applied to the power
dependent PL at 225 K and 295 K, where the carrier temperature is independent of

excitation power. These data show no clear trend since AT (x-axis) is independent of
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excitation power, as such, no physical thermalization coefficient can be determined.

[27]
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Figure 3. 19. Thermalization coefficient (blue triangles) and temperature difference (black stars)
are plotted as a function of lattice temperature. Inset of this graph shows thermalization analysis
at elevated temperatures (225 K and 295 K), which shows there is no clear slope for the data
when the dominant mechanism in the system is type-Il radiative recombination thus, providing
a condition for phonon-bottleneck effect. [Reproduced from: Esmaielpour, H., et al.
"Suppression of phonon-mediated hot carrier relaxation in type-l1 InAs/AlAsSb quantum wells".

Progress in Photovoltaics: Research and Applications, 24(5), (2016):591-599.] [27]

Conclusion

InAs/AlAsSb QW heterostructures have been proposed as candidate systems for hot
carrier absorbers. Continuous wave power and temperature dependent

photoluminescence show evidence of robust hot carrier effects at elevated lattice
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temperatures in these structures. At low lattice temperatures (up to 90 K), holes are
trapped at the interface between the QW and the barrier material. Therefore,
recombination occurs within the InAs QW following a quasi-type-I transition, whereby
localized hole recombine with electrons confined in the deep InAs QWs. As lattice
temperature increases beyond 90 K, the holes receive enough thermal energy to escape
from theses interface states and relax into the barrier material and the electrons and holes
become spatially separated. As such, at T > 90 K, the radiative recombination follows a
type-11 band alignment, which is a relatively inefficient and slow process. Therefore,
the lifetime and density of electrons in the QW increases and provides the conditions
for the creation of a strong phonon bottleneck. Excitation power dependent PL at room
temperature has shown evidence of hot carriers even at low excitation powers (a few

hundred suns).

The hot carrier temperature has been evaluated and analyzed using three alternative
methods: linear fitting to the high energy side of PL spectrum; fitting the whole PL
spectrum with equilibrium generalized Planck’s radiation law; and fitting the full
spectrum with the non-equilibrium generalized Planck’s radiation law. There is a
consistency among the results from these three methods, which all support the presence

of a robust hot carrier distribution at elevated temperatures.

Finally, temperature and power dependent PL measurements supported the hypothesis
that the hot carrier thermalization in these systems are dominated by the hot electron
lifetime in the InAs QWs, rather than electron-phonon interactions, especially at
elevated temperatures. This conclusion was further supported by analysis of the phonon-

mediated thermalization coefficient, which although valid in type-I systems (where the
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non-equilibrium carrier distribution is thermalized by phonons) is shown to be
unphysical in type-ll systems — due to the difference in dominate thermalization

mechanisms in these novel structures.
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Chapter 4
Effects of state filling, band structure, and phonon

broadening on carrier temperature determination

4.1. Introduction: Hot carrier temperature

The light emitted from semiconductor structures provides valuable information about
their physical properties such as material composition, energy, and carrier temperature.
[1, 2] At thermal equilibrium, the emission is governed by Planck’s radiation law. This
model has been developed to describe a more generalized law for the luminescence from
a hot carrier absorber and facilitate the determination of the carrier temperature and the
quasi-Fermi level splitting of the electron-hole populations, when the system is in quasi-
equilibrium. [3, 4, 5] The carrier temperature becomes the topic of interest due to the
importance of hot carrier relaxation in optoelectronic devices and third generation solar

cells, especially hot carrier solar cells. [6, 7, 8, 9, 10, 11, 12]

High-energy photogenerated carriers (with excess kinetic energy or higher
temperature than the lattice) are referred to as hot carriers. These “hot carriers” lose their
excess energy via electron-phonon interactions; typically in 111-V semiconductors this
occurs via the Frohlich interaction and the emission of LO phonons. [13, 14] These LO-
phonons then decay into lower energy acoustic phonons (or heat) via the Klemens [30]

and/or Ridley [31] mechanisms thermalizing on a picosecond time scale. [15]

The behavior of hot carriers in system can be determined using CW and ultrafast

photoluminescence spectroscopy. The various methods to extract the carrier
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temperature using CW PL have been explained in Chapter 3 by implementing various
forms of Planck’s radiation law. As has been discussed, the simplest technique to extract
the carrier temperature is by performing a linear fit on the high-energy tail of the CW
PL spectrum. [7, 8, 9] However as was also discussed previously, the presence of energy
levels in quantum wells complicates this analysis, especially when the separation of the
confined energy levels is on the order of (~ kgT). [16, 17] Therefore, studying the
effects of excitation power and lattice temperature on the absorption spectrum is
important. Occupation of excited states (state filling) is probable for QWs with small
energy separations (~ kzT) between the quantum states within the conduction band
and/or the valence band since carriers will redistribute and occupy these higher order
excited states at elevated lattice temperatures and/or high excitation powers. Under such
conditions, recombination of carriers in these high-energy states will increase the
luminescence and therefore broaden the high-energy tail of the PL spectrum making
extraction of the carrier temperature via linear fitting problematic. This effect becomes
considerable when the separation of the confined states is less than three times the full
width at half maximum (FWHM) of the PL spectrum. In this scenario, the transitions

from the excited states will serve to screen the physical hot carrier temperature. [16, 18]

In addition to the effects of the occupation of higher order states when extracting the
carrier temperature from experimental PL, the influence of phonon-mediated processes
on the shape of PL spectrum must also be considered. Phonon mediated line-width
broadening has been studied both theoretically and experimentally in various materials

and structures for a number of years, including in I11-V quantum wells. [16, 19, 20]
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The net result of occupation of excited states and/or phonon-mediated processes
broadening (an increase in lattice temperature) is a decrease in the slope on the high-
energy side of the PL spectrum. As a result, the carrier temperature extracted from this
region — and where these mechanisms are effective — is screened and the actual
temperature derived false. To investigate and demonstrate the effects of state filling and
phononic broadening on carrier temperature, we have studied a high-quality InGaAsP
QW structure with multiple energy levels within the conduction band with small energy
separations (~ kzT). Here, the linear fitting method is applied to determine the carrier
temperature and the conditions for the validity of the extracted results are studied
comprehensively. Moreover, a method is discussed to improve the accuracy of the

extracted carrier temperature in such systems.

4.2. Description of InGaAsP/AllnAs quantum well structure

An InGaAsP QW with a quasi-type-Il band alignment (where the valence band is
approximately degenerate) is used to study the effects of occupation of excited states
and hot carrier extraction. Both a schematic and band energy diagram of the structure
are shown in the Figure 4.1. The quantum well structure consists of a single InxGaix
AsyP1.y QW (20 nm) (x = 0.812, y = 0.4) encapsulated with an Al In:;As barrier material
(200 nm) (z = 0.48) grown on an n-type InP substrate (~ 3 x 105 cm™2) by metal-
organic chemical vapor deposition (MOCVD). A 10 nm InP cap layer was grown on
top of the structure to isolate the Al-containing compound from oxidization. However

in this study, the cap layer was chemically wet etched after growth to eliminate any
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effects associated with interface transitions and localized states at the interface that are

known to occur between the cap layer and the barrier material. [16]
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Figure 4. 1. Schematic (a) and band energy diagram (b) of the InGaAsP QW sample.
[Reproduced from: Esmaielpour, H., et al. “Effect of occupation of the excited states and

phonon broadening on the determination of the hot carrier temperature”, Progress in

Photovoltaics: Research and Applications 25.9 (2017): 782-790.] [16]

The energies of the confined levels within the QW were calculated using NRL
Multibands® [21] and shown in Figure 4.1 (b). The ground state and first excited state
energy levels are calculated at 1.081 eV and 1.117 eV, respectively. As such, the
separation energy between the ground and first excited state is ~ 36 meV (~ kgT). [22]
Therefore, it is expected by increasing both excitation power and lattice temperature
significant occupation of the higher-order states will result. The valence band offset is

approximately degenerate, which is attractive for solar cell applications. The advantages
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of utilizing a system that has a type-Il band alignment with shallow confinement in the
valence band for hot carrier solar cell applications are: the reduction in hot carrier
cooling rate (thermalization rate) due to spatially separated charges and (especially for

a degenerate valence band) facilitated hole transport in the system. [11, 12, 22, 23]

4.3. Experimental results and discussion for InGaAsP/AlInAs

guantum well structure

4.3.1. Effects of occupation of excited states on carrier temperature

determination

Continuous wave power and temperature dependent photoluminescence of the sample
are measured using a He-Cd (442 nm) laser. Figure 4.2 (a) shows PL spectra of the
InGaAsP QW structure at three different lattice temperatures. At 4 K, the PL spectrum
is narrow. However as the lattice temperature increases, it broadens significantly. The
reason for this broadening is attributed to two main effects: (1) the occupation of excited
states; and (2) phonon-mediated PL line-width broadening at elevated lattice
temperatures. As has been discussed, the small separation between the energy levels in
the QW results in carriers redistributing amongst the excited states with increasing
lattice temperature. In Figure 4.2, (above 150 K) this behavior manifests itself in a
shoulder on the high-energy side of the PL spectrum. [16] As the temperature is

increased to 300 K the excited state contribution increases further, as expected.

Figure 4.2 (b) shows the power dependent PL of the InGaAsP QW at 4 K. At highest

excitation power (black line), the PL spectrum is symmetric. However as power
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decreases, the shape of the PL spectrum changes becoming asymmetric with features on
the low energy side of the PL. This additional low energy contribution to the PL is
attributed to unavoidable transitions associated with localized states at the interface

between InP cap and AlInAs barrier material. [24]
The power dependent PL at 4 K displays a marked blueshift in peak energy with
increasing power (see Figure 4.2 (b)). Once more (in these type-Il systems) the shift

follows a P'/3 power dependence, which is typical in type-11 QWs. [16, 24, 25] More
specifically, by solving the Hamiltonian of an infinite triangular quantum well, the

ground state energy level is determined as:
2/3
E = (h?/2m")'/3 (Znezn/eoeR) ) (4.1)

where i, m*, e, €,, €g, and n are the reduced Planck constant, effective mass, Coulomb

charge, vacuum permittivity, dielectric constant, and density of electrons, respectively.
Therefore, the peak energy (ground state transition) is proportional to n’/s. Therefore,
since the relationship between carrier density and excitation power is: n « P2 the

subsequent change in peak energy follows p'/s. However, as is shown inset (i) to Figure

4.2 (b), at very low excitation powers the linear dependence between peak energy and

P'/3 is not valid. This effect is related to the distortion of the PL peak position due to
the contribution of localized states. The inset (ii) in Figure 4.2 (b) shows further of the
evidence of the contribution of the 1% excited state at 4 K, when the excitation power is

large. [16]
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The temperature dependent PL of the sample is shown in Figure 4.2 (c). The redshift
behavior in peak energy is associated with the lattice expansion with increasing lattice
temperature. Figure 4.2 (c) shows that the low temperatures PL spectrum is symmetric
and with increasing lattice temperature a high-energy shoulder becomes apparent. The
existence of the structure at high energy is (again) related to contribution of the excited
state transitions. The inset of the Figure 4.2 (c) shows peak energy versus lattice
temperature. The behavior of peak energy in this sample follows the typical Varshni-
model, which is discussed in detail in Chapter 3, Section 3.3. At low temperatures (T <
25 K), however, some evidence of an "s-shape" behavior is observed. As discussed in
Chapter 3, Section 3.3, the origin of the "s-shape" behavior is associated with the
existence of localized states, which are usually observed at low temperatures and low

excitation powers, particularly in ternary and quaternary systems. [11, 26]

As has been discussed extensively in Chapter 3, Section 3.4.1, the carrier temperature
can be extracted from the PL by a simple linear fit to the high energy side of the natural

logarithm of PL spectrum. The experimental results can be modeled by Planck’s

radiation equation, [5, 7, 8, 9, 10, 11, 12]

I, (E) = £(E) exp (——), 42)

kpTy

where Ip; (E) is PL intensity as a function of photon energy, kg Boltzmann constant,
Ty carrier temperature and (E) energy-dependent effective emissivity, which includes

absorptivity of the sample.
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Figure 4. 3. Extracted AT at 4 K (through doing a linear fit) as a function of excitation power.
() Full range of extracted AT versus excitation power, as shown in the main panel. (b) PL
spectra at three different powers before state filling “A”, transition to contribution from state
filling “B” and dominant state filling effect “C”. [Reproduced from: Esmaielpour, H., et al.
“Effect of occupation of the excited states and phonon broadening on the determination of the

hot carrier temperature”, Progress in Photovoltaics: Research and Applications 25.9 (2017):

782-790.] [16]

Figure 4.3 shows the extracted AT (temperature difference between extracted
temperature and lattice temperature) as a function of power at 4.2 K. With increasing
power there is a linear behavior up to a ~ 1000 W/cm? (threshold power), then above
that power two extracted temperatures are determined/required. Three PL spectra are

shown in Figure 4.3 (b), the occupation of both the ground and first excited states
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becomes evident with increasing excitation power (from (A) to (B) to (C)). In spectra
(B) and (C) two well define slopes/regimes exist; therefore, two associated temperatures
may be determined. However, it is seen that the temperature labeled T;, (extracted from
slope 1) is related to the overlap between two PL spectra (the ground state and first

excited state), which increases rapidly with increasing excitation power (see Figure 4.3
(a)).

The second extracted temperature (T2) likely represents the actual carrier temperature
in the system, which is not perturbed by the occupation of higher order states as the
power increases — only Ty is. Spectrum (A) in Figure 4.3 (b) shows the PL spectrum at
low excitation power, which does not display any significant effect related to a shoulder

on the high-energy side of the PL spectrum.

The main panel in Figure 4.3 (a) shows the full range of extracted AT versus excitation
power and it is observed that above the threshold power (~1000 W/cm?) that the slope
T1 increases significantly as the excitation power increases. This increase is attributed
to the conditions in which the extraction of the hot carrier temperature via the simple
fitting of the high-energy slope cannot be used to determine the physical behavior of hot
carriers in the ground state of the system, since the broadening reflects the contribution
of the excited state luminescence. So with respect to the GS in the QW, the broadening

screens the hot carrier dynamics.
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Figure 4. 4. Extracted AT as a function of excitation power at 50 K (a), 100 K (b) and 150 K (c).
Schematic of QW in the figures represents electron populations in the ground state and first
excited state at various excitation powers. (d) Extracted AT versus lattice temperature for two
excitation power shown by black (high power) and red (low power). Insets show the PL spectra
at different lattice temperatures and it is observed that there are two slopes at high energy side
of PL spectrum, which result two extracted temperatures. [Reproduced from: Esmaielpour, H.,
et al. “Effect of occupation of the excited states and phonon broadening on the determination

of the hot carrier temperature”, Progress in Photovoltaics: Research and Applications 25.9

(2017): 782-790.] [16]
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The extracted AT versus excitation power at 50 K, 100 K and 150 K are shown in
Figure(s) 4.4 (a), (b) and (c), respectively. A qualitative behavior of electron populations
in the ground state and first excited state is shown in Figure(s) 4.4 (a) and (b). At 50 K,
when the excitation power is low, the photogenerated electrons mainly occupy the
ground state in the QW. However, as the excitation power increases carriers begin to
occupy the excited states. Moreover, it is observed by increasing the laser excitation
power, the extracted AT becomes larger. It is clear that the rate of the increase in
extracted AT can be fit with two distinct linear regimes, whose threshold power (or the
inflection point) shifts to lower excitation powers as the lattice temperature increases
(see Figure 4.4 (a) and (b)). This behavior is attributed to the fact that at higher lattice
temperatures carriers with higher thermal energy redistribute into the excited states at
lower excitation powers. This consequently lowers the threshold at which hot carrier
effects are screened by the excited state luminescence in these systems. As shown in
Figure 4.4 (c), there is only one slope observed at 150 K. Here, the increase of extracted
AT has no physical meaning — the broadening due to excited state emission at this
temperature occurs for all excitation powers and no longer represents the true T,;,. [16,

27]

Figure 4.4 (d) shows the extracted AT versus lattice temperature for two excitation
powers: closed black squares (higher power) and closed red circles (lower power),
respectively. It is observed that increasing the lattice temperature decreases AT up to ~
75 K, followed by an increase in AT thereafter. The initial reduction in AT is expected
and is associated with phonon-mediated thermalization processes, which become more

effective as the lattice temperature increases. [9] However, above 75 K the behavior is
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unusual — increasing the lattice temperature increases AT. This behavior is related to the
influence of the occupation of excited states and indicates further that: at low
temperatures (and low power) the extracted AT reflects the carrier temperature in the

system. However, as the lattice temperature increases it does not!

4.3.2. Effects of phonon mediated processes on carrier temperature

determination

Another important mechanism, which affects accurate determination of the carrier
temperature is: homogeneous photoluminescence line-width broadening. The origin of
thermal broadening of the PL, I;,:(T), has been studied theoretically by Lee et al. [19]

and described by the following equation:

= [Lo . _Es
I_;,'Ot(T) - I—E) + I},AT + [exp(thO/kBT)—l] + I—impexp [ kBT -

(4.3)

where Iy, I},4, 10 and I, are PL broadening due to: inhomogeneous broadening at 0
K, interactions with acoustic (LA) phonons, interactions with longitudinal optical (LO)
phonons, and the contribution of ionized impurities scattering mechanisms,
respectively. hw;, is the optical phonon energy and Ep the binding energy of the
ionized impurities. [19, 20] The LO-phonon energy used for the sample is 37 meV,
which is calculated by extrapolating the LO-phonon energies of InP and GaAs
compounds consistent with the composition of the quaternary. [28] The binding energy
of ionized impurities Ez for the InGaAsP QW structure is 16 meV, which was
determined from the activation energy extracted from temperature dependent PL

measurements.
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Figure 4. 5. PL spectra at a range of lattice temperatures between 4 K and 300 K. It is seen by
increasing lattice temperature, the PL spectrum becomes broader, especially on the high energy
side. [Reproduced from: Esmaielpour, H., et al. “Effect of occupation of the excited states and
phonon broadening on the determination of the hot carrier temperature”, Progress in

Photovoltaics: Research and Applications 25.9 (2017): 782-790.] [16]

Figure 4.5 shows PL spectra at different lattice temperatures. In order to compare the
PL broadening for several lattice temperatures between 4 K and 300 K, the PL spectra
(T > 4.2 K) are shifted to the peak position of the 4.2 K PL spectrum (thus, the x-axis of
Figure 4.5 is labeled "Relative Energy"). PL broadening due to scattering mechanisms
should be symmetric on both energy sides of the PL spectrum. [19, 16, 27] However, as
is shown in Figure 4.5, it is evident that the high-energy broadening of the PL spectra is
larger than that of the low energy as the temperature is increased. At high energy, the

PL broadening is associated with the contribution of phonons, state filling, and/or the

105



possible existence of hot carriers. However, the PL broadening on the low energy tail
of the PL is mainly due to the presence of phonons, especially at elevated lattice
temperatures. Hence, to study the PL broadening due to the intrinsic properties of the

sample, the low energy side of PL spectrum is assessed.

The PL spectrum at room temperature is shown in Figure 4.5. An obvious shoulder
is evident at high energy, which is (once more) related to the occupation of excited
states. Also, the feature evident at low energy (particularly at higher T) is a transition
associated with the InGaAs buffer layer, which is used to compensate strain from the

InP substrate.

The behavior of the PL linewidth broadening as a function of lattice temperature can
be determined by taking the half width at half maximum (HWHM) from the low energy
side of the PL spectrum and plotting it versus lattice temperature. [19, 20] Figure 4.6
shows the HWHM of the PL spectra as a function of lattice temperature. The solid red
line is the result of applying the theoretical model (Equation 4.3) to the extracted
HWHM, and the dashed lines show the individual contribution of each scattering
mechanism contributing to this model. It is seen that the temperature independent
inhomogeneous broadening at T = 0 K is 7.47 meV. This set the linewidth associated
with impurities and inhomogeneities in the sample. In addition, the linewidth
broadening due to acoustic phonons is also small (~ 6 ueV /K), only contributing 1.8
meV at room temperature. This is very small when compared to the contribution of the
LO-phonon Frohlich scattering terms, which contributes ~ 10 meV and is known to

dominate in 111-V semiconductors. [29]
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Figure 4. 6. Half width at half maximum (HWHM) of PL spectrum (black squares) at a range
of temperatures between 4 K and 300 K. Solid red shows the result of fitting with theoretical
model shown in Equation 4.3 and dashed lines show the individual contribution of each
broadening mechanism. [Reproduced from: Esmaielpour, H., et al. “Effect of occupation of the
excited states and phonon broadening on the determination of the hot carrier temperature”,

Progress in Photovoltaics: Research and Applications 25.9 (2017): 782-790.] [16]

In Figure 4.6 there is a reasonable fit between theory and experiment up to ~ 200 K.
Above 200 K, it is clear that the increase of the experimental result is larger than that
predicted by theory. This is attributed to the influence of the contribution of the excited
states in the QW on the broadening of the PL spectrum. However, the fit can be used to
qualitatively follow the effect of the linewidth broadening up to 300 K, in the absence

of state filling.
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At low temperatures (T < 50 K) the contribution of ionized impurities dominates the
broadening, which is predominantly related to transitions at the interface between the
InP cap layer and the InAlAs barrier material, and reflects the TD PL in this temperature
range (see Figure 4.2 (c)). Above T ~ 50 K the increased contribution of LO dominates
the broadening of PL spectrum, reflecting their role as a major source of hot carrier
thermalization in 111-V semiconductors. [30, 31] Table 4.1 shows the parameters

extracted by fitting the experimental spectra with Equation 4.3:

Table 4. 1. Extracted values for the fitting of HWHM from experiment with theory (Equation
4.3). [Reproduced from: Esmaielpour, H., et al. "Effect of occupation of the excited states and
phonon broadening on the determination of the hot carrier temperature”, Progress in

Photovoltaics: Research and Applications 25.9 (2017): 782-790.] [16]

ro (meV) ['LA(meV/K) rLo(meV) Fimp(meV)

7.47 6 x1073 10 7.6

By fitting both the high and the low energy sides of the PL it also is possible to extract
slopes, which are proportional to the extracted AT. Figure 4.7 shows AT from both the
low (solid red circles) and high (solid black squares) energy sides of the temperature
dependent PL spectra. As shown in Figure 4.7, there are three distinct regions:
"impurity"” (< 50 K); "phononic effect” (50 K < T < 200 K); and "state filling" (> 200
K). The reason for this designation is related to the dominant PL broadening

mechanisms within different temperature ranges assessed.
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Figure 4. 7. Extracted AT from both high and low energy sides of PL spectrum as a function of
lattice temperature. [Reproduced from: Esmaielpour, H., et al. “Effect of occupation of the

excited states and phonon broadening on the determination of the hot carrier temperature”,

Progress in Photovoltaics: Research and Applications 25.9 (2017): 782-790.] [16]

At lattice temperatures above 50 K, the rate of increase in extracted AT on the high
energy side is larger than that on the low energy side (see Figure 4.7). The reason for
this behavior is attributed to the influence of several mechanisms such as: phonon
mediated broadening, the existence of hot carriers, and/or the occupation of excited
states (especially > 200 K). However, the increase in extracted temperature from the
low energy side (in addition to the contribution of the temperature independent

inhomogeneous broadening) is due only to the contribution of phonons below 200 K
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(when there is no influence from the buffer transition). Therefore, the contribution of
phonon mediated broadening on the low energy side can be subtracted from AT on the
high energy side of the spectra to adjustment the extracted value and produce a more
accurate determination of the hot carrier temperature. In order to do this analysis, it is
required to define a reference value. It is known that at low temperature (4.2 K) the PL
broadening due to phonon processes is negligible. [19] Therefore, it is possible to
determine the relative linewidth broadening at higher lattice temperatures by comparing

it with the reference (inhomogeneous term) at the lowest temperature. [16, 27]

Figure 4.7 shows that above 200 K the extracted temperature (from the low energy
side of PL spectrum) does not follow a linear dependence, except between 50 K and 200
K. The reason for this discrepancy is once more the influence of the occupation of the
excited states at elevated lattice temperatures. However, this linear fit is extended up to
room temperature to show how the extracted temperature is expected to change in the
absence of screening due to the thermal redistribution of carriers into to higher order
states in the QW. In addition, it is evident in Figure 4.7 that the temperature extracted
follows a non-linear dependence below 50 K, which is again associated with the effects
of localization at lower temperatures. A linear dependence in the carrier temperature as
extracted from the low energy side of the PL is evident when phonon-mediated

processes are substantial and dominate in PL linewidth, i.e. T > 100 K (see Figure 4.6).

Figure 4.8 shows the extracted AT as a function of lattice temperature with and without
adjusting the effects of linewidth broadening. The inset of this figure shows a magnified
region between 50 K and 200 K where the effect of linewidth broadening due to phonons

dominates. A comparison between the solid and empty squares indicates that the shape
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of the extracted AT versus lattice temperature is conserved. However, the minima of the
adjusted data (empty squares) has shifted towards higher lattice temperatures (100 K).
Moreover, excluding the phononic temperature causes the extracted AT to become
shallower, which is observed clearly in the magnified response shown in the inset in

Figure 4.8. [16, 27]
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Figure 4. 8. Extracted AT versus lattice temperature from 4 K to room temperature. Inset shows
the zoom in region between 50 K and 200 K of the data in the main panel. Solid and hollow
squares show extracted AT before and after adjusting with phononic broadening. [Reproduced
from: Esmaielpour, H., et al. “Effect of occupation of the excited states and phonon broadening
on the determination of the hot carrier temperature”, Progress in Photovoltaics: Research and

Applications 25.9 (2017): 782-790.] [16]
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To summarize, in this section, the effects of occupation of excited states and linewidth
broadening in the determination of carrier temperature have been assessed. It is
observed when a shoulder due to state filling effects are evident on the high-energy tail
of the PL spectrum, the temperature extracted by a simple linear fit is larger than the
actual "hot" carrier temperature. The TD PL linewidth broadening is split into three
distinct regimes: impurities related below 50 K, phonon-mediated in the window 50 K
to 200 K, and one dominated by higher order state filling above 200 K. These
contributions demonstrate the care that must be taken when using a simple linear fit
(based on the generalized Planck equation) of the high-energy tail of the PL;
particularly, in low dimensional systems where occupation of the excited states and

phonon broadening must be considered.

4.4. Effects of degeneracy of the valence band in deep type-II

InAs/AlAsSb quantum wells

So far, the discussion has revolved around: how occupation of excited states and line-
width broadening can affect the determination of carrier temperature for structures with
closely spaced energy levels. Figure 4.9 (a) shows power dependent PL spectra of a
type-11 InAs/AlAsSb MQW at 300 K. The InAs MQW structure investigated in this
thesis has a large separation of energy levels within the QW conduction band
(~ 655 meV). [11, 12] Therefore, transitions due to first excited state in the QW
structure are not thought to significantly contribute to the PL spectrum (see Figure 4.9

(a)). However, in addition to confined states in the QW, the valence band degeneracy
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must be considered; particularly, in this system where mobile holes redistribute

throughout the valence band, especially at higher temperatures.
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Figure 4. 9. (a) Excitation power dependent natural logarithm of PL spectrum at 300 K for InAs
MQW. Inset shows an example of fitting the whole PL spectrum applying equilibrium
generalized Planck’s radiation law. (b) Comparison of extracted carrier temperature versus
excitation power using equilibrium generalized Planck’s law (black squares), non-equilibrium
generalized Planck’s law (red circles for holes and green triangles for electrons) and the high
energy side linear fitting (blue triangles). (c) Extracted AT applying linear fitting for various
lattice temperatures (150 K, 225 K and 300 K). [Reproduced from: Whiteside, Vincent R., et al.
"Valence band states in an InAs/AlAsSb multi-quantum well hot carrier absorber."
Semiconductor Science and Technology (2018).] [18]
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Previously three methods for extracting the carrier temperature were described,
comparing the three methods demonstrates that AE for el-e2 is large and the
contribution for state filling is expected to be negligible within the linewidth of the PL
spectrum. However, structure in the PL spectrum around the peak energy indicates other
effects may contribute to the linewidth of the PL in this system. The carrier temperature
versus excitation power is plotted in Figure 4.9 (b). To determine the carrier
temperature, the three methods proposed in Equations 3.1, 3.3, and 3.4 have been
applied. As shown in Figure 4.9 (b), electrons (closed green triangles) are at an elevated

temperature with respect to the lattice, while the holes (closed red circles) thermalize

rapidly due to their large(r) effective mass as compared to electrons (% ~ 50). [32]

Figure 4.9 (c) shows carrier temperature extracted through doing the linear fit method
for three lattice temperatures 150 K (blue), 225 K (olive) and 300 K (magenta). Notably,
it is observed there is an increase in hot carrier temperature at higher lattice
temperatures, which is again attributed to the spatial separation of photogenerated
charges and delocalization of holes from the shallow confinement within the valence

band. [11, 12, 18, 23]

Despite the apparent absence of excited state occupation in InAs QWs, it has been
shown (when the QW structure was pumped with high excitation power) subtle features
are evident in the PL spectra resulting in a "flattening"” around the PL peak. To better
understand the origin of this behavior, simulations for the QW structure were performed

using NRL MultiBands®.

In this program, the band structure of a periodic multilayer design is calculated via k -
p theory. Through this analysis, the information for creating an effective medium for
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the superlattice structure is provided/defined. The simulated effective medium provides
useful information about the superlattice structure utilizing optical matrix elements. In
the simulation, the largest probability of s-like and p.-like characteristics of hole energy
levels is for light holes due to their sp3 hybridization, while heavy holes in the valence
band behave more px-like and py-like. Through this simulation, it is possible to
determine the probability of transitions from individual valence band energy levels (Ihy,

hhy, hhy, and hhs) to conduction band states. [21]

Figure 4.10 (a) shows a single InAs quantum well with associated energy levels at 4
K and 300 K for both the conduction and valence bands, respectively. In the simulation,
the AlAsSb band gap is calculated based on the direct gamma conduction band minima
(2.2 eV at 300 K). The indirect band gap of AlAsq.16Sbo.s4 material (~ 1.6 eV at 300 K)
is not considered for calculations due to its small absorption coefficient, especially for
the relatively thin layers used here (10 nm). The conduction band offset (CBO)
determined for the QW structure is ~ 1.95 eV at 4 K, which shrinks by ~ 25 meV at
300 K. The valence band offset (VBO) at 4 K is ~ 63 meV and there is a negligible
contraction (~ 1 meV) up to 300 K, due to the large effective mass of holes in the
valence band. In addition, the energy separation between the ground state in the InAs

QW (el) and the valence band ground state (hh1) is ~ 857 meV at 4 K.
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Figure 4. 10. (a) Band energy diagram of InAs QW structure at 4 K and 300 K. Inset shows a
zoom in of the valence band diagram. (b) Probability density of the wavefunctions of electrons
and holes associated with energy levels (a) in the conduction and valence bands in the QW
structure are shown by different colors. [Reproduced from: Whiteside, Vincent R., et al.
"Valence band states in an InAs/AlAsSb multi-quantum well hot carrier absorber."

Semiconductor Science and Technology (2018).] [18]
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Figure 4.10 (a) shows the simulated band diagram in the QW and includes two energy
levels (el and e2) within the InAs conduction band with an energy separation of 685
meV at 4 K. In the valence band, four energy levels are observed (hhl, Ihl, hh2 and
hh3), as shown in the inset of Figure 4.10 (a), where the energy separation between the
lowest and highest energy levels ~ 31 meV. Figure 4.10 (b) shows the associated
probability density of the wavefunctions of the electrons and holes for these individual
energy levels (shown in 4.10 (a)). It is observed that the wavefunctions of the electrons
in the ground and first excited states penetrate significantly into the AIAsSb barriers,
and have non-negligible overlap with the wavefunctions of the holes. This overlap in
the narrow quantum wells investigated (2.4 nm InAs QW) serves to relax some of the
optical selection rules, making transitions from el to hh2, which are typically forbidden,

possible. [18]

Figure 4.10 (b) indicates that the largest penetration of hole wavefunctions (largest
probability) in the InAs QW is for hh3 and the lowest for the hh2 level. Although light
and heavy holes have different characteristics, the results show a transition between el
to both light and heavy holes states is probable in this structure. The least probable
transition is associated with e1-hh2 since the hh2 wavefunction has a zero minima at

the QW region — see Figure 4.10 (b).

Figure 4.11 shows the dispersion relation for all energy levels in the QW structure in
momentum space. The left hand side of the graph is plotted against k. (growth direction)
and the right hand side is the in-plane axis, kxy. The inset of Figure 4.11 is the expanded
dispersion in the valence band. As shown in the inset, there is structure in the valence

band dispersion at "k" values larger than zero and as discussed later, these create optical
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transitions that are responsible for high energy features evident in the absorption

profiles, shown in Figure 4.12. [18]
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Figure 4. 11. Dispersion relation of InAs QW structure for multiple energy levels as a function
of in-plane and out of plane wavenumbers. Inset shows a zoomed in region for the valence band
dispersion relation. [Reproduced from: Whiteside, Vincent R, et al. "Valence band states in an
InAs/AIAsSb multi-quantum well hot carrier absorber." Semiconductor Science and Technology

(2018).] [18]

Figure 4.12 (a) and (b) show the simulated photogenerated carrier recombination or
PL spectra (dotted squares) and absorption (solid lines) profiles of the QW structure at
several lattice temperatures for two excitation powers. It is observed that by the
increasing lattice temperature, a redshift in peak position is evident as expected due to
thermal expansion of the lattice. In addition, there are four distinct peaks in the

absorption profiles (p1, p2, p3 and pas). The first peak, p1, has energy value of 0.805 eV
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at room temperature, which is attributed to the transition between el to hhl. The
simulated value is similar to the experiment value of 0.8 eV at room temperature. The
energy separation between p2-p1, p3-p2 and ps-ps in the absorption profiles are 31 meV,
77 meV and 91 meV, respectively. Based on the above values, the second peak (p2) in
the absorption profile is attributed to the e1-hh3 transition, and the higher energy peaks
are related to absorption due to the non-zero momentum values, as evident in the inset

to Figure 4.11. [18]
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Figure 4. 12. Recombination (hollow squares) and absorption (solid lines) profiles for InAs
MQW structure at various lattice temperatures for two carrier densities simulated: (a) 1 x
10'8cm™=3 and (b) 4 x 10*8cm™3. [Reproduced from: Whiteside, Vincent R., et al. "Valence
band states in an InAs/AlAsSb multi-quantum well hot carrier absorber.” Semiconductor

Science and Technology (2018).] [18]
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In Figure 4.12 (a), two distinct peaks are observed in the simulated charge
recombination spectra at temperatures above 75 K. These two peaks are related to the
p: (el-hhl) and p2 (el-hh3) transitions, respectively. By increasing the lattice
temperature >150 K, a further feature is evident on the high-energy side of the
recombination spectra, which is related to the higher energy transition, ps. However at
4 K, the simulated recombination spectrum only displays one peak, which indicates that
at low temperatures transitions from excited states in the valence band are negligible.
Figure 4.12 (b) shows the simulated results for recombination mechanisms at higher
excitation powers than in panel (a). At high excitation power, as shown in Figure 4.12
(b), occupation of the excited states becomes more significant as compared with that at

lower excitation power (see panel (a)), especially at elevated lattice temperatures.

Figure 4.13 (a) shows simulated power dependent recombination (PL) at 150 K. It is
observed that by increasing the excitation power, transitions due to the excited states
become more apparent. The solid red line in Figure 4.13 (a) shows the absorption profile
of the sample where optical transitions due to the excited states occur. It is evident that
at higher excitation powers the peak intensity of p. is larger than the first peak p:.
Moreover, at higher lattice temperatures occupation of the excited states (peak P>
associated with el-hh3 transition) occurs at lower powers, which indicates carriers

require less energy to start this process.

Figure 4.13 (b) shows the peak energy as a function of lattice temperature for both the
absorption and recombination spectra, which both decrease following the thermal
expansion of the lattice. [33] In this Figure, the solid and hollow symbols are the peak

energy positions for the absorption and recombination spectra, respectively. The
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simulated absorption spectra show transitions associated with multiple states at all
lattice temperatures. However, only at higher lattice temperatures and excitation powers
(which are at least two orders of magnitude larger than the highest power measured PL)

do the features due to these transitions arise in the recombination spectra.
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Figure 4. 13. (a) Simulated photogenerated carrier recombination (hollow squares) and
simulated absorption (solid red line) profile of InAs MQW structure at 150 K as a function of
carrier density. (b) Peak energy versus lattice temperature for absorption (solid dots) and
recombination (hollow dots) extracted from simulation results of temperature dependent study.
[Reproduced from: Whiteside, Vincent R., et al. "Valence band states in an InAs/AIAsSb multi-
quantum well hot carrier absorber.” Semiconductor Science and Technology (2018).] [18]
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Figure 4. 14. (a) Excitation power dependent natural logarithm PL spectra at 300. Black, Red,
and green dashed lines show peak positions of three Gaussian fitting. The gray dashed line
shows the position of the detector’s cutoff energy. (b) Peak energy extracted from Gaussian
fitting versus absorbed power density. (c) Extracted AT applying linear fit versus absorbed
power. Inset shows an example of Gaussian fitting on the PL spectrum. [Reproduced from:
Whiteside, Vincent R., et al. "Valence band states in an InAs/AlAsSb multi-quantum well hot

carrier absorber." Semiconductor Science and Technology (2018).] [18]
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Figure 4.14 (a) shows natural logarithm of measured PL intensity at 300 K for various
excitation powers. It is observed the slope at low energy side (below 0.78 eV) drops
abruptly, which is related to the cut-off of the utilized InGaAs array detector in the
system used. On the high energy side, the slope has a strong linear dependence (which
improves the accuracy of the fit for carrier temperature) and it becomes shallower at
higher excitation powers. As shown in Figure 4.14 (c), the extracted AT is essentially
independent of power, even though the carriers are "hot" — i.e., show temperature in
excess of the lattice temperature. Through Gaussian fitting (as shown in inset of Figure
4.14 (c)) it is possible to extract multiple peaks associated with the transitions in the
system. Figure 4.14 (b) shows the peak energy versus excitation power. It is evident that
there are three main transitions in the PL spectra where the main peak is at 798 meV
and the separations of the main peak with second and third peaks are 33 meV and 37

meV, respectively. [18]

The simulated carrier recombination at 300 K (see Figure(s) 4.12 (a) and (b)) shows
the dominant peak is 805 meV (the el-hhl transition) and the separation of two other
peaks from the main peak are 31 meV, 110 meV, respectively. By comparing the
experimental and simulation results, it is evident that the first peak P1 (dominant peak)
is associated with the transition from el to hhl, however there is a small difference
between experiment and simulation (~ 7 meV; 798 meV from the experiment compared
with 805 meV form the simulation). Based on simulations, the second peak P2 on the
high-energy side of the PL spectrum is associated with the transition from el to hh3,
which is consistent with an energy separation between (P> — P1) of 33 meV, which is

very close to the simulation result (31 meV). [18]
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The third peak P3 in simulation has an energy separation of 77 meV from P> (or 110
meV from the ground state), which is larger than the valence offset in the QW structure
(63 meV). As mentioned previously, this transition as predicted by simulation may be
due to structure with higher k-values (see the inset of Figure 4.11). However, since a
limited number of energy levels are included in the model for the valence band, the
simulated for Pz and P4 features should be considered carefully. The separation energy
between the third and second peaks (Ps — P2) extracted from the Gaussian fit of the
experimental results is ~ 37 meV, which is less than the simulated energy separation
between the second and third peaks. The third peak Ps in experimental results is related
to the direct transition from el to the valence band of the InAs QW, which is also not
considered in NRL MultiBands®. The difference in energy between P> and the InAs
valence band is ~ 26 meV, as shown in the inset of Figure 4.10 (a). Although this value
is less than the energy separation between the third and second peaks in the experiment,
adjusting the valence band offset by 7 meV (the difference between experiment and
simulated results for the dominant peak P1) results in an energy difference of ~ 33 meV
— which is closer to the experimental results. [18] Here the comparison between
experiment and theory indicate the contribution of multiple transitions related to the
valence band states contribute significantly to the structure of the PL spectrum.
However, despite the contribution of these closely separated valence band states, their
effect on T,;, extraction is negligible — as the structure is outside of the linear portion on

the high energy side with respect to the natural logarithm of the PL intensity.
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Conclusion

In this chapter, the effects of the occupation of the excited states in QW structures and
phonon-mediated PL linewidth broadening on the determination of the carrier
temperature from CW PL are presented. Specifically, an Ings12Gao.188AS0.4Pos /
Aloaglnos2As QW structure with small energy level separation between in the confined
states was investigated to study the effects of state filling, in addition to phonon
broadening, on determination of carrier temperature. Increasing the laser excitation
power produced a shoulder on the high-energy side of the emitted PL, which was
attributed to the occupation of the first excited state. This allowed analysis of the system
when the PL was broadened due to the redistribution of carriers into the high order
states; as well as, to determine the issues that arise when extracting the carrier

temperature from linear fitting in this regime.

In addition, temperature dependent PL linewidth broadening of the InGaAsP QW
structure was assessed and the results correlated with a theoretical model to evaluate the
contribution of the potential various linewidth broadening mechanisms. It was observed
that at low temperature localized states at the interface between the preexisting InP cap
and AIAsSb barrier material dominant the PL linewidth. However, as the lattice
temperature increases, broadening due to LO-phonon processes increases, especially
above 150 K. Above 200 K, the influence of excited state occupation in the QW
becomes significant distorting the correlation between the theoretical model and
experimental data. Between 50 K and 200 K, where the contribution of broadening due
to phonons is dominant, it is possible to accurately determine the thermal broadening

due to phonons (without screening of these effects due to the contribution of localized
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or confined states). By subtracting these phononic effects from the extracted carrier
temperature a better estimation of the hot carrier temperature can therefore be

determined.

Finally, the effect of occupation of the degeneracy in the valence band states in deep
type-11 InAs/AlAsSb QWs in PL emission on the determination of carrier temperature
was also studied. It was evident that at elevated lattice temperatures — when excitation
power increases — the contribution of mixed valence band states become more prevalent.
Both the experimental and simulation results confirm that at elevated lattice
temperatures, transitions due to higher order valence band states occur and affect the PL
line shape, particularly around the peak PL energy. However, despite these effects, their
effect on the carrier temperature extraction is negligible. This hypothesis is supported
through comparing the extracted carrier temperatures using three different methods for

the InAs MQW structure and by simulations using NRL MultiBands®.
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Chapter 5

Hot carriers in type-11 InAs/AlAsSb MQWs

5.1. Introduction

Recently, there has been a lot of interest to study interactions between hot carriers and
phonons in semiconductors because these interactions are a major source of heat
generation in semiconductor structures. [1, 2, 3] Manipulation and control of heat loss
in electronic devices has many potential applications: including hot carrier solar cells,
[4, 5] near infrared (NIR) photodetectors, [6] and plasmonic devices [7] (amongst
others). As such, several candidate systems (alternatives to current commercial
materials) have been investigated to aid inhibited hot carrier relaxation in systems,
which include: InN, BSb, and AlSb. [8, 9, 10, 11] Moreover, nanostructures have also
been shown to have the potential to inhibit (or reduce) hot carrier-phonon interactions

via manipulating the phonon dynamics in the system. [12, 13, 14]

The dominant hot carrier relaxation mechanism in 1l1-V semiconductors is the
coupling of electrons with longitudinal optical (LO) phonons through the Fréhlich
interaction. In polar semiconductors, the generated LO phonons decay into two low
energy (identical energy but opposite directions) acoustic (LA) phonons via the
Klemens mechanism [15] or via a low energy transverse optical (TO) phonon and an
acoustic (LA) phonon via the Ridley mechanism. [13, 16, 17] If such processes can be
perturbed, a phonon bottleneck can develop and hot LO-phonons will be reabsorbed via

carriers, which are therefore sustains an elevated carrier temperature. [18, 19, 20]
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In this thesis, InAs/AlAsSb MQW structures have been proposed as a candidate
system to inhibit hot carrier thermalization. As has been discussed in Chapter 3, Section
3.5, in these type-11 QWs the spatial separation of photogenerated carriers results in a
longer radiative recombination lifetime than that of a type-l system. Therefore, it is
expected the density of photogenerated hot carriers within the QW region are longer-
lived (due to less efficient radiative recombination process in type-1l systems) than for
a type-1 structure [21, 22], which promotes the creation of a phonon bottleneck at lower

carrier densities in QWs with type-11 band alignment.

5.2. InAs/AlAsxSbix multi-quantum well (MQW) structures:

Details and Fabrication

The InAs/AlASo.16Sbo.sa MQW structure investigated was grown on a semi-insulating
(SI) GaAs substrate by molecular beam epitaxy (MBE). A schematic and band energy
diagram for the MQW structure are shown in Figures 5.1 (a) and (b), respectively. As
discussed in Chapter 3, this design has interesting features for hot carrier absorber
applications. First, there is a large band offset in the conduction band (AE. = 1.93 eV,
see Figure 5.1 (b)), which results in strong confinement for electrons within the InAs
QW. On the other hand, there is a relatively shallow confinement for holes in the valence
band (AE, = 63 meV), which provides a condition for their thermally mediated escape
at elevated temperatures. [23] In addition, the MQW structure has a type-Il band
alignment, which rapidly (~ ps) spatially separates photogenerated carriers. The

advantage of the design is strong absorption within the InAs QW followed by radiative
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losses to the type-1l band alignment. This condition again facilitates the creation of a

phonon bottleneck effect due to low recombination rate in the type-I11 QWs.

The sample configuration is shown in Figure 5.1 (a). Initially, a 2000 nm InAs buffer
layer is deposited on the GaAs substrate prior to the growth of the active layers to
compensate the lattice mismatch between the GaAs substrate and the MQW structure.
Thereafter, a 30 period MQW structure was grown with 10 nm AlAso.16Sbo.g4 barriers
and 2.4 nm InAs QWs, respectively. Finally, a 10 nm AlAso.16Sbo.s4 barrier material was
grown upon the active region followed by a 50 nm InAs cap layer to prevent the Al-

containing barrier material from being oxidized.
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Figure 5. 1. (a) Schematic and (b) band structure (only two potential wells) of the INnAs MQW

structure.

Figure 5.1 (b) shows the simulated band energy diagram of two quantum wells of the
InAs MQW structure at 300 K using NRL MultiBands®. [24] The separation between

the confined energy levels in the conduction band is ~ 655 meV. The confinement in
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the valence band is significantly less (~ 63 meV). Several transitions are indicated in
Figure 5.1 (b): the lowest confined energy in the conduction band to valence band (the
type-11 transition at ~ 0.8 eV); the lowest energy transition within InAs itself (type-I at
~ 0.86 eV); and the transition from the first electron excited state to the valence band

(~ 145 eV).

In order to investigate the dynamics of photogenerated hot carriers in the MQW
structure, TD THz absorption spectroscopy was performed. In this type of ultrafast time-
resolved spectroscopy, it is possible to probe electronic transitions that happen on the
order of sub-picosecond timescales. In TD THz spectroscopy, electrons are pumped to
excited states using a pulsed (femtosecond) laser with photon energy larger than the
semiconductor band gap. Then, a weak (or low intensity) THz probe signal with a delay
time of t (with respect to the pump pulse) is transmitted through the sample. By
measuring the amount of difference in light absorption (AA) versus delay time
information about the dynamics of photogenerated free carriers in the systems can be
deduced. [25, 26] To facilitate the experiment and to avoid light absorption in the low
energy InAs buffer and capping layers, a combination of mechanical polishing and wet
chemical etching is applied on the MQW structure to remove the GaAs substrate, INAs
buffer layer, and InAs cap layer. Thus, enabling absorption directly within the MQW

active region of the sample.

A full description of sample processing is as follows: firstly, the InAs MQW structure
is immersed into the selective etchant: concentrated citric acid (CsHsO7) (1gr: 1mL DI
water): Hydrogen peroxide (H202) (5 ml: 1 ml), for 1 minute to remove only the InAs

cap layer without etching the upper most AlAsSb barrier material. The cap-less sample
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is then attached to a thin (1 mm) piece of sapphire (1x1 cm?) using a transparent Norland
Optical Adhesive (NOA88). A UV-light source (325 nm) is utilized to cure the adhesive
and to bond the sample to the sapphire window. An Allied High-Tech Metprep system
is then employed to remove > 550 um of the 600 um GaAs substrate by mechanical
polishing. The final wet etching process removes the remaining GaAs substrate using:
ammonium hydroxide (NHsOH): hydrogen peroxide (H20.): and DI Water (H20) (1
ml: 3 ml: 16 ml). The sample is then immersed in a second selective etchant for 50
minutes to remove the InAs buffer layer (2000 nm), without etching the AIAsSb barrier
material using a concentrated citric acid (CeHgO7): Hydrogen peroxide (H202) (5 ml: 1

ml) solution.

The sample processing steps are summarized in Table 5.1.

Table 5. 1. Sample Processing steps using chemicals for removing different layers of InAs

MQW structure.
Immersing Removed
Step Chemical Solution Time Etching Layer Thickness
(min) (nm)
L CeHsO7 (1gr:1mL H20): H.0O> 1 InAs Capping 50
(5ml: 1 ml) Layer
NH4OH: H202: H20
2 90 GaAs > 50000
(1 ml: 3ml : 16 ml) Substrate
CeHgO7 (1gr:1mL H20): H.0>
3 50 InAs Buffer 2000
G ml: 1 ml)
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After removing the InAs buffer layer only, the InAs/AlASo.16Sbo.sa MQWS remain on
the sapphire window (~ 350 nm thick) and displays a brownish color. The inset of
Figure 5.2 shows the schematic of the InAs MQW structure after sample processing.
The main panel of Figure 5.2 shows a comparison of the PL spectra before and after
substrate removal at 4 K. The PL spectra of the InAs MQW structure before and after
sample processing are similar — demonstrating the integrity of the active region upon
substrate removal. There is, however, a small blueshift evident for the processed sample,

which is attributed to the effect of strain relaxation upon substrate removal. [27]
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Figure 5. 2. PL spectra of the InAs MQW structure before and after sample processing at 4 K.
The inset shown in this graph shows the schematic of the processed sample attached to a
sapphire plate. [Reproduced from: Esmaielpour, H., et al. "Enhanced hot electron lifetimes in

quantum wells with inhibited phonon coupling.” Scientific reports 8, no. 1 (2018): 12473.] [27]
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Figure 5.3 (a) shows the schematic of the type-l1l band energy diagram of
InAs/AlASo.16Sbo.sa MQW structure. After removing the InAs cap and buffer layers, it
is possible to perform TD THz in the absorption geometry and study the dynamics of
photogenerated carriers in the QWSs. The blue and red wavy arrows (in Figure 5.3 (a))
represent the photons, which pump and probe the photogenerated carriers, respectively;
while, the black arrow shows the emitted PL signal from the structure. Figures 5.3 (b)
to (d) show the different effective band geometries at different temperatures for the InAs
MQW structure, where the effective confinement of the carriers within the valence band
potential well changes. As discussed in Chapter 3, Section 3.3, photogenerated carriers
show different effective confinements at different lattice temperatures. This is
summarized once more for clarity: at low temperatures (T < 100 K) photogenerated
carriers (especially holes) are trapped at the localized states at the QW interfaces created
by alloy fluctuations. As a result, radiative recombination occurs ‘within' (between ex
and interface states) the InAs QW predominantly in what we call the quasi-type-I band
configuration (see Figure 5.3 (b)). By increasing the lattice temperature, holes localized
at the interface are thermally excited and relax into the AIAsSb barrier material
revealing the 'pure’ type-I1 band alignment of the system. As a result, photogenerated

charges become spatially separated, as shown in Figure 5.3 (c).

At (even more) elevated lattice temperatures, the holes redistribute throughout the
valence band due to the relatively shallow confinement potential in the AIAsSD barrier,
see Figure 5.3 (d). Therefore, a continuum (or degenerate) state is created in the valence
band whereby holes can move freely around in the system. This regime (termed here

the quasi-type-I1 configuration) is significant because it can further reduce the radiative
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recombination rate, a major loss mechanism (due to reducing the number of

photogenerated carriers) of confined systems when used for solar cells.
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Figure 5. 3. (a) Schematic of type-Il band energy diagram of the INnAs MQW structure. Wavy
arrows are representative of pump, probe, and PL signals associated with the InAs MQW
structure. The schematics of the band energy diagrams from (b) to (d) show the effective carrier
confinement at different lattice temperatures. At low temperature (T < 100 K), the holes are
trapped at the interface due to non-idealities in the structure, see panel (b). By increasing the
lattice temperature, as shown in panel (c), holes move to the barrier material and recombination
follows a pure-type-Il band alignment. At elevated lattice temperatures, holes can escape from
the shallow confinement in the valence band and create a degenerate energy level, see panel (d).
[Reproduced from: Esmaielpour, H., et al. "Enhanced hot electron lifetimes in quantum wells

with inhibited phonon coupling.” Scientific reports 8, no. 1 (2018): 12473.] [27]

140



5.3. Optical spectroscopy of the InAs MQW

Figure 5.4 shows temperature dependent PL spectroscopy of the processed InAs
MQW structure excited by a He-Ne laser (633 nm). Previously, it was discussed that at
low temperatures (T < 100 K) evidence of the existence of localized states is observed.
As shown in Figure 5.4 (b), this manifests itself in the appearance of an "s-shape™
behavior in peak energy as a function of lattice temperature. The blueshift for the peak
energy with increasing lattice temperature (T < 100 K) is associated with the de-trapping
of photogenerated holes at the interface and their transfer into the AIAsSh. With a
further increase in lattice temperature, the change in peak energy follows the typical
Varshni dependence of the band gap. In addition to a change in the band gap, increasing
the lattice temperature also results in a significant reduction in the PL peak intensity,
especially above 100 K. This PL intensity reduction (at T > 100 K) along with the "s-
shape" behavior of peak energy in the temperature dependent PL spectra is symptomatic
of a transition from the quasi-type-1 condition (see Figure 5.3 (b)) to a dominant type-1I

geometry (see Figure 5.3 (¢)). [21, 22, 27]

Figure 5.4 (a) shows PL spectra for three lattice temperatures, 150 K (black), 225 K
(red), and 300 K (green). To study quantitatively the carrier temperature and chemical
potential difference, the PL spectra shown in Figure 5.4 (a) are fit with the generalized
Planck’s radiation law described by Equation 3.1: [28, 29]

Ip (E) = AE) (B [exp (ﬂ) — 1]_1.

4m2h3c2 kgT
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Figure 5. 4. (a) PL spectra of the InAs MQW structure (solid lines) with the fitting (symbols)
using generalized Planck’s radiation law at 150 K (black), 225 K (red), and 300 K (green). (b)
Peak energy versus lattice temperature. (c) Extracted AT, from fitting with generalized Planck’s
law as a function of absorbed power at 150 K, 225 K, and 300 K. [Reproduced from:
Esmaielpour, H., et al. "Enhanced hot electron lifetimes in quantum wells with inhibited phonon

coupling.” Scientific reports 8, no. 1 (2018): 12473.] [27]

Here, the fitting has been performed for PL spectra at elevated temperatures (T > 150
K) where the type-11 band configuration is dominant. Figure 5.4 (c) shows the
temperature difference (AT., temperature difference between the carrier and lattice
temperatures) extracted by fitting the PL with Equation 3.1. It is evident that AT,

increases as a function of excitation power. In addition, AT has higher values at higher
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lattice temperatures, which indicates that by increasing the lattice temperature the hot

carrier effect becomes stronger.

At elevated lattice temperatures, the type-Il band alignment of the system dominates
the carrier recombination dynamics. Increasing the excitation power causes the
temperature difference (AT,) to increase — indicating significant hot carriers exist in the
system. It has been suggested that the presence and temperature of hot carriers rises at
higher lattice temperatures, despite the simultaneous increase in phonons at elevated
temperatures. Although significant for potential hot carrier absorber applications
because it is the regime where hot carrier solar cell would be expected to operate, this

behavior is unusual and as such requires further assessment.

To further investigate the carrier lifetime and study the hot carrier dynamics in the
MQW, time resolved terahertz (TR-THz) pump-probe measurements were performed.
For the ultrafast spectroscopy, a ~ 100 fs pulsed laser generated by a 1 kHz laser
amplifier (with excitation wavelength of 800 nm) was utilized. The laser pulses were
tuned using an optical parametric amplifier (OPA). THz pulses are created by
transmitting an 800 nm pulse laser beam through a (110) CdSiP, crystal (with a
thickness of 1 mm). Then, the sample is exposed by the THz pulsed between 4.2 K and
300 K, and the transmitted light detected using an electro-optic ZeTe crystal. In order
to measure the dynamics of the photogenerated carriers, the delay time (At) between
the THz and the transmitted pulses through the sample were measured. The delay time

had a time resolution of < 1 ps and it is measured over a temporal range of 2000 ps.
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Figure 5. 5. Normalized differential transmission of pump-probe time resolved terahertz (TR-
THz) measurement at various lattice temperatures. The inset shows the schematic of pump-
probe signals that have been shone on the sample. [Reproduced from: Esmaielpour, H., et al.
"Enhanced hot electron lifetimes in quantum wells with inhibited phonon coupling." Scientific
reports 8, no. 1 (2018): 12473.] [27] (Acknowledged: Mr. Herath P. Piyathilaka and Dr. Alan

D. Bristow)

Figure 5.5 shows a TR-THz pump probe measurement at various lattice temperatures.
In this experiment, the change in the THz signal due to the absorption of free carriers

pumped above the effective band gap of the InAs QW is plotted versus delay time. The
change in peak electric field (AE / ) due to absorption by free carriers (as a function of

delay time) provides information about the carrier dynamics and lifetime. As shown in
the main panel of Figure 5.5, there are two distinct temporal regimes observed in the
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measured response. The smaller range (0-100 ps) shows the change in peak electric field

and an extended range (100 ps — 2000 ps) is used to observe the electric field decay.

In Figure 5.5 itis evident that there are two dominant decay mechanisms in the system,
an initial fast component, followed by a much slower temporal effect. At low
temperatures, the fast decay process dominates. However, as the lattice temperature
increases, the contribution of the fast decay process becomes less significant and the

slow mechanism prevails.

5.4. Phenomenological description of hot carrier dynamics in the

MQW

The ultrafast transient absorption are fit by a three-component decay model to extract

the amplitude(s) and recombination lifetime(s) of the system:

AE(t)/E = Xi, A; expl—(t — to)/7i], (5.1)

where A; and 1/t; are the amplitude and lifetime of each recombination mechanism.
The extracted values from fitting the experiment with Equation 5.1 are shown in Figure
5.6. The relative amplitudes of recombination mechanisms are shown in Figure 5.6 (),
(c), and (e), respectively. Moreover, the recombination lifetime values are provided in
Figure 5.6 (b), (d), and (f). The amplitude of the fast decay mechanism (see panel (a))
is large at low temperatures and decreases with increasing lattice temperature. In
addition, it is also observed that the recombination lifetime associated with the fast
decay does not change considerably between 4 K and 200 K, but more appreciably for

lattice temperatures greater than 200 K (see Figure 5.6 (b)). The fast decay mechanism
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is attributed to transitions that arise at localized states, which are dominant at low

temperatures and whose contribution becomes less significant at higher temperatures,

as these states depopulate.
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Figure 5. 6. Amplitude ((a), (c), and (e)) and decay time ((b), (d), and (f)) as a function and

lattice temperature for different recombination mechanisms in the InAs MQW structure.

[Reproduced from: Esmaielpour, H., et al. "Enhanced hot electron lifetimes in quantum wells

with inhibited phonon coupling.” Scientific reports 8, no. 1 (2018):

(Acknowledged: Mr. Herath P. Piyathilaka and Dr. Alan D. Bristow)

12473.] [27]

In contrast, it is observed the amplitudes of the slow recombination mechanism (see

Figure 5.6 (c) and (e)) increases at elevated lattice temperatures. In addition, the

recombination lifetime for both transitions increase non-monotonically (Figure 5.6 (d)
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and (f)). The non-monotonic behavior of recombination lifetime is attributed to
transitions from the so-called quasi-type-1 condition at low temperatures (T < 100 K) to
the pure type-1l1 geometry at higher lattice temperatures (due to de-trapping of holes
from localized states at QW interfaces), and finally from a type-Il to a quasi-type-II
behavior at elevated lattice temperatures. The reduction of the recombination lifetime
at even higher temperatures is associated with occupation of continuum states due to the
shallow confinement of the barrier material — resulting in a 'degenerate’ valence band.
The origin of two band-to-band transitions (intermediate and slow) is associated with
the multiple transitions from the nearby states within the valence band (mixing of the
valence band states) into the QW ground state (el). The effects of multiple valence band

transitions in the MQW are also observed in the steady state PL spectroscopy.

With increasing excitation power, it is expected the probability of non-radiative Auger
recombination increases. [30, 31] To study Auger recombination lifetime it is required
to pump with a high power laser, however, the excitation power of the utilized laser is
rather limited. In addition, it was previously discussed by Tang et al. [21] that the
contribution of Auger recombination for the range of studied powers in steady state
photoluminescence spectroscopy is low (< 10%). Therefore, it is expected Auger

recombination does not have a significant contribution in the InAs MQW structure.

It has been discussed previously, in a semiconductor when a photon with energy above
the band gap is absorbed it creates carriers with excess kinetic energy called (hot
carriers). The photogenerated hot carriers distribute thermal energy among themselves
in a femtosecond time scale through carrier-carrier interactions. This process is much

faster than interactions between photogenerated carriers and phonons, which occur in a
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few picoseconds. Then, hot carriers lose their excess kinetic energy through emitting
optical (LO) phonons via the Fréhlich mechanisms. Thereafter, the LO-phonons decay
in to low energy acoustic (LA) phonons via Klemens interactions [15] or a transverse
optical (TO) phonon and an LA-phonon via Ridley interactions. [16] As a result of
phonon-mediated thermalization process, the excess Kinetic energy of hot carriers will

be lost via heat dissipation.

Hot
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Figure 5. 7. (a) Schematic of the type-Il band alignment InAs QW band structure with optical
(LO) and acoustic (LA) phonon emissions shown by red and yellow arrows, respectively. (b)
Schematic of a semiconductor band gap. Blue, red, and black arrows represent excitation
photon, emitted PL photon, and LO-phonon, respectively. Different steps from photoabsorption
to thermalization and finally recombination are shown. [Reproduced from: Esmaielpour, H., et
al. "Enhanced hot electron lifetimes in quantum wells with inhibited phonon coupling.”

Scientific reports 8, no. 1 (2018): 12473.] [27]
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Figure 5.7 (a) shows a schematic of the proposed relaxation phonon dissipation
processes in the system. Hot carriers are absorbed and begin to thermalize by emitting
LO-phonons (red arrows), which subsequently couple anharmonically with LA-
phonons (yellow arrows). As shown in this schematic, the energy distribution of
electrons within the conduction band is larger than the one for holes in the valence band.
This effect is associated with the low effective mass of electrons in the InAs QW and
large effective mass of holes in the AIAsSb barrier material. As a result, it is expected
that the electrons will be hotter (with a larger thermal distribution) than the holes in this

system. [27, 32]

When the excitation power increases, more LO-phonons are created due to the
increase in the hot carrier generation rate, which creates an imbalance between the LO-
phonon and LA- or TO-phonon populations. As a result, the generation of non-
equilibrium LO-phonons creates favorable conditions for a phonon-bottleneck effect in
the system. [27, 33] Figure 5.7 (b) depicts the absorption recombination process with
respect to momentum space to further clarify how hot carriers lose excess kinetic energy

through the sequential emission of LO-phonons.

To further consider the effect of electron-phonon and phonon-phonon interactions in
the InAs/AlAsSb system, Raman spectroscopy was performed along with DFT
calculations (by Professor Bin Wang — CBME OU). Figure 5.8 shows the results of
density functional theory (DFT) calculations for (a) AISb and (b) InAs compounds,
respectively. AISb is considered for simplicity (instead of AIAsSb) since the differences

in performance is considered negligible when considering the low concentration of As
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(16%) in the ternary compound. It is assumed, therefore, that bulk AlSb provides a first

order description of the phonon dispersion relation in the system under investigation.

In Figure 5.8, there is a large offset in the phonon energy between AISb barrier and
InAs QW materials at the I" point (k = 0), where radiative recombination and LO-phonon
emission (or absorption) predominantly occur. The LO-phonon energy of InAs is 29
meV and the green shaded region shows the phononic band gap between optical and

acoustic phonons in the system (See Figure 5.8 (b)).
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Figure 5. 8. DFT calculations for AISb (a) and InAs (b) bulk materials. Density of states and
phonon dispersion for both systems are shown. The shaded regions show the phononic band gap
between LO and LA phonons. [Reproduced from: Esmaielpour, H., et al. "Enhanced hot
electron lifetimes in quantum wells with inhibited phonon coupling." Scientific reports 8, no. 1

(2018): 12473.] [27] (Acknowledged: Dr. Bin Wang)

As has been described, in polar semiconductors anharmonic coupling between the
optical and acoustic modes is driven by either Klemens or Ridley processes. In InAs,

the Ridley mechanism is negligible due to a strong mixing between LO— and TO-
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phonons. [16] In contrast, the Klemens interaction in InAs is significant due to the
coupling between optical and acoustical phonons that is specifically associated with the
small difference in atomic mass between the anion and cation in polar materials; thus,
the small phononic band gap in InAs. In general, the Klemens channel is inhibited if the
energy of LO-phonons in the system is larger than twice the LA-phonon energy
(hwpo/hw; 4 > 2). The ratio between optical and acoustic phonon energies in InAs is

close to 1 (hw,o/hwy4 ~ 1) resulting in a strong Klemens process in bulk InAs.

However, for AISb there is a large phononic band gap (see Figure 5.8 (a)), due to the
large difference between anion and cation mass in this system. Indeed, the ratio of LO-
phonon energy to LA-phonon energy (hw,o/hw;4 ~ 1.9) is approximately 2 in AISb.
This indicates that Klemens thermalization for AISb is inhibited or weak. A further
consequence of this is property is that AlSb is also a poor thermal conductor. [34] As
shown in Figure 5.8 (a) and (b), there is a large mismatch between the LO-phonon
energies of InAs and AISb at the interface. This discontinuity contributes to an
impedance mismatch at the interface and the inhibition of heat propagation from the

InAs QW into the AISb barrier material. [32]

To further consider the role of the phonon mismatch in the InAs and AlAsSb layers
and the origin of the stable hot carriers in this system, Raman spectroscopy was
performed to investigate the nature of the LO-phonon energies of the MQW. Raman
spectroscopy was performed using a Witec (Ulm) system at the University of Tulsa.
Figure 5.9 shows Raman spectra for a GaAs substrate (black line), a bulk reference InAs
layer (red line), an AlAsxSbh1.x epilayer (green line) — all materials that comprise the full

MQW sample, which is also shown by blue in Figure 5.9 in blue.

151



It is evident that the LO-phonon energies of AI(As)Sb epilayer and InAs buffer
materials are well separated, which confirms the large difference determined with DFT
calculations (Figure 5.8 (a) and (b), respectively). Also, the shoulder of the low energy
AlAsSD epilayer (green spectra) confirms the assumptions made in using AlSb for those

calculations — there is only a small change in the peak position of AlSb as compared to

AlASSD.
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Figure 5. 9. Raman spectra for GaAs substrate (black), InAs buffer layer (red), AlAsxSbi«
epilayer (green), and the InAs/ AlAs,Shix MQW structure (blue) at 300 K. [Reproduced from:
Esmaielpour, H., et al. "Enhanced hot electron lifetimes in quantum wells with inhibited phonon
coupling.” Scientific reports 8, no. 1 (2018): 12473.] [22] (Acknowledged: Dr. Echo Adcock-

Smith, Dr. Kenneth P. Roberts)
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The Raman spectrum of the InAs/AlAsSb MQW structure (blue line) in Figure 5.9 is
dominated by the peak associated with the LO-phonon energy of the MQW structure. It
is evident that the MQW peak is near resonant with that of the InAs buffer (close to the
one for the strained InAs) LO-phonon energy. In addition, there is a small peak
associated with AlAsSb barrier material, which supports the hypothesis that the
dominant phonon processes (or thermalization) occurs within the InAs QW rather than

in AlAsSDb. [12, 27]

Both theory and experiment show that the InAs/AlAsSb system has unusual properties
that support the presence of stable hot electrons in the system. This appears related to a
combination of longer-lived hot electrons within the INnAs MQW (due to the spatially
separated photogenerated charges in the type-11 heterostructure) as well as, inhibited
phonon dissipation and heat transport away from the active region due to a thermal
mismatch at the QW/barrier interface. Here it is suggested that the reabsorption of low
energy LA-phonons (heat) within the InAs QW may further support the formation of a
stable LO phonon bottleneck (therefore hot electrons in the system) [27] a mechanism,

which has also been observed recently in the related GaAs and CdSe systems. [35]

To infer further physical information regarding the carrier cooling processes
particularly with respect to LO-phonon emission and lifetime a simple relationship
between thermalized power and LO-phonon scattering mechanisms can be considered.
[36] For a system where the dominant cooling process is associated with LO-phonon
emission, it is possible to model hot carrier cooling process via LO-phonon Frohlich

interactions using Equation 5.2 and to determine the scattering lifetime of LO-phonons.
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Here, a stable non-equilibrium hot LO-phonon distribution created by long-lived hot

carriers is model by: [36]

Py, = ETLmO (exp (— %&) — exp (— %)) (5.2)

where Py, is the thermalized power associated with LO-phonon scattering, E;, the LO-
phonon energy for the InAs QW (29 meV), t,, the effective LO-phonon scattering in
the system, kg the Boltzmann constant, T, the carrier temperature, and T, the lattice
temperature. Equation 5.2 represents the amount of LO-phonon scattering during
thermalization in the InAs/AlAsSb QW investigated. Since in PL spectroscopy no

electric power is extracted, the absorbed power is equal to thermalized power.
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Figure 5. 10. (a) Inverse of carrier temperature versus inverse of lattice temperature for the InAs
MQW structure. (b) The exponential of the inverse of carrier temperature versus exponential of
lattice temperature following the relationship in the Equation 5.2. [Reproduced from:
Esmaielpour, H., et al. "Enhanced hot electron lifetimes in quantum wells with inhibited phonon

coupling."” Scientific reports 8, no. 1 (2018): 12473.] [27]
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Figure 5.10 (a) shows the inverse of the carrier temperature extracted from continuous
wave PL versus the inverse of the lattice temperature. In this experiment, the sample
was excited by a He-Ne laser (633 nm) at three different excitation powers, as indicated
in the graph. According to the amount of power absorbed in the system, the number of
photogenerated carriers are calculated based on two assumptions: 1) there is one
electron-hole pair created per photon, and 2) the radiative recombination lifetime for the
photogenerated carriers at all temperatures is ~ 1 ns, which is consistent with the carrier
lifetime extracted from the ultrafast TR-THz spectroscopy. As a result, the
photogenerated carrier density in the system for low, medium, and high excitation
powers were calculated and determined to be: 4.0 x 10*2 cm, 5.2 x 102 cm2; and 5.7
x 10 cm, respectively. Figure 5.10 (b) shows an alternative representation of the
relationship between Tc and Ti; the exponential component of Tc as a function of the
exponential component of T.. According to Equation 5.2, the extracted y-intercept from
the graph is proportional to LO-phonon scattering lifetime (z.¢¢) in the system. The
extracted 7. for the experimental results is 1.9 ps, which is an order of magnitude
higher than that typically observed in bulk 111-V semiconductors. [27] This is a further
support for the existence of long-lived non-equilibrium hot LO-phonons in the InAs

MQW structure presented.

Conclusion

In conclusion, strong hot carrier effects have been measured in a type-Il
INAs/AlASxSb1x MQW structure at temperatures above 100 K. The origin of this

behavior is attributed to a combination of the type-11 band alignment (longer hot carrier
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lifetime) and the disparate phononic properties at the InAs QW and AlAsSb barrier
inhibit the dissipation of heat (thermalization process) from the system. Specifically, it
IS suggested that the poor thermal conductivity in the AIAsSb barrier inhibits the transfer
of heat from the QW. Although more direct evidence for this effect is required, the data
and theory are consistent with this hypothesis. Time resolved photoluminescence
(TRPL) and ultrafast transient absorption spectroscopy are now underway to further
investigate the origin of robust hot carriers in this system. Recent DFT calculations and
Monte Carlo simulations also indicate that transitions to higher order "X" and "L"

valleys may also be important.
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Chapter 6
Optoelectronic properties of type-1l1 InAs/AlAsSb

guantum well p-i-n diodes

6.1. Introduction

Hot carrier solar cells are one type of third generation photovoltaic device, which have
been proposed to increase the power conversion efficiency of single band gap solar cells
beyond the Shockley-Queisser limit (33%). [1, 2, 3] As has been discussed, a major loss
mechanism in photovoltaic devices is through heat generation, which occurs when
photogenerated hot carriers lose their excess kinetic energy via interactions with the
crystal lattice (phonons). Since the first proposal of the hot carrier solar cell by Ross and
Nozik in 1982, [2] there has been considerable interest in this type of solar cell. [4, 5, 6,
7, 8, 9, 10] However, there remain two main challenges for the realization of practical
hot carrier solar cells: (1) to design a hot carrier absorber, which inhibits heat loss
(thermalization); and (2) to extract photogenerated hot carriers rapidly i.e., before

thermalization occurs. [4, 5, 8]

To approach the first challenge various designs have been proposed. [11, 12, 13] It
has been shown that nanostructures, such as quantum wells and/or quantum dots [14]
are potential candidates for hot carrier absorber applications due to the reduced
thermalization losses in these structures. [15, 16] In Chapter 3 and Chapter 4, the optical

properties and phononic properties of INAs/AlAsxSbix MQWSs were presented. Here, p-
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i-n diodes based on these InAs MQWs are presented to study and develop hot carrier

effects in device architectures.

6.2. Description of InAs/AlAsxSbix multi-quantum well diodes

A schematic of the InAs/AlAso.16Shoss multi-quantum well (MQW) structure
investigated is shown in Figure 6.1 (a). Two MQW structures with different
AlAsp 16Sho.gs barrier thicknesses (2 nm and 5 nm) were grown by molecular beam
epitaxy (MBE) onto semi-insulating (SI) GaAs (001) substrates. A p*-AlAsSbh buffer
layer (1000 nm) was grown on top of SI GaAs substrates to compensate the lattice
mismatch between the substrate and InAs QWs. Then, on top of the p"-AlAsSbh buffer
layer a thin intrinsic layer (50 nm) of the AlIAsSb barrier material was grown followed
by 10 InAs/AlAso.16Shoss QWS, which comprise the active region. The width of the
InAs QWs for both structures was 2.4 nm. Finally to complete the p-i-n structure, a 25
nm n*-InoesAlo.asAs layer followed by a 5 nm n*-GaSb cap were grown on top of the
MQW active region. The band energy diagram (at equilibrium) of an

INAs/AlASo.16Sbo.ea MQW device with 2 nm thick barriers is shown in Figure 6.1 (b).

6.3. Optical Characterization of the InAs/AlAsxSbix MQW Diodes

Continuous wave photoluminescence (PL) of the MQW structures was assessed using
an IR diode laser (1064 nm). The lattice temperature was controlled using a Janis close-
cycle system, which can operate between 4.2 K and 300 K. The temperature of the
sample was monitored using an Allen-Bradley thermistor. The excitation power of the

laser was controlled using reflective neutral density filters. The emitted PL signal from
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the sample was dispersed using a SPEX 270M spectrometer and detected by a liquid

nitrogen cooled Ge-photodetector.
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Figure 6. 1. (a) Schematic and (b) band energy diagram of (p-i-n) doped InAs/AlAsShix MQW
structure. The MQW region consists of 10 repetitions of InAs quantum-wells (2.2 nm) and
AlASsq 16Sbo s barrier materials. The thicknesses of AlAso16Sboss barrier for the two structures

are 2nmand 5 nm.

Figure 6.2 (a) shows the power dependent photoluminescence for an
INAS/AIASy 16Sbosa MQW structure with a 5 nm barrier at 77 K. The normalized
intensity of the PL spectra plotted on a logarithm scale is shown in Figure 6.2 (a). A
clear power dependence of the high energy tail of the PL spectrum is observed, which
is indicative of an increase in carrier temperature of the system. Figure 6.2 (b) shows
the temperature dependence of the peak energy as a function of P2 for the same sample.

A linear dependence with P is observed, which is indicative of type-I1 band alignment
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at all temperatures. Figure 6.2 (c) shows the temperature difference (AT: difference
between carrier and lattice temperatures) versus excitation power at temperatures
between 77 K and 300 K. It is evident that by increasing excitation power AT becomes
larger as more hot carriers are created and at 300 K the temperature difference is greatest
for all powers. [5, 9, 17] These properties demonstrate the presence of hot carriers in
the active region of the device architectures and enable the investigation of their effects

in the optoelectronic characteristics of the diodes.
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Figure 6. 2. (a) Excitation power dependent PL of 5 nm barrier thick MQW structure at 77 K.
(b) Peak energy versus PY* for various lattice temperatures. (c) Temperature difference (AT)

against excitation power.
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In addition to QW devices with 2 nm and 5 nm barriers, two similar MQW structures
(one doped and the other one undoped) were grown on a (001) p*-InAs substrate. The
thickness of AlAso.16Sho.ss barrier material for both MQW structures was 10 nm. The
band energy diagram of the MQW structures for these newer structures is shown in
Figure 6.3 (a). The band gap energy value for AIAsSb barrier material is 2.21 eV at
room temperature, as determined by NRL MultiBands®, [18] is associated with the
direct band gap value for this compound. Since this system is lattice matched, it is
possible to grow a thinner buffer layer prior to the MQW region and the quality of the

grown MQW is expected to be better.
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Figure 6. 3. (a) Band energy diagram of 10 nm barrier thick single InAs/AlASo.16Sboss QW
structure at 300 K. (b) PL spectra of doped (red) and non-doped (black) InAs MQW at 4 K.

Dash line shows where the cut-off energy is for the InGaAs-photodetector.

Figure 6.3 (b) shows a comparison between the PL spectra of the doped and non-
doped samples. As is shown in Figure 6.3 (b), the main peak (or the maximum) is very

close to the cut-off frequency (energy) of the InGaAs photodetector. In addition, it is

167



also evident that the emitted PL spectrum from the doped sample is much weaker than
that of the undoped sample. This behavior is attributed to the separation of
photogenerated charges due to the internal electric field in the intrinsic region of the
electrical device. Although the undoped sample has a stronger signal than the doped
device, its PL intensity is still relatively weak, even at 4.2 K. This is attributed to the
high quality (therefore reduced localization effects) of the type-I11 QWSs, which enables
rapid spatial separation of the photogenerated carriers in these devices. The low
intensity of the emitted PL signal and the limitation of the InGaAs photodetector inhibit
significant further investigation of optical properties of photogenerated hot carriers in
the systems. As such, the analysis focuses primarily on the optoelectronic properties of

the devices.

6.4. Current density-voltage (J-V) characterizations of InAs/

AlAs, Sb,_, MQW diodes

To study the electrical properties of the MQW diodes, metal (ohmic) contacts were
deposited on the n- and p-regions. To determine an optimum system (metal) of these
layers a comprehensive analysis of various metals and rapid thermal annealing (RTA)
conditions were assessed. For a comparative study of the n-region ohmic contacts, four
different metal contacts with low work functions were deposited upon the upper n*-
GaSb cap layer on four different samples from the device with 10 nm AIAsSb barriers.
[19, 20, 21] It is observed that the deposited metals did not "stick™ well on the samples,
especially prior to rapid thermal annealing (RTA). However, upon removing the GaSb

cap, a better quality of deposition was observed. The GaSb cap layer was therefore
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removed by wet chemical etching before full processing. As such, the four low work
functions metals were deposited (once more) on the exposed n*-InAlAs layer. [20, 21]
The thickness of deposited metals was ~ 120 nm, followed by a 30 nm gold (Au) layer
to improve the quality for subsequent wire bonding. For the back contact on the p*-InAs
substrate, a 120 nm gold layer is deposited for all samples. The deposited metal at the
p-layer was kept constant so as to compare the behavior of different contacts for the n-

region and to determine the optimum n-contact for these structures.
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Figure 6. 4. (a) Schematic of 10 nm barrier thick INnAs MQW structure with metal contacts. (b)
Comparison of dark current density-voltage (J-V) characteristics of 10 nm barrier thick samples
with different metal contacts deposited onto the n-region. Inset shows dark (black) and light

(red) J-V curves for processed sample with In/Au metal contact at the n-region.

Figure 6.4 (a) shows a schematic of the fully processed InAs MQW structure with the
10 nm thick AlAsSb barrier. Figure 6.4 (b) shows the dark current density-voltage (J-

V) characteristics (when no light is illuminated on the sample) of the structures
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comparing the four different metals deposited on the n*-InAlAs layer at 300 K. By
comparing the J-V curves of the MQW samples with the different contacts, it is clear
that the J-V characteristic associated with In/Au contact has the largest turn on voltage
(the extrapolated voltage value when a straight line parallel to J-V curve at forward bias
crosses the horizontal axis) as compared with the other metal contacts. In addition, the
amount of extracted current from this In/Au contacted sample is considerable, indicating
a lower contact resistance. As a result, the In/Au contact was selected for the n-layer of
the device. Although the extracted current in the dark from the MQW structure is large,
the amount of short circuit current density (J-) under illumination for this sample was
quite small, even at low temperatures. This is shown as an inset to Figure 6.4, which
shows the low temperature (77 K) dark (black) and light current (red) for the MQW
structure when a In/Au contact is used. This behavior suggests that it is necessary to
find a better contact for the back p-region and further optimize the RTA temperature to

improve the device performance.

Figure 6.5 (a) shows J-V curves for several different metal contacts on a p*-AlAsSb
epilayer. [20, 21] A schematic of the p*-AlAsSb epilayer with a metal contact is shown
in the inset of Figure 6.5 (a). For further solar cell processing, we have focused on
optimizing the ohmic contact of the p*-AlAsSb layer in order to have a direct
comparison among three samples with different barrier thicknesses (2 nm, 5 nm and 10

nm).

Upon optimization, it was determined that a thin layer of Ni (10 nm) deposited on the
p*-AlAsSb layer followed by 120 nm of AuGe alloy (88:12 concentration) produced a

high quality metal contact. When comparing other potential candidates for this contact,
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it was also observed that poor adhesion occurred for the alloys: Au/Zn/Au and Ni/Au,
which "peeled-off" at RTA temperatures above 350 °C. Moreover, it was observed that
the contact resistance measured for AuGe improved by three orders of magnitude when
annealed at 275 °C for 60 seconds. The improvement of the Ni/AuGe contact with
respect to the other potential contacts investigated is shown in Figure 6.5 (a). The
resistance observed for Ni/AuGe metal contact on the p*-AlAsSb epilayer is clearly less
than those of Au/Zn/Au and Ni/Au contacts. As a result, Ni/AuGe was selected as a

suitable contact for the p*-AlAsSb layer.
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Figure 6. 5. (a) Comparison of current density-voltage (J-V) curves for a p*-AlAsSb epilayer
with different metal contacts. Inset shows the schematic of a processed sample with Ni/AuGe
metal contacts. (b) J-V characteristics of 5 nm barrier thick InAs MQW structure with In/Au (n-

region) and Ni/AuGe (p-region) metal contacts at various RTA temperatures.

Figure 6.5 (b) shows the J-V characteristics for the MQW structure at various RTA
temperatures when In/Au (120 nm / 30 nm) and Ni/AuGe (10 nm / 120 nm) metal

contacts are deposited on n-region and p-region, respectively. It is observed that by
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increasing the RTA temperature up to 400 °C, the extracted Jg- increases and less
leakage (dark) current is observed. However, above 400 °C an increase in leakage

current becomes apparent.

The temperature dependent J-V for the p-i-n MQW structure with 10 nm barriers is
shown in Figure 6.6. A schematic of the processed solar cell is also shown as an inset
to Figure 6.6 (b). In this structure, a lateral contact is created by wet chemically etching
the sample down into the p*-AlAsSb layer using Hydrogen Fluoride (HF): Hydrogen
Peroxide (H202): DI Water (H20) (1 ml: 2 ml: 40 ml). This solution is not a selective
etchant for a particular layer and therefore all the layers in the structure are etched. To
create a mesa and enable a lateral contact in the AIAsSb region, the device was etched

for 13 seconds exposing a depth of ~ 700 nm.

The temperature dependent dark J-V curves for the 10 nm barrier INnAs MQW structure
are shown in Figure 6.6 (a). It is evident that as the lattice temperature increases the turn
on voltages for the J-V curves shift to lower values. This effect is consistent with the
reduction in the solar cell’s band gap energy. However, it is also evident that at elevated
lattice temperatures, the reverse leakage current increases. This behavior is indicative
of an increase in tunneling of the dark current. The origin of this behavior may be due
to: tunneling of the confined electrons within the QW into the n-doped material; or
tunneling of electrons (either from the n-doped material or from the potential well) into
the valence band of the p-doped material, which is similar to avalanche breakdown or
Zener tunneling. [22] Simulations using NRL MultiBands® show that by increasing the

width of the last barrier (next to the n-region), the amount of leakage current drops
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significantly; further supporting the hypothesis: that unintentional tunneling processes

are currently limiting the performance of these devices.
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Figure 6. 6. Temperature dependent (a) dark and (b) light J-V characteristics of 10 nm barrier
thick InAs MQW structure. Red dashed line in panel (b) shows the shape of J-V curve in the
absence of barrier effects. Inset in panel (b) shows a schematic of a processed InAs MQW
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Figure 6.6 (b) shows J-V characteristics of InAs/ AlAso.16Sbogs MQW structure with
10 nm barriers under solar illumination at 1 Sun (AM 1.5). In reverse bias Jsc saturates,
which indicates that all photogenerated carriers are extracted from the sample under
these conditions. In the reverse bias regime, the maximum photocurrent is
~ 1.5mA/cm? and stable after ~ — 0.25 mV. However, within the PV regime rather
than following the ideal response (dashed line) the curvature displays an inflection
point, with zero extracted current at V ~ 0.25 V. By further increasing the forward bias
voltage, the majority current density increases and the normal J-V response of a diode
is observed. The origin of this perturbation behavior in the PV regime is shown in Figure
6.7, where a schematic of a QW structure with the carrier (electrons) distribution

confined within the potential well is shown. [23, 24]
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Figure 6. 7. Schematics of a quantum well within the intrinsic region of a p-i-n structure at (a)

reverse, (b) forward, and (c) turn-on biases.
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Figure 6.7 (a) shows the band bending of a QW structure under reverse bias, which
creates large band bending and a decreased barrier due to the high internal electric field.
In this condition, photogenerated carriers (electrons) may tunnel through the barrier
material and reach the n-region. [22] As a result (especially for a narrow i-region and/or
larger values, the case here) in reverse bias, photogenerated carriers may tunnel from

the QW increasing the carrier extraction.

However, under low forward bias (see Figure 6.7 (b)) the amount of internal field is
reduced therefore, the confinement of photogenerated carriers (electrons) increases.
Under these conditions, fewer carriers tunnel through the barrier material, and most of
the carriers remain confined within the QW region. This is the condition at which the
inflection point is observed in the J-V curve. The existence of an inflection point is
important, because at this condition it is possible to study the electrical properties of the
hot carriers in the system, while the radiative recombination of photogenerated carriers
within the QW provides information about the temperature of the carriers in the active
region of the device. [23, 24] Figure 6.7 (c) shows a schematic of the band energy
diagram for the MQW structure at a turn-on voltage (flat band conditions), when the
majority carriers can freely flow across the junction and the diode is "on". Here, the
majority current dominates the operation of the device and the system no longer operates

as a solar cell.

Several other interesting properties are observed in the temperature dependent
behavior of the J-V characteristics, shown in Figure 6.6. Increasing the lattice
temperature from 77 K (black line) to 200 K (magenta line) results in a reduction in

open circuit voltage (Voc). This reduction in Voc is (somewhat) correlated with the
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shrinkage of the band gap energy as the lattice temperature increases. [25, 26, 27]
However, simultaneously the lattice temperature also decreases the short circuit current
density (Jsc). This behavior is not typical for group I11-V solar cells and implies an
increase of the dark saturated current (Jo) in the system with increasing temperature.
[26, 28] Moreover, it is evident that increasing the lattice temperature also significantly
reduces the strength of the inflection point and the quality of the diode characteristics in
the system. This indicates that increasing the lattice temperature not only facilitates the
escape of confined carriers within the QW, but enables direct tunneling across the
junction; thus, increasing the leakage current and removing the rectification properties

of the p-i-n diode.

Figure 6.8 shows temperature dependent J-V characteristics of the InAs/AlAS0.16Sbo.s4
MQW structure with 2 nm barriers. The temperature dependent dark J-V curves of the
sample are shown in Figure 6.8 (a). It is evident that by increasing the lattice temperature
that the turn-on voltage of the J-V shifts to much lower values. In addition, there is
significant leakage current at reverse bias, which increases dramatically at elevated
lattice temperatures. This effect increases significantly as compared to the sample with
10 nm barriers (see Figure 6.7). This further supports the hypothesis: that direct
tunneling limits the performance of these devices — since, having thinner barriers would

certainly enhance leakage, as is the case here.

In Figure 6.8 (b) shows the temperature dependent J-V for the InAs/AlAso.16Sho.a4
MQW structure with 2 nm barriers under 1 Sun (AM 1.5) illumination. At low

temperature (77 K — red) there is evidence of an inflection point in forward bias.
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However, this effect is not as strong as that observed for the MQW structure with a

thicker barrier (10 nm — see Figure 6.6 (b)).
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Figure 6. 8. Temperature dependent (a) dark and (b) light J-V curves of 2 nm barrier thick InAs
MQW structure from 77 K to 300 K. (c) Open circuit voltage (Voc) as a function of lattice

temperature. (d) Short circuit current density (Jsc) as a function of lattice temperature.
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The less pronounced inflection point for the thinner barriers is (once more) expected,
since the probability for carrier penetration through the barrier material is greater in the
sample with 2 nm barriers; increasing the lattice temperature results in a total removal
of the inflection point in the light J-V response, while the leakage current increases
significantly. The origin of this behavior is again attributed to tunneling of confined

electrons from the QW region into the valence band of the p*-AlAsSbh material.

Figure 6.8 (c) shows Voc versus lattice temperature for the InAs/AlAsSb QW with 2
nm barriers. As the lattice temperature increases, Voc decreases, which is attributed to
the dual effects of the reduction of the band gap energy and an increase in the dark

current with increasing temperature. [26]

Figure 6.8 (d) shows temperature dependent behavior Jsc for the MQW structure with
2 nm barriers. Increasing the lattice temperature results in a reduction in Jsc. This
behavior is atypical since, the band gap energy reduces as the lattice temperature
increases, which increases the absorption of low energy photons. [26] As such, an
increase in Jsc is expected with increasing lattice temperature, as more of the solar
spectrum is harnessed. However, Figure 6.8 (c) shows the opposite trend (i.e. reduction
in short circuit current density), which is presumably related to an increase in dark

current (Jo) with lattice temperature — the dark current floods the photocurrent.

Figure 6.9 shows temperature dependent J-V characteristics of InAs/AlASe.16Sbo.g4
QW structure with 5 nm barriers. Figure 6.9 (a) shows temperature dependent J-V
characteristics in the dark. The turn on voltage once more shifts to lower values with
increasing lattice temperature. The amount of leakage current also increases at elevated

temperatures, as the leakage current increases.
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Figure 6. 9. (a) Dark and (b) light J-V curves of 5 nm barrier thick MQW structure for various
lattice temperatures between 77 K and 300 K. (c) Open circuit voltage (Voc) against lattice

temperature. (d) Short circuit current density (Jsc) as a function of lattice temperature.

Figure 6.9 (b) shows temperature dependent J-V characteristics under 1-sun (AM 1.5).

Under high reverse bias (V< -0.5V) the extracted photocurrent is constant. However, as

179



the bias voltage increases, an inflection point is again observed in the forward bias
region, below the device turn on voltage. Increasing the lattice temperature removes the
inflection point as expected, as the photogenerated electrons tunnel through the barrier,
along with a decrease in Jsc above 150 K. Indeed, similar behavior was observed for
both the InAs QWs with 2 nm and 10 nm barriers. The effects and hypothesis for this
behavior are well supported by previous measurement of those samples. A comparison
between the J-V characteristics of the three devices with 2 nm, 5 nm, and 10 nm
AlAsq 16Shoss (barriers) at 77 K shows the inflection point at forward bias region is more
pronounced for the thickest barrier (10 nm) (compare the relative behavior in Figure 6.6
(b), Figure 6.8 (b), and Figure 6.9 (b)). This is expected because as the thickness of the

QW barrier is larger: fewer photogenerated electrons will escape the deep QW.

Figure 6.9 (c) shows temperature dependent behavior of Voc for the MQW structure
with 5 nm barriers. The Voc drops as the lattice temperature increases, a similar behavior
to what has been observed for the two other MQW structures (2 nm and 10 nm barriers).
The reduction of Voc is therefore (again) attributed to a combination of both the
temperature dependent change in the band gap and an increase in the dark leakage
current (Jo) as a function of lattice temperature in these architectures. [25, 29] Figure
6.9 (d) shows the temperature dependence of the Jsc for the 5 nm barrier structure under
1-sun illumination. The Jsc does not change significantly up to ~ 150 K, and then
decreases by increasing temperature. The reduction of Jsc (as a function of lattice
temperature) is consistent with that observed for the two other MQW structures. The

flattening of Jsc up to 150 K is due to a competition between an increasing contribution
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associated with shrinkage of band gap and an increase in dark saturation current

(tunneling) at elevated temperatures.
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Figure 6. 10. Band diagram of the InAs MQW with (a) 2nm, (b) 5 nm, and (c) 10 nm barriers.
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To further understand the nature of the J-V characteristics from the initial InAs MQW
devices with different barrier thicknesses, simulations were performed using NRL

MultiBands® and the results compared with the experimental data.

Figure 6.10 shows the band diagram for the InAs/AlAso.16Sho.ss MQW devices with
(@) 2 nm, (b) 5 nm, and (c) 10 nm barriers, respectively. The Fermi levels at equilibrium
in these structures are displayed in blue. For these simulations, the MQW region is
considered and shown as one large well in the individual band diagrams with effective

band gaps and properties calculated by NRL MultiBands®.

Figure 6.10 also shows comparisons of the experimental and simulated dark J-V data
for the (d) 2 nm, (e) 5 nm, and (f) 10 nm structures, respectively. It is clear that there is
significant leakage current at reverse bias in all the MQW structures. As shown in the
insets to Figure(s) 6.10 (d), (e), and (f), leakage current is evident in reverse bias for
both the experimental (black) and simulated (red) results. As discussed, the origin of the
leakage current for these samples is likely due to tunneling effects, which occurs across
the active region of the MQW structures. This tunneling is facilitated by quantum
tunneling by the conduction band electrons from the n-region into the valence band of
the p-doped material. This effect is similar to Zener-type effects, which are more
probable for highly doped p-n junctions with narrow depletion widths. [30, 31] The
amount of turn-on voltage predicted by the model is much larger than that observed in
experiment. This is attributed to the ideality of the material parameters and offsets
inferred in the simulation, which do not reflect completely either the experimental

inhomogeneities or tunneling processes. [32]
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Figure 6. 11. Excitation power dependent J-V characteristics of 2 nm barrier thick InAs MQW
structure at (@) 4 K and (b) 300 K. Insets in both panels show the expanded view of low

excitation powers J-V curves for the MQW structure.

Figure 6.11 shows the excitation power dependence (using a monochromatic diode
laser (1064 nm)) of the InAs/AlAsSb MQW device with 2 nm barriers at (a) 4 K and
(b) 300 K, respectively. The insets in Figures 6.11 (a) and (b) show a "zoomed-in"
region for the J-V characteristics (around V = 0 and J¢. =~ 0). As shown in the inset of
Figure 6.11 (a), at low excitation powers inflection points due to the localization of
photogenerated carriers (electrons) are evident. However, as the excitation power
increases the inflection point becomes smaller and at very high excitation powers it is
removed completely. In addition, it is also observed that at low excitation, the J-V curve
in reverse bias saturates, which is indicative of a low leakage current. However as
excitation power increases, the J-V curves show a large leakage current in reverse bias
(see black and red in Figure 6.11 (a)). Similar behavior is observed for all the MQW

structures studied. Previously the temperature dependent J-V characteristics for the
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samples displayed increasing leakage current in reverse bias region with increasing
temperature. Hence, there is a correlation between the increased lattice temperature
(thermal population of the carriers) and the excitation power: under both conditions, the
carrier distribution within InAs QWs increases and facilitates tunneling of localized

electrons from the QWs.

Figure 6.11 (b) shows excitation power dependent behavior of the MQW structure
with 2 nm barriers at 300 K. No inflection point is observed in the J-V characteristics of
the sample in the forward bias region. Moreover, the amount of leakage current in
reverse bias is large. Similar behavior has been observed for all other MQW structures
(different barrier thicknesses). The origin of this behavior is currently under further
investigation, but (again) it seems to be related to the thin active region and associated

high field across the intrinsic region.

To study hot carriers in the system, we performed a similar investigation to Hirst, et
al., [23] where localized photogenerated electrons within shallow InGaAs QW were
studied as a function of excitation power at low temperatures. It is expected that when
the excitation power increases, the hot carrier population within the quantum well
increases and therefore the photogenerated hot carriers can escape from the QW due to
their lower confined energy. It is possible therefore, to evaluate the hot carrier behavior
when the doped p-i-n MQW devices are under bias particularly, at the inflection point.
At this condition, both the photogenerated hot carrier temperature and extracted current
from the MQW structure can be measured by using a combination of photoluminescence
and J-V. Thus, any effects related to the hot carrier temperature can be correlated to the

electrical response of the device.
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Figure 6. 12. (a) Extracted short circuit current density (Jsc) from J-V characteristics of 2 nm
barrier thick MQW structure as a function of excitation power for various lattice temperatures.
Inset shows the expanded view for low excitation powers. Dash lines in the inset are indicative
of linear dependence between Jsc and P at low excitation powers. (b) Extracted open circuit
voltage (Voc) from J-V characteristics of 2 nm barrier thick MQW structure versus P/3. Inset
in this figure shows the expanded view of the graph at the range of excitation powers where a
linear dependence (which are shown by colored dashed lines) between Voc and P/3 is

observed.

Figure 6.12 (a) shows Jsc versus excitation power for various lattice temperatures for
the InAs AlASq.16Sbo.sa MQW with 2 nm barriers. With increasing excitation power, the
Jsc increases. The inset of Figure 6.12 (a) highlights the behavior at low excitation
powers. At low excitation power, there is a linear dependence on Jsc. This indicates that
at lower powers the percentage of photogenerated carriers, which can escape is constant.
This behavior is observed for all lattice temperatures. However with increasing the

excitation power, the linear dependence of Jsc is removed and begins to saturate as
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fewer photogenerated carriers are extracted. The origin of this behavior is tentatively
attributed to the presence of a non-radiative process such as Shockley-Reed-Hall (SHR)
and/or Auger recombination, which are dominant at higher excitation powers; although,

this requires further investigation.

Figure 6.12 (b) shows the excitation dependent Voc of MQW structure with a 2 nm
barrier versus P'/3 between 4 K and 300 K. The inset of Figure 6.12 (b) shows that there
is a linear dependence (shown by colored dashed lines) of Voc with P'/2 at low powers.
This linear dependence between Voc and P/3 is indicative of the blueshift that results
with increasing power from transitions created at the interface of the type-11 MQW (see
discussion in Chapter 4.3.1). In Figure 6.12 (b) it is also evident that by increasing the
excitation power Voc increases. For temperatures below 250 K there is a noticeable drop
in Voc at higher excitation powers. This effect becomes more pronounced as the
temperature decreases; at 4 K the threshold power is only ~ 2 mW. This reduction in
Voc (at higher excitation powers) is related to an increase in the dark saturation current
(Jo) with increased excitation and the subsequent increased leakage via tunneling of

carriers localized in the MQWs.

Figure 6.13 shows the temperature dependent concentrated J-V behavior for the
InAs/AIAsSSh MQW with 2 nm barriers at (a) 2 x AM 1.5 (2 Suns) and (b) 22 x AM
1.5 (22 Suns). At 2 Suns, there is an obvious inflection point due to the barrier effect
(see Figure 6.13 (a)). However as the lattice temperature is increased, this inflection
point becomes less pronounced and a large leakage current is observed in reverse bias.
At higher suns concentration (22 Suns, see Figure 6.13 (b)), there is no significant shift

in the Voc between 77 K and 300 K, while the J-V characteristics show large leakage
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currents in reverse bias, even at low temperatures. Similar behavior was observed with
monochromatic excitation laser (1064 nm) indicating that the high intensity excitation

of these concentration measurements facilitates significant leakage in the devices.
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Figure 6. 13. Temperature dependent J-V characteristics of 2 nm barrier thick MQW structure
at (a) 2 Suns (AM 1.5) and (b) concentrated (22 Suns) conditions. Inset in panel (b) shows dark

J-V characteristics of 2 nm barrier MQW structure.

Figure 6.14 shows J-V characteristics of the MQW (2 nm) at (a) 77 K and (b) 300 K
under various solar concentrations. In Figure 6.14 (a) at 2 suns (black line), the J-V
characteristic displays an inflection point in forward bias and full photogenerated carrier
extraction atV < —0.25V. As the illumination increases, Jsc increases, as expected.
However, Voc shifts towards lower values. This behavior is evident for all solar
concentrations, except at the highest concentration (cyan line) where both Voc and Jsc
shift to zero. Figure 6.14 (b) shows the J-V characteristics of InAs/AlAsSb MQW with
the 2 nm barriers at 300 K. It is evident that at room temperature Voc decreases with

increasing concentration. However, the Jsc increases at higher concentrations (except
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for the highest illumination). Figure 6.14 (c) shows the change in Voc versus solar
concentration for the MQW structure with 2 nm barriers at 77 K (black squares) and
300 K (red circles), respectively. It is observed that increasing the concentration causes
the Voc to drop for both lattice temperatures (77 K and 300 K). As has been discussed,
this large drop in Voc values is correlated with an increase in leakage current or

enhanced dark current across the junction. [32]
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Figure 6. 14. J-V characteristic of 2 nm barrier thick MQW structure at various solar
concentrations at (a) 77 K and (b) 300 K. Extracted Voc and Jsc of the MQW structure are shown

in panels (c) and (d), respectively.

Figure 6.14 (d) shows Jsc versus solar concentration at 77 K and 300 K, extracted
from the data in panels (a) and (b), respectively. By increasing the concentration level,
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Jsc increases up to a maximum value. However, at very high excitation powers a drop
in Jsc is observed. The origin of this behavior is similar to behavior observed in several
samples. Recent simulations suggest that this is related to high temperature and/or
excitation induced tunneling (i.e., breakdown of the junction), which results in the loss
of rectification of the diode. New designs with thick blocking barriers support this

hypothesis.

6.5. External quantum efficiency (EQE) characterizations of

InAs/AlAsxSb1.x MQW diodes

Figure 6.15 (a), (b), and (c) show a comparison of the external quantum efficiencies
(EQEsS) of the InAs/AlAsSb MQW diodes with 2 nm, 5 nm, and 10 nm barriers at 80 K,
respectively. The red dashed lines in the graphs are a guide-to-the-eye to allow
correlation amongst various features in the samples. Figure 6.15 (d), (e) and (f) show
the associated band energy diagrams of the MQW structures at 80 K. Also shown in the
band diagrams of the samples are all possible optical transitions that may occur in these
systems. Although the difference in barrier thickness changes the amount of total
confinement within the QWs, it is still possible qualitatively to compare the optical

transitions (which is observable in EQE graphs) in these three devices.

The transition (E1) at ~ 0.85 eV, is close to the simulated spatially indirect transition
across the QW ground state. This transition is observed as a shoulder in EQE and its
position varies slightly for each MQW sample as expected due to the difference in
barrier thicknesses; the energy of the QW ground state transition is slightly lower when

the barrier thickness increases. [33]
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Figure 6. 15. External quantum efficiency (EQE) of MQW structures with 2 nm (a), 5 nm (b),
and 10 nm (c) barrier thicknesses at 80 K. Red dash lines show where some features are in EQE
graphs. (d)-(f) show band energy diagrams of 2 nm, 5 nm, and 10 nm barrier thick InAs/AlAsSb

QW structure at 80 K, respectively.
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The lowest energy spatially indirect transition for the QW structures is close to the
simulated result for this transition (e1-hh1) at 80 K, which is ~ 0.88 eV (see the green
arrows in Figure(s) 6.15 (d-f)). In addition, it is evident that the spatially indirect
transition for all the MQW structures does not change significantly, despite the

difference in barrier thickness (0.88 + 0.01 eV).

The transition (E2) at ~ 0.95 eV is attributed to the direct transition of the InAs QW
at 80 K. This energy is consistent with that determined from NRL MultiBands® at ~
0.94 eV (red line). The transition (E3) at 1.40 eV is associated with absorption in the
n*-InAlAs layer. While (E4) at ~ 1.50 eV (seen as a valley in experimental EQE of 2
nm and 5 nm barrier thickness samples shown in Figure(s) 6.15 (a-c)) is related to
absorption in the semi-insulating (SI) GaAs substrate. This feature is absent in the

sample with the 10 nm barriers since this device was grown on p*-InAs.

The fifth transition (E5) at ~ 2.65 eV is related to absorption in the p*-AlAsSb buffer
layer. The absorption peak at this energy is significant for all samples and reflects the
relative thickness (therefore absorption) of this material in all the devices. There are
slight shifts in the respective peak positions when comparing the individual samples.
This is attributed to the existence of strain in the system, which varies from sample to
sample. The transition calculated for the AIAsSb barrier occurs at ~ 2.29 eV at 80 K
(blue line) as shown in Figure 6.15 (d)-(f). This somewhat less than that observed
experimentally (see Figure 6.15 (a)-(c)). The origin of the difference between
experiment and simulation is still under investigation, but likely reflects inhomogeneity
in the system and/or coupling between direct/indirect or higher order valleys in the

system.
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Figure 6. 16. (a) Experimental and (b) simulation results of bias dependent EQE at 300 K for 5

nm barrier thick InAs MQW structure.

Figure 6.16 (a) shows bias dependent EQE of InAs/AlAsSb for a MQW device with
5 nm barriers at 300 K over the range -0.05 V to 0 V. It is evident that by increasing the
bias voltage from reverse to 0 V, the EQE decreases. In this MQW device, the reduction
in applied reverse voltage will reduce tunneling effects. As a result, less localized

carriers can escape through the barrier material into n-doped region. Figure 6.16 (b)
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shows simulation results of bias dependent behavior of the QW structure at three biases
(-0.5V, 0V, and 0.5 V). It is evident that the EQE peaks due to the QW region (both
direct transition at 1348 nm or 0.91 eV, and the spatially indirect transition at 1460 nm
or 0.85 eV) reduce by increasing the bias from -0.5 V to 0.5 V. This trend is consistent
with the one observed experimentally: the competition between majority and minority

carrier transport and photogenerated carrier confinement in the MQWs.
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Figure 6. 17. Temperature dependent EQE behavior for 5 nm barrier thick INnAs MQW structure.

Figure 6.17 shows temperature dependent EQE for the InAs MQW with 5 nm barriers.
It is evident that increasing the lattice temperature (T > 150 K) results in a reduction in
absolute EQE. Similar behavior is observed for all three MQW structures with
increasing lattice temperature. This effect is consistent with that observed for

temperature dependent J-V where the minority carrier extraction is overwhelmed by the
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dark leakage current at higher temperatures. Moreover, the fact that the EQE of 5 nm
barrier MQW samples does not change significantly below ~ 150 K also reflects the
effect observed in the light J-V for this sample’s characteristics (see Figure 6.9 (d)) —
where no considerable drop is observed for Jsc up to 150 K, prior to significant leakage

across the device.

Conclusion

In this chapter, the optical and electrical properties of several InAs/AlASo.16Sbo.ss
MQW p-i-n diodes with three different barrier thicknesses (2 nm, 5 nm, and 10 nm)
were assessed to evaluate possible hot carrier effects in their optoelectronic properties.
It is observed that at low temperature and excitation power (both monochromatic and
solar illumination) inflection points are evident in the current density-voltage
characteristics of all MQW structures — the effect of which increases as barrier thickness
increases (2nm to 10 nm). This behavior is attributed to strong localization of the
photogenerated carriers in the deep InAs/AlAsSbh MQWs in the active region of the pin
diode. However as the excitation power and lattice temperature are increase, this
inflection point is reduced indicating a significant decrease in carrier confinement and
direct tunneling across the intrinsic region of the device. This is evidenced by the fact
that at high excitation powers (as well as elevated lattice temperatures) large dark
leakage current is observed. Moreover, bias-dependent external quantum efficiency
(EQE) measurements of the MQW structures and as a function of lattice temperature
have been measured, as well as simulated. The simulations qualitatively reproduce the

experiment very well, producing several well defined optical transitions in the system.
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These results indicate that the thickness of the active region in the devices must be
increased and/or the implementation of blocking layers is required to prevent dark

leakage currents degrading the performance of these systems. A new set of devices are

now under investigation and will be reported soon.
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Chapter 7
Interface properties and non-idealities in InGaAsP and

InP quantum wells encapsulated in AlInAs

7.1. Introduction

The InxGaixAs1-yPy/In-Al1;As system has been developed for several applications
including lasers, photodetectors, and optoelectronic devices. [1, 2, 3] Here, the InGaAsP
quantum well (QW) system has been discussed previously (Chapter 4) to study the
effects of excited state transitions and photoluminescence (PL) linewidth broadening on
the determination of carrier temperature in hot carrier absorbers. This system has the
advantage that a large range of band gaps can be realized through changing the
composition of phosphorous (P) in the structure. Aty = 0.6, a transition from a type-I
to type-Il band alignment occurs, the valence band is 'degenerate’ at that composition.
[4] This design is analogous to the InAs/AlAsSh system presented previously, which
has been studied as a candidate system for hot carrier absorber applications. [5, 6, 7] As
such, the InxGai-xAs1yPy/In;Al1,As system provides a further test bed for the potential

of the validity of physical characteristics of type-11 systems for hot carrier applications.

The InGaAsP QW investigated is lattice matched with InP, and as such an InP cap
layer is typically grown on top of the structure to serve as an isolation layer to avoid
oxidation of the upper InAlAs layer. However, as has already been discussed the
interface between localized states that form between InP and InAlAs add features to the

PL spectrum emitted from the sample. In addition, these unintentional states that form
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at the interface can have different properties depending on in what order the materials
are grown: InP binary on InAlAs ternary, or vice-versa (InAlAs on InP). [8, 9] As a
convention in order to distinguish these two interface configurations, the interface
created between an InAlAs ternary material on top of an InP binary material is referred
to as the normal interface and the interface created between an InP binary material
grown on top of an InAlAs ternary an inverted interface. [8, 9, 10] It is expected optical
transitions or recombination at these two interfaces (normal and inverted interfaces)
should be similar. However, for this particular structure (InP/ InAlAs) the quality of the
inverted interface can be (again) affected by localized states at the interface. [9] At the
inverted interface, ternary layers of InAsxP1x on the order of a few monolayers are
created due to an exchange between As and P atoms at the interface. This is associated
with the difference in (larger) sticking coefficient of As compared with P [10] or as a
result of the blockage of absorption sites by As elements during growth. [11] The
transition created at this interface has an energy that is less than that of both InP and
InAlAs compounds. [8, 9, 10, 11, 12] However, it is possible the emission from this
inverted interface overlaps with the emission from the InGaAsP QW, which is the case

here degrading the quality (or purity) of the QW emission. [12]

To investigate the effects of InP cap layer on the performance of the sample, an as-
grown sample, which includes the typical InP cap layer is compared to one that has had

the InP cap removed.
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7.2. Experimental results: Sample structure and optical properties

The Ino.812Gao.188AS0.4P0.6/IN0.52Al0.48AS QW structure is grown on a p-type InP
substrate at 580 °C by metal-organic chemical vapor deposition (MOCVD). After the
deposition of a thick InGaAs buffer layer, a 200 nm InAlAs barrier material was
deposited in preparation for the active region. The active layer comprises a single
InGaAsP QW (20 nm) layer that is overgrown by a 200 nm InAlAs barrier layer. The
structure is completed with a thin layer of InP cap (10 nm) to isolate the Al-containing

layer.
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Figure 7. 1. (a) Schematic and (b) band energy diagram of InGaAsP/InAlAs single quantum
well structure. [Reproduced from: Esmaielpour, H., et al. "The effect of an InP cap layer on the
photoluminescence of an InGaAsP/InAlAs quantum well heterostructure.” Journal of Applied

Physics 121, no. 23 (2017): 235301.] [12]
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Figure 7.1 shows the schematic (a) and band energy diagram (b) of InGaAsP QW.
The band energy diagram of the QW structure shows an illustration of the graded layers
of the order of a few monolayers. In addition, there are two further transitions at the

inverted interface shown by red (11,) and green (1), respectively.
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Figure 7. 2. PL spectra of InGaAsP QW with (a) and without (b) InP cap layer at 4 K.
[Reproduced from: Esmaielpour, H., et al. "The effect of an InP cap layer on the
photoluminescence of an InGaAsP/InAlAs quantum well heterostructure.” Journal of Applied

Physics 121, no. 23 (2017): 235301.] [12]
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Figure 7.2 shows PL spectra of the QW structure at 4 K with (a) and without (b) the
InP cap layer. A comparison between panel (a) and (b) shows that removing the cap
layer results in the removal of some features evident in the full structure (i.e., with the
InP cap in place). The removal of several features when the cap is removed indicates
that these features are due to transitions at the inverted interface between the InP cap
and InAlAs barrier. However, despite these changes before and after etching the sample,
the transition associated with the QW (at 1.13 eV) remains intact and unchanged upon
removing the InP cap. In Figure 7.2 (a) there is, however, a shoulder on the low energy
side of the PL in the region of the QW (1.11 eV), which is attributed to the inverted
interface transition (11,). This is an example of how the transition due to the localized
states at the interface can affect the spectral quality of the emission from the QW. This
transition is not well understood, although Vignaud et al. [13] proposes its origin as due
to the creation of a thin InAs layer (~ a few monolayer) that forms with the ternary
(InAsxP1x) graded layers at the inverted interface. This InAs thin layer has a type-I band
gap, while the interface between the InP and InAlAs is type-Il in nature. [8] In Figure
7.2 (a) there is also a feature at 1.35 eV in the PL spectrum, which is related to a second
transition (I15) at the inverted interface. This feature has been observed previously [9,
10, 11] and is associated with a transition from the graded InAsxP1.x monolayers at the
inverted interface. Finally, emission due to the InP cap is also evident in Figure 7.2 (a)
at 1.48 eV. In the as-grown sample the transition due to InAlAs is observed as a shoulder
on the high-energy side of the PL spectrum due to the InP cap layer (see inset to Figure

7.2 (a)). Likewise, the structure at 1.52 eV in Figure 7.2 (b) is related to the InAlAs
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barrier, which along with the emission from the InGaAsP QW completes the very simple

emission spectrum for the cap free sample.
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Figure 7. 3. (a) As-grown InGaAsP QW PL spectrum at 4 K (a), 150 K (b) and 300 K (c).
Temperature dependent PL spectra at temperatures between 4 K and 300 K. (e) Peak energy
versus lattice temperature. Red, black and blue colors represent the inverted interface (11,), the
ground state QW and the first excited state transitions, respectively. (f) Peak intensity for
individual transition in system against lattice temperature. Inset in this panel shows the result of
Arrhenius plot for the data in panel (f). [Reproduced from: Esmaielpour, H., et al. "The effect
of an InP cap layer on the photoluminescence of an InGaAsP/InAlAs quantum well

heterostructure.” Journal of Applied Physics 121, no. 23 (2017): 235301.] [12]
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Figure 7.3 shows the temperature dependent PL spectra of the as-grown InGaAsP
QW. The QW ground-state transition energy occurs at 1.13 eV at 4.2 K (see Figure 7.3
(a)). In addition, a feature is also evident on the low energy side of the InGaAsP PL
(1.11 eV), which is due to the contribution of the inverted interface. Increasing the
lattice temperature (panel (b)) reduces the contribution of the localized states at the
interface. On the other hand, a shoulder due to the occupation of 1% excited state
becomes apparent and increases still further at 300 K (panel (c)). Figure 7.3 (d) shows
the full temperature dependent PL spectra of the as-grown QW between 4 K and 300 K.
There is a clear redshift in the PL peak position as temperature increases. In addition,
the shape of PL spectrum changes with increasing temperature (see panels (a) to (c)).
At lower temperatures, the features associated with the localized states at the
AlInAs/InP interface are observed on the low energy side of PL spectra, but lose
intensity as T approaches 75 K. Above 150 K, a feature due to the first excited state in
the InGaAsP QW is observed and increases at elevated lattice temperatures. The energy
separation between the ground state and first excited state transitions is close to the

value determined by NRL MultiBands® (~ 36 meV).

Figure 7.3 (e) shows peak energy versus lattice temperature for all three features
observed in the temperature dependent PL spectra. The temperature dependent behavior
of inverted interface (11,) shows a redshift with increasing temperature up to 75 K,
above which it no longer contributes to the PL. The InGaAsP QW transitions from the
ground and first excited state are shown as solid black circles and solid blue triangles,
respectively. The red dashed line is the Varshni fit for this temperature dependent data.

Both ground state and first excited state transitions show redshifts with increasing
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temperature, which is consistent with the thermal expansion of the crystal structure. The

empirical Varshni model follows: [14]

T2
E(T) =Ey— 57 (7.1)

where a and f are constant parameters related to material properties of the
semiconductor, E, band gap at 0 K, and T the lattice temperature. By fitting the
experimental results for the ground state transition (black dots) with the Varshni
equation (Equation 7.1), a and 8 are determined to be 4.8 x 10~* eV /K and 360 K,
respectively. These results are comparable with those found for the same material and
reported in the literature. [15, 16] The extracted band gap values at T = 0 K, for the

ground and first excited state transitions are 1.135 eV and 1.151 eV, respectively.

Figure 7.3 (e) shows at low temperatures < 50 K, the change of peak energy does not
match the Varshni fit due to the existence of localized states in the system. Localized
states created in the system have energy levels below the semiconductor band gap and
recombination of carriers from these states create PL spectra with peak energies lower
than the energy of the fundamental band gaps. As the temperature increases carriers can
escape from these localized states and the PL shifts to energies associated with the

semiconductor band edge.

The change of peak intensities due to localized states (solid red squares), ground state
(solid black circles), and first excited state (blue triangles) transitions versus lattice
temperature are shown in Figure 7.3 (). The intensity due to localized states decreases
with increasing lattice temperature. This is further evidence that as the temperature

increases the contribution of the localized states decreases (at the inverted interface
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between InP cap and InAlAs barrier) and carriers redistribute to the band edges. Further
evidence for the transfer of carriers from the localized states to the QW is an increase in
the PL intensity of the QW up to 75 K, as the localized state emission quenches. The
reason for the increase in peak intensity between 15 K < T <75 K is once more attributed
to the thermal redistribution of charges from localized states into the ground state of the
QW. Above 75 K, the PL intensity quenches due to the increase in the contribution of

non-radiative recombination mechanisms at elevated temperature.

To investigate the temperature dependent behavior of the peak intensity of the QW
transition, an Arrhenius fitting is applied on experimental results using the following

equation: [17]

1(0)
1+Aexp(—Ey/kgT)’

I(T) = (7.2)

where I(T) is temperature dependent peak intensity, A is a constant, E, is the activation
energy, and 1(0) is the peak intensity at 0 K. The Arrhenius plot of the ground state
transition is shown in the inset to Figure 7.3 (f). This model is applied for temperatures
above 75 K, where a reduction in peak intensity is observed. At low temperatures (T <
75 K), it is not possible to apply Equation 7.2 due to non-idealities in the system. An
activation energy of 42 meV is extracted from this analysis, which is consistent with the
energy separation between the ground and first excited states in the QW (~ 36 meV) as

predicted by NRL MultiBands®. [18]

Figure 7.4 shows temperature dependent behavior of InGaAsP QW structure with the
InP cap removed. Figure 7.4 (a) shows the QW PL spectrum at 4 K, which (as expected)

does not show any transition due to the inverted interface at low energy. As the lattice
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temperature increases (see Figure 7.4 (b) and (c)) a shoulder becomes evident on the
high-energy side of PL spectra, which is associated with the excited state transition. The
PL at 300 K (Figure 7.4 (c)) also shows a low energy contribution of the InGaAs buffer
layer. Figure 7.4 (d) shows the temperature dependent PL between 4.2 K and 300 K.
The extracted peak energies versus temperature from these data are shown in Figure 7.4
(e). The red dashed line in this figure represents the result of fitting with the Varshni
equation (Equation 7.1). The extracted constants for this cap-less sample (a, 8, E,) are
consistent with those determined for the as-grown sample (with InP cap), which
indicates that the temperature dependent behavior of the QW peak energy is independent
of the InP cap. At low temperatures — despite the removal of the InP cap — there is a
deviation from the Varshni-dependence and evidence of an "s-shape" associated with
non-idealities in the system. Since interface states due to the InP/AllnAs system are
absent in this sample, the presence of localized states in the QW PL are attributed to
alloy fluctuations in the InGaAsP, which is not unusual in ternary and quaternary
materials having been observed in several other systems including AIAsSb and

GalnNA:s.

Figure 7.4 (f) shows the change of peak intensity versus temperature for the "cap-less”
InGaAsP QW. The PL intensity quenches monotonically as temperature increases and
it is possible to perform an Arrhenius fit of the full temperature range (see inset of Figure
7.4 (f)). However, three activation energies are required to adequately fit the data. The
first activation energy is ~ 0.58 meV (or 6.8 K), which is associated with the minima in

the "'s-shape™ behavior below 15 K.
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Figure 7. 4. PL spectrum for cap-less InGaAsP QW at 4 K (a), 150 K (b) and 300 K (c). (d)
Temperature dependent PL spectra for various lattice temperatures between 4 K and 300 K. (e)
Peak energy versus lattice temperature for the ground state QW transition. Dashed line shows
Varshni fitting with the experimental result. (f) Peak intensity versus lattice temperature for the
ground state QW transition. Inset of panel (f) shows the result of Arrhenius plot for the
experimental results. [Reproduced from: Esmaielpour, H., et al. "The effect of an InP cap layer
on the photoluminescence of an InGaAsP/InAlAs quantum well heterostructure.” Journal of

Applied Physics 121, no. 23 (2017): 235301.] [12]
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The second activation energy is ~ 10 meV, which is attributed impurity binding
energy. Finally, the third extracted activation energy is found to be ~ 42 meV, which is
the same value extracted for capped sample described above. This final energy is
consistent with the energy separation between ground and first excited state in the QW.
The similarity between extracted activation energy (42meV) for both samples (with and
without InP cap layer) indicates — once more — that the occupation of excited states

mechanism is independent of InP cap layer.

Figure 7.5 shows power dependent PL spectroscopy of both samples at 4.2 K and 300
K. The power dependent behavior of the as-grown sample at 4.2 K is shown in Figure
7.5 (a). At the highest excitation power (black line in Figure 7.5 (a)) emission from the
QW dominates, also, there is a low energy feature associated with recombination at
localized states at the inverted interface (I1,). As power is reduced, the contribution of
the QW decreases and (I1,) dominates the PL spectrum. The inset of Figure 7.5 (a)

shows the power dependence of the peak energies for both the QW ground state (solid
black circles) and (11, (solid red squares) versus P'/3. The linear relationship between
the QW peak energy and P'/3 confirms the type-11 band alignment for the QW.
Interestingly, the inverted interface transition also follows a type-11 band alignment
behavior, although it was expected this transition to have a type-I band alignment (see
the inset of Figure 7.5 (a)). [13] As proposed by Vignaud et al., [13] the inverted

interface transition (I1,) is perhaps associated with the formation of a thin layer (~ a

few monolayers) of InAs at the interface between the InP cap and the InAlAs barrier.
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Figure 7. 5. (a) and (b) excitation power dependent PL spectroscopy for as-grown (sample A)

and cap-less (sample B) InGaAsP QW structure at 4 K. Insets in both panels (a) and (b) show

peak energy versus P'/. Black and red colors in inset of panel (a) represent the ground state
QW and the inverted interface transitions (I1,). (c) and (d) excitation power dependent PL
spectroscopy for as-grown (sample A) and cap-less (sample B) at 300 K. Insets in panels (c)
and (d) show the results of peak energy versus excitation power. Black and blue colors represent
transitions associated with the ground state and the first excited state transitions. [Reproduced
from: Esmaielpour, H., et al. "The effect of an InP cap layer on the photoluminescence of an
InGaAsP/InAlAs quantum well heterostructure.” Journal of Applied Physics 121, no. 23 (2017):

235301.] [12]
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As shown in the schematic of the sample at the inverted interface region (see Figure

7.1 (b)), this thin layer of InAs would be type-I in nature. Since II, follows a p'/3
dependence here (see inset to Figure 7.5 (a)), it is likely the origin and composition of
this layer is much more complex than predicted — so that, alloy fluctuations and/or
impurities contribute to 11,. [12, 19] This is supported by the fact that there is a linear
dependence between the peak energy of 11, and the logarithm of excitation power. This
behavior is typically related to the spatially separated carriers due to alloy fluctuations

in the system. [9]

Figure 7.5 (b) shows power dependent PL spectra of cap-less sample at 4.2 K. At the
highest power the PL spectrum is symmetric, however, as the excitation power
decreases PL spectrum reveals the presence of an Urbach tail related to localized states
on the low energy side of the emission spectrum, which again is attributed to alloy
fluctuations in the InGaAsP and/or at the QW/AIInAs interface. [20] The inset to Figure
7.5 (b) confirms the type-Il band alignment of the system. The power dependent PL
spectra of the InGaAsP QW with InP cap layer at 300 K are shown in Figure 7.5 (c). No
evidence of the inverted interface transition is observed on the low energy side of PL
spectrum at 300 K. In addition, it is observed that the change in the peak positions of
both the ground state and first excited state transitions are small (see the inset to Figure
7.5 (c)). The InGaAsP QW has a quasi-type-l1l band alignment, therefore the
photogenerated holes can escape from the small confinement in valence band easily as
the temperature increases. When delocalized, the radiative efficiency increases since the
system is effectively in the quasi-type-1 regime. This reduces the P*® dependence

observed at lower temperatures. As a result, there is little change in peak energies for
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both transitions (ground state and first excited state) versus excitation power at 300 K
(see inset of Figure 7.5 (c)). Figure 7.5 (d) shows the power dependent PL of the cap-
less QW at 300 K. The first excited state is observed as a shoulder on the high-energy

tail of power dependent PL associated with the ground state of the QW. [12, 19]

7.3. Excitation power photoluminescence (PL) spectroscopy of

InGaAsP and InP single quantum wells

Figure 7.6 (a) and (b) show PL spectra at 4 K for both InGaAsP and InP single
quantum well samples, respectively, grown upon an n-type InP substrate. The insets of
these two panels show the band energy diagrams of both samples at 300 K calculated
using NRL MultiBands®. In Figure 7.6 (a) there are two peaks at 1.11 eV and 1.13 eV,
which are related to the inverted interface (11,) and the QW transitions, respectively; an
in-depth discussion about these transitions have been discussed in Section 7.2. The peak
at 1.35 eV is related to a second transition at the inverted interface (I15) created between
the InP cap and InAlAs barrier materials. The features at 1.48 eV and 1.51 eV are

associated with InP cap and InAlAs barrier, respectively.

Figure 7.6 (b) shows the PL spectrum of the InP QW structure at 4 K. The band energy
diagram of the sample is shown in inset to this figure. The InP QW band energy diagram
indicates that the ground state energy level is at ~ 1.225 eV at 300 K. However, the
experimental transition for the ground state of the InP QW is at a lower value of ~ 1.118
eV at 300 K, which reflects the complexity and non-idealities or the experimental

system relative to the idealized case/parameters used in the simulation.
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Figure 7. 6. PL spectra of (a) InGaAsP and (b) InP single quantum well structures at 4 K. Insets
in each panel show the associated band energy diagram of the quantum well structures in each

panel.

The feature at 1.3 eV in Figure 7.6 (b) is attributed to the inverted interface transition
between the InP cap and the InAlAs barrier materials, as this transition is unlikely
related to the occupation of excited states since its energy separation is of the order of
100 meV (which is considerably larger than that determined by simulation (~ 30 meV)).
Moreover, the transition this 1.3 eV transition is only present at low temperatures,
quenching at higher temperatures. This behavior is opposite of what it is expected for
occupation of excited states because the probability of excited state transition increases
as carriers receive more thermal energy. [19] The features at 1.46 eV and 1.49 eV are
related to the InP cap and InAlAs barrier material, respectively. The transitions related
to cap and barrier materials occur at values lower than the InGaAsP QW. This is
attributed to the subtleties of the growth conditions, strain introduced into the system,

and/or clustering of the group Ill-elements (Al, In). [9, 11]
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The transitions due to the inverted interface (at 1.11 eV) and the InGaAsP QW ground
state (at 1.13 eV) have been discussed comprehensively in Section 7.2. Here, the power

dependent PL of a second inverted interface transition in the capped InGaAsP QW
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structure observed at 1.35 eV is evaluated at 4 K (see Figure 7.7). As discussed, these
inverted interfaces are created when a binary material (InP) is grown on top of a ternary
material (INAIAS). In these systems, the relative larger sticking coefficient of As than P,
coupled with As-P exchange at the interface, result in graded monolayers of InAsxP1.x,
which form a so-called inverted interface between InP and InAlAs layers. This results
in the absence of an abrupt normal interface between the InAlAs ternary and the upper

InP binary material. [9, 10, 11, 12]

Figure 7.7 (b) shows the change of peak energy versus excitation power. With
increasing power, considerable change in peak energy and shape from £ is apparent.
There is also an abrupt change in the peak energy at low excitation powers (before ~
2.5 mW); thereafter the effect of excitation power on the peak energy slows. The inset
of Figure 7.7 (b) shows the linear dependence of the peak energy of £ as a function of
natural logarithm of the excitation power. The origin of this behavior is associated with
indirect transitions at the inverted interface. In general, for indirect transition in real

space, the transition probability is determined by the square of momentum matrix

element (|(‘Pf(k||)|e.grad|‘Pjhh(k”))|2) multiplied by the square of electron and hole

wave packet overlap integral (|(¥f (k) |¥/" (k”))|2) multiplied by the electron and hole
occupation probability. In this situation, the electron-hole wavefunction overlap
changes exponentially (|(‘P{3(k")|lehh(k”))|2 ~ e~4/% ¢, = Const.), with spatial
separation d. Therefore, the transition probability at the interface reduces exponentially
with distance d. In the case of an inverted interface, which is not abrupt (unlike a normal

interface), the wavefunction overlap term becomes dominant. Consequently, saturation

at the largest separation occurs first. As reported by Boéhrer et al. [9] the excitation
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dependence of the peak PL energy for localized emission at a graded interface follows

the exponential behavior (P o ef). [8, 9]

Figure 7.7 (c) shows the excitation dependent linewidth broadening of the PL spectra
of g shown in Figure 7.7 (a). The FWHM increases with excitation power, and
(approximately) saturates at higher intensities. This broadening reflects the
inhomogeneity of the system and several competing transitions and levels at the inverted

interface (see Figure 7.6 (b)).

Normal Interface Inverted Interface
InP InAlAs InAlAs InP
(a) Growth Direction Growth Direction (b)

Figure 7. 8. Schematics of band bending at normal (a) and inverted (b) interfaces.

Although the materials involved at both the normal interface (InAlAs ternary on InP
binary materials) and inverted interface (InP binary on InAlAs ternary materials) are the
same, these two interfaces do not have the same optical transitions. One of the main
differences between these two structures is related to the existence of graded monolayers
of an InAsxP1.x ternary (or InxAl1xAsyP1.y quaternary) at the inverted interface. [9, 11]
These extra layers increase the recombination energy at the inverted interface while the

normal interface is abrupt with strong band bending due to Coulomb interactions. As a
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result, the energy due to the inverted interface transition occurs at higher values than
that of the normal interface. [9, 10] The schematics of band energy diagram at normal

and inverted interfaces are shown in Figure 7.8 (a) and (b), respectively.

Figure 7.9 shows power dependent study of the InP QW structure at 4.2 K. Figure 7.9
(a) shows the normalized PL spectra of the ground state transition of the InP QW and
the inverted interface transition at 4.2 K. The inset in Figure 7.9 (a) shows a magnified
region of the normalized spectra for the region around the inverted interface transition.
Both peaks in Figure 7.9 (a) are blue-shifted with increased excitation power. In
addition, at lower excitation power an additional feature on low energy side of the QW
PL spectrum is evident, whose contribution becomes negligible with increasing power.
This lower energy feature is attributed to Urbach processes that are saturated at elevated

powers.

The excitation dependence of the peak energies extracted from the PL shown in Figure
7.9 (a) are shown in Figure 7.9 (b) and (c), respectively. Although the peak energy of
both transitions change in a similar manner with excitation power, their origin is

somewhat different. The inset of Figure 7.9 (b) shows the peak energy change of the

ground state transition versus P'/3. The linear dependence shown in inset is indicative
of a pure type-11 band alignment transition at interface. The inset of Figure 7.9 (c) shows
the change of peak energy transition due to the inverted interface versus natural
logarithm of excitation power. This transition has a linear dependence between peak
energy and In(P), which is indicative of indirect transition due to localized states at the

inverted interface.

221



Norm. Intensi

1.200F°

1.195

1

Energy (eV)

A 1.2 1.3 1.4
InP QW Energy (eV)

| T=4K L N

L Inverted 1 ]

| aw Interface ] 2
@

L Transition s ]
[=

- g—
S
S |

Qw - - Inverted 41.30
Transition Interface o~
[ >
L - 3
B - a = 128 o
L] 2
m = - ‘,:,
" St . 3 126 W
- 5 -~ w
= W1.190 . x S
K s =
©1.183 - o 1.24
(b) i [ ale)
Qw L | Inverted . 145
Transition Interface =
- - lao &
n = E
- [ {35 =
- =
B = T
i . . g - {30 =
= - T
{25
Ll ] -
= (d) " (e) | 5.
0 10 20 30 0 10 20 30

Power (mW)

the inverted interface transitions, respectively.

222

Power (mW)

Figure 7. 9. (a) Normalized PL spectra of InP QW at 4 K at various excitation powers. Inset in
panel (a) shows the zoom-in region of the inverted interface transition for various excitation
powers. (b) and (c) Peak energy versus excitation power for the ground state QW and the

inverted interface transitions. Insets in panels (b) and (c) show the QW peak energy versus

(P1/3) and the peak energy of the inverted interface transition versus Ln(P), respectively. (d)

and (e) Line-width broadening as a function of excitation power for the ground state QW and



As the excitation power increases, the linewidth of both transitions become larger and
no saturation is observed (see Figure(s) 7.9). To quantitatively investigate the linewidth
broadening of both transitions within the convoluted PL spectra, the half width at half
maximum (HWHM) of the low energy side of the ground state transition and the high
energy side of the inverted interface transition are considered, as shown in Figure 7.9
(d) and (e), respectively. By comparing the linewidth broadening of inverted interface
transitions emitted from InGaAsP QW (Figure 7.7 (c)) and InP QW (Figure 7.9 (e)), it
is evident that the linewidth broadening in InGaAsP QW saturates at lower excitation
density than the InP. This suggests the density of states for localized states at the
inverted interface in the InGaAsP QW structures is lower than that in the InP QW

sample.

Figure 7.10 (a) shows normalized power dependent PL spectra of InGaAsP QW at 4
K, which shows no change in shape and/or peak position the transitions related to the
InP cap at 1.48 eV or the InAlAs barrier material at 1.51 eV. This power independent
behavior for peak energy is consistent with the type-1 nature of these transitions.
Moreover as expected, there is also no change in the peak positions of InP cap (1.46 eV)

and InAlAs barrier (1.49 eV) in InP QW sample (Figure 7.10 (b)) for the same reason.

Figure 7.10 (c) and (d) show the FWHM of the convoluted PL spectrum of InAlAs
and InP cap transitions for both samples. It is observed that the linewidth stays the same
for a wide range of powers, which is indicative of high quality materials. [10] However,
an increase in the PL linewidth of the InP QW is observed for lower powers, as shown
in Figure 7.10 (d). This is the result of the small increase in the contribution of low

energy InP cap layer at low excitation powers as compared to the InAlAs transition.
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Figure 7. 10. (a) Normalized PL spectra of InGaAsP QW sample due to the transition at InAlAs
and InP cap materials at 4 K. (b) Normalized PL spectra of InP QW sample focused on the
region due to InAlAs transition at 4 K temperature. (¢) and (d) Full width at half maximum of
the PL spectra as a function of excitation intensity for InGaAsP QW and InP QW sample,

respectively.

7.4. Polarized photoluminescence (PL) spectroscopy of the

guantum well structures

Figure 7.11 (a) shows polarized PL spectra of InGaAsP QW structure at 4 K excited

at the highest power (OD0O0) of the He-Cd laser (442 nm). The black and red plots
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represent two different PL polarizations probed when a linear polarizer is placed parallel
and perpendicular to the [011] direction, as defined by the growth direction of the

sample.
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Figure 7. 11. (a) and (b) Low temperature (4 K) polarized PL spectra of InGaAsP QW for two
different excitation powers. Black and red colors represent two perpendicular orientations of the

polarizer aligned with [011] and [01 — 1] directions, respectively.
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As seen in Figure 7.11 (a), there is a change in intensity for the InGaAsP QW, InP
cap, InAlAs barrier, and the inverted interface (11, and I1z) transitions with rotation of
the polarizer. Figure 7.11 (b) is a similar measurement on the same sample but for low
excitation power (OD300). Under these conditions, the peak associated with the ground
state QW is absent from the spectrum. However, there is still emission and polarization
dependent behavior in the PL from both the inverted interface transitions (11, and I1g).
When considering the feature at higher power related to the InP and InAlAs, there are
clear differences at low and high powers. At low power (see Figure 7.11 (b)) no
polarization is evident. However, at higher powers (see Figure 7.11 (a)) a small
polarization is evident in both transitions. This power dependent behavior of the InP and
AlInAs transition is unusual and not fully understood. However, there appears to be
effects due to compositional mixing and/or strain affecting the behavior of the InP and

AlInAs, which requires further analysis.

The origin of polarized PL spectrum is probably due to the splitting of states in the
valence band. [21, 22, 23] This effect is enhanced in heterostructures due to quantum
confinement and strain, when the degeneracy of the valence band states is lifted. [24]
Under compression or tensile strain the energy separation increases, and sub-band
energy levels in the valence band move farther from the conduction band. [21]
Therefore, optical transitions from the conduction band to higher order energy levels in
the valence band become limited. The suppression of the conduction band to the light
hole state is observed in InGaAs/GaAs QW, where the compressive strain caused a shift
in the light hole sub-band in energy further from the conduction band. [22] In a larger

valence band splitting, the suppression of transitions to higher order energy levels in the
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valence becomes stronger and more polarization effect is detected in the emitted PL
signal. However, by increasing lattice temperature the thermal hole distribution between
the sub-band levels in the valence band becomes larger and transitions from multiple
valence band states to the conduction band becomes more probable. This effect results
a reduction in the polarization degree in the emitted PL spectrum as a function

temperature. [21]

To understand the origin of the polarization dependence of the QW and inverted
transitions, the orientation of the structure must be understood. A schematic of a
tetrahedral crystal lattice structure for InP/InAlAs/InP compounds is depicted in Figure
7.12 (a). The shaded planes represent those planes containing InAs-like bonds. In type-
Il heterostructures, the perturbation due to local biaxial strain can remove the
degeneracy of heavy hole states. Therefore, two sublevels due to excitonic dipoles can
arise along the [011] and [011] crystallographic directions. These two orientations are
orthogonal to the (100) growth direction of the substrate. Figure 7.12 (a) illustrates the
projections of [011] and [011] directions on the (100) plane, which are the normal and

inverted interface polarization directions, respectively.

Figure 7.12 (b) shows the peak intensity for the different features of the PL spectrum
as a function of transmission orientation of the polarizer. The peak intensity of the
inverted interface (I/1,) and the QW transitions (are shown in solid black circles and
solid red squares, respectively) rotate in phase to one another. However, the PL intensity

from the inverted interface (/15) rotates 90° out of phase form both the QW and I1,,.

This phase shift is due to the orthogonality of the InAs planes at the different InP/InAlAs
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interfaces. Similar behavior in the polarization dependence of inverted interface

transitions is also observed when assessing the low power PL (see 7.11(b)).
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Figure 7. 12. (a) Tetrahedral crystal lattice structure for InP/InAlAs, which creates normal and
inverted interface transitions. InAs planes, which are responsible for graded layers at the
interface are shaded. These planes are aligned in two orthogonal planes ([011] and [01-1]).
(Bohrer, et al. [9]) (b) Peak intensity of the PL spectrum of InGaAsP QW sample against the
transmission direction of the polarizer for the QW and the inverted interface (11, and Ilp)
transitions shown by different colors. It is seen that the polarization of the inverted interface

(11,) and the QW transitions are orthogonal to the polarization direction of the inverted interface

an

The relative intensity of the PL from the two orthogonal orientations of the polarizer
is indicative of a change in the degree of polarization for different excitation powers.
The degree of linear polarization for the system is given by: P = (I, — I,)/(I. + ),

where I, and I, represent the intensity of the parallel and perpendicular directions of the
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emitted PL, respectively. The degree of optical polarization, P with the various
transitions in the PL spectra is shown in Figure 7.13. Figure 7.13 (a) shows P for the

inverted interface (I1,) as a function of intensity at 4.2 K. As the excitation power

increase, so does the degree of optical polarization.
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Figure 7. 13. Polarization degree of the InGaAsP QW structure for (a) the inverted interface
(I15), (b) the QW, (c) the inverted interface (I1z) and (d) InAlAs transitions as a function of
excitation power. Inset in panel (c) shows the linear behavior of polarization degree versus

natural logarithm of excitation power.
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Figure 7. 14. (a) and (b) Low temperature (4 K) polarized PL spectra of InP QW for two different
excitation intensities (OD0OQ, and OD100). Black and red solid lines show PL spectra measured

at two orthogonal orientations of polarizer transmission.

Figure 7.13 (b) shows the excitation dependent degree of optical polarization for the
QW. Although this feature does show evidence of linear polarization, this effect is small.
The change in the degree of optical polarization for the inverted interface /15 is shown
in Figure 7.13 (c). Again, this transition shows a negligible polarization. However, the

small effect that does occur results in a decrease in polarization with excitation power.
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The inset of Figure 7.13 (c) shows that this effect also has a linear dependence with the
natural logarithm of excitation power. Although this trend is unusual, since the effect is
small, extra measurements and confirmation of the behavior are required before further
physical descriptions of this process can be considered. Finally, the excitation dependent
PL polarization of the InAlAs material is shown in Figure 7.13 (d). The effect on this
transition is negligible, with any changes in polarization within the error of the

measurements.

Figure 7.14 (a) and (b) show polarized PL spectra of InP QW at 4 K for two different
excitation powers. Black and red solid lines show how the PL spectrum changes when
the transmission direction of the polarizer rotates by 90° degrees. Similar to the one
observed previously for the InGaAsP QW sample, the PL spectrum is elliptically

polarized and polarizations of the QW and inverted interface transitions are out of phase.

The change in linear polarization degree for the features in the InP QW spectrum is
shown in Figure 7.15. It is seen that the polarization degree for the ground state QW
transition increases by excitation power (Figure 7.15 (a)), and it saturates quickly. The
same behavior was already observed for the polarization degree of the inverted interface
(I1,) and QW transitions for the InGaAsP QW sample. However, the saturation in the
polarization degree of the QW transition for InP QW structure occurs at lower power
values compared with the inverted interface (I1,) and QW transitions for the InGaAsP

QW.

Figure 7.15 (b) shows the polarization degree of inverted interface decreases by
increasing excitation power. This behavior has an opposite trend with the one observed

for the QW transition. The inset of this panel shows a linear change of polarization
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degree as a function of natural logarithm of excitation power (there is no theoretical
equation describing the linear dependence between polarization degree and natural
logarithm of excitation). Similar behavior is observed for the inverted interface (115)
transition in InGaAsP QW sample, see inset of Figure 7.13 (c). Figure 7.15 (c) shows
the polarization behavior of InP and InAlAs transitions, which does not show a strong

dependence to excitation power.
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Figure 7. 15. Low temperature polarization degree of (a) the QW (1st peak), (b) the inverted
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triangles) transitions, respectively.

So far, excitation power dependent spectroscopy of the InGaAsP QW and InP QW
samples at 4 K have been presented. Figure 7.16 shows PL spectra of InGaAsP QW at
various lattice temperatures between 4 K and 300 K. The expected redshift of the band

gap are observed according to the Varshni equation for all transitions. The peak shifts
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associated with 1[I, and/lz are also affected by the thermal population of

photogenerated carriers in localized states at these inverted interfaces.
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Figure 7. 17. (a)-(d) Peak intensity versus lattice temperature for the inverted interface (I1,) ,
the QW ground state, the first excited state, and the inverted interface (11) transitions of the

InGaAsP QW sample extracted from temperature dependent PL spectra (see Figure 7.16 (a)).
Black and red dots represent the PL peak intensities for two perpendicular directions of the

polarizer transmission.

Figure 7.17 shows the change of PL peak intensity for InGaAsP QW as a function of
lattice temperature for the two perpendicular orientations of the linear polarizer. The

solid black squares and solid red circles represent the PL peak intensities aligned along
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the [00-1] and [011] directions, respectively. The difference in peak intensities for two
polarizations becomes smaller as temperature increases; especially for the ground state
QW (Figure 7.17 (b)) and the inverted interface (I15) transition (Figure 7.17 (d)). The
physical explanation for this behavior is under investigation — however, this behavior
indicates that by increasing lattice temperature the polarization of optical transitions in

InGaAsP QW reduces, see Figure 7.18.

The difference in peak intensity for first excited state transition is shown in Figure
7.17 (c), it shows the relative difference between two peak intensities is constant over
the temperature range studied. Figure 7.17 also shows that /1 transition is out of phase
with all other transitions, at all temperatures. Moreover, when the orientation of the
polarizer is aligned along the [01 — 1] direction, the intensity of the ground state, first
excited state and the 11, (inverted interface) transitions are maximized; while, the

intensity of the /1 inverted interface is minimized.

Figure 7.18 shows the temperature dependent degree of optical polarization for the
various transitions evident in the InGaAsP QW. As shown in Figure 7.17, the degree of
optical polarization for all features is reduced with increasing lattice temperature, except
for the first excited state, which shows a small and constant degree of optical
polarization. The amount of change in polarization degree of the ground state QW

transition is 73 %, 10% for 11, and 28 % for I15. The large and decreasing polarization
of the QW and 11 imply the linear polarization of these samples is related to preferential

orientation along the [00-1] plane, which suffers from thermal redistribution and mixing

of the linear contributions at higher temperatures.
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Figure 7. 18. Polarization degree as a function of lattice temperature for (a) the inverted interface
(I1g), (b) the QW ground state, (c) the first excited state and (d) the inverted interface (/1)

transitions for InGaAsP QW structure.

Figure 7.19 shows temperature dependent PL spectra of the InP QW between 4 K and
300 K. The GS PL from this QW is evident at ~ 1.2 eV. A transition that has been
attributed to an additional layer formed by a few monolayers of graded InAsxP1.x at
InP/AlInAs interface is also evident ~ 1.3 eV. At low temperatures, the ground state
and inverted interface peaks are distinct; as the temperature increases, they become
more convoluted due to the thermally mediated redshift and broadening of both peaks.

Above 140 K, the contribution of the feature related to the InAsxP1x is quenched and its
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contribution is therefore negligible. The peak located at 1.48 eV is associated with the

InAIAS barrier and InP cap.
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Figure 7. 19. (a) Temperature dependent PL spectra of InP QW at temperatures between 4K and
300K. (b) and (c) Peak energy versus lattice temperature for the QW ground state and the

inverted interface transitions, respectively.

237



Temperature (K)

Temperature (K)

0 100 200 300 O 15 30 45 60
" [InP QW * Enorm 01111 [[InP QW| | = Enorm [011]
3 Em o ™ - ®
: - ]
S " L ®
S, 4500 | 1L ° » Inverted
2 "L n e o °
@ . ny Qw ¢ Interface
- ik
2 3000 % Transition n °
c .0.00 00. g L
~ ‘h& ) i . |
© e . . °
© 1500 | = . " . oa "
o o - L []
.... l.. . .
ol (3) o3ty || (b) .
800 |InP QW " Eporm [011] 7
e E,[011]
5 *
& 450¢ "
2 "o.
£ 300| X InAlAs
- L ]
c |}
x = e
§ 150 .,
L) °
() = W
0 1 1 1 1 1
0 10 20 30 40

Figure 7. 20. Peak intensity of InP QW structure as a function of temperature for (a) the QW
ground state, (b) the inverted interface and (c) InAlAs transitions, respectively. Black and red

dots are associated with peak intensities when polarizer transmission is aligned with [01 — 1]

and [011], respectively.

Figure 7.20 shows the temperature dependent degree of optical polarization for the
InP QW between 4 K and 300 K. The solid black squares and solid red circles represent
the intensity associated with two perpendicular polarizations, respectively. In Figure
7.20 (a), the peak intensity associated with the ground state of the QW increases up to
75 K (for both orientations) and then it drops due to increase in non-radiative processes.

The initial increase in peak intensity of the ground state QW transition is associated with
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thermal redistribution of photogenerated charges at the localized states within the

inverted interface and their diffusion into the QW region.

Figure 7.20 (b) and (c) show the change of peak intensities for the inverted interface
and InAlAs transitions as a function of lattice temperature, respectively. It is observed
that the peak intensity quenches for both transitions. However for the inverted interface,
there is a slight increase (or flattening) around 30 K, prior to further quenching of the
PL. This increase (or flattening) in peak intensity of the inverted interface is consistent
with the change in peak intensity of the QW transition (the QW peak intensity drops up
to 20 K, followed by an increase up to about 80 K); this effect confirms the correlation
between peak intensity change of the ground state QW and inverted interface transitions

due to thermal redistribution.

Figure 7.21 shows the change in degree of optical polarization (P) degree as a function
of lattice temperature for all optical transitions in InP QW. In Figure 7.21 (a) the P of
the QW increases with increasing lattice temperature. This behavior indicates that at
elevated temperatures the polarization of the PL from the ground state of the QW
transition is stronger than at low temperatures — the inverse behavior is observed for the
InGaAsP QW. The origin of this behavior is currently under further investigation to
determine if these properties are a function of the non-idealities of the samples or are
intrinsic to these systems. One hypothesis for the increase of polarization as a function
of lattice temperature can be attributed to larger separation of the sub-band states in the
valence band due to the local biaxial strain. [9] At this condition, when occupation of
higher order sub-band levels in the valence band is limited, the optical transition (PL)

from the conduction band to the holes in the lowest valence band state has the same
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polarization as the valence band state. In addition, by increasing the hole distribution in
the lowest energy level in the valence band at elevated temperatures the emitted PL
becomes more polarized with the same polarization as the occupied sub-band state in

the valence band. [21, 24]
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Figure 7. 21. Polarization degree versus lattice temperature for (a) the QW ground state, (b) the

inverted interface and (c) InAlAs transitions in InP QW sample.

