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In this work, we investigate the potential of direct-bandgap, III-V materials for lattice-matched

absorbers and emitters on silicon. Leveraging the small lattice constant of the boron pnictides,

BGaInAs can be grown lattice-matched or nearly lattice-matched to Si; however, the difficult

growth mechanics of elemental boron and the highly mismatched nature of BGaInAs have limited

prior synthesis of this alloy to compositions outside those required for lattice-matched growth on

Si and outside of technologically interesting wavelengths. Therefore, this work focuses on BGaInAs

growth on GaAs. Focusing on GaAs reduces the simultaneous amount of boron and indium re-

quired to maintain lattice-matching or near lattice-matching as compared to Si. Here, we exploit

the non-equilibrium growth properties of molecular beam epitaxy to simultaneously increase the

incorporation of boron and indium - enabling the longest wavelength emission from BGaInAs, the

first boron-containing active region electrically injected emitter, and all-BGaInAs photodetectors.

Our approach is the optimization of BGaInAs on GaAs, focusing on further extending emis-

sion wavelengths and increasing B, In concentrations in lattice-matched detectors in order to develop

understanding of how increasing B concentrations (and requisite In concentrations) affect BGaInAs-

based devices, thus providing a path towards lattice-matched optoelectronic devices on Si.
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Chapter 1

Introduction

The realization of novel optoelectronic devices to address new application demands or reduce cost

and increase manufacturing throughput of existing applications is often limited by fundamental

material properties. Heteroepitaxy facilitates flexible device design, enabling a wide-range of ap-

plications. Devices are designed by integrating layers of varying alloy compositions and thicknesses

to engineer the bandstructure of the material and meet the application demands. However, these

designs are limited by the miscibility of alloys and the amount of strain that can be accommodated

without incorporating device-killing defects. The investigation of new materials can overcome ex-

isting limitations in heteroepitaxial growth enabling new devices, which reduce the cost of existing

applications and enable new applications. Similarly, the advancement of growth techniques to over-

come miscibility gaps can extend the applicability of optoelectronic devices. This work focuses on

one such material system, B-III-V alloys, and the process through which growth advancement can

overcome previous limitations to realize new devices. These growth advancements have demon-

strated the highest simultaneous incorporation of boron and indium in BGaInAs on GaAs and

InP, the first light emitting diodes with a boron-containing active region, and the first all-BGaInAs

photodiodes.

1.1 Lattice mismatch and epitaxial strain

The epitaxial integration of materials with different atomic spacing, or lattice constants, results

in the introduction of strain as the atomic lattice of the epitaxial layer is distorted to that of

the underlying substrate. Strain affects both the crystal quality and the band structure of the

epitaxial layer. Therefore, the heterointegration of materials can be fundamentally limited by the
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lattice-mismatch strain. This work focuses on the use of semi-infinite substrates, which is typical

for semiconductor device growth. When growing on a semi-infinite substrate, the substrate is

approximated as an infinitely thick layer, thus the atomic spacing of the epitaxial layer will be

strained to match that of the substrate and the lattice-mismatch strain is accommodated by the

epitaxial layers. This is a good approximation because substrates are on the order of ∼ 0.5 mm

thick, while epitaxial layers are typically ∼ 1 µm thick. A few models describe the critical thickness

of a material integrated on another material with a different lattice constant, which is the thickest

a layer will remain strained to the substrate before the onset of plastic deformation or "relaxation".

These models include Matthews-Blakeslee [1] and People and Bean [2]. Matthews-Blakeslee defines

the critical thickness based on mechanical equilibrium, while People and Bean define the critical

thickness based on energy equilibrium [1], [2]. In molecular beam epitaxy (MBE) growth, it is

often observed that the theoretical critical thickness can be exceeded as shown in Figure 1.1 [3].

The oft-used example is the growth of AlAs on GaAs, where there is a small lattice mismatch but

practically, an infinite amount of AlAs can be grown on GaAs without relaxation. The chosen

method for measuring critical thickness can change the observed critical thickness. For example,

X-ray diffraction (XRD) measures the average crystal composition and is less sensitive to relaxation

than a more direct measurement of crystal quality or defects such as luminescence efficiency. As

such an epitaxial layer may appear to be coherently strained in XRD, but a reduction in or loss of

optical quality would suggest defect incorporation from strain relaxation.
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Figure 1.1: MBE growth can exceed critical thickness limit defined theoretically by Matthews-

Blakeslee and experimentally by high temperature rapid-thermal chemical vapor deposition (RT-

CVD) as shown in GexSi1−x films. Reproduced from [3]

As the strain increases, relaxation occurs through the formation of defects such as misfit and

threading dislocations and misfit arrays increase. In practice, this limits mismatch strain to < 1%

for layers thicker than ∼ 100 nm. Figure 1.2 shows the bandgap and lattice constant of conventional

III-V alloys. Commercially available substrates are highlighted in red and the approximate amount

of strain that can be accommodated on these substrates is highlighted in gray. The amount of

strain that can be accommodated has implications for the realization of optoelectronic devices as

the integration of devices is limited to those with similar lattice constants. Additionally, local strain

caused by the differences in the bond length of the atoms present in quaternary alloys can lead

to local composition modulation [4]. This phenomenon was predicted from theory in dilute-nitride

alloys [4] and has been observed experimentally [5].
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Figure 1.2: Bandgap versus lattice constant of conventional III-V materials. The gray boxes rep-

resent the approximate amount of lattice-mismatch that can be accommodated while maintaining

high-quality coherently-strained films.

An additional consideration in heteroepitaxial growth is the effect of strain in the epitaxial

layer on the band structure of the alloy as compared to the unstrained alloy, resulting in a change

not only in the bandgap but also in the shape of the band edges. For example, in laser-related

applications, the use of compressively strained QWs is preferred due to the beneficial change in

valance band edge shape that increases hole confinement.

1.2 III-V optoelectronic devices

As shown in Figure 1.2, the fundamental band gaps of the III-V alloys cover a wide-range of

wavelengths making them the ideal choice for optoelectronic devices across many applications.

However, the large disparity in lattice-constant prevents arbitrary integration of these alloys for

heterostructure device design. Furthermore, the bandgap type (direct or indirect) and band offset

with respect to other materials in heteroepitaxial integration (type-I, type-II, type-III) complicate
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heterostructure device design. These design limitations increase device cost, decrease device yield

and ease of manufacturing and in some cases, completely prohibit the realization of devices with

applications spanning telecommunications, quantum computing, and LiDAR.

1.2.1 Si-based III-V optoelectronic devices

A major limitation in the realization of inexpensive, efficient devices is the difficulty in integrat-

ing III-V optoelectronic devices with silicon. Si-based devices form the backbone of the current

microelectronic infrastructure, as a result of their robust, high-yield and reliable fabrication and

manufacturing processes. However, Si is a poor light emitter and absorber due to its indirect

bandgap. The large difference in lattice constant between the conventional III-V alloys used for op-

toelectronic devices and Si results in defects as previously described. For this reason the monolithic

integration of III-V materials on Si continues to be largely impractical for device design.

Photonic-integrated circuits (PICs) on Si will be essential for realizing smaller more effi-

cient microelectronics; however, the realization of low-cost, high-performance Si PICs requires the

integration of both lasers and photodetectors on Si. Furthermore, the monolithic integration of

direct-bandgap materials on Si will enable high performance devices for applications beyond PICs

including large-area photodetectors at eye-safe wavelengths expanding applications to self-driving

cars, topological mapping, defense, and augmented reality.

Photonic-based quantum computing systems have emerged as an advantageous approach to

quantum computing compared to other systems due to the large bandwidth for high data transmis-

sion capacity, high speed operation and the lack of requirement for vacuum or cooling systems [6].

Additionally, photonic quantum computers can capitalize on robust existing manufacturing tech-

nologies and ability to create photonic quantum states. For example, Kang et al. has demonstrated

InP-based two polarization-entangled sources from a single chip [7]. However, key challenges remain

limiting the realization of large-scale optical quantum computers, namely, the availability of high

performance devices lattice-matched to Si.

The development of energy efficient devices has been crucial to avoiding the predicted dou-

bling in data center energy usage to accommodate increased demand over the past decade [8], [9];

however, cooling and high power loss in the electrical links still account for significant energy usage

[10], [11]. If the high power loss electrical links currently required to send information in Si-based

devices were replaced with optical interconnects, smaller, more efficient devices could be realized

[11]. Similarly, single-chip 2 µm LIDAR incorporating both light sources and single photon detectors
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could overcome current limitations imposed by the use of Ge on Si [12].

1.2.2 GaAs-based devices

Near-infrared (NIR, 1-3 µm) emitters and detectors are important for a wide range of high-volume

applications, such as telecomunications, optical data transmission in data centers, multi-junction

solar cells, LiDAR, and facial recognition. GaAs-based devices are an obvious choice for these

applications due to the low-cost and commerical availability of large GaAs substrates available.

Additionally, GaAs-based vertical cavity surface-emitting lasers (VCSELs) offer the potential for

a high manufacturing and testing throughput solution as they leverage the monolithic integration

of AlGaAs-GaAs distributed Bragg reflectors and AlOx native oxide technologies. However, few

NIR active regions are available lattice-matched or nearly lattice-matched to GaAs. Existing NIR

lasers for telecommunications have been demonstrated at 1.3 µm utilizing In(Ga)As quantum dots

[13] or InGaNAs [14] active regions. InGaNAs lasers at 1.55 µm have also been demonstrated [15].

Unfortunately, the challenging growth of dilute-nitride alloys, as discussed in Section 2.2, has limited

wide-spread commercial-availability of these devices.

1.2.3 Low-noise III-V avalanche photodiodes

Many of the applications operating in the near infrared, such as data centers, LiDAR, and telecom-

munications, require high sensitivity and high bandwidth photