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Abstract
GaSb based photovoltaic devices have been demonstrated on GaAs substrates by an inducing
interfacial array of 90° misfit dislocations. Despite the beneficial qualities of the highly stable 90°
misfit dislocation, there is a significant density of residual threading dislocations in the GaSb layer,
resulting in the degradation of the electrical performance of such photovoltaic cells compared to
lattice matched devices. We aim to reduce threading dislocation density by optimizing growth
temperature and by using an AlSb dislocation filtering layer. The growth temperature optimization
results in a reduction of the threading dislocation density to 1.3 × 108 cm−2. Adding an AlSb
dislocation filtering layer further improves the electrical performance of the GaSb solar cells by
reducing the threading dislocation density to 4 × 107 cm−2. A comparison between the
experimental data and theoretical calculation confirms that the recombination in dislocation
centers is a dominant loss mechanism in GaSb solar cell grown on GaAs substrate. Also, the band
offset between AlSb/GaSb is not proper for photovoltaic application and block the photogenerated
carrier to reach a contact. InGaSb strained layer was chosen as replacement of AlSb defect filtering
layer. Effect of strain, thickness, and a number of InGaSb defect filtering layer on the electrical
performance of GaSb photovoltaic cell grown on GaAs was tested. Strain, thickness and number
of defect filtering layer optimization results in improvement of normalized open circuit voltage
from 43% to 77% and short circuit current from 59% to 78% of GaSb photovoltaic cell.
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Chapter 1: Introduction
1.1 Introduction:
Semiconductor materials have a fundamental role in our technological society in
communication, medical, energy and military sectors. A wide variety of functionalities for
communication, biological detection, energy, and chemical sensing have been enabled in recent
years by the enormous progress in epitaxial growth and materials development. These include
lasers and light emitting diodes over a variety of wavelengths, detectors, solar cells, and thermophotovoltaic cells.
Semiconductor materials can be sorted based on different properties and one of them is a
bandgap. Different applications require the different size of bandgap. For instance, for a light
emitting diode in the visible range, large bandgap material such as GaN is needed. Small bandgap
materials such as GaSb, InAs, InGaAs, and InAsSb have many specific applications such as
thermophotovoltaic, infrared detector and laser applications. Here, we focus on the application of
narrow bandgap materials and specifically GaSb in photovoltaic and thermophotovoltaics.
1.2 Narrow bandgap semiconductor for photovoltaic application:
1.2.1 Single junction solar cell:
Solar cells are a simple p-n junction made of semiconductors that absorb the solar spectrum and
convert to electricity[1]. The conversion efficiency of solar cells depends on the bandgap of
materials and a portion of the absorbed sun spectrum. Fig 1.1 shows the sun spectrum and the cut
off for different semiconductors. Based on detailed balance model, the maximum solar conversion
efficiency is around 33.7% for a single p-n junction, assuming typical sunlight conditions [2](Fig
1.1). This maximum efficiency occurs at a bandgap of 1.34 eV. The conversion efficiency is
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limited by two main sources of losses. The first source of loss is thermalization losses. If photons
have energy more than a bandgap of solar cell material, there can be absorbed in a junction and
excess energy converts to heat. The second source of losses is associated with photons that have
energy less than the bandgap of a solar cell material (Fig 1.2). These types of photons can’t be
absorbed in a solar cell and it called sub-bandgap photon loss.

Fig 1.1: a) The Shockley–Queisser limit for the efficiency of a single junction solar cell. b) solar spectrum and
absorption range for different materials[2].

In the wide bandgap semiconductor material such as GaN and GaAs, the dominant loss
mechanism is sub-bandgap unabsorbed photon loss. These types of semiconductors can produce a
solar cell with a high open circuit voltage and low short circuit current density. On the other hand,
in narrow bandgap semiconductors such as GaSb and InAs, the thermalization loss is dominant.
The narrow bandgap semiconductors can absorb a wider range of solar spectrum and it can produce
a solar cell with low open circuit voltage and high short circuit current.
An application of narrow bandgap single junction solar cells is in spectral splitting solar cell
systems[3]. In this application, sun spectrum splits to a different range of wavelengths and navigate
to solar cells that have match bandgap (Fig 1.3). Matched ranged of wavelength reduces the
thermalization loss in each cell. Also, using martials with different bandgaps reduce unabsorbed
photon loss. Theoretically, spectral splitting solar cells can reach high efficiency[4]. However,
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using different materials increase the production cost. Also, the design of proper beam splitter is
so challenging.

Fig 1.2: Efficiency of single junction solar cell vs bandgap and two main source of losses thermalization and
unabsorbed photon losses[5].

Fig 1.3: Schematic of spectral splitting solar cell concept.

1.2.2 Multijunction solar cell:
A practical way to increase the efficiency of solar cells is to make a multijunction solar cell
with more than one junction with different semiconductor materials. These devices consist of
several solar cells monolithically stacked from high to low bandgaps which allows for the
absorption of distinct spectral bands, thereby reducing the thermalization losses incurred by the
absorption of high energy photons in low bandgap semiconductors. Also, unlike single junction
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cells such as those based on silicon, in multijunction cells, using near IR narrow bandgap subcells
reduces the loss associated with unabsorbed low energy photons.
A first approach to make multijunction solar cells is a lattice matching approach. In this
approach, one substrate is used and lattice matched materials with different bandgaps are grown
on it as different subcells. InGaP/GaAs and InGaP/(In)GaAs/Ge are the examples of lattice
matched multijunction solar cells that reach more than 30% efficiency[6–8]. Number of lattice
matched materials to a substrate is limited. To overcome this limitation and increase the efficiency
of solar cells, two approaches are used, mechanically stacking multijunction and metamorphic
multijunction solar cell.
In mechanically staking solar cell method, two or more lattice matched single junction cells or
lattice matched multijunction solar cells stacked together and make a high efficiency multijunction
solar cell. By using two or more different substrates, more junctions can be used to reduce more
thermalization and unabsorbed photos losses. The highest reported efficiency of multijunction
solar cells are in this category[9–11]. This approach is much more expensive than other methods
because of using different substrates, separate growth, and process. Also, the complexity of this
approach is more than others because of difficulties in bonding.
Metamorphic growth is a method to add lattice mismatch materials to the multijunction solar
cells. For instance, GaAs is a most popular substrate for multijunction solar cells application.
Higher bandgap lattice matched materials to GaAs are available for making top junction on GaAs.
The lack of lattice matched narrow bandgap alloys to GaAs with exception of some dilute nitride
semiconductor is problematic. This issue can be addressed by using metamorphically grown layers
such as InGaAs as narrow bandgap bottom subcell. Geisz et al. have reported 33.8% efficiency for
a triple junctions solar cell using In0.3Ga0.7As (1 eV) with 2% lattice mismatch to GaAs as the
4

bottom junction of the InGaP/GaAs solar cell [12]. The addition of such metamorphic layers leads
to a high threading dislocation density in the InGaAs layers. Other epitaxial strategies such as stepgraded buffer layer have been employed to reduce the formation of such dislocation and
defects[13,14]. Utilizing buffer layer adds significant complication to the growth of the solar cell,
these epitaxial layers have a finite residual strain in them due to partial relaxation, thus making it
very difficult to reproducibly grow solar cells on them.
Here we focus on a tandem solar cell. As we mentioned, the highest efficiency for a single
junction solar cell is around 33.7% for the material with a bandgap of 1.34 eV and the closest
material to this efficiency and the optimum band gap is GaAs [5]. By adding a second junction
and make a tandem cell, the efficiency can reach to more than 46% [15]. Fig 1.4 shows efficiency

Fig 1.4: Efficacy for tandem solar cell calculated based on detail balance model

for tandem solar cell calculated based on detail balance model for the different combination of
bandgaps for a top and bottom junctions. GaSb with a bandgap of 0.72 eV is a candidate to be used
as a bottom junction for GaAs tandem cell. The GaAs/GaSb tandem solar cell can reach an
efficiency of more than 41% (Fig 1.4). L.M Fraas et al made a tandem GaAs/GaSb solar cell by
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mechanically stacking two GaAs and GaSb solar cells tougher[16]. They reported 35% efficiency
for the GaAs/GaSb tandem cell at X240 suns concentration (Fig 1.5).

Fig 1.5: Terrestrial concentrator module and tandem GaAs/GaSb cell stack concepts.

Instead of using two separately grown cells and mechanically stacked, we want to grow GaSb
directly on GaAs substrate to reduce the cost and complexity of the tandem solar cell. The large
lattice mismatch (7.78%) between GaSb and GaAs makes it very difficult to grow high quality
GaSb on GaAs. Thus, specific strategies and growth are needed to overcome this challenge which
we will explain in other chapters.
1.3 Application of GaSb in thermophotovoltaic system
Thermophotovoltaic (TPV) energy conversion is a direct conversion from heat to electricity by
photons. This conversion is a two-step process. A thermal emitter as one of the main components
of TPV system absorbs the heat and converts to photon radiation. This radiation is mostly at nearinfrared and infrared frequencies. A photovoltaic cell absorbs some of the incoming radiated
photons and converts it into electricity. Fig 1.6 shows a schematic of the basic components of a
TPV system.
6

Fig 1.6: Schematic of the basic components of a thermophotovoltaic system.

The efficiency of TPV depends on many parameters such as an emitter and a photovoltaic cell
efficiency. To maximize the efficiency of TPV system, the heat loss from the heat source to the
emitter must be minimized so that most of the inputted thermal power is converted to radiative
power. The absorption characteristics of the photovoltaic cell should match the optical properties
of radiation from the selected emitter. Since unconverted thermal emission is a major source of
inefficiency. Narrow bandgap materials such as GaSb, InGaAsSb, and InGaAs are the proper
candidate for the photovoltaic cell in the TPV system.
In TPV systems, photovoltaic cells place close to the heat source. This proximity to the heat
source and the heat generated from radiation which was not converted to electricity increase the
photovoltaic cells temperature very fast. Increasing the photovoltaic cells temperature results in
degradation in the performance of the photovoltaic cells and the lifetime of TPV system. For
maximum efficiency, the operating temperature of the photovoltaic cells in the TPV systems need
to be kept below 80oC [17]. Cooling technique is used to cool down the photovoltaic cells.
Typically, a metal heat sink is sued to remove heat from photovoltaic cells. However, to make
modules, the photovoltaic cells must be conceded in series. Because of this reason, photovoltaic
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cells must be placed on a substrate that is an electrical insulator and a thermal conductor at the
same time[18].
For efficient heat removal, the global resistance in the interconnect between the photovoltaic
cells in the TPV system and the heat sink must be minimized. The global thermal resistance can
be calculated by adding the thermal resistance of each component and layers in photovoltaic cells
to heat sink interconnection. In TPV system with GaSb photovoltaic cell and beryllium oxide
(BeO) directly bonded copper heat sink, about 76% of global thermal resistance is due to GaSb
substrate[19–21]. A practical method to reduce the global resistance in a photovoltaic cell-heat
sink interception is to remove substrate and bound a free standing thin film cell to a heat sink.
Epitaxial lift-off (ELO) and completely etching away substrate are the two different techniques for
isolation of epitaxial films from substrates. In ELO technique, a sacrificial layer is grown between
the epitaxial layers of interest and the growth substrate, which is then laterally etched thus
separating the two. For completely etching away substrate technique, a selective etchant is needed
to etch the substrate without damaging the epitaxial layer. Usually, an etch stop layer which is
grown between the epitaxial layers of interest and the substrate is used to protect the epitaxial
layers from etching. Both techniques are well developed for GaAs system (lattice matched layers
grown on GaAs substrate). In 1978, Konagai et al. developed an ELO technique to use hydrofluoric
acid (HF) to selectively etch a 5 µm thick Al0.70Ga0.30As intermediate layer and release 30 µm
thick GaAs solar cell from a GaAs substrate[22]. A review paper by Clawson et al. summarized
the chemical etching of III-V semiconductors [23]. However, the chemical etching for GaSb lattice
matched system is not completely developed and reliable. Growing GaSb on GaAs substrate
provides the opportunity to use GaAs etch chemistry to make a free standing GaSb thin film for
TPV application [24]. As we mentioned before, the large lattice mismatch between GaSb and
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GaAs makes it difficult to grow high quality GaSb on GaAs substrate. In the following chapters,
we will explain different approaches to improve the quality of GaSb epilayer grown on GaAs for
photovoltaic and thermophotovoltaic applications.
1.4 Other application of GaSb grown on lattice mismatch substrate
There has been a growing interest in the application of antimonide-based III–V compound
semiconductors for optoelectronic applications covering the 1.30–1.55 mm range which are
required for infrared optical fiber communication system [25–27]. The heteroepitaxial growth of
these semiconductors on Si substrates is desirable in particular because it affords the possibility of
integration of Sb-based multi-quantum well structures with the ubiquitous silicon for newer
photonics application.
Epitaxial growth and characterization of GaSb layers on Si have been reported by several
workers. Akahane et al. [28–30] reported the heteroepitaxial growth of GaSb films on Si substrates
by introducing an AlSb initiation layer. The growth mechanisms of highly mismatched defect-free
AlSb on Si substrates was studied by Balakrishnan et al.[31] who showed that the AlSb layer
provides a template for GaSb layers on Si substrates. Growth of GaSb on Si is different from
growth of GaSb on GaAs that we explained in detail in the following chapters. Thickness of AlSb
buffer or nucleation layer plays a critical rule in growth of GaSb on Si. Also, growth temperature
and cooling cycle are other parameters to growth high quality GaSb on Si substrate. Some of our
systematic studies of the effect of defect filtering layer for reduction of threading dislocation
density in GaSb epilayer can be applied in the GaSb/Si system.
This thesis is organized in the following way:
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Chapter 2 reviews the fundamental growth of GaSb on GaAs substrate by interfacial misfit
(IMF) growth technique. It discusses a growth temperature optimization for IMF growth technique
and presents transmission electron microscopy and XRD analyses for examining quality of GaSb
epilayer.
Chapter 3 focuses on improving quality of GaSb epilayer by reducing threading dislocation
density by use of AlSb defect filtering layer. This includes an introduction about effect of defect
filtering layer on reducing threading dislocation density, optimization of AlSb defect filter layer
position respect to GaSb/GaAs interface, and transmission electron microscopy analyses of
threading dislocation density in GaSb epilayer.
Chapter 4 presents a theoretical calculation of solar cell parameters in present of threading
dislocation density. Comparison of experimental and theoretical date for GaSb IMF grown shows
our progress in improving the quality of GaSb epilayer for solar cell applications.
Chapter 5 explains an alternative InGaSb defect filter layer for replacing of AlSb defect filter
layer. InGaAs with different In composition and thickness was grown to test the effect of strain
and thickness of defect filtering layer on the quality of GaSb epilayer. Parameters of GaSb solar
cells with different InGaSb defect filter layers were measured as an indicator of quality of GaSb
epi layer. Also, more than one defect layer added to GaSb solar cell to study the effect of multilayer
defect filtering layer on quality of GaSb epilayer and solar cell parameters.
Chapter 6 discusses conclusions and future work.
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Chapter 2: Interfacial misfit growth technique and growth temperature
optimization

2.1 Introduction
Up to the end of 20th century, the highly developed semiconductor devices technology is based
mainly on silicon. III-V semiconductors such as GaAs and AlGaAs have also found wide
applications from optoelectronic integrated circuits to solar cells. While most of the earlier works
were focused on applications in heterojunction bipolar transistors[1,2], GaAs solar cell[3], and the
possibility of monolithically integrating III-V technology on silicon[4,5]. The relatively large
lattice mismatched between GaAs and Si results in high threading dislocation density (TDD) in
GaAs epilayer. In other to reduce the TDD in GaAs epilayer on Si, several techniques have been
studied. These include post annealing[6,7], growth interruption and thermal annealingcycling[8,9], and strain layer superlattice[8,10]. By using these techniques, the TDD was greatly
reduced. However, further reduction in the TDD is required for the defect-sensitive devices such
as solar cells and lasers.
In recent years, antimonide-based semiconductors are also in attention because of the wide
range of electronic band gaps, band-gap offsets, and electronic barriers along with extremely high
electron mobility[11]. Lattice matched GaSb epitaxy on native substrates results in high quality
GaSb based devices, but GaAs substrates are desirable for many applications. Compared to GaSb
substrates, GaAs substrates have semi-insulating, have favorable thermal properties, can form
excellent n and p Ohmic contacts, available in large size, and finally is cheaper. However, the high
density of dislocation (more than 1010 cm-2[12]) due to 7.78% lattice mismatch between GaSb and
GaAs is deleterious to both their electrical and optical properties of GaSb devices[13,14]. In other
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to improve electrical and optical properties of GaSb lattice mismatch grown devices, more study
is needed.
Lattice mismatched strain between GaSb epilayer and GaAs substrate is relieved primarily by
the formation of misfit dislocations. Some of these misfit dislocations also generate threading
dislocations which propagate through the GaSb epitaxial layer. In general, these threading
dislocations are detrimental to device performance, so minimizing their numbers is desirable. The
primary goal in optimizing the growth of GaSb on GaAs is directly related to the reduction of these
threading dislocations. A brief review of growing GaSb on GaAs is included here.
2.2 History of growing GaSb on GaAs
Misfit dislocations form at the interface of lattice mismatched heteroepitaxial layers to relieve
strain. In general, for small lattice mismatched (<1%) such as InxGa1-xAs/GaAs or GexSi1-x /Si, the
formation of mixed character 60° dislocations is observed. For larger lattice mismatches such as
GaSb/GaAs, the strain is relieved by the formation of 90º and 60º misfit dislocations. The 90º
misfit dislocations propagate laterally along the GaSb/GaAs interface, and the 60º misfit
dislocations propagate into the GaSb bulk layer.
The mechanism of forming threading dislocation in the GaSb epitaxial layer has been the matter
of debate. Coalescing of GaSb islands is one of the proposed mechanisms. In this mechanism,
GaSb nucleation occurs as islands that expand across the GaAs surface eventually forming a
continuous epitaxial layer. While an interfacial misfit array (IMF) at the interface of GaSb/GaAs
forms under of each of these islands, the arrays from adjacent islands may be out of registry. When
such mis-registered islands coalesce, there is a residual strain at the intersection point. This strain
may be relieved by the formation of a 60° dislocation. Unlike the 90° dislocations of the IMF, the
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60° dislocations are prone to threading and that results in defects propagating up into the epitaxial
layer[12].
Another detailed study by Qain et al. proposed that threading dislocations in GaSb epilayer are
presents in each independent GaSb island prior to coalescence[15]. They studied the nucleation of
GaSb islands on GaAs before island coalition (Fig 2.1. a & b). Analysis of these islands revealed
the presence of threading segments associated with 60° dislocations (Fig 2.1. b). The observation
of large numbers of 60° dislocations in independent islands suggests mechanisms other than island
coalescence may be involved in forming GaSb on GaAs threading dislocations.

Fig 2.1: a) A typical AFM micrograph shows the GaSb growth islands on GaAs (001), GaSb nominal thickness of 5
nm. b) Weak beam image [g = (22 ¯0)] taken from samples with 20 nm GaSb nominal thickness. Three 60° misfit
dislocation segments are marked with letters A, B, and C, respectively.

Qain et al. studied the level of TDD in GaSb epitaxial layer on GaAs and they calculated the
relation between TDD and the thickness of GaSb epitaxial layer[16]. For their study, they were
grown GaSb on GaAs with the thickness from 0.5µm to 14µm. Based on their growth method,
prior to the deposition of GaSb layer, the GaAs surface was held under an Sb2 flux for 60s while
the As2 cracker valve was closed and the substrate temperature was lowered. Their plan view TEM
analysis showed the reduction in TDD by increasing the GaSb epitaxial layer (Fig 2.2). They
reported TDDs ranging from 2x109 cm-2 for the 0.5μm film to 2x107 cm-2 for the thickest 14μm
16

film. Fig 2.3 shows the summarized results of TDD for different GaSb layer thicknesses. The
9

dependence of TDD and GaSb epitaxial layer was fitted as 𝑇𝐷𝐷 = 10 ⁄ 5⁄ cm-2 where t is the
𝑡 3
epilayer thickness in micrometer. This work serves as a historical baseline for an understanding of
TDD levels for GaSb epitaxial layer on GaAs. Their results suggest TDD levels in the 108-109 cm2

for most cases with levels in the 107 cm-2 range achievable at very large thicknesses.

Fig 2.2: Plan-view bright field micrographs (g = 220) af GaSb epi layers taken at (a) 14 and (b) 0.5 µ.m film
thicknesses[16].

Fig 2.3: Film thickness dependence of threading dislocation density in the GaSb thin films measured from plan-view
TEM[16].

Huang et al. introduced a new growth concept of GaSb on GaAs as an IMF growth mode in
2006 [17]. In the IMF growth mode, the formation of a surface layer of Sb on GaAs prior
nucleation and growth of GaSb is essential. With a surface Sb template present prior to GaSb
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nucleation, the IMF array could be in registry across the entire GaAs surface. This reduces the
number of islands and results in the elimination of island coalescence as a source of 60o dislocation
and improves TDD. The main difference between IMF growth mode and earlier studies by Qian
et al is the timing of group V (As and Sb) changes during the transition from GaAs to GaSb. In the
IMF growth mode, an interruption step added at the termination of GaAs growth. This interruption
step allows desorbing As from GaAs surface. Once desorption was complete, an Sb flux was
introduced. In contrast, the studies by Qian et al. reported a direct transition from As to Sb sources
with no intervening desorption step. Also, in IMF growth mode, the Sb overpressure was
maintained until a specific 2x8 surface reconstruction was observed. The 2x8 surface
reconstruction was used as a sign of IMF array formation.
Jallipalli et al explained the IMF growth mode and formation of IMF array based on a simple
atomic model[18]. The interruption after GaAs growth was resulted in Ga reach surface. Sb atoms
were bonded to Ga atoms. Because of strain and atomic size difference between As and Sb, some
bond bending was happened in Ga-Sb bonds (Fig 2.4). Careful HR-TEM analysis images were
showed that the misfit occurs every 14 Ga lattice sites, which is equivalent to 13 Sb lattice sites
(Fig 2.5).

Fig 2.4: a) Schematic drawing of undistorted and distorted lattices for Sb on GaAs surface. b) Schematic
arrangement of Sb on the GaAs surface[18].
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Fig 2.5: Cross-sectional TEM images of 120 nm GaSb bulk material on a GaAs substrate that identifies the highly
periodic array of misfit dislocations at the interface of the GaSb layer and the GaAs substrate[18].

2.3 Growth temperature optimization of IMF growth mode and TDD measurement
The realization of GaSb epitaxial layer with ̴ 100% relaxation and relatively low TDD is
possible by using the IMF growth mode. The high strain produced by the 7.78% lattice mismatch
between GaAs and GaSb is relieved by misfit arrays and threading dislocations in IMF growth
mode. As noted before, the threading dislocations in the GaSb epitaxial layer are typically resulting
of propagation of 60º misfit dislocations. Hence, if the nucleation of 60º misfit dislocations can be
reduced, the detrimental threading dislocations propagating to the epitaxial layer can be
eliminated. The formation of 90º rather than 60º misfit dislocations is a key point of IMF growth
mode and it can be controlled by the growth conditions[17,19,20]. The growth temperature is one
of the factors that has a major impact on the quality of GaSb epitaxial layer and level of TDD in
the IMF growth mode. Here, we optimize the growth temperature in IMF growth mode to reduce
TDD in GaSb epilayer.
For this study we were grown 2µm thick GaSb on GaAs (001) substrate in the IMF growth
mode at different growth temperatures (540, 500, 460, 420oC). The epitaxial samples used in this
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study were grown in VG V80 solid source molecular beam epitaxy (MBE) reactor. First, the native
oxide of the GaAs substrate is thermally desorbed at 620ºC for 20 min. The substrate temperature
is measured using an optical pyrometer. Then the substrates are cool down to 580°C to deposit a
200 nm GaAs layer to smooth the surface. After completion of the homoepitaxy, the As cracker is
valved off to initiate the desorption of As from the surface (for 40 seconds). The reflection highenergy electron diffraction (RHEED) pattern transforms from a 2x4 As-stabilized GaAs surface to
a 4x2 Ga-rich surface. After the 2x8 reconstruction is observed, the substrate temperature is
brought down to the growth temperature of GaSb under Sb overprepare and the growth initiated.
In the first few monolayers of GaSb growth, the RHEED shows a 1x3 reconstruction surface. Also,
a constant V/III ratio of 1.5:1 is maintained between Sb and Ga across all samples.
For characterization of the strain relaxation High Resolution X-ray Diffraction (HRXRD) was
used. A conventional triple crystal ω-2θ scans were conducted in the vicinity of symmetrical (004)
reflection. Two peaks - one from the GaAs substrate and the other from GaSb (004) - are seen in
each curve (Fig 2.6). The peak position of GaSb relative to the substrate was nearly identical for
all growth temperatures. Also, to visualize the angle distribution of coherent and diffused scattered
x-ray radiation and evaluation of residual elastic stress and extent of relaxation, triple crystal ω 2θ /ω reciprocal space maps (RSM) were measured in the vicinity of the symmetrical and
asymmetrical reflections. Fig 2.7 shows the RSM for the sample grown at 460oC in <004> and
<224> directions. From the RSM, we can see that there is no tilt in the epilayer with respect to the
substrate along the completely strain-relaxed [224] line. The lattice misfit relaxation for samples
grown at all temperatures are calculated to be in the range of 99.5 to 100%. This indicates that the
GaSb growth temperature doesn’t necessarily affect the relaxation of the GaSb bulk layer.
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Fig 2.6: XRD image of 2 µm GaSb grown on GaAs at 420oC.

Fig 2.7: Reciprocal Space maps (RSM) of IMF grown GaSb on GaAs along both (a) <004> and (b) <224>. Sample
grown at 460oC is shown. However, all other samples show identical results with relaxation >99.5%. Q x =
1/2{cos(ω) −cos (2θ −ω)} = λ/2dII, Qy = 1/2{sinω + sin (2θ −ω)} = λ/2d┴ and rul = 1Å−1 = 2(sin θ)/λ) and ω is the
Bragg angle and λ is 1.54 Å

For more evaluation and TDD measurement we used transmission electron microscopy (TEM)
and X-ray rocking cure. The initial evaluation of these samples was by TEM cross section. Fig 2.8
shows the high magnification bright-field cross sectional TEM images of IMF grown GaSb
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epilayer at 420oC. All samples show a highly periodic array of misfit dislocation at the GaSb/GaAs
interface confirming the formation of the IMF.

Fig 2.8: High resolution cross section TEM of the GaSb/GaAs interface. Sample was grown at 420 oC.

Fig 2.9 shows the cross section TEM images of the samples grown at diffident temperatures.
All samples show some level of threading dislocation defects. It can be seen that at a higher growth
temperature (540oC) the initial growth conditions aren’t optimized and formation of threading
dislocation at the interface is higher. Also, TDD dramatically decreases with increase in the GaSb
thickness due to mutual interactions between dislocations at all growth temperatures. Using the
projected length of dislocation lines in a TEM image, the TDD can be estimated by following
equation[21]:

𝑇𝐷𝐷 =

4 𝑙′

(2.1)

𝜋 𝐴𝑡

Where t is the thickness of the sample and A is the area over which the projected l’ is estimated.
From Fig 2.9, the TDD is estimated using equation (2.1) at different growth temperature within
the top 0.5µm GaSb layer. Estimated TTD values are 1.5x108 cm-2, 8.7x107 cm-2, 4.3x108 cm-2,
4.6x108 cm- 2 for the 420°C, 460°C, 500°C, and 540°C samples respectively. Based on this initial
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review, the 460°C growth temperature was most promising. Measuring TDD from cross section
TEM images are just estimate measurement and it is not so accurate. Because the samples were
thinning for TEM and it is hard to measure the accurate thickness of samples.

Fig 2.9: (a)-(d) are cross sectional TEM images of 2µm thick IMF grown GaSb epilayers on GaAs at (a) 420 oC, (b)
460oC, (c) 500oC, (d) 540oC.

Plan view TEM images were used to measure TDD values more accurately. The plan view
images (Fig 2.10) show a significant dependence of TDD to the growth temperature. In this case,
the lowest TDD is around 1.3x108 cm-2 for the sample that grown at 420oC. The 540°C sample has
the highest TDD at approximately 5.9x108 cm-2. The two samples were grown at 460°C and 500°C
show TDD of approximately 2.2x108 cm-2 and 2.6x108 cm-2 respectively. The plan view TEM
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measurement shows the same trend for TDD that by decreasing growth temperature TDD
decreases.

Fig 2.10: Plan-view TEM images of 2µm thick IMF-grown GaSb epi-layers on GaAs at (a) 420oC, (b) 460oC, (c)
500oC & d) 540oC

X-ray rocking curve is another measurement method that we use to measure the TDD in GaSb
epilayer on GaAs substrate. X-ray rocking curve measurement is faster, inexpensive and
nondestructive compare to TEM. For measuring TDD, the full width half max (FWHM) of the
(004) diffraction peak of GaSb was used. Equation 2.2 shows the relation between TDD and
FWHM[22].

𝑇𝐷𝐷 =

(𝐹𝑊𝐻𝑀)2
4.36 𝑥 𝒃2
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(2.2)

where the b is the length of the typical dislocation Burgers vector, if the rocking curve width is
just determined by the screw dislocations. For GaAs-related compounds with 60o dislocation loops,
b could be assumed to be equal to b=a/2<110>=4.31Å. This theory predicts that the screw
dislocations should result in a Gaussian broadening of the rocking curve. FWHM values in arc
seconds determined from the 420°C-540°C samples were 123.5, 43 149.0, 165.2, and 583.2 (Fig
2.11). Applying Equation 2.2 to these values gives TDD results of 4.4x107 cm-2, 6.4x107 cm-2,
7.9x107 cm-2, and 9.0x108 cm-2 respectively.

Fig 2.11: X-Ray ω rocking curve of 2 µm GaSb grown on GaAs at different temperature (420 oC, 460oC, 500oC,
540oC).

A summary of results acquired from the various techniques is provided in Fig 2.12. While the
absolute values show some differences, the trend of TDD versus growth temperature is similar for
the plan view and XRD. Some discrepancy with the cross sectional TEM results is explained based
on the small size of the analysis area. Both XRD and plan view TEM assess larger areas of the
material, so these results are weighted more heavily.
The lowest measured TDD in this study is around 108 cm-2 for the sample grown at 420oC. Both
TEM and XRD measurements show the same trend that by decreasing growth temperature, TDD
decreases in GaSb epitaxial layer while the absolute values show some differences. The trend
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suggests to grow some samples at the lower growth temperature. Two samples were grown at
390oC and 350oC at same conditions as initial samples. Having established a reasonable correlation
between XRD and TEM plan view results, XRD was used for an initial evaluation of the new
samples. TDD increases for both samples compare to the sample grown at 420 oC. The TDD was
1.2x108 cm-2 and 5x108 m-2 for sample grown at 350oC and 390oC respectively. It seems that the
optimum growth temperature for growing GaSb on GaAs with low TDD is around 420 oC. At this
temperature, balance happened between Sb atom desperation and surface mobility which results
in bigger GaSb islands and the smaller number of island coalescence.

Fig 2.12: The variation of TDD with growth temperature calculated from plan-view TEM, cross sectional TEM and
XRD rocking curve.

To more fully understand the source of the high TDD calculated for the 350°C growth, a TEM
cross section of this sample was completed. The cross section revealed material with a high
concentration of threading dislocations and stacking faults. In addition, the sample surface was
uneven showing an inability to smooth during growth (Fig 2.13). Also, Nomarski microscopy
images showed the surface with high roughness and full of defects. In general, these observations
show that 350°C is below the optimal range for GaSb growth.
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Fig 2.13: TEM cross sectional images of GaSb grown at 350°C showing high TDD,
uneven growth surface, and stacking faults.

2.4 Surface morphology
The surface morphology is analyzed using atomic force microscopy (AFM). AFM
measurements were conducted using a commercial scanning probe microscope DIMENSION
3000 (Digital Instruments, Brusker Nano). The imaging was performed in amplitude modulation,
AM, mode operating at the resonant frequency of approximately 300Khz. Thin arm, Silicon,
asymmetric, Aluminum reflectance, and rectangular cantilevers with the stiffness of 40 N/M were
selected. The post-imaging analysis was carried out using GWYDDION and WSxM for
quantitative roughness measurements. Fig 2.13 (a)-(c) shows the 10µm X 10µm AFM images of
the GaSb bulk surfaces grown at different temperatures. These images clearly show that the GaSb
growth proceeds in a step-flow growth mode originating at the misfit dislocations. On closer
observation, it is found that the RMS roughness of the surfaces increases with a decrease in
temperature as shown in Fig 2.13 (d). Brown et al. observed a similar trend in surface roughness
when GaSb is grown on GaAs without trying to induce the formation of a periodic IMF array[23].
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Fig 2.14: AFM images of 2µm thick IMF-grown GaSb epi-layers on GaAs at 460 oC (a), 500 oC (b) and 540 oC (c).
(d) Graph showing the variation of surface roughness with growth temperature. RMS sq = 2.28nm @ 460 oC,
1.582nm @ 500 oC & 0.912nm @ 540 oC

In order to explain the variation in surface roughness at different growth temperatures, the
widths of the steps formed during the step-flow growth mode are to be considered at each
temperature. It is found that the terrace widths in the step-flow growth mode increase with the
increase in temperature. We suspect that this increase in terrace width manifests as a decrease in
the surface roughness in the AFM images.
2.5 Conclusion:
Growing good quality high lattice mismatch narrow bandgap GaSb on GaAs substrate was
achievable by using IMF growth technique. The IMF growth technique and quality of GaSb
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epilayer are so sensitive to growth temperature. To increase the quality of GaSb IMF grown
samples, we optimize the growth temperature. A wide range of growth temperature from 350oC to
540oC was used. Level of TDD in the GaSb epilayer was used as an indicator of GaSb quality.
TEM cross section, TEM plan view, and X-ray rocking curve measurement were used to measure
TDD. Both TEM and XRD measurement technique showed the same trend that decreasing growth
temperature resulted in TDD decreases. The lowest TDD around 1.3x108 cm-2 was measured by
plan view TEM for the sample which was grown at 420oC. Samples with lower and higher growth
temperature showed higher TDD. It is useful to use nondestructive and fast XRD technique for
measuring TDD instead of destructive and time consuming TEM measurement.
Reference:
[1]

A.G. Milnes, Heterojunctions and Metal Semiconductor Junctions, Academic press, New
York and Londen, 1972.

[2]

R. Fischer, W.T. Masselink, J. Klem, T. Henderson, T.C. McGlinn, M. V. Klein, H.
Morkoç, J.H. Mazur, J. Washburn, Growth and properties of GaAs/AlGaAs on nonpolar
substrates using molecular beam epitaxy, J. Appl. Phys. 58 (1985) 374–381.
doi:10.1063/1.335687.

[3]

Y. Itoh, T. Nishioka, A. Yamamoto, M. Yamaguchi, 14.5% conversion efficiency GaAs
solar cell fabricated on Si substrates, Appl. Phys. Lett. 49 (1986) 1614–1616.
doi:10.1063/1.97245.

[4]

I. Moerman, P.P. Van Daele, P.M. Demeester, A review on fabrication technologies for
the monolithic integration of tapers with III-V semiconductor devices, IEEE J. Sel. Top.
Quantum Electron. 3 (1997) 1308–1320. doi:10.1109/2944.658785.

[5]

M. Hopkinson, T. Martin, P. Smowton, III-V semiconductor devices integrated with
silicon, Semicond. Sci. Technol. 28 (2013). doi:10.1088/0268-1242/28/9/090301.

[6]

N. Chand, R. People, F.A. Baiocchi, K.W. Wecht, A.Y. Cho, Significant improvement in
crystalline quality of molecular beam epitaxially grown GaAs on Si (100) by rapid
thermal annealing, Appl. Phys. Lett. 49 (1986) 815–817. doi:10.1063/1.97556.

[7]

J.W. Lee, H. Shichijo, H.L. Tsai, R.J. Matyi, Defect reduction by thermal annealing of
GaAs layers grown by molecular beam epitaxy on Si substrates, Appl. Phys. Lett. 50
(1987) 31–33. doi:10.1063/1.98117.

[8]

C. Choi, N. Otsuka, G. Munns, R. Houdre, H. Morkoç, S.L. Zhang, D. Levi, M. V. Klein,
Effect of in situ and ex situ annealing on dislocations in GaAs on Si substrates, Appl.

29

Phys. Lett. 50 (1987) 992–994. doi:10.1063/1.97956.
[9]

H. Okamoto, Y. Watanabe, Y. Kadota, Y. Ohmachi, Dislocation reduction in GaAs on Si
by thermal cycles and InGaAs/GaAs strained-layer superlattices, Jpn. J. Appl. Phys. 26
(1987) L1950–L1952. doi:10.1143/JJAP.26.L1950.

[10] T. Soga, S. Hattori, S. Sakai, M. Takeyasu, M. Umeno, Characterization of epitaxially
grown GaAs on Si substrates with III-V compounds intermediate layers by metalorganic
chemical vapor deposition, J. Appl. Phys. 57 (1985) 4578–4582. doi:10.1063/1.335363.
[11] S.M. Sze, Semiconductor Devices: Physics and Technology, JOHN WILLY & SONS,
INC., 2002.
[12] A.M. Rocher, Interfacial dislocations in the GaSb/GaAs(001) heterostructure, Diffus.
Defect Data Solid State Data, Part B Solid State Phenomena. 1991; 19 20 563 72. (1991).
[13] J.H. Kim, T.Y. Seong, N.J. Mason, P.J. Walker, Morphology and defect structures of
GaSb islands on GaAs grown by metalorganic vapor phase epitaxy, J. Electron. Mater. 27
(1998) 466–471.
[14] J.W. Matthews, A.E. Blakeslee, Defects in epitaxial multilayers. II. Dislocation pile-ups,
threading dislocations, slip lines and cracks, J. Cryst. Growth. 29 (1975) 273–280.
doi:10.1016/0022-0248(75)90171-2.
[15] W. Qian, M. Skowronski, R. Kaspi, M. DeGraef, V.P. Dravid, Nucleation of misfit and
threading dislocations during epitaxial growth of GaSb on GaAs(001) substrates, J. Appl.
Phys. 81 (1997) 7268–7272. doi:10.1063/1.365324.
[16] W. Qian, M. Skowronski, R. Kaspi, Dislocation density reduction in GaSb films grown on
GaAs substrates by molecular beam epitaxy, J. Electrochem. Soc. 144 (1997) 1430–1434.
doi:10.1149/1.1837606.
[17] S.H. Huang, G. Balakrishnan, A. Khoshakhlagh, A. Jallipalli, L.R. Dawson, D.L.
Huffaker, Strain relief by periodic misfit arrays for low defect density GaSb on GaAs,
Appl. Phys. Lett. 88 (2006). doi:10.1063/1.2172742.
[18] A. Jallipalli, G. Balakrishnan, S.H. Huang, A. Khoshakhlagh, L.R. Dawson, D.L.
Huffaker, Atomistic modeling of strain distribution in self-assembled interfacial misfit
dislocation (IMF) arrays in highly mismatched III-V semiconductor materials, J. Cryst.
Growth. 303 (2007) 449–455. doi:10.1016/j.jcrysgro.2006.12.032.
[19] A. Jallipalli, G. Balakrishnan, S.H. Huang, T.J. Rotter, K. Nunna, B.L. Liang, L.R.
Dawson, D.L. Huffaker, Structural analysis of highly relaxed GaSb grown on GaAs
substrates with periodic interfacial array of 90° misfit dislocations, Nanoscale Res. Lett. 4
(2009) 1458–1462. doi:10.1007/s11671-009-9420-9.
[20] Y. Li, Y. Zhang, Y. Zhang, B. Wang, Z. Zhu, Y. Zeng, Molecular beam epitaxial growth
and characterization of GaSb layers on GaAs (0 0 1) substrates, Appl. Surf. Sci. 258
(2012) 6571–6575. doi:10.1016/j.apsusc.2012.03.081.
[21] R.K. Ham, The determination of dislocation densities in thin films, Philos. Mag. 6 (1961)
1183–1184. doi:10.1080/14786436108239679.
[22] J.E. Ayers, Measurement of threading dislocation densities in semiconductor crystals by

30

X-ray diffraction, J. Cryst. Growth. 135 (1994) 71–77. doi:10.1016/0022-0248(94)907277.
[23] S.J. Brown, M.P. Grimshaw, D.A. Ritchie, G.A.C. Jones, Variation of surface morphology
with substrate temperature for molecular beam epitaxially grown GaSb(100) on
GaAs(100), Appl. Phys. Lett. 69 (1996) 1468. doi:10.1063/1.116910.

31

Chapter 3: AlSb dislocation filtering layer

3.1 Introduction:
In the previous chapter, we showed the sensitivity of interfacial misfit (IMF) growth technique
to the growth temperature for growing GaSb on GaAs. By optimizing the growth temperature, the
threading dislocation density (TDD) in GaSb epilayer was reduced to 1.3x108 cm-2. This TDD is
still very high compared to 105 cm-2 TDD in lattice match grown GaSb epilayer and further
improvements are needed. To this end, the investigation of additional strategies for the reduction
of TDD is warranted.
The use of dislocation filtering layers (DFL) in epitaxial growth is another strategy for reducing
unwanted dislocation defects. Matthews et al. mentioned that “Misfit strain can be used to drive
threading dislocations out of epitaxial films and thus to improve their perfection”[1]. They
experimentally and theoretically showed that how strain layers bend the threading dislocations and
reduce TDD in mismatch epitaxial layers. The model is based on a comparison of the force due to
misfit strain and the tension in a dislocation line. This balance is used to predict a point at which
dislocations encountering an interface will bend to follow that interface[2]. The derivation is based
on a system with a substrate, A, and a multilayer stack B/C/B/C, as shown in Fig 3.1.

Fig 3.1: Multilayer stack B/C/B/C grown on a substrate A[2].
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The force of the misfit strain (Fε) and the force of the dislocation line tension (Fl) are shown in
equation 3.1 and 3.2 respectively.

𝐹𝜀 =

𝐹𝑙 =

𝐺𝑏2
4𝜋(1−𝜗)

2𝐺(1+𝜗)
1−𝜗

𝑏ℎ𝜀 cos(𝜆)

(3.1)
ℎ

((1 − ϑ 𝑐𝑜𝑠 2 (𝛼)) (𝑙𝑛 + 1))
𝑏

(3.2)

Parameters in equation 3.1 and 3.2:
G: shear modulus of B and C layers, h: layer thickness (assumed to be equal for B and C), ν:
Poisson ratio, b: the dislocation Burgers vector, ε: the strain, λ: the angle between the slip plane
and the interface, and α: the angle between the dislocation line and the Burgers vector.
For a system with misfit f, the maximum value of strain will be εmax=1/2f. For values of Fε<2Fl
this predicts a dislocation with coherent travel across the interface than threading dislocations have
a geometry similar to Fig 3.2 path (a). At Fε=2Fl the dislocation bends to meet the interface, but
then continues upward and it has a geometry like Fig 3.2, path (b). For Fε>2Fl the dislocation bends
to travel along the interface and it has a geometry similar to Fig 3.2, path (c).

Fig 3.2: Predicted dislocation bending behaviors. Path way (a) when Fε<2Fl, path way (b) Fε=2Fl, path way (c)
Fε>2Fl [2]
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These considerations result in a critical thickness (hc). At this critical thickness, dislocations
will bend to form misfit segment and travel to the edge of a sample. Equation 3.3 calculates the
critical thickness based on equation 3.1 and 3.2. The authors use equation 3.3 to find the critical
thickness for GaAs, Ga(As,P) layers grown on GaAs substrate. They experimentally showed that
at this critical thickness, misfit dislocations form at the interface.

ℎ𝑐 =

𝑏 (1−𝜗 𝑐𝑜𝑠 2 𝛼)
2𝜋𝑓 (1+𝜗)𝑐𝑜𝑠𝜆

ℎ

(𝑙𝑛 𝑐+1)
𝑏

(3.3)

3.2 Application of defect filtering layer in GaAs/Si material system
GaAs epitaxy on Si substrates has been recognized as a desirable technology to integrate III-V
compound-based device and Si electronic circuitry[3–5]. The reasons for this interest include the
possibility of combing the high speed and optoelectronic capabilities of GaAs devices with wellknown advantages of high density Si very large scale integrated technology. However, the
heteroepitaxial growth of GaAs on Si faces several problems including anti-phase domains, 4.1%
lattice mismatch, and large thermal expansion coefficients differences[6,7]. Reduction of antiphase domains can be achieved in part through the use of slightly miscut substrates that create
double atomic steps at the interface[8,9]. The lattice mismatch and differences in thermal
expansion coefficients between the two materials lead to the generation of misfit, threading
dislocations, and residual stress in the GaAs film[10]. The reduction of TDD has been a more
challenging endeavor with the significant focus on the use of DFL.
Whelan et al provide a useful example of using DFL in GaAs grown on Si substrate in 1990[11].
They were used GaAsP/GaAs strained superlattice (SLS) as a DFL for preventing the migration
of threading dislocations into the active region of GaAs epitaxial layer grown on Si. In the first
experiment, they were grown SLS layers of thickness from 100-200 Å. The critical thickness was
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calculated to be 200 Å based on their design and 1% mismatch between GaAsP/GaAs. Thus, the
range was chosen to study the bending effect at the critical thickness. The details structure of their
samples shows in Fig 3.3. Sample A consisted of 3 packets of SLSs with 100Å layers and 3 packets
of SLSs with 200Å layers. These two SLS packets were separated by 2000Å of GaAs. The second
sample (B) used 150Å and 250Å SLS packets in a similar design. In the second set of experiments,
two samples were also grown; in these samples, the material composition of the SLS remained the
same, and a single SLS packet composed of three periods with 100nm thick layers was
incorporated in each sample at distances of 0.5 and 0.01 µm from the respective GaAs/Si
heterointerfaces.

Fig 3.3: Sample design for GaAsP/GaAs SLS defect filtering study by Whelan et al[11].

TEM was used to analyze the dislocation presents in the epitaxial layers. For the first pair of
samples (A and B) no detectable bending of dislocation was observed at the layer interfaces in any
of the SLS packets for any of the thicknesses 100- 250Å. In fact, most of the dislocation bending
occurred at the first and last interface of each SLS packet, at the interface in contact with thick
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GaAs layers (2000Å and above). This shows that each SLS packet acted as a single DFL layer
rather than a series of individual filtering interfaces. Unfortunately, the TEM images are not clear
enough to show here.
In the second pair of samples with thicker 100nm SLS layers dislocation bending appeared to
occur at each layer interface in the SLS. Additionally, for the SLS placed close to the GaAs/Si
interface a very high level of dislocations in the SLS was observed. This was interpreted as the
strain field of the SLS attracting dislocations from the heterointerface. Fig 3.4 shows the defect
bending behavior for the thick 100nm layer SLS placed 0.5μm away from the GaAs/Si interface.
In general, the density of dislocations is significantly lower in the GaAs above the SLS, and many
dislocations are observed along the SLS layer interfaces.

Fig 3.4: TEM cross section of a 3 layer 100nm SLS packet placed 0.5μm above a GaAs/Si interface[11].

It is useful to see the effect of DFL on optoelectronic devices performance. In the last few years,
III-V quantum dots lasers on Si has attracted so much attention. As we mentioned before the
threading dislocation in III-V epilayer on Si is the main problem. Tang et al showed the
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improvement in the electrical performance of 1.3µm InAs/GaAs quantum dot (QD) lasers
monolithically grown on Si substrate by using DFL[12]. They compared two different SLSs DFL
to reduce TDD in GaAs epilayer on Si. In their experiment for each sample, three repeats of SLS
DFLs separated by 400-nm GaAs spacing layers were grown on the top of a 1000nm GaAs buffer
layer. Two types of SLSs, five-period of 10nm In0.15Ga0.85As/10nm GaAs and five-period of 10nm
In0.15Al0.85As/10nm GaAs were investigated in their study. After another 400nm GaAs spacing
layer, an InAs/GaAs dot-in-a-well structure was grown.
AFM and TEM analysis of uncapped InAs QDs showed that despite the use of different types
of SLSs as DFLs, the InAs/GaAs QDs grown on the Si substrates share similar structural
properties. In TEM image of both samples, a high TDD is generated at the GaAs/Si interface as a
result of the large lattice mismatch. Authors referenced specific two-step low growth temperature
method[13,14] which resulted in confining most of the defect in the first ~200 nm region, but still
a quite high TDD (~109 cm−2) is propagating towards the active region. Fig 3.5 shows the SLSs
suppress the propagation of threading dislocations and shows that GaAs layers are visually
dislocation free after two sets of InAlAs/GaAs SLSs with a few dislocations after the
InGaAs/GaAs SLSs. TDD was estimated by TEM after each SLS and was plotted in Fig 3.5 (c).
Nevertheless, the TEM results qualitatively indicate that both InGaAs/GaAs and InAlAs/GaAs
SLSs DFLs have similar effects on the reduction of TDD due to similar strain field or misfit to
GaAs. At such a level of dislocation density (<107cm-2), TEM measurements become unreliable
for quantitative comparison and they used Etch pit defects (EPD) measurement to confirm the
TDD value. After three sets of SLSs, the TDD of 2x106 cm−2 and 5x106 cm−2 were reported for
the sample with InAlAs/GaAs and InGaAs/GaAs SLSs DFL respectively.
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Fig 3.5: Cross-sectional TEM images of sample with (a) InGaAs/GaAs SLS and (b) InAlAs/GaAs SLS. (c) TDD
measured at different position. After the third SLS, EPD technique was also used to estimate the defect density [12]

The authors were used photoluminescence (PL) to compare the optical properties of the samples
with different DFL. The room-temperature emission from the sample with InAlAs/GaAs SLSs is
about two times stronger than that with InGaAs/GaAs SLSs (Fig 3.6). Also, the integrated PL
intensity at different temperatures was done for analyzing the effect of DFLs on the optical
properties of the overgrown InAs/GaAs QDs. The emission peak and thermal activation energy
were remained nearly the same for both samples and these were predicted the similar band
structures of the QDs. They were concluded that, the emission intensity difference between the
two samples is mainly attributed to the defect density in the materials and it was resulted in the
sample with InAlAs/GaAs SLSs has less defects within the active region.

Fig 3.6: Room-temperature PL spectra and (b) integrated PL intensities as a function of temperature for the
InAs/GaAs structure grown on Si substrates with InGaAs/GaAs and InAlAs/GaAs SLSs[12].
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Another interesting example in the GaAs/Si system is a use of QD layers as dislocation bending
sites to filter dislocations. Mi et al were introduced InAs QD DFL below a laser active region.
Schematics for these lasers are shown in Fig 3.7[15,16]. By introducing InAs QD layers the
threshold current was decreased from 1500 Acm-2 to 900 Acm-2. The improvement, in this case,
was attributed to dislocations and antiphase domains being trapped at the GaAs/Si interface. The
TEM cross section images showed the propagation and bending of the threading dislocation with
diffraction conditions (Fig 3.8). In a continuation of this work, Yang et al studied the variation of
QDs DFL properties to understand the dislocation blocking mechanism[17]. The ability of a QD
interface to bend a dislocation was calculated based on the strain energy of the existing dislocation
compared to the energy released due to the formation of a misfit segment running beneath the
quantum dot.

Fig 3.7: Schematic of self-organized In0.5Ga0.5As QD-laser heterostructures grown on Si substrates with the
dislocation filter consisting of N QD layers (N = 0, 5, 10, and 15).

Fig 3.8: XTEM image of dislocation propagation in the ten-layer InAs QD buffer layer with various diffraction
conditions: (a) g = [2 ¯2 0], (b) g = [1 ¯1 1], (c) g = [¯1 11], (d) g = [004]. The zone axis is [110].
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3.3 Buffer layer and defect filtering layer for GaSb/GaAs material system
In contrast to the GaAs on Si system, DFLs in GaSb on GaAs have received less attention and
are at an earlier stage. Most of the works in this system were focused on using interface buffering
layers. Buffering attempts to control dislocation generation at a heterointerface by inserting a layer
or layers, in some way, to manage the transition between lattice constants. In contrast, DFL
strategies accept the natural dislocation generating properties of the initial heterointerface and
attempt to filter them out late through the insertion of a layer or layers designed to bend
dislocations. Here is some progress in buffering layers and DFL in GaSb/GaAs system.
Zhi-Qiang et al used AlSb as a buffer layer to grow GaSb on GaAs substrate[18]. They studied
the effect of AlSb buffer layer thickness and growth temperature on the quality of GaSb epilayer.
FWHM of GaSb peak in XRD was used an indicator of quality of epilayer. Qian et al used different
buffer layers such as AlSb, InGaSb, and AlSb/Gab SLS at the GaAs interface and measured TDD
in GaSb epilayer[19]. An AlSb nucleation layer followed by a short period AlSb/GaSb SLS (0, 10,
20, 30, 40 periods) has been reported by Hao et al[20]. They used low temperature PL for
determining optical quality of GaSb epitaxial layer on top (1µm). Fig 3.9 shows the low
temperature PL for their study.

Fig 3.9: The 10-K PL spectra of the GaSb epilayers with different periods of AlSb/GaSb SLs[20]
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Examples of DFLs in GaSb/GaAs system are limited. J. Fastenau et al. have been reported some
benefits associated with AlAsSb SLS on metamorphic GaSb[21]. They were grown 500 nm DFL
consist of 50 repeats of 100Å periods of AlAsSb on top of 1µm GaSb buffer layer. Atomic force
microscopy (AFM) and high-resolution x-ray diffraction (HRXRD) results suggest that the DFLs
have some positive impact on material quality, though no specific TDD values were reported. TEM
cross sectional images of the strain compensated SLS DFL are shown in Fig 3.10.

Fig 3.10: TEM cross section of strain compensated SLS introduced on a 1μm GaSb metamorphic buffer [21].

3.4 AlSb defect filtering layer for GaSb grown on GaAs substrate
As we mentioned before for the DFL application, a strain layer is needed. In the case of GaSb,
two straightforward candidates are AlSb and InAs with a lattice mismatch of 0.74% and 0.65%
respectively. These small lattice mismatches produce enough strain for DFL application. Due to
the relative simplicity of the MBE transition, AlSb is a prime candidate for initial investigations.
The single group III elemental switch allows for a very clean transition minimizing potential strain
mitigating intermixing in a more complex GaSb/InAs interface. Because of the relatively small
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lattice mismatch, a test design can also employ a relatively thick layer. This will maximize the
interface strain and provide the opportunity to better observe the interfacial behavior.
For the initial test, a single layer of AlSb was placed at a distance of 100, 250, 500nm from the
GaSb/GaAs interface. The thickness of AlSb DFL was chosen to be 250 nm, which is more than
the critical thickness for AlSb on GaSb. The primary reason for the choice of this thickness was to
the ease of imaging threading dislocations in the individual layers using cross section TEM.
Following the AlSb DFL, additional GaSb was grown resulting in a total GaSb/AlSb/GaSb
thickness of ~1.5μm. This uniform total thickness was used to allow for equivalent dislocation
annihilation associated with growth thickness. For this set of samples, we were used the IMF
optimum growth temperate (420oC). This early sample exhibited a high concentration of large
square surface defects in top down SEM review (Fig 3.11 a). The Cross sectional TEM analysis
of one of the large square surface defects revealed stacking faults propagating up through the
material to the surface (Fig 3.11 b). The source can be traced to the lower interface of the AlSb

Fig 3.11: a) SEM images from the top surface of a GaSb/AlSb/GaSb growth at 420°C showing a high concentration
of square surface defects. b) TEM cross section of surface defect showing origin at the lower GaSb/AlSb interface.
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layer. Additionally, the close review of the upper AlSb/GaSb interface in non-defective regions
shows a scalloped pattern indicating an uneven growth front for the AlSb. In general, these
observations suggest the 420°C growth temperature is too low for AlSb which is typically grown
around 500°C. Clearly, these conditions are not conducive to the goal of reducing defects.
With this early result, the growth process was modified to improve the AlSb quality and avoid
any defect from AlSb growth process. While the initial GaSb IMF nucleation temperature was
maintained at 420°C, during the growth of the subsequent GaSb and before reaching AlSb DFL,
the temperature was slowly ramped up to 500°C. This temperature was maintained for the AlSb
DFL. The temperature was brought down to 420oC with an Sb soak interruption for the rest of
GaSb top layer. This modification resulted in samples with smooth surfaces showing none of the
square defects related to stacking fault formation.
Fig 3.12 shows TEM cross-section of AlSb DFL samples. In each case, there is relatively high
TDD in the initial IMF GaSb layer between the GaAs and the AlSb. At both the upper and lower
AlSb/GaSb interfaces high levels of defects are apparent suggesting that dislocations may be
bending at the interface and interfacial misfit networks may have formed. Interestingly, within the
AlSb layer itself, relatively few defects are observed, we don’t believe that this is due to oxidation
since the sample prep was done without exposure to the atmosphere. The final GaSb growth shows
a significant decrease in TDD in all cases. The samples with 250 nm and 500 nm initial IMF GaSb
show nearly dislocation free GaSb in the upper layer. From the overall cross-sectional images,
TDDs estimated for the material above the AlSb DFL interfaces are 4x108 cm-2, 9x107 cm-2, and
4x107 cm-2 for the samples with 100 nm, 250 nm, and 500 nm initial IMF GaSb respectively.
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Fig 3.12: TEM cross-sectional images of GaSb/AlSb/GaSb filtering layer samples with AlSb at (a)100 nm, (b) 250
nm, and (c) 500 nm from the GaAs/GaSb IMF interface.

Fig 3.13 shows a closer view of the GaAs/GaSb/AlSb interfaces and it reveals more details of
defect filtering and effectiveness of AlSb DFL. Here again, the high levels of dislocations along
the upper and lower DFL interfaces is observed while the AlSb itself is essentially free of defects
over larger areas. Reviewing the various images and using a simple dislocation line count from
above and below the DFL, the filtering efficiency appears to be more than 80-90%.

Fig 3.13: TEM images showing concentrated dislocation activity at the AlSb blocking layer interfaces.

For more accurate TDD measurement, plan view TEM images were used near the top of each
DFL sample (Fig 3.14). The sample with 100nm IMF GaSb (left) shows some bend contours due
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to sample warping, but an accurate account of TDD is still possible in such cases. TDDs for the
plan view samples are 1.1x108 cm-2, 8.9x107 cm-2, and 3.6x107 cm-2 for the 100nm, 250nm, and
500nm DFL layer samples respectively. These values are in general agreement with the cross
section TEM results and show some of the lowest TDDs ever observed in GaSb grown on GaAs.

Fig 3.14: Plan view TEM images for DFL samples left to right: 100nm, 250nm, 500nm IMF GaSb prior to DFL.

The surface morphology is analyzed using AFM. Fig 3.15 shows the 10µm X 10µm AFM
images of GaSb surface in the samples with AlSb DFL. The RMS roughness of the surface for all
DFL samples is the same, around 1.85 nm. As we explained in chapter 2, the surface roughness is
more function of growth temperature. Here, all DFL samples were grown with the same growth
temperature condition and we expected to see same roughness for all DFL samples.

Fig 3.15: AFM images of GaSb epilayer with AlSb DFL with different GaSb buffer layer thickness of (a) 100nm, (b)
250 nm, (c) 500nm. RMSsq : (a) 1.85nm, (b) 1.89nm, (c) 1.67nm.
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3.5 Conclusion:
Strain layer can be sued as a defect filtering layer for bending threading dislocation and reduce
TDD in lattice mismatch martial. AlSb with 0.64% strain by GaSb was used as DFL for reducing
TTD in GaSb epilayer grown on GaAs. 250nm of AlSb was grown at different distances (100, 250,
500nm) from GaSb/GaAs interface. Cross section TEM measurement confirmed some bending of
threading dislocation at the interface of AlSb DFL and GaSb epilayer in all samples. The plan view
TEM measurement showed more reduction in the sample with AlSb DFL at the distance of 500nm
from GaSb/GaAs interface. The lowest level of TDD was 3.6x107 cm-2. It seems by putting AlSb
DFL farther from GaSb/GaAs interface more bending happened in the interface of DFL and GaSb
layer.
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Chapter 4: Solar cell parameters in present of threading dislocation

4.1 Introduction:
Lattice mismatch growth of different semiconductors for solar cell application is not a new idea.
Some challenges such as propagation of threading dislocations to the device are involved in this
approach. Therefore, in order to realize high efficiency solar cells, it is important to clarify the
effects of dislocations upon the electrical properties of solar cells. Dislocations play a dominant
role in determining the electrical properties of lattice mismatch solar cells. Dislocations act as
recombination centers in the same manner as impurities and other defects. The recombination loss
at dislocations which reduces the short circuit current and increases the excess leakage current is
thought to be the predominant loss mechanism in solar cells. Dislocation recombination centers
reduce the minority-carrier lifetime and diffusion length.
In the following sections, first we review the basic operation principle of solar cells and after
that, theoretical calculations for the reduction of minority carrier lifetime and diffusion length in
present of threading dislocation are presented. Also, a comparison between theoretical and
experimental data for GaSb solar cell grown on GaAs are added to the end of this chapter to show
the effectiveness of our approaches for reducing threading dislocation density (TDD).
4.2 Basic operation principle of solar cells:
As we mentioned before, solar cells are simple p-n junction. The incident photons are absorbed
by the semiconductor materials and the photogenerated charge carriers pass through an external
load to do electrical work. Fig 4.1 shows a schematic diagram of the device geometry of a simple
solar cell[1]. The n-region is narrow (emitter) and heavily doped while the p-region (base) is wider
and with a lower doping concentration. The gradient in doping concentration allows for the
diffusion of carriers from one side to the other until an electrostatic field, Eo, which opposes further
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diffusion is formed. Electrons from the heavily doped n-type layer diffuse into the p-type layer,
recombine and create negatively charge ions on the p-type side. Holes from the p-type region
diffuse into the n-type material, recombine, and create positively charged ions on the n-type side.
The space formed by the charged ions is called space charge region or depletion region, W.

Fig 4.1: a schematic diagram of the device geometry of a simple single junction solar cell.

When the p-n junction is illuminated, the absorbed photons create electron-hole pairs in all
regions. Electron-holes photogenerated in the space charge region are immediately separated by
the electrostatic field. The electrons drift to the neutral n-region making this side more negatively
charged. The holes drift to the neutral p-region making this p-side more positive. Electrons
photogenerated by the absorption of long wavelength photons in the neutral p-region must diffuse
to the depletion region where they can be drift to the n-side. Similarly, holes photogenerated in the
neutral n-region must diffuse to the depletion region where they can be swept to the p-side.
Diffusion of the electron-hole pairs can only happen within the minority carrier diffusion lengths
Lh and Le. Outside of these diffusion lengths, the photogenerated electron-hole pairs are lost by
recombination. Therefore, only electron-hole pairs photogenerated in the Lh + W + Le region can
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contribute to the photovoltaic effect. Then, if an external load is connected, the excess electrons
in the n-side can travel around the external circuit, do work, and reach the p-side to recombine
with the excess holes there.
The current voltage characteristics of an ideal photovoltaic cell can be described by the
Shockley diode equation[2]
𝑞𝑉

𝐽 = 𝐽0 (𝑒 𝑘𝑇 − 1) − 𝐽𝑠𝑐

(4.1)

where 𝐽𝑜 is the dark saturation current density, 𝑞 is the electronic charge, 𝑉 is the voltage, 𝑘 is
Boltzmann’s constant, 𝑇 is the temperature of the cell in Kelvin, and 𝐽𝑠𝑐 is the photocurrent density
generated by the solar cell under illumination at short circuit. The dark saturation current density
is highly dependent on the material properties of the solar cell. For direct bandgap materials where
absorption is strong, recombination within the depletion region is dominant and hence [3]
𝐽𝑜 ≈ 𝐽𝑠𝑟𝑐,𝑜 =

𝑞𝑛𝑖 (𝑤𝑛 +𝑤𝑝 )

(4.2)

√ 𝜏𝑛 𝜏𝑝

where 𝑞 is the electronic charge, 𝑛𝑖 is the intrinsic carrier concentration, 𝑤𝑛 and 𝑤𝑝 are thickness
of depletion region in the n-layer and the p-layer, 𝜏𝑛 and 𝜏𝑝 are the electron and hole lifetimes,
respectively.
When recombination is dominant by the diffusion process, the dark saturation current density
can be approximated by
𝐷𝑛

𝐽𝑜 ≈ 𝐽𝑑𝑖𝑓𝑓,𝑜 = 𝑞𝑛𝑖2 (𝑁

𝑎 𝐿𝑛

𝐷𝑝

+𝑁

𝑑 𝐿𝑝

)

(4.3)

where 𝐷𝑛 and 𝐷𝑝 are the electron and hole diffusion coefficients, 𝑁𝑎 and 𝑁𝑑 are the acceptor and
donor doping concentrations, and 𝐿𝑛 and 𝐿𝑝 are the electron and hole diffusion lengths.
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Nonetheless, the solar cell not only absorbs radiation but also emits radiation and this affects the
dark saturation current as well. Frequently, solar cell’s models use an approximation formula for
𝐽𝑜 as follows,
ℎ𝑣𝑔

𝐽𝑜 ≈

3
𝛽(ℎ𝑣𝑔) 𝑇𝑐𝑒𝑙𝑙
𝑒 𝑘𝑇𝑐𝑒𝑙𝑙

(4.4)

where
𝐴

𝛽(ℎ𝑣𝑔 )𝑊𝑎𝑛𝑙𝑎𝑠𝑠 = 3.165 ∙ 10−4 𝑐𝑚2 𝐾3 𝑒 2.91ℎ𝑣𝑔

(4.5)

The dark saturation current density experimental value of a solar cell can be calculated from
the J-V characteristics of the solar cell. Rearranging the ideal diode equation with 𝐽 = 0, 𝐽𝑜 can
be approximated by
𝐽𝑜 =

𝐽𝑠𝑐
𝑞𝑉𝑜𝑐
𝑒 𝑘𝑇 −1

(4.6)

Jo is highly dependent on the bandgap of the solar cell. As the bandgap energy of the material
increases the dark saturation current decreases. GaSb solar cells have a dark saturation current
density of about 1 x 10-8 A/cm2.
The short circuit current density (Jsc) generated by an ideal solar cell is given by the following
equation
∞

𝐽𝑠𝑐 = 𝑞 ∫𝐸 𝑏𝑠 (𝐸)𝑄𝐸(𝐸)𝑑𝐸
𝑔

(4.7)

where 𝑞 is the electronic charge, 𝑏𝑠 (𝐸) is the incident spectral photon flux density, and QE(E) is
the probability that an incident photon of energy E will deliver one electron to the external circuit.
The maximum short circuit current density, 𝐽𝑠𝑐,𝑚𝑎𝑥 , that a solar cell can have is when all absorbed
photons with energies greater than the bandgap deliver one electron to the external load that is
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when quantum efficiency QE(E) = 1. Then, 𝐽𝑠𝑐,𝑚𝑎𝑥 only depends on the incident photon flux and
the bandgap energy of the solar cell.
∞

𝐽𝑠𝑐,𝑚𝑎𝑥 = 𝑞 ∫𝐸 𝑏𝑠 (𝐸)𝑑𝐸
𝑔

(4.8)

For example, the maximum photocurrent density that a GaSb solar cell can achieve under the
illumination of the standard AM1.5G spectrum is 59.5 mA/cm2. AM1.5G is the standard solar
spectrum at the Earth’s surface, G stands for global and includes both direct and diffuse radiation.
The standard AM1.5G spectrum has been normalized to give 1kW/m2.
Fig 4.2 shows the current-voltage characteristics of an ideal solar cell under dark and light
conditions. In the dark, no photocurrent density is generated by photons and hence 𝐽𝑠𝑐 is zero.
Under illumination, in an ideal situation, each photon above the bandgap, 𝐸𝑔 , contributes to the
generation of current and hence the current-voltage curve is shifted down by 𝐽𝑠𝑐 to the fourth
quadrant.

Fig 4.2: Current-Voltage characteristic of an ideal solar cell under light illumination (red line) and dark (blue line).

A solar cell has four key performance characteristics; The short circuit current density (Jsc), the
open-circuit voltage (Voc), the fill factor (FF), and the efficiency (ɳ). Jsc and Voc can be obtained
directly from the current-voltage curve as shown in Fig 4.2. Voc is the maximum possible voltage
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of the cell and it happens when the dark current is equal to the short circuit photocurrent. From
the ideal diode equation Voc is,
𝑉𝑜𝑐 =

𝑘𝑇
𝑞

𝐽

𝑙𝑛 ( 𝐽𝑠𝑐 + 1)
𝑜

(4.9)

Ideally, the maximum possible power for the cell will be the product of Jsc and Voc. However,
Jsc and Voc do not occur simultaneously and at each point the power is zero as shown by the power
curve in Fig 4.2. There is a specific current density 𝐽𝑚𝑝 and voltage 𝑉𝑚𝑝 where the cell produces
the maximum power density.
The Fill Factor compares the maximum power density produced by the cell to the maximum
possible power that the cell could have as shown by the following equation,
𝐹𝐹 =

𝐽𝑚𝑝 𝑉𝑚𝑝

(4.10)

𝐽𝑠𝑐 𝑉𝑜𝑐

The FF is a measure of the closeness of the solar cell J-V curve to the ideal rectangular shape.
The efficiency of the cell is the ratio between the maximum power density, 𝑃𝑚𝑎𝑥 , deliver by
the cell and the incident light power density, 𝑃𝑖𝑛 .
𝜂=

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛

=

𝐽𝑚𝑝 𝑉𝑚𝑝
𝑃𝑖𝑛

=

𝐽𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹
𝑃𝑖𝑛

(4.11)

4.3 Effect of threading dislocation in diffusion length and carrier lifetime:
Yamaguchi et al. presented a simple model for calculation of minority carrier diffusion length
in GaAs epilayer grown on Si substrate [4,5]. This model is a general model and it can be used for
GaSb epilayer grown on GaAs. The dislocations were assumed to be uniformly distributed in
epilayer and the model calculations were done to obtain diffusion length versus dislocation density
relationships. Minority-carrier diffusion length is given by
1
𝐿2

1

1

1

𝑜

𝑑

𝐼

= 𝐿2 + 𝐿2 + 𝐿2

(4.12)
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where Ld, LI, and Lo are diffusion length associated with minority carrier recombination with a
majority carrier at a dislocation, at an impurity, and at other unknown defects respectively. The
diffusion limited minority carrier diffusion length for recombination on dislocations was calculated
by solving the one-dimensional continuity equation (Equation 4.13) for the transport of minority
carriers to the dislocations. The boundary conditions are given in Equation 4.14 and 4.15 based on
the schematic in Fig 4.3 where xc is the unit cell radius.
𝜕𝑛
𝜕𝑡

=

𝐷𝜕2 𝑛

(4.13)

𝜕𝑥 2

n=0, at x=0

(4.14)

𝑛⁄ = 0, 𝑎𝑡 𝑥 = 𝑥 = 1⁄
𝑐
𝑡
√𝑇𝐷𝐷 𝜋

(4.15)

Fig 4.3: Schematic diagram of a thin-film p+ -p-n A1GaAs-GaAs solar cell on a Si substrate[4].

The resulting solution of the dislocation-limited minority-carrier diffusion length is expressed by
1
𝐿2𝑑

3
= 𝜋 𝑇𝐷𝐷⁄4

(4.16)

Thus, by ignoring the impurity limited recombination, the effective minority carrier diffusion
length is derived from Equation (4.12) and (4.16), as follows
3
1
= 𝐿2 + 𝜋 𝑇𝐷𝐷⁄4
(4.17)
𝑜
By using the relation between diffusion length and carrier lifetime (𝐿 = √𝐷𝜏), the carrier
1

𝐿2

lifetime in presence of threading dislocation is
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1
𝜏

=𝜏

1
𝑏𝑢𝑙𝑘

+

𝜋 3 𝐷 (𝑇𝐷𝐷)⁄
4

(4.18)

where τbulk is carrier lifetime in the bulk material and D is the diffusion coefficient. To plot carrier
lifetime versus TDD, doping of layer is needed. Stollwerc et al were measured minority carrier
lifetime for GaSb bulk materials with different doping levels at room temperature (Fig 4.4)[6]. Fig
4.5 shows electron and hole lifetime for GaSb epilayer with doping of 5x1017cm-3 (this level of
doping will be used in GaSb solar cell design for the experimental date at the end of this chapter).

Fig 4.4: a) Electron lifetime in p-GaSb at 300K versus doping concentration. b) Hole lifetime in n-GaSb at 300 K
versus doping concentration[6].

Fig 4.5: Theoretical plot for minority carrier lifetime in GaSb (5x1017 cm-2) as a function of TDD. Red curve: holes
lifetime in n-GaSb layer. Blue curve: electrons lifetime in p-GaSb layer.
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4.4 Theoretical calculation of solar cell parameters in present of threading dislocation
density:
By using the derived equation for minority carrier lifetime in present of TDD, we can postulate
a general theory concerning a lattice mismatch thin film solar cells such as GaSb solar cell grown
on GaAs substrate. We assume the p on n structure for a solar cell (Fig 4.6 a). In the structure. The
short-circuit current density (Jsc) is related to the minority-carrier diffusion lengths in the p-window
layer, the p-emitter layer, and n-base layer, and also comes from the depletion layer (Equation
4.19). where the electron diffusion length in p-window layer, the electron diffusion length in pemitter layer, and the hole diffusion length in n-base layer are Ln1, Ln2, and Lp respectively.
𝐽𝑠𝑐 = 𝐽𝑛1 (𝐿𝑛1 ) + 𝐽𝑛2 (𝐿𝑛2 ) + 𝐽𝐷 (𝑊) + 𝐽𝑝 (𝐿𝑝 )

(4.19)

Fig 4.6: a) Schematic diagram of lattice mismatch solar cell for calculation of electrical parameters. b) GaSb solar
cell structure grown on GaAs substrate

For calculating Jsc, I need to calculate each current in Equation 4.19. Equation 4.20 to 4.22 show
standard calculation for currents in p-n junction in solar cell (more information about the
calculation of each current in reference [3])
𝐽𝑛 (𝐸) = [

𝑞𝑏𝑠 (1−𝑅)𝛼𝐿𝑛
𝛼2 𝐿2𝑛 −1

{

]×

𝑥𝑝 −𝑤𝑝
𝑥𝑝 −𝑤𝑝
𝑆 𝐿
𝑆 𝐿
( 𝑛 𝑛 +𝛼𝐿𝑛 )−𝑒 −𝛼(𝑥𝑝 −𝑤𝑝 ) ( 𝑛 𝑛 cosh(
)+sinh(
))
𝐷𝑛

cosh(

𝑥𝑝 −𝑤𝑝
𝐿𝑛

𝐷𝑛

𝐿𝑛

𝑥𝑝 −𝑤𝑝
𝑆 𝐿
)+ 𝑛 𝑛 sinh(
)
𝐷𝑛

𝐿𝑛

57

𝐿𝑛

− 𝛼𝐿𝑛 𝑒 −𝛼(𝑥𝑝 −𝑤𝑝 ) }

(4.20)

𝑞𝑏𝑠 (1 − 𝑅)𝛼𝐿𝑝 −𝛼(𝑥 +𝑤 )
𝑝
𝑝 ×
𝐽𝑝 (𝐸) = [
]𝑒
𝛼 2 𝐿2𝑝 − 1
𝑆𝑝 𝐿𝑝

{𝛼𝐿𝑝 −

𝐷𝑝

𝑥 −𝑤
𝑥 −𝑤
[cosh( 𝑛 𝑛 )−𝑒 −𝛼(𝑥𝑛 −𝑤𝑛) ]+sinh( 𝑛 𝑛 )+𝛼𝐿𝑝 𝑒 −𝛼(𝑥𝑛 −𝑤𝑛 )
𝐿𝑝

𝐿𝑝
𝑆𝑝 𝐿𝑝
𝑥𝑛 −𝑤𝑛
𝑥𝑛 −𝑤𝑛
)+
)
cosh(
sinh(
𝐿𝑝
𝐷𝑝
𝐿𝑝

𝐽𝐷 (𝐸) = 𝑞𝑏𝑠 (1 − 𝑅)𝑒 −𝛼(𝑥𝑝 −𝑤𝑝 ) (1 − 𝑒 −𝛼(𝑤𝑛+𝑤𝑝 ) )

}

(4.21)

(4.22)

List of parameters in the Equation 4.20 to 4.22:
q: electron charge
bs: solar photon flux
R: probability of photon reflection
α: probability of absorption of a photon
Sn, Sp: surface recombination for electron and holes
1

2𝜀 𝑉

1

2𝜀 𝑉

wn, wp: width of space charge region in base & emitter, 𝑤𝑝 = 𝑁 √ 1𝑠 𝑏𝑖1 , 𝑤𝑛 = 𝑁 √ 1𝑠 𝑏𝑖1
𝑞( + )
𝑞( + )
𝑎
𝑑
𝑁𝑎 𝑁𝑑

𝑁𝑎 𝑁𝑑

Dn, Dp: diffusion coefficient for electron and holes
Na, Nd: emitter and base layers doping
For simplification, we assume the zero for reflection (R=0) and one for photon absorption
(α=1). Instead of calculating Jsc, we calculate, and plot normalized short circuit current to avoid
complexity and effect of an illumination source. Fig 4.6 (b) shows the structure which was used
for calculation. All material properties of GaSb used for calculation were extracted from the
published data [6]. Fig 4.7 shows the normalized short circuit current for different value of TDD.
The open circuit voltage (Voc), we can use Equation 4.9. For the GaSb solar cell grown on GaAs
substrate, the recombination current component J0 is assumed to be dominant in the diode
saturation current. The space-charge layer recombination current density J0 is given by:
𝐽0 =

𝑞𝑛𝑖 𝑊𝐷

(4.13)

2𝐿2
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Where ni is the internist carrier concentration and W is the space charge layer width (W=Wn+Wp).
The normalized Voc was plotted in Fig 4.7.

Fig 4.7: Dashed line: normalized theoretical open circuit voltage (Voc) vs TDD for GaSb solar cell grown on GaAs.
Solid line: normalized theoretical short circuit current (Jsc) vs TDD for GaSb solar cell grown on GaAs.

4.5 Comparison between experimental data and theoretical data for IMF grown GaSb solar
cells:
In this section, we present the electrical performance of GaSb solar cells grown on GaAs to
compare it with theoretical data. The first sample was grown at the optimized growth temperature
(420oC) without any DFL. In the second sample, a 250 nm AlSb DFL is added to the structure. Fig
4.8 (a), (b) shows the schematic of GaSb IMF grown solar cell on GaAs substrate. The doping
values are based on the incorporation of the dopant atoms in the semiconductor and do not take
into consideration the activation of the dopant. Same structure was grown on GaSb substrate as a
control sample. For characterization of the device performance, 0.5x0.5 cm2 solar cells were
fabricated using standard photolithography followed by mesa isolation with wet etching
(HF:H2O2:H2O, 2:1:20 solution). An n-type contact Ge/Au/Ni/Au (260, 540, 220, 2000 Å) was
deposited in an electron-beam evaporator onto the back side of the substrate. Following, a rapid
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thermal annealing at 380°C for 40 s. For the P-contact, Ti/Pt/Au (500/500/2000 Å) was used. The
grid shadowing is about 4%. The solar cells were processed without the antireflection coating.

Fig 4.8: a) Schematic of GaSb IMF grown solar cell on GaAs substrate. b) DFL add to the structure for GaSb solar
cell with AlSb DFL sample. c) Current-Voltage characteristics of samples under 1 sun (AM1.5) illumination. Black
line: control sample, Red line IMF grown sample with AlSb DFL, Blue line: GaSb IMF grown sample without DFL.

Current-Voltage (I-V) characteristics of the samples were measured under 1 sun (AM1.5)
illumination (Fig 4.8 (c), Table 4.1). The IMF GaSb sample (without the DFL) shows Voc of 0.1
V and Jsc of 19.7 mA/cm2 while the GaSb IMF with DFL exhibits improved Voc of 0.145 V and
Jsc of 21.7 mA/cm2. Both GaSb IMF samples with and without DFL shows the reduction in Voc
and Jsc that is related to the TDD in the cells.
Table 4.1: Electrical characteristic of GaSb IMF grown solar cell under 1 sun illumination.

Control sample
IMF without DFL
IMF with DFL

Jsc (mA/cm2)
33.5
19.7
21.7

Voc (V)
0.23
0.1
0.145

FF (%)
50
28
29

The experimental data for GaSb IMF grown sample with and without DFL have been added to
the graph to show the correlation between theoretical data and experimental data (Fig 4.9). TDD
for IMF grown sample without DFL at optimum growth temperature was 1.3x108 cm-2 and TDD
for IMF grown sample with DFL at optimum growth temperature was 3.6x107 cm-2. The Voc
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increases with reducing TDD and the trend is an agreement with theory. However, the increase in
Jsc is less than predicted in the case of GaSb IMF with DFL. As we mentioned above, 500 nm thick
layer of GaSb and 250 nm thick layer of AlSb have been added to the structure with DFL. A bandoffset between AlSb/GaSb results in increased resistance in the interface of AlSb/GaSb[7,8]. Fig
4.10 shows the band-offset for bulk AlSb/GaSb in the GaSb solar cell[9]. This band-offset block
both carriers and reduce the overall Jsc. Also, the AlSb DFL layer was grown at the optimum
growth temperature for reduced TTD and at such low temperature, AlSb typically is p-doped from
the presence of deep level defects. Furthermore, low growth temperature also results in reduced
activation of the Te (n-doping) in the AlSb layer resulting in a highly resistance AlSb layer [10].
We believe low-temperature AlSb DFL layer is another source of the reduced Jsc. These issues can
be resolved in by using different DFLs such as InGaSb to decrease the band-offset and to solve
the doping issue and Jsc reduction.

Fig 4.9: Dashed line: normalized theoretical Voc vs TDD, solid line: normalized theoretical Jsc vs TDD. Red circle:
normalized experimental Jsc for GaSb IMF grown solar cell with and without DFL. Blue triangle: normalized
experimental Voc for GaSb IMF grown solar cell with and without DFL.
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Fig 4.10: Band-offset between AlSb and GaSb in bulk condition. Rejection of hole and electron in AlSb DFL
because of band-offset.

4.6 Conclusion:
The effect of threading dislocation on solar cell parameters has been analyzed. GaSb solar cell
parameters were calculated based on the simple model in which dislocation act as recombination
centers, reduced minority carrier diffusion length and lifetime in each layer, and increase the space
charge layer recombination current. The theory showed dramatically degradation in Voc and Jsc by
increasing TDD level. GaSb solar cells were grown on GaAs substrate for comparing with theory.
Optimized IMF growth technique and AlSb DFL were used to reduce the level of TDD in GaSb
solar cell. The normalized Voc and Jsc increased by reducing TDD level in GaSb solar cell with
AlSb DFL. It was a good agreement between experimental and theoretical data. However, the J sc
was not increased as much as the theory predicted for GaSb solar cell with AlSb DFL. The
undesirable band offset between GaSb and AlSb DFL increases the resistance for electrons to reach
the contact and reduces the Jsc.
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Chapter 5: Effect of thickness and strain of InGaSb defect filter layer on the GaSb solar
cell parameters

5.1 Introduction:
In the previous chapters, we talked about reduction of threading dislocation density (TDD) in
GaSb epilayer grown on GaAs substrate. IMF growth optimization and use of AlSb defect filter
layer (DFL) resulted in reduction of TDD to ̴ 4x107 cm-2. The GaSb IMF grown solar cell with
AlSb DFL showed an improvement in open circuit voltage (Voc) and short circuit current (Jsc).
However, the improvement in Jsc was not as much as the theory predicted and it because of
resistance between AlSb DFL and GaSb. In this chapter, I will use InGaSb as a DFL.
Fig 5.1 shows the band alignment for Sb-based semiconductor. Unlike AlSb, InGaSb has a
proper band alignment for photovoltaic applications. I expect to see higher J sc by using InGaSb
DFL in GaSb solar cell compare to sample with AlSb DFL with same strain. Using InGaSb DFL
gives us this opportunity to examine an effect of strain on the electrical performance of GaSb solar
cell by changing Indium compassion. In this chapter, I will experimentally show the effect of
strain, thickness, and number of defect filter layer on the electrical performance of GaSb solar cell.

Fig 5.1: Band alignments for binary semiconductor[1]
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5.2 InGaSb DFL vs AlSb DFL
As I mentioned before InGaSb DFL has a proper band offset with GaSb and it would not block
photogenerated carriers and it should produce more Jsc compare to AlSb DFL with same strain.
The strain between AlSb and GaSb is 0.64%. To reach the same strain between InGaSb and GaSb,
the Indium composition should be 11%. XRD was used to find composition percentage of InGaSb
grown layer on GaSb in several test samples for setting sources temperature and growth rate in
MBE reactor. The same solar cell structure was grown (Fig 5.2) to compare the effectiveness of
InGaSb DFL and AlSb DFL for reduction TDD in GaSb IMF grown solar cell. The growth
condition was same as before and the optimum growth temperature was used for growing the
samples.

Fig 5.2: Schematic of GaSb IMF grown solar cell on GaAs substrate with InGaSb DFL and 500 nm GaSb buffer layer.

All samples were tested under one sun illumination for extraction of solar cell parameters. The
J-V characteristic of GaSb solar cells with and without DFL and solar parameters were presented
in Fig 5.3 and Table 5.1 respectively. As we expected the J sc in the sample with InGaSb DFL is
higher than the sample with AlSb DFL. Also, the Voc increased in InGaSb DFL sample compare
to AlSb DFL sample. Reason for increased Voc is not clear and more material analysis is needed
to find out.
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Table 5.1: Electrical characteristic of GaSb IMF grown solar cell under 1 sun illumination.

Control sample
GaSb IMF without DFL
GaSb IMF with AlSb DFL
GaSb IMF with In0.11 Ga0.89Sb DFL

Voc (V)
0.23
0.1
0.145
0.161

Jsc (mA/cm2)
33.5
19.7
21.7
24.7

FF (%)
50
28
29
37

Fig 5.3: J-V characteristics of GaSb solar cells under one sun illumination.

5.3 Effect of InGaSb DFL strain on the GaSb IMF grown solar cell parameters
Strain layer can bend the threading dislocation line and reduce the TDD. In chapter 3, I was
presented theoretical and temperamental date to show the effect of AlSb DFL on the reduction of
TDD and improvement of GaSb IMF solar cell electrical performance. Here, we switch to InGaAs
DFL to examine the effect of strain between InGaAs layer and GaSb on the effectiveness of
InGASb DFL. The strain was changed by changing Indium composition in InGaAs DFL. Indium
composition was set to 11, 16, 24% to achieve 0.64, 1, 1.5% strain respectively. The thickness of
InGaSb DFL was 250nm and the same structure with 500nm GaSb buffer layer was used (Fig 5.2)
for growing GaSb solar cell on GaAs substrate. The IMF optimum growth conditions were used
for all samples. To test the effectiveness of InGaSb DFL, we used solar cell parameters under one
sun illumination. Fig 5.4 and Table 5.2 show the GaSb IMF grown solar cell parameters with
250nm InGaSb DFL with different strains. By adding InGaSb DFL with the strain up to 1.5% to
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the GaSb solar cell structure, Voc and Jsc increase compared to the IMF grown GaSb solar cell
without DFL. This improvement is the result of the reduction of TDD by InGaSb DFL.

Fig 5.4: a) Open circuit voltage (red triangle) and short circuit current (blue circle) of GaSb solar cell with 250 nm
of InGaSb DFL with different strains. b) J-V characteristic of GaSb solar cells with 250nm InGaSb DFL and
different strains under one sun illumination.
Table 5.2: Electrical characteristic of GaSb IMF grown solar cell with 250nm InGaSb DFL with different strains
under 1 sun illumination.

Voc (V)
Control sample
GaSb IMF without DFL
GaSb IMF with In0.11 Ga0.89Sb DFL (0.64% strain)
GaSb IMF with In0.16 Ga0.84Sb DFL (1% strain)
GaSb IMF with In0.24 Ga0.76Sb DFL (1.5% strain)

0.23
0.1
0.161
0.154
0.122

Jsc
(mA/cm2)
33.5
19.7
24.7
25.3
20.3

FF
(%)
50
28
37
35
30

By increasing the strain of DFL and keeping DFL thickness constant, both Voc and Jsc of GaSb
solar cells with InGaSb DFL decrease. This degradation is because of production of threading
dislocation in the DFL by passing the critical thickness. R. People et al. calculated the critical layer
thickness versus lattice mismatch for strain layer to avoiding produce of threading dislocation as[2]
1−𝜈

1

𝑏2

1

ℎ

ℎ𝑐 ≈ (1+𝜈)(16𝜋√2)[ 𝑎 ][(𝑓2 ) ln ( 𝑏𝑐)]

(5.1)

where hc is critical thickness, ν is Poission’s ratio, b is magnitude of the Burger’s vector, a is lattice
constant, f is strain between layers. The critical thickness for InGaSb layer on GaSb layer was
calculated and plotted in Fig 5.5. The critical thicknesses for InGaSb on GaSb with 0.6, 1, and
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1.5% strain are 357, 127 and 48nm respectively. In the samples with InGaSb DFL with 1 and 1.5%
strain, the thickness of DFL is more than critical thicknesses. This excess thickness results in a
generation of threading dislocation in the interface of InGaSb and GaSb layers. The generation of
extra threading dislocation in DFL eliminates the reduction of TDD by adding InGaSb DFL and
results in degradation in Voc and Jsc.

Fig 5.5: Theoretical data for critical thickness of InGaSb layer on GaSb.

To see the trend of TDD in the samples, XRD rocking cure measurement was used. In previous
chapter we showed the application of XRD for measuring TDD. The XRD rocking cure
measurement is a fast method to measure the TDD. However, this method is not accurate compare
to TEM or etch pit density measurement. The density of threading dislocation segments of 60o
dislocation loops in epilayer structure, and lateral coherence lengths of the substrate and epilayer,
were calculated from the FWHM of ω rocking curves, measured at the maximum of the substrate
and epilayer diffraction peaks. Fig. 5.6 shows the trend of TDD in the samples with InGaSb DFL
with different strain. As we expected the TDD increases by increasing strain in InGaSb DFL and
keeping the thickness of DFL constant. The data for TDD from XRD measurement is so close to
each other. Other methods such as TEM or time resolved photoluminescence can be used for more
accurate measurement.
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Fig 5.6: Threading dislocation density in GaSb solar cell with 250nm InGaSb DFL and different strain calculated
from XRD rocking curve measurement.

5.4 Effect of InGaSb DFL thickness on the GaSb IMF grown solar cell parameters
In the second experiment, we were changing the thickness of InGaSb DFL with 0.64% strain to
examine the effect of DFL thickness on the electrical performance of GaSb solar cells. J. Matthews
et al. calculated the minimum thickness of strain layer for removal of threading dislocations
propagated to the strain layer as
𝑏(1−𝜈 𝑐𝑜𝑠2 𝛼)

𝐻

𝐻𝑐 ≈ 8𝜋𝑓(1+𝜈) cos 𝜆 ln ( 𝑏𝑐 )

(5.2)

where α is the angle between the Burgers vector b and the length of dislocation line that lies in
the interface plane and λ is the angle between b and that direction in the interface that is
perpendicular to the line of intersection of the slip plane and the interface. The thickness of InGaSb
layer should be more than 10nm to act as a DFL. The thickness of 50, 150, 250, and 400 nm were
chosen for InGaSb DFL. The structure of GaSb solar cell with 500nm GaSb buffer layer was used
for this experiment. Also, the IMF optimum growth conditions were used for all samples. The JV characteristics and the solar cell parameters of the GaSb solar cells with InGaSb DFL under one
sun illumination are shown in Fig 5.7 and Table 5.3. The data shows that the Voc and Jsc of GaSb
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solar cells improve by increasing the thickness of InGSb DFL. It is because of more reduction in
TDD in GaSb solar cell by using InGaSb DFL. However, by passing the critical thickness for DFL,
threatening dislocation is generated at the interface of GaSb and InGaSb DFL. These threading
dislocations propagate to the GaSb solar cell and the overall TDD increases again and results in
degradation in Voc and Jsc in case of InGaSb DFL with 400nm thickness. The threading dislocation
density of the samples was calculated from XRD rucking cure measurement.

Fig 5.7: Open circuit voltage (red triangle) and short circuit current (blue circle) of GaSb solar cell with InGaSb
DFL with 0.6% strain and different thicknesses. b) J-V characteristic of GaSb solar cells with InGaSb DFL with
0.6% strain and different thicknesses under one sun illumination.
Table 5.3: Electrical characteristic of GaSb IMF grown solar cell with InGaSb DFL with 0.64% srtain and different
thicknesses under 1 sun illumination.

Voc (V)
Control sample
GaSb IMF without DFL
GaSb IMF with In0.11 Ga0.89Sb DFL (400nm)
GaSb IMF with In0.11 Ga0.89Sb DFL (250nm)
GaSb IMF with In0.11 Ga0.89Sb DFL (150nm)
GaSb IMF with In0.11 Ga0.89Sb DFL (50nm)

0.23
0.1
0.136
0.161
0.154
0.14

Jsc
(mA/cm2)
33.5
19.7
22.3
24.7
23.4
21.5

FF
(%)
50
28
30
37
33
32

Fig. 5.8 shows the TDD in the GaSb solar cell with InGaSb DFL with different thickness. The
TDD data are close to each other for the samples and it does not clearly show the differences in
the samples. As we mentioned before, XRD is not an accurate method and for more investigation
TEM measurement will be helpful.
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Fig 5.8: Threading dislocation density in GaSb solar cell with 0.6% strain InGaSb DFL and different thickness
calculated from XRD rocking curve measurement.

5.5 Multi defect layers for blocking threading dislocation in GaSb IMF grown solar cell
Our pervious experiments showed the effect of strain and thickness of InGaSb DFL on the GaSb
solar cell parameters. Here, we want to examine the effect of multilayer defect filter on the
electrical performance of GaSb solar cell. For this study, we used 150nm InGaSb layer with 0.64%
strain. The first sample has one layer of InGaSb that was grown after 500nm GaSb buffer layer.
For the second sample, we added GaSb/InGaSb (100/150nm) as a secondary DFL on the top of
InGaSb DFL layer (total of 2 layers of InGaSb). In the third sample GaSb/InGaSb (100/150nm)
was repeated 3 times (total of 4 layers of InGaSb). Fig 5.9 shows the schematic of samples. The
growth conditions were same as previous experiments. Samples were tested under one sun
illumination. The J-V characteristics and the solar cell parameters of the samples are shown in Fig
5.10 and Table 5.5. The Voc and Jsc increase for the sample with one and three layers of InGaSb
DFL. However, both Voc and Jsc drop in the sample with five layers of InGaSb DFL. It is not
completely clear why the sample with higher number of DFL has lower Voc and Jsc. It seems the
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DFL can reduce the level of threading when the TDD is high and it is not so effective when TDD
is already low.

Fig 5.9: Schematic of GaSb IMF grown solar cell on GaAs substrate with a) 1 layer of GaSb/InGaSb DFL. b) 1 and
3 layers of GaSb/InGaSb 100/150nm add after to sample as multi defect filter layers .

Fig 5.10: Open circuit voltage (red triangle) and short circuit current (blue circle) of GaSb solar cell with
InGaSb multilayer defect filter layer b) J-V characteristic of GaSb solar cells with InGaSb multilayer defect filter
under one sun illumination.
Table 5.4: Electrical characteristic of GaSb IMF grown solar cell with different numbers of InGaSb DFL.

Control sample
GaSb IMF without DFL
GaSb IMF with In0.11Ga0.89Sb DFL (1 layer)
GaSb IMF with In0.11 Ga0.89Sb DFL (2 layers)
GaSb IMF with In0.11 Ga0.89Sb DFL (4 lyera)
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Voc (V)
0.23
0.1
0.154
0.176
0.156

Jsc (mA/cm2)
33.5
19.7
23.4
26.4
23

FF (%)
50
28
33
41
34

To address this phenomena, Dr. Shima showed the bending mechanism in the interface of AlSb
DFL and GaSb (PhD thesis, University of New Mexico). Fig 5.11 shows schematically the
elimination of threading dislocation by meeting other dislocation lines in the interface of DFL and
5.12 shows STEM images of interfacial dislocation network at AlSb DFL surface.

Fig 5.11: Schematic of dislocation networks and activity at the interface of DFL.

Fig 5.12: STEM image of dislocation network at the interface of GaSb and AlSb DFL.
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5.6 Conclusion:
InGaSb was used as DFL for bending threading dislocation to reduce the level of TDD in GaSb
epilayer grown on GaAs. Unlike AlSb, InGaSb has a proper band offset respect to GaSb and it
doesn’t block carrier to reach a contact. We have been studied the effect of DFL strain on the
electrical performance of GaSb solar cells by changing Indium composition in the InGaSb layer.
Indium composition was changed from 11 to 24% to achieve the strain of 0.64 to 1.5% between
InGaSb DFL and GaSb. J-V characteristic of GaSb solar cells with different strained InGaSb DFL
showed that InGaSb DFL with lower strain (0.64%) is more effective and reduces more TDD.
XRD measurement confirmed more reduction of TDD in the sample with InGaSb with lower
strain.
The thickness of DFL is another parameter that can affect the effectiveness of DFL in the
reduction of TDD. InGaSb (0.64% strain) with different thicknesses (50, 150, 250, 400nm) has
been added to GaSb IMF grown solar cell. J-V measurement of GaSb solar cells under one sun
showed improvement in Voc and Jsc by increasing thickness of InGaSb DFL from 50 to 250nm.
Increasing the thickness of InGaSb DFL to 400nm resulted in the reduction in Voc and Jsc. This
reduction was due to passing the critical thickness for the strained layer. By passing the critical
thickness, threading dislocations generate at GaSb/InGaSb interface and propagate to GaSb
epilayer. These new threading dislocations increase the overall TDD level and result in degradation
of electoral performance of GaSb solar cell. The thickness of DFL should be higher than the
critical thickness to be more effective for reduction of TDD and it should not pass the critical
thickness for the strain layer to avoid generation of any new threading dislocations.
Finally, we tested the effect of multi defect filtering layer by adding more defect filter layers
on the GaSb IMF grown solar cell structure. The Voc reached to 0.176 V for the sample with two
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layers as InGaSb. This number is one of the highest reported Voc for lattice mismatched grown
GaSb solar cell grown on GaAs. Adding more InGaSb layers did not improve Voc and Jsc and it
seems it reaches to saturation point for using DFL.
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Chapter 6: Conclusion and future work

6.1 Conclusion:
In this study, we were achieved high quality GaSb epilayer grown on GaAs for photovoltaic
and thermophotovoltaic applications. Interfacial misfit (IMF) growth mode was used to grow
highly mismatch narrow bandgap GaSb on GaAs substrate. The IMF growth mode is sensitive to
growth temperature. Growth temperature optimization in wide range of temperature (360 to 540oC)
was done. The quality of GaSb epilayer were examined by measuring threading dislocation density
(TDD) with TEM and X-ray rocking cure. Both methods showed the reduction of TDD by reducing
growth temperature. The optimum growth temperature was achieved at 420oC by 1.3x108 cm-2
TDD in GaSb epilayer. The correlation between TEM and XRD rocking cure for measuring TDD
confirms the potential of using XRD for a fast and non-destructive method for measuring TDD.
Another approach that we used to reduce more TDD in GaSb epilayer was use of strain layer
as a defect filtering layer (DFL). For this purpose, AlSb with 0.64% strain with GaSb was used.
250nm of AlSb was grown at 100, 250, 500nm from GaSb/GaAs interface. For the GaSb buffer
layers, the IMF growth technique with optimum growth temperature was used. However, for AlSb
DFL the growth temperature of 500oC was chosen to avoid production of any defect from low
growth temperature of AlSb. The cross section TEM showed some threading dislocation bending
at the interface of AlSb DFL and GaSb epilayer for all samples. TDD was measured from plan
view TEM. TDD was measured as low as 3.6x107 cm-2 for the sample with AlSb DFL at 500nm
from GaSb/GaAs interface.
Some theoretical calculation was done to see the effect of TDD on the electrical performance
of GaSb solar cells. Dislocations play a dominant role in determining the electrical performance
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of lattice mismatch grown solar cells. Dislocations act as recombination centers and increase the
excess leakage current. This results in degradation in Voc and Jsc and overall electrical performance
of cells. GaSb solar cell parameters were calculated based on the simple model in which minority
carrier diffusion length and lifetime reduced in the present of dislocation in each layer. The theory
showed dramatically degradation in Voc and Jsc by increasing TDD level. GaSb solar cells were
grown on GaAs substrate to test the theory. Optimized IMF growth technique and AlSb DFL were
used to reduce the level of TDD in GaSb solar cell. The normalized Voc and Jsc increased by
reduction of TDD level in GaSb solar cell with AlSb DFL. It was a good agreement between
experimental and theoretical data. However, the Jsc was not increased as much as the theory
predicted for GaSb solar cell with AlSb DFL. The undesirable band offset between GaSb and AlSb
DFL increases the resistance for electrons to reach the contact and reduces the Jsc.
Instead of AlSb, we used InGaSb as DFL with a desirable band offset. Same thickness and
strain of InGaSb compare to AlSb DFL in GaSb solar cell produce higher J sc. Using InGaSb as
DFL gave us this chance to change the strain between InGaSb DFL and GaSb layer by changing
Indium composition and study this effect on the GaSb solar cell electrical performance. The
electrical performance of GaSb IMF grown solar cells with 250nm InGaSb DFL with different
strains from 0.6% to 1.5% was tested under one sun illumination. The experimental data showed
that by keeping the thickness of InGaSb DFL constant and lowering the strain Voc and Jsc in GaSb
solar cell increase. TDD measurement by XRD rocking curve confirmed the reduction of the TDD
by reducing strain between InGaSb DFL and GaSb.
In the other experiment, we used 0.6% strain between InGaSb DFL and GaSb layer and
changing the thickness of InGaSb DFL from 50nm to 400 nm to study the effect of DFL thickness
on the electrical performance of GaSb solar cell. By increasing the thickness of InGaSb DFL the
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Voc and Jsc increased. However, after passing the critical thickness for the strain layer, both Voc
and Jsc decrease for the sample with 400nm InGaSb DFL. By passing the critical thickness for
DFL, some threading dislocations generated at the interface of InGaSb DFL and GaSb layer. These
threading dislocations can propagate into GaSb layer and degrade the electrical performance of
GaSb solar cell.
Finally, we tested the effect of multi defect filtering layers by adding more InGaSb layers to the
GaSb IMF grown cell. Adding a second pair of InGaSb/GaSb DFL improved the electrical
performance of GaSb solar cell to highest reported data for lattice mismatched grown GaSb on
GaAs solar cell under one sun illumination. However, adding more DFL (4 pairs of InGaSb/GaSb
DFL) did not improve electrical performance of the GaSb cell. Fig 6.1 shows step by steps our
progress in improvement of electrical performance of lattice mismatched grown GaSb solar cell
on GaAs in this thesis. The normalized Voc increased from 43% to 77% and normalized Jsc
increased from 59% to 78%.

Fig 6.1: Voc and Jsc of GaSb solar cell under one sun illumination. Vertical axis shows each steps of work in the
thesis form using IMF growth optimization to use and optimize the DFL strain and thickness.
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6.2 Future work:
TDD in GaSb epilayer grown on GaAs still is high. To reduce more TDD and continuation of
this work, we suggest two approaches. The first approach is using thermal annealing to reduce
more TDD. Rapid thermal annealing was used to reduce TDD in GaAs and Ge epilayer grown on
Si [1–3]. R. Hao et al. studied the effect of rapid thermal annealing on the GaSb thin film grown
by MBE on GaAs substrate[4]. They showed that rapid thermal annealing can improve the GaSb
photoluminescent. They claimed that this improvement is related to the reduction of TDD by
thermal annealing.
The second approach is using a patterned substrate. Different studies show that defect density
may reduce in lattice mismatch grown epilayer on a patterned substrate[5–7]. In this approach,
some of the vertically propagated threading dislocations can be suppressed within vertical surfaces
produce from pattering. Fig 6.2 shows this approach in growing Ge on the patterned Si. For
growing GaSb on GaAs, we suggest to pattern GaAs substrate with different size circular holes to
study the effect of pattern size on the reduction of TDD.

Fig 6.2: Mechanism behind suppressing threading dislocation in lattice mismatch epilayer on a patterned
substrate[8]
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