Figure 7.21 (b) and (c) show temperature dependent P for the inverted interface and
InAlAs transitions, respectively. There is a slight decrease in P for the inverted interface
with increasing temperature as the photogenerated carriers escape localized states. [21]

Similar behavior is observed for the inverted interface of InGaAsP QW, as shown in
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Figure 7.18 (d). A slight increase in the polarization for InAlAs transition is observed

in Figure 7.21 (c), which is similar to the behavior of the InP QW (see Figure 7.21 (a)).
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Figure 7. 22. (a) and (c) Comparison between two perpendicular polarizations (shown by red
and black lines) for InGaAsP QW at 4K and 300K, respectively. (b) and (d) Comparison
between two perpendicular polarizations for InP QW at 4K and 300K, respectively. It can be
seen that as temperature increases, polarization effect for InGaAsP QW decreases, and at room
temperature, the PL spectrum has a negligible polarization effect. However, the polarization of
the emitted PL spectrum of InP QW increases by increasing lattice temperature and it shows

strong polarization behavior at 300K.
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Figure 7.22 shows a comparison of the PL for the two perpendicular polarizations at
4.2 K and 300 K for both the InGaAsP QW (a) and (c), respectively; and the InP QW
(b) and (d), respectively. For the InGaAsP QW at 4.2 K (panel (a)), there is a distinct
difference in the two PL spectra for the two perpendicular polarizations as shown in
black and red, respectively. However at room temperature (c), this difference is
significantly reduced. Figure 7.22 (b) and (d) show the comparison between two
polarizations for the InP QW at 4K and 300 K, respectively. There is strong polarization

at both low and higher temperatures for this QW.

Again, the strength and orientation of the polarization dependence of the InP versus
InGaAsP QW are under further investigation, both theoretically and with magneto-
optical spectroscopy. In these systems, the origin of polarization has been investigated
to determine and confirm the nature of inverted interfaces in the systems, which (as have
been discussed) have strong polarization dependencies. On closer inspection of the
spectra in Figure 7.22, there is some evidence that the coupling between the inverted
interfaces and the QWs — particularly in the case of the InP QW — may somehow
contribute to the polarization dependence of the QW emission. This will be further

studied and reported elsewhere.

Conclusion

In conclusion, the effects of interface transitions that result in InP and InGaAsP
systems when encapsulated in InAlAs have been studied comprehensively using
photoluminescence spectroscopy. It is observed that there are two additional optical

transitions that arise in these systems due to the inverted interface (I1, and Ilg) that is
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particularly prevalent when the samples are capped with InP. The inverted interface
transition in InP QWs at 4.2 K (11, at 1.11 eV) is very close to the optical transition
from the ground state of the QW (at 1.13 eV), which serves to broaden the full width at
half maximum (FWHM) of the QW PL spectrum. By increasing the lattice temperature
and/or excitation power, the inverted interface transition (especially I1,) is reduced; at
room temperature no evidence of such interface transitions are observed. This is
attributed to the redistribution of photogenerated carriers at higher temperatures that

escape from the localized states and diffuse into the QW region.

In the second part of this chapter, polarization dependent PL was performed on both
the InP and InGaAsP QW structures to confirm the origin of the interface transitions.
Temperature dependent optical polarization was observed in both the InP and InGaAsP

QWs. The orientation of the polarized PL for the inverted interface transition (11z) was

perpendicular to polarization of the second inverted interface transition (I1,), and the
QW transition; this is due to the orthogonality of planes at the interfaces where
photogenerated carriers were accumulated. Temperature dependent PL spectroscopy of
InGaAsP QW structures showed a decrease in the degree of optical polarization with
increasing temperature, while the InP QW displayed a stronger degree of optical
polarization at elevated temperatures. The origin of this unusual temperature
dependence of the optical polarization for the InP QWs is currently under further

investigations and will be presented elsewhere.
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Chapter 8
Optical Spectroscopy of 2D and 3D Hybrid Lead

Halide Perovskites

8.1. Introduction

Recently, hybrid lead halide perovskites have attracted a considerable interest for
photovoltaic applications. [1, 2, 3] These materials have shown outstanding properties
as solar cell absorbers such as: large absorption coefficients in the range of the
maximum visible spectrum, low production costs, high power conversion efficiency,
simple fabrication processes, and the capability of being deposited on flexible
substrates. [3, 4, 5] In addition, the band gap of these materials is closely matched to the
peak of the solar spectrum, which coupled with their low exciton binding energies and
long diffusion lengths make them exciting systems for utility-scale PV. [5, 6, 7, 8] An
important consideration regarding these materials and their applications to photovoltaic
(PV) technology (particularly, hot carrier solar cells) is to study the interaction of
electrons (or holes) with phonons in the system. [5, 6, 9, 10, 11] Slow carrier cooling
rates have been observed in these systems however, the origin of this interesting

behavior remains poorly understood.

Hybrid lead halide perovskite systems take a basic ABX3 structure, as shown in Figure
8.1. In this description "A" refers to (typically) an organic cation such as
methylammonium (MA*, CHsNHs"), "B" is a divalent metal cation (Pb?* or Sn?*) and
"X" is a halide anion e.g., Br or | . [1, 9, 12] By changing the composition of the
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constituent materials, the electrical and optical properties of the structure can be
controlled. One compound, which has attracted much research activity, is the perovskite
system methylammonium lead triiodide — MAPbIs. Although this structure suffers
degradation in atmospheric conditions, it has produced solar cell efficiencies in excess
of 20%. [13] However, to facilitate the practical implementation of these systems, the

stability and moisture resistance of these systems must be improved.

Figure 8. 1. Schematic of a perovskite crystal structure. "A" is a large cation molecule like

methylammonium (MAY), "B" a smaller cation like Pb%", and "X" a halogen ion like I~ or Br™.

Improvements in stability of the structure has been shown when the inorganic cation
MA* is replace with alternative molecules such as Formamidinium (FA*) (more
common), as well as n-butylammonium (BA™). In the case of BA", this substitution
results in the formation of a 2D family of (BA)2(MA)n.1Pbnlan+1
((CH3(CH2)3NHz3)2(CH3NH3)n-1 Pbnlsn+1) perovskites. These so-called Ruddlesden-
Popper 2D perovskites can be visualized by slicing the 3D structure and arranging them

along the (110) plane. [14] For the n = 1 compound, the BA™ cations substitute
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completely with the MA™ cations and as the "n" value increases, the MA™ cation
contribution to the structure increases, increasing the thickness in the out of plane
direction. When "n" is a large value (n — ), the structure reverts to bulk 3D MAPDIs.

[14, 15]

As discussed, one of the main issues with MAPDIz is its instability when exposed to
humid environments. However, in the case of (BA)2(MA)n-1Pbnlan+1 these 2D
perovskites have very good moisture-resistance properties and it has been reported that
their properties are unchanged, even after two months of operation under laboratory
conditions (40% humidity). [14] This effect is attributed to the hydrophobic nature of
the BA™ cations and their well-oriented dense structure. As a result of these features
direct contact of the perovskite with water molecules in the ambient environment is

limited and the structure is stable for a longer period of time than the bulk systems.[14]

In this study, four different perovskite structures (n =1, 2, 4, and o) were investigated.
For simplicity, instead of writing the full chemical formulas of the compounds,
abbreviations will be utilized hereafter: Pbls is used for the single-layer (n = 1), Pb2l7
for the two-layer (n = 2), Pb4ly3 for the four-layer (n = 4), and Pbls for the 3D (n — o0)

perovskite structure.
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8.2. Experimental results and discussions

8.2.1. Photoluminescence and Transmission Spectroscopy of the Perovskite

Structures

Continuous wave power and temperature dependent PL spectroscopy are performed
on the samples using a He-Cd (442 nm) laser. The samples are kept under vacuum and
the temperature is controlled by a Janis closed cycle cryostat, which operates from 4 K
to 300 K. The emitted PL signals are dispersed using a Princeton Instrument 2560i

spectrometer and detected with an air cooled Si-detector.

1 L] 1
Pbl, - 4K
B Before Optical Damage
—— After Optical Damage

Norm. Intensity

1.6 1.8 2.0 2.2 2.4 2.6
Energy (eV)

Figure 8. 2. The comparison of PL spectra of the one-layer (n = 1, Pbls) 2D perovskite at 4 K

before and after optical damage by a He-Cd laser.
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One important aspect regarding the optical properties of perovskite samples is to make
sure there is no irreversible and catastrophic phase change due to local thermal heating
during laser excitation. Permanently optical altering by laser illumination can occur due
to accumulative heating through absorption in the perovskite film. This results in the
decomposition of the perovskite, which is irreversible and significantly degrades the

optical and electrical properties of the structure.

Figure 8.2 shows PL spectra before (black) and after (red) optical damage in Pbls
(n=1) due to parasitic heating with the He-Cd laser. The emitted PL spectra of the
sample before and after exposure are clearly different, which is associated with
irreversible changes in the structure upon high power laser excitation. As a result, the
first step in performing a systematic investigation of such systems is to determine the
range of the excitation powers, under which irreversible changes the perovskite

structures are avoided.

Figure 8.3 shows the PL spectra at 300 K for four samples (n = 1, 2, 4, and «)
measured at laser fluences below the decomposition limit described above. It is
observed that by reducing the amount of MA™ cation in the system the band gap energy
of the system shifts to higher values as the perovskite transitions from a 3D to 2D
structure. This is related to the increase in quantum confinement associated with
reducing the dimensionality of the perovskite layers. [14, 15, 16] In addition, it is
observed at n = 1 that the PL spectrum has a narrow full width at half maximum
(FWHM). By increasing the "n" value, the FWHM increases and additional features

arise around the main peak. This effect is associated with additional (unintentional
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formation of) incomplete layers within the system with transition energies between 2.4

eV (Pbly) and 1.5 eV (Pbls). [14, 17]

Energy (eV)
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Figure 8. 3. PL spectra of 2D (n =1 (black), 2 (red), 4 (green)) and 3D (h — <o (blue)) perovskite

samples at 300 K.

Figure 8.4 shows temperature dependent behavior of the 2D (n =1, 2, and 4) and 3D
perovskite samples. These figures show XYZ plots (color plots) of the PL spectra of the
samples where X (horizontal axis) is lattice temperature, Y (vertical axis) is the
magnitude of photon energy for the emitted PL, and Z (out of plane axis) is the
normalized intensity. In the scale bar above the main panels, the dark blue color is low
intensity (close to zero) and dark red is the maximum value for the normalized intensity.

It is observed that the peak energy of the samples increases (or stabilizes) when
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increasing the lattice temperature. This behavior, as reported by several groups, [5, 18]
Is associated with an out-of-phase band edge stabilization of these compounds when the
lattice temperature increases. This is in contrast to the more typical semiconductor

behavior where the peak energy of the PL spectra is redshifted with increasing lattice

temperature due to thermal expansion of the lattice. [19]

Normalized Intensity
0.50

Energy (eV)
Energy (eV)

Energy (eV)
>
(3]

Energy (eV)

(9] [ Po, | (s) 8 1.35

4 50 100 150 200 250 4 50 100 150 200 250
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Figure 8. 4. Temperature dependent normalized PL spectra for 2D (n =1 (a), 2 (b), 4 (c)) and

3D (n — oo (d)) perovskite samples. This graph shows how the PL peak energy of the each

sample changes from 4 K to 300 K.
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Figure 8.4 (d) shows PL spectra of the 3D (Pbls) perovskite as a function of
temperature. At low temperatures, the PL spectrum is broad with multiple competing
features. This is indicative of the existence of inclusions from opposing phases of the
perovskite and localized states in the structure, which create multiple optical transitions
within the system. [5] The origin of this behavior in MAPbIs is associated with the phase
changes and the inherent instability of the material. MAPbIs has an orthorhombic
structure at low temperatures (T < 130 K -160 K), which transforms to a tetragonal
structure up to ~ 330 K. [5, 18] During the phase change, localized states are created,
which trap photogenerated charges and/or excitons. It has been observed that when MA*
is substituted with FA", less broadening of the PL spectrum occurs. [5] As such, it is not
considered that the broadening of the PL spectrum due to inhomogeneities is an intrinsic

property of perovskite materials.

As the lattice temperature is increased above 150 K, the PL spectrum of the Pblsalso
broadens (see Figure 8.4(d)). This PL linewidth is associated with a number of scattering
mechanisms in the system, a comprehensive discussion concerning linewidth
broadening is provided at the end of this chapter. [20, 21] Figure 8.4 (a) shows the
normalized temperature dependent PL of the n =1 (Pbls) 2D perovskite from 4 K to 300
K. At low temperatures (T < 130 K), the PL spectrum is broad, which is associated with
the optical transitions of trapped carriers at the localized states in the system. As the
lattice temperature increases, the contribution of these states becomes less significant as
photogenerated carriers gain enough thermal energy to escape from these states. [22,
23, 24] Moreover, it is seen by increasing lattice temperature the peak energy does not

significantly shift energetically for the 2D system (n = 1) (see Figure 8.4 (a)). However
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at 280 K, there is an abrupt shift in the peak energy to a lower energy. The origin of this
effect is associated with an "orthorhombic to orthorhombic" phase transition. [25] That
is, during the phase change the crystal structure does not change phase state, but the
orientation of the organic molecules with respect to the organic layers rotate, which
causes a change in (affects) the optical gap. A hysteresis behavior is observed for this
transition, the peak shift occurs at 280 K as the sample is heating up, and reverts back
to around 230 K as the sample cools down. This behavior is related to the existence of
a metastable state in the crystal structure, which is effective in the range of 230 K — 280

K. [20]

The normalized temperature dependent PL for the two-layer (n = 2) (Pb2l7) 2D
perovskite is shown in Figure 8.4 (b). At low temperatures the PL spectrum of the
sample is broad and as the lattice temperature increases (up to ~ 100 K) this broadening
reduces; however, thereafter an additional feature appears on the low energy side of the
PL with a separation from the main peak of ~ 100 meV. The origin of this additional
feature (which lasts up to room temperature) has been attributed to mixed phases and
the existence of thicker regions in the 2D perovskite (n > 2); i.e., through the non-ideal
formation of the n = 2 layer during synthesis. [14] Finally, the temperature dependent
PL for the four-layer (n = 4) (Pb4li3) 2D perovskite is shown in Figure 8.4 (c). The
emitted PL of this compound is very broad with multiple optical transitions even at 300
K. This is once more associated with the contribution (or contamination) of other n-
layers within the system, which create intermediate layers stabilized by surface effects

in the thin perovskite structure. [14, 15]
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Figure 8. 5. Temperature dependent PL spectra for 2D (n =1 (a), 2 (b), 4 (c)) and 3D (n — oo
(d)) perovskite samples. This graph shows how the PL intensity of the each sample changes

from 4 K to 300 K. Solid red line shows integrated PL intensity as a function of lattice

temperature.

Figure 8.5 shows the radiative recombination intensity of the samples in the range 4K
to 300 K. Figure 8.5 also shows comparative plots of the PL intensities at various lattice

temperatures. Figure 8.5 (a) shows the change of the PL intensity for the n = 1 (Pbls)
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2D perovskite. At low temperatures (T < 50 K), the optical transitions between 2.4 eV
and 2.5 eV have the highest PL intensity. As the lattice temperature increases above 50
K, the feature at 2.53 eV increases in magnitude. In addition, in the range 150 K to 200
K — where the PL intensity at 2.4 eV quenches — the PL transition at 2.53 eV becomes
dominant — producing the highest intensity observed for this transition. This thermal
redistribution of photogenerated carriers occurs as they escape from localized states to
then occupy alternative optical transitions and the fundamental bands of the system. [22]
Increasing the lattice temperature above 200 K causes the PL intensity to decrease. This
effect is generally related to an increase in non-radiative recombination with increasing
temperature, which results in a reduction in the rate of radiative recombination

efficiency. [22, 26, 27]

The temperature dependent PL intensity for the n = 2 (Pbzl7) 2D perovskite is shown
in Figure 8.5 (b) from 4 K to 300 K. It is evident that increasing the lattice temperature
increases the peak PL intensity between 75 K and 200 K. This indicates that at low
temperatures, photogenerated carriers are trapped at localized states or inclusions and
radiative recombination occurs at these states at low temperature. In addition, the
integrated intensity does not change considerably at low temperatures, which is
indicative of thermal redistribution in the system. However, as the temperature increases
the carriers escape from the localized states and recombine radiatively in a smaller
subset of states. As such, the peak PL intensity at these energies increases at these

intermediate temperatures. [22, 28]

Figure 8.5 (c) shows the temperature dependent behavior of the PL intensity for the

(n = 4) (Pbasl13) 2D perovskite. At low temperatures the PL intensity is low, similar to
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that of the other 2D perovskites discussed (n =1, 2). As the temperature increases, the
integrated PL and peak intensity of the n = 4 sample increase. As has been discussed,
the PL spectrum for the four-layer 2D perovskite is broad, which is attributed to
inhomogeneity in the structure and the presence of a number of competing 2D
contributions (n =1, n = 2, n = 3 etc.). [14] Above 200 K, the PL intensity quenches,
which is associated with an increase in non-radiative recombination processes [22] and
indicates significant inclusions and/or structural inhomogeneities in this particular
sample. Similar behavior is also observed in the integrated PL intensity for the n = 4

sample.

The temperature dependent PL intensity of the 3D (Pbls) perovskite sample is shown
in Figure 8.5 (d). At low temperatures (T < 30 K), the PL intensity is strong and
dominated by a transition at 1.48 eV. Increasing the temperature to 120 K (while
retaining the orthorhombic — prior to any phase transition) results in a reduction in the
PL intensity. As discussed, the crystal structure of the MAPbIs changes from an
orthorhombic to tetragonal phase at ~ 130 K — 160 K. As the temperature approaches
this phase transition, an increase in the contribution of inclusions from the different
(competing) phases occurs, which serves to quench the PL. Therefore, the contribution
of non-radiative recombination increases, subsequently reducing the efficiency of the
PL. [22] As shown in Figure 8.5 (d) the PL intensity drops up to 120 K, which is further
evidence for the increasing the rate of non-radiative recombination. Although the PL
peak intensity is at its maximum at 140 K, it is evident that the integrated PL intensity
also drops, which also further supports the increased role of non-radiative

recombination processes.

260



Energy (eV) Energy (eV)
21 24 2.7 30 1.8 2.0 2.2 2.4

T & T

1 4 T

~Temperature

-
»n
T
1
)
o
N
-
1
-—
»

® 8

c
S1.2f 12 8
© =
Eo.s g
g =

o
»

40.4

1 " 1 L 1

_ (a) 2?0 K

0.6} 1§ T ﬁ
Temperature Pb4l13 %1'70 / ‘Pbl? o -

§ . A ¥1.65~ o~ | g
§05 W ™ =
— Al 60} -
£ ‘ 0.4 E
(/2]

S 0.4 4
= 0.2 'g

0.3 “ 0.0

18 20 22 16 20 2.4
Energy (eV) Energy (eV)

1.6

Figure 8. 6. Temperature dependent transmission spectroscopy for 2D (n = 1 (a), 2 (b), 4 (c))
and 3D (n — oo (d)) perovskite samples. The inset in panel (d) shows the change of the optical

absorption energy value versus lattice temperature.

Figure 8.6 shows transmission spectroscopy of the 2D and 3D perovskite samples at
various lattice temperatures. Transmission provides information regarding the major
optical transitions in the system. For this measurement, a broad white light source is

passed through the sample and the transmitted light is recorded. By normalizing the
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transmitted light with a reference, it is possible to determine at what wavelengths optical

absorption occurs.

Figure 8.6 (a) shows temperature dependent transmission spectra for the n = 1 (Pbls)
2D perovskite. A large valley is evident at 4.2 K, which does not shift significantly with
lattice temperatures up to ~ 270 K. At 280 K, however, an abrupt change is observed in
the transmission profile, which is consistent with the shift in the peak energy observed
in the complementary PL for n =1 at the same temperature (see Figure 8.4 (a). The
temperature dependent transmission for the n = 2 (Pbzl7) 2D perovskite is shown in
Figure 8.6 (b). At low temperatures, there is a strong absorption feature at 2.15 eV,
which blueshift with increasing temperature. This behavior is also consistent with the
blueshift observed for the peak energy of the PL (see Figure 8.4 (b)) for this sample. In
addition, another peak is also evident at a lower energy in the transmission (absorption)
(~ 2 eV), which becomes significant above ~ 100 K. This transition is associated with
the inhomogeneity of the film and the contribution of additional (unintentionally)

thicker 2D regions (domains) in the perovskite layer. [15]

Figure 8.6 (c) shows the temperature dependent behavior of the n = 4 (Pbal13) sample
from 4 K to 300 K. Here, there are three absorption features at low temperatures. As the
temperature increases, the transition associated with the lowest absorption feature
becomes negligible. As is shown in Figure 8.4 (c), a broad PL spectrum is observed for
this n = 4 sample from 4 K to 300 K. Moreover, in Figure 8.6 (c) it is also evident that
while the dominant (strongest) absorption peaks are associated with higher energy
levels, the peak of the PL is associated with the lower energy transition, as shown in

Figure 8.5 (c). This behavior is related to the fact that the PL is dominated by the lowest
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energy transition in the system and the transfer of photogenerated carriers to the lower
energy transitions, while transmission (or absorption) reflects the interaction strength —
or density of states of the respective transition. The temperature dependent transmission
for the 3D (Pbls) MAPDIs perovskite is shown in Figure 8.6 (d). With increasing
temperature, there is a slight shift in the transitions to higher energy up to 130 K. Above
this temperature, the absorption peaks experience an abrupt shift to a lower energy due

to the phase change from orthorhombic to tetragonal in the system. [5, 18]

Figure 8.7 shows a comparison of the transmission and PL spectra at several lattice
temperatures (4 K, 150 K, and 300 K) for the 3D (Pbls) and n =1 (Pbls) 2D perovskite
samples. A resonance in a transmission (or absorption) spectrum represents the energy
value of the onset of interband absorption. However, the peak value in a PL spectrum is
indicative of the position of the lowest energy optical transition. An offset between the
band-to-band absorption and peak PL intensity occurs in the presence of localized states
and/or excitonic resonances results in a Stokes shift, which represents the binding (or

depth) of the lower energy PL transitions. [29]

Figure 8.7 (a), (b), and (c) show a comparison between PL (black) and transmission
(red) spectra of the 3D (Pbls) perovskite sample at 4 K, 150 K, and 300 K, respectively.
It is evident in all of these plots that the positions of the transitions in the absorption are
at higher energies than the features in the PL spectra. The difference between the
interband absorption and optical transition peaks is again attributed to the existence of
localized states and/or excitonic transitions in the system. [29] In addition, it is observed
that at 150 K there are two strong transitions in the transmission spectra (see red spectra

in Figure 8.7 (b)), which are attributed to absorption from mixed crystal phases (both
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orthorhombic and tetragonal) in the perovskite structure. At this condition, the peak of
the PL spectrum is matched with the lowest energy value for the transmission spectrum
at 150 K. This effect is related to the transfer of photogenerated carriers to the lowest

energy in the system; i.e., the relaxed tetragonal ground state.
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Figure 8. 7. The comparison between PL (black) and transmission spectra (red) of the 3D (Pbls)

and one-layer (n=1) (Pbls) 2D perovskite samples at various lattice temperatures.
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Comparison plots between the PL (black) and the transmission (red) spectra at 4.2 K,
150 K, and 300 K for the 2D (Pbls) perovskite sample are shown in Figure 8.7 (d), (e),
and (f), respectively. At low temperature (4 K), there are two transitions in the
absorption for the 2D (Pbls) perovskite sample; however, there are multiple optical
transitions observed in the PL spectrum (see Figure 8.7 (d)). The origins of these
multiple features in the PL are (again) related to excitons and localized states in the
system. By increasing the temperature, the broadening of each optical transition in the
PL spectra reduces (see Figure 8.7 (e) and (f)). This is likely due to the thermally
mediated escape of the photogenerated carriers from localized states to shallower energy
levels closer to the band gap transitions. At 300 K, there is only one feature evident in
the transmission spectrum, see Figure 8.7 (f), which is matched with the peak energy

value of the PL spectrum.

8.2.2. Photoluminescence line-width broadening analysis

As has been discussed, a potential advantage of the perovskites is their slow carrier
cooling rates, which is interesting for potential hot carrier solar cell applications. In
general, utilizing a structure with a slow thermalization process will enhance the power
conversion efficiency of a solar cell if the hot carriers can be extracted efficiently. One
method to study hot carrier properties of an absorber is to investigate its excitation. As
has been discussed extensively in this thesis, power dependent PL spectroscopy can be
used to investigate the presence of hot carriers in semiconductor structures, such effects
are enhanced in low-dimensional systems (e.g., quantum wells (QWs) and quantum dots
(QDs)) due to subtle interactions of confined photogenerated hot carriers and phonons

in these systems. [30, 31]
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Figure 8. 8. Excitation power dependent PL spectroscopy of the 3D (Pbls) and 2D (Pbls)
perovskite samples at 4 K and 300 K. (a) and (c) show the PL spectra of the Pbl; sample at 4 K
and 300 K, respectively. (b) and (d) show the PL spectra of the Pbls sample at 4 K and 300 K,

respectively.

Evidence of hot carrier effects is typically observed via the broadening to the high-
energy tail of the emitted PL spectrum. The extracted slope from the high-energy PL
has a relationship with the carrier temperature. [32, 33, 34, 35] Therefore, such analysis
might be applied to investigate the properties of hot carriers in the perovskite systems.
Figure 8.8 shows the excitation power dependent behavior of the 3D (Figure 8.8 (a) and
(c)) and n=1 (Pbls) 2D (Figure 8.8 (b) and (d)) perovskite samples at 4 K and 300 K,
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respectively. These two samples were selected in order to compare the effects of carrier

confinement in the presence of hot carriers in 2D and 3D structures.

Figure 8.8 (a) shows the excitation power dependent behavior of the 3D perovskite
sample at 4.2 K. A blueshift is observed in the peak energy as a function of excitation
power. As shown in Figure 8.7 (a), the optical transition at 4.2 K occurs at a lower
energy than the dominant transition in absorption spectrum. The origin of this effect is
related to filling of localized states as a function of excitation power. [36] The power
dependent normalized PL intensity of the sample at 4.2 K (shown in the inset of Figure
8.8 (a)) does not show any significant high energy broadening, which suggests the
system is effectively in equilibrium. One possible reason for the absence of hot carriers
in the systems is the need for high excitation powers (as observed in traditional inorganic
systems [32]) to stimulate hot carriers effects. Here, it is likely that the excitation power
utilized for the measurements (in order to avoid any laser damage to the sample) is
below the threshold required for hot carrier generation in the material. As expected, the
excitation dependent PL at 300 K (see Figure 8.8 (c)) also does not show any evidence

of hot carrier effects.

Figure 8.8 (b) shows excitation power dependence of the n = 1 2D perovskite at 4.2
K. Multiple optical transitions are observed in this system with increasing excitation
power at low temperature. As is also evident in Figure 8.8 (b), the PL intensity also
quenches significantly when the excitation power is reduced. Moreover, the normalized
PL spectra also overlay each other with no evidence of broadening on the high energy
tail of the PL (see the inset to Figure 8.8 (b)). Figure 8.8 (d) shows the power dependent

behavior of the n = 1 2D perovskite at 300 K. An overlay of the normalized PL spectra
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at various powers (see the inset of Figure 8.8 (d)) further indicates that the carriers are

at thermal equilibrium with lattice and that no hot carrier effect are evident.

Despite the absence of significant hot carrier effects in the perovskite samples,
considerable thermal broadening is observed in the temperature dependent PL (See
Figure 8.4). Therefore, it is helpful to study the electron-phonon interactions in the
system via temperature dependent PL linewidth broadening analysis. The PL linewidth

broadening as function of temperature is given by: [21]

= I'io . _fB
I_;,'Ot(T) - I—E) + I},AT + [exp(thO/kBT)—l] + I—impexp [ kBT -

(8.1)

In the above equation, I, I14, 110 and I3y, are linewidth broadening due to the
temperature independence inhomogeneous broadening at 0 K, acoustic (LA) phonons,
optical (LO) phonons, and ionized impurities scattering mechanisms, respectively. The
energy of LO-phonons and ionized impurities in the system are denoted hw,, and E,

respectively. [21, 37]

Figure 8.9 (a) shows the PL spectra of the 3D perovskite sample at various lattice
temperatures. It is observed that at low temperatures (T < 130 K) that the PL spectra are
broad with the contribution of several competing transitions. Although above 130 K the
PL spectra of the 3D perovskite narrows (compared with lower lattice temperatures),
there remains evidence of a transition on the low energy tail of the PL spectra, which is
attributed to an Urbach contribution via defects and/or impurities in the system. [5] It is
also evident that the MAPbIs PL spectrum further broadens as the temperature of the

lattice increases. The quantitative linewidth broadening of the sample (as a function of
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lattice temperature) is shown in Figure 8.9 (b). Below 130 K the PL linewidth does not
follow any systematic trends. However, at T > 130 K there is a linear dependence in the

full width at half maximum (FWHM) with lattice temperature.
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Figure 8. 9. (a) PL spectra of the 3D (Pbls) perovskite sample at various lattice temperatures.
(b) Full width at half maximum (FWHM) of the PL spectra of the Pbl; sample (black dots) and
a fitting on the data (red line) as a function of lattice temperature. The inset in the figure shows

an example of how each term in Equation 8.1 contributes to the broadening of the PL line-width.

By fitting the PL linewidth broadening to Equation 8.1 it is possible to determine the
contribution of the various different scattering mechanisms in the system. The inset to
Figure 8.9 (b) shows an example of how each scattering mechanism contribute the PL
linewidth as a function of lattice temperature. The linewidth broadening due to acoustic
(LA) phonons changes linearly with temperature and the energy contribution of these
phonons is small; also, their effect is more prominent at lower temperatures due to the

limited contribution of LO phonons at low temperature. The contribution of ionized
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impurities is larger at low temperatures, but stabilizes (see the inset of Figure 8.9 (b))
as the temperature increases. At elevated temperatures the PL broadening is dominated
by longitudinal optical (LO) phonons, which is expected for polar semiconductors. The
strength of the LO-phonon contribution is determined by the Frohlich coupling
coefficient, which can be extracted by fitting the LO-phonon scattering term for charge

carrier-LO phonon interactions in the system (see Table 8.1). [5]

Figure 8.9 (b) shows that the temperature dependence of the FWHM of the 3D (Pbls)
perovskite does not show systematic behavior over the full temperature range; there is
a large reduction in the FWHM above 90 K. However, above 130 K a linear dependence
of the linewidth broadening may be inferred, broadening in this region has been
considered appropriate in the literature [5, 38] since MAPbI3 is much more
homogeneous and stable in the this (tetragonal) regime. As such, Equation 8.1 is fit to
the higher temperature range (as shown in Figure 8.9 (b)) and the individual
contributions of each scattering mechanism extracted. In this system (MAPDI3) it is
evident that at elevated temperatures, the PL broadening is determined almost solely by

exciton-LO phonon coupling.

As discussed by Herz et al., [5] a linear dependence of the linewidth broadening
implies ionized impurities significantly contribute to the broadening in MAPDIz. This is
consistent with the fitting shown in Figure 8.9 (b). Therefore, the origin of the linear
dependence of the FWHM is attributed to one of two effects: 1) acoustic (LA) phonon
scattering; and 2) optical (LO) phonon scattering, which both have a linear temperature
dependence at elevated temperatures. However, the reported values for the strength of

exciton-acoustic phonon coupling for organic materials is in the order of peV/K, which
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only contribute a few meV to PL linewidth at 300 K. So, the contribution of acoustic
phonons is neglected here since the experimental linewidth exceeds 100 meV. [5, 20,
39] As such, LO-phonon scattering is determined to dominate the linewidth broadening
in these perovskite systems. [5, 20] The extracted broadening contributions extracted
from the experimental fits to Equation 8.1 for the 3D perovskite are provided in Table

(8.1) and shown as the red line in Figure 8.9 (b).

Table 8. 1. Extracted fitting parameters for the 3D (Pbls) perovskite.

ro (meV) (FWHM) ELO (mEV) rLO (meV)

21 115 475+x1.0

The extracted values for the inhomogeneous broadening, LO-phonon energy, and the
strength of carrier-phonon Frohlich coupling consistent with to those reported in the

literature. [5]

Figure 8.10 (a) shows the PL spectra of the n =1 Pbls 2D perovskite at various lattice
temperatures. It is evident that there are multiple competing optical transitions at low

temperatures.

To study the PL linewidth broadening in lieu of contributions from these low
temperature excitonic resonances, the half-width-at-half-maximum (HWHM) is
considered on the high energy tail of the PL spectrum of the high energy transition (see
the red dotted rectangle in Figure 8.10 (a)), which matches the band-to-band (band edge)
transition extracted in the absorption spectrum at the same temperature (see Figure
8.7(d)). The HWHM is considered to eliminate the details of the low energy resonance

and investigate the properties of the 2D film. The extracted HWHM is shown in Figure
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8.10 (b) as solid black squares and the fit to Equation 8.1 shown in red. It is evident that
by increasing the lattice temperature significant linewidth broadening occurs in the n =1

layer (even before phase transition at 280 K).
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Figure 8. 10. (a) PL spectra of the Pbl, 2D perovskite at various lattice temperatures. The dashed
rectangle shows the region where the HWHM of the PL spectra is investigated. (b) HWHM of

the emitted PL (black dots) and the fitting (red line).

According to Equation 8.1 such rapid broadening suggest that the contribution of LO
phonon coupling is significant. Fitting Equation 8.1 to the experimental data for the n =
1 2D perovskite allows the various scattering contributions to be assessed. Although
care must be taken in this analysis due to the contribution/effects of mixed phases and
localized states in the low temperature PL, this analysis is considered valid since only
the high energy transition is assessed here (which is consistent with the band edge

absorption).
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Table 8. 2. Extracted fitting parameters for the one-layer (Pbls) 2D perovskite.

ro (meV) (HWHM) FLA (meV/K) ELO (mEV) ['LO (meV)

8.3 0.022 + 0.002 574+11 1484 +7.1

Table 8.2 shows the parameters extracted using Equation 8.1 from the fit (red line) to
the experimental data (see Figure 8.10 (b). A small contribution due to LA-phonon
scattering is evident at low temperatures, but this is insignificant when the contribution
of the LO-phonons and the strength of carrier-LO phonon Frohlich coupling parameter
are considered; they are approximately five and three times greater than those extracted

in the bulk MAPbDI3 perovskite, respectively (see Table 8.2).

This comparison between the extracted information from one-layer 2D and 3D
perovskite samples shows the strength of carrier-LO phonon Fréhlich coupling and LO-
phonon energy increases for 2D perovskites with respect to their bulk counterparts. [20]
Although the origin of this behavior is still under investigation, these preliminary results
indicate that much stronger carrier-carrier and carrier-phonon interactions occur in 2D
perovskites. For example, the exciton binding energy is an order of magnitude less in
3D perovskite to 2D perovskite. [40, 41] Values as high as 370 meV — 490 meV have
been reported for the exciton binding energy in the BAPDbI4 perovskites, which are larger

than those reported for the 3D system. [42]

Conclusion

Continuous wave excitation power and temperature dependent photoluminescence and
transmission spectroscopy of hybrid lead halide 2D (n =1, 2, 4) and 3D (n — )

perovskite samples have been performed. A blueshift of the peak energy as a function
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of lattice temperature is observed for all samples, which is attributed to relaxation of the
perovskite band edges at elevated lattice temperatures. Excitation power dependent
spectroscopy does not reveal direct evidence for the presence of hot carrier effects,
which may indicate fast thermalization processes over the range of studied powers.
Temperature dependent PL linewidth broadening analysis was performed to investigate
the contribution of the different scattering mechanisms and carrier-phonon interactions
in2D (n=1) and 3D (n — o) perovskites. It is observed that by reducing the dimensions
of the sample (3D to 2D), both the optical phonon mode and the strength of carrier-LO

phonon coupling increase significantly.
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Conclusion

In this thesis, INnAs/AlAsSb MQW structures have been comprehensively investigated
for their potential for applications in hot carrier solar cells. Continuous wave power and
temperature dependent photoluminescence spectroscopy show evidence of robust hot
carrier effects, even at elevated lattice temperatures. This behavior is attributed to the
creation of a strong phonon-bottleneck in the type-11 MQW structures, several unique
properties of this system are considered to contribute to this effect. These include an
increased lifetime of hot electrons in the QW due to the spatial separation of the
photogenerated carriers, and a phonon mismatch between the InAs quantum wells and

the AlIAsSb barriers, which inhibits heat transfer from the system.

In evaluating the hot carrier dynamics in QWSs, a detailed analysis of the extraction
and determination of the carrier temperature using CW photoluminescence is presented.
Three complementary approaches are performed to evaluate the applicability of each
method. These methods are derived from Planck’s radiation law, they are: 1) a simple
linear fitting of the high energy tail of natural logarithm of the PL spectrum; 2) fitting
the whole PL spectrum using an equilibrium generalized Planck formulation; and 3)
applying a more advanced non-equilibrium generalized Planck formulation to fit the PL.
By comparing the results from these three methods, similar results were determined in
all three cases for the InAs MQWs confirming the validity of the analysis for the MQWSs
assessed. This is important since high energy broadening of the PL can arise due to
occupation of the quantum-confined states in the QWs and/or subtleties due to the band

structure.
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To further understand the influence of state filling and PL linewidth broadening on
evaluating the hot carrier temperature in QWSs, a comprehensive study of the optical
properties of a high-quality state of the art InGaAsP QW structure was performed. It is
observed that at high excitation powers, as well as elevated lattice temperatures,
occupation of excited states (state filling) results in the screening of the hot carrier
temperature and a larger extracted value than the actual physical carrier temperature of
the system. As such, care must be taken when considering the simple Planck-based

analysis of QW systems.

To study the dynamics of photogenerated hot carriers in the InAs MQW structure,
ultrafast transient absorption spectroscopy at various lattice temperatures were
performed. It was observed that there are three dominant recombination mechanisms in
the samples studied. A fast recombination process that is associated with localized
states, quenches with increasing lattice temperature. On the other hand, two slower
recombination processes due to type-1l band-band transitions become stronger at
elevated temperatures. These results are consistent with the observations from CW PL
spectroscopy that a transition from type-I-like to type-1l recombination behavior occurs
above 100 K; while, a transition from type-11 to so-called quasi type-I1 behavior — where
the holes are delocalized — is observed at elevated lattice temperatures. As a result of
these measurements, it is determined that the carrier lifetime at elevated temperatures is

longer than that at lower temperatures.

DFT calculations support experimental observations of a phonon mismatch in the
system, which is proposed to inhibit hot carrier relaxation in these QWs. Specifically,

DFT calculations indicate that there is a large phononic gap for the barrier material
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(AlAsSb), which suppresses the dominant hot carrier thermalization mechanism
(Klemens effect) in the barriers; this provides an impedance mismatch and inhibited
thermal conductivity at the QW interface. Therefore, it is proposed that acoustic
phonons and heat accumulate in the QWs, facilitating reabsorption of acoustic and

optical phonons with the subsequent creation of a stabilized hot carrier population.

Optical spectroscopy of the effects of an InP capping layer on the emission of
InGaAsP QW structures is also investigated. It is shown that the interface created
between InP cap layer on top of InAlAs barrier material (the so-called inverted
interface) adds features to the emitted PL spectra of the QW, which reduce the purity of
the emission of these systems. As the lattice temperature is increased, the effects of the
inverted interface transitions become negligible due to the saturation of the localized
states at the interface. These transitions are also shown to have a strong polarization
dependence. The origin of these transitions and their relationship to the InP cap is
confirmed by removing the capping layer with wet etching, which is shown to eliminate

the contribution of interface states in the QW spectrum.

In addition to optical spectroscopy and fundamental analysis of QW systems, p-i-n
diodes with different InAs MQW structures have been fabricated to investigate the
behavior of photogenerated hot carriers in the device architectures. Current-voltage (J-
V) analysis of the QW p-i-n diodes show evidence of strong confinement in these deep
QWs that induce inflection points in the light J-V response of the system. However,
strong leakage and direct tunneling are observed with increasing temperature and/or
excitation power limiting the ability to unambiguously investigate hot carriers in the

devices. NRL MultiBands® simulations confirm that the leakage current arises due to
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the high electric field and large band bending in the active region. The combination of
which facilitates Zener or avalanche-like breakdown at higher temperature or under
more intense excitation powers. New device architectures to circumvent these issues are

now underway.

The majority of this PhD dissertation has been focused on the optical spectroscopy of
hot carrier properties of MQW structures that have type-11 band alignment. Recently,
electrical characterizations of INnAs MQW p-i-n diodes have also begun. Several avenues
are open for investigation based on the results previously described. For example: the
role of AIAsSb barrier and its poor thermal transport (phonon properties), how
significant is type-1l band alignment in sustaining hot carrier populations, what is the
origin of strong leakage current in reverse bias in device structures, as well as, assessing

the barrier to transport as clearly seen by the lack of Voc in the J-V characteristics.

In order to pursue these avenues several designs have been proposed. To investigate
comprehensively the origin of the leakage current at reverse bias, simulations indicate
that the first barrier thickness is critical. Therefore, a series of samples with different
barrier thicknesses have now been grown by Dr. Santos’ group at OU. In addition to
having direct comparisons of hot carrier properties in systems with different band
alignments, several p-i-n MQW structures with type-1, type-11, and a degenerate valence
band with InAlAs barrier materials have also been provided by Rochester Institute of

Technology.

Finally, continuous wave excitation power and temperature dependent
photoluminescence and transmission spectroscopy of hybrid lead halide 2D and 3D

MAPbI3 perovskite samples have also been investigated in this thesis. It was observed
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that the band gap energies of the 2D structures are larger than their 3D counterpart due
to quantum confinement effects in these systems. In addition, the exciton-LO phonon
energy and the strength of their coupling are significantly larger for 2D structures, when

compared with the bulk MAPbIs.

The main focus of the research described here, was on utilizing nanostructures with a
type-11 band alignment for applications as the absorber in hot carrier solar cells. In the
last few decades, the activity in hot carriers for photovoltaics has been predominantly
theoretical however recently, designing hot carrier solar cells utilizing quantum
confinement effects in nanostructures has attracted a lot of interest experimentally.
Despite considerable progress in the field with several of these works showing proof of
principle evidence of hot carrier effects in devices, these works have typically involved
very high excitation powers and/or operation at low temperatures — conditions that are
unrealistic for practical solar cells. However, in the work presented in this thesis the
type-11 systems proposed have been shown to display experimental evidence of robust
hot carrier effects at elevated lattice temperatures and under low(er) irradiation levels
(< 1000 Suns). These results are significant since they represent conditions consistent
with commercial concentrator PV system (where hot carrier solar cell would
undoubtedly be used), and as such offer a genuine route towards the realization of
practical hot carrier solar cells. That being said, considerable challenges still exist with
further work required with regards to optimizing light absorption in thin hot carrier
absorbers, as well as, to utilize energy selective contacts for efficient hot carrier

extraction.
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Appendix A

Determination of absorbed power in quantum well structures

Determination of absorbed power in a sample is important for optical spectroscopy
and solar cell applications. To determine the amount of wavelength (1) dependent
reflection and transmission for a structure, one practical technique is to utilize transfer
matrix analysis, as described by Petterson. [1] To calculate absorbed power, it is
required to find the electric field, E;(x) as a function of distance (x) along the growth
direction in the multilayer structure. For a homogenous and isotropic material with
parallel plane interfaces, it is possible to describe light propagation through the material

using 2x2 matrices. [1, 2]

Semi-infinite ) Semi-infinite
Layer "o" Layer ™" Layer "j" Layer "m" |ayer "m+1"
o+ o+ &+ o+ o+
E; E; Ej Em Em+1
> > — > >
_ — mEm1 = EE1l _ —
< EO < El j - Em < m+1
& IM\ J
pf d; )
J J

Figure A. 1. Schematic of a multilayer structure embedded between two semi-infinite layers

(J=0and J = m+1).
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To calculate the electric field in a system, it is assumed the structure consists of "j*"
individual layers, (j = 1, 2..., m) with thicknesses of "d;" is embedded between two
semi-infinite layers (j = 0 and j = m + 1), as shown in Figure A.1. In addition, it is
assumed each layer has a wavelength dependent complex index of refraction equal

to7; (1) = n;(4) +i- k;(4), where n; and k; are real and imaginary refractive indices.

The electric field at any point in the structure is defined by two components,
E{ and Ej, propagating along positive and negative x directions, respectively. At an
interface between two layers (j and k), an interface matrix (I;,) describes the relation

between electric fields in the left and right layers:

. S

E; _ Eg| _ |ee || ER N
el I e R PN AT Ay
J tjk tjk

where 7;;, and t;;, are reflection and transmission coefficients, respectively, which are

equal to:
D
tixk = ATy (A.2)
_ =k
’r]k - ﬁj+ﬁk. (A3)

Propagation of light through a media causes a change in its phase and intensity (it is

being absorbed), which is described by a layer matrix L;:

_[e7%i4 0 ]
L= [ 0 PRI A4
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where &; = (2r/A)n;. The electric fields within the first (j = 0) and the last (j = m + 1)

semi-infinite layers are,

ol lez
EO m-1
where the transfer matrix "S" is,

Si1 S
[Si SZ] (1 Ion-yn Ln) * Imms -

As a result, the reflection coefficient is calculated by,

r=F0 _Sa
T BT s
0 11
and the transmission coefficient,
_ Efya _ -1
t= o S11
0

(A.5)

(A.6)

(A7)

(A.8)

In order to determine the internal electric field in layer (j) of a multilayer structure,

the transfer matrix is:
— C- +
S = Sj Lij ,
where S;” and Sj+ are:
- j-1
Sj - (Hn=1l(n—1)n Ln) 'I(j—l)j'
and,

= (H?=j+1 I(n—l)n Ln) ) Im(m+1)-
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As a result, electric fields propagating to negative (Ej‘) and positive (Ej+) directions
at a distance (x) in layer (j) are:

1

E} ST
J st Jji1
EX L= Si125721 i2gid; (A12)
0 14+ 2212215554
j115j11
and,
Er st .
2L =t =t L=e Y, (A.13)
E, Sj11

Therefore, the total electric field in layer (j) is the superposition of electric fields

propagating to negative and positive directions at a distance (x), which is:
Ei(x) = Ef(x) + Ej (x) = (tfeiffx — tj_e_iffx)EJ. (A.14)
Finally, the amount of time averaged absorbed power in layer (j) as a function of
distance (x) is,

4ncegking | = 2
Q;() =— |5, (A.15)

where ¢ and ¢, are speed of light and permittivity for free space, respectively. In
addition, the distance (x) in an individual layer (j) changes from 0 to d;, (0 < x < d;).
Via this analysis it is possible to calculate the amount of light absorption in a sample at

a given wavelength (2).
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Appendix B

Determination of Laser beam radius

To calculate absorbed power density, it is required to determine the laser spot size on
a sample. In this thesis, the lasers utilized for optical and electrical characterizations
have Gaussian beam shapes. Electric fields (E) for these lasers have radially

symmetrical distributions, which are described by,

E, = Eyexp (- 1), (B.1)

0

where E,, r, and w,, are: the electric field at (r = 0), the distance from the center, and

the beam radius, respectively. Therefore, the intensity of a Gaussian beam is,

I = pnEyE," exp (— Z(DLZZ) = [, exp (— %), (B.2)

(0]

where u and I, are vacuum permeability and maximum beam intensity, respectively.
Unlike circular beams, Gaussian beams do not have any boundaries in order to be used
as a characteristic for defining their dimensions. Therefore, there are some definitions
for defining their beam sizes. Figure B.1 shows the change of intensity in Equation B.2
of a Gaussian beam versus distance from its center. It is evident that intensity drops as

it moves away from the center.

As shown in Figure B.1, there are two useful concepts for Gaussian beams: 1) beam
radius, and 2) full width at half maximum (FWHM). The beam radius (w,), which
defines the beam spot size, is the distance where the beam intensity drops by 1/e? or

0.135 of its maximum intensity. At a distance twice the beam radius (2w,), the intensity
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decreases to 0.0003 of maximum intensity, which is approximately zero. The FWHM
of a Gaussian beam occurs when the intensity is half of the maximum intensity (beam

intensity at the center). The relationship between FWHM and beam radius is gy =

0.59 wy.
1.0 e
=
."? I FWHM
N E
c /
‘2 0.5
s
O B
2 “
E B 4 Beam Radius
0 1]
(14 . /
e [~ @ e e e e e
0_0 1 1 ] 1 ; 1 I
0 0.59 1 2

Normalized Radius (r/e )

Figure B. 1. Relative intensity of a Gaussian beam versus normalized radius.

Here the beam radius is measured using pinholes, which move across the beam and
the change in intensity is recorded with a photodetector (Newport 818-UV). The

schematic of the experimental setup is shown in Figure B.2.

In this experiment, the Gaussian beam illuminated from a He-Cd laser (442 nm) is
concentrated on a sample via an objective lens (M Plan Apo NIR 100X). It is possible
to determine the spot size of the laser focused by the objective lens via a pinhole

experiment. The numerical aperture (N.A.) of the objective lens is 0.50 and its working
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distance is 12.0 mm. The numerical aperture is a dimensionless number, which
represents the ability of the lens to focus light; in other words, a sample with larger N.A.
has more capability to gather light at a fixed distance and to resolve fine features of a

specimen. The numerical aperture is given by:
N.A.= n-sin@, (B.3)

where n and 6 are the index of refraction and the half-angle of the maximum cone of
light that exits the objective lens. The working distance is the distance from the objective
lens to the sample when it is in focus. The result of the experiment is shown in Figure

B.3.

Objective Lens Photodetector
(M Plan Apo NIR 100x) /

He-Cd Laser (442 nm)

-

Pinhole

Power meter

Figure B. 2. Experimental setup for determination of Laser beam radius.

In Figure B.3, the change in intensity is plotted as a function of distance away from

the center. The black and red lines represent experimental and a Gaussian fitting data.
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Therefore, it is possible to determine the beam radius, where the maximum intensity

drops by 1/e2. The calculated beam radius (w,) at the focal point is 1.05 um.

1 d I ! |
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s
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Figure B. 3. Experimental (red) and theoretical (Gaussian fitting; black) of normalized intensity

as a function of the pinhole displacement.
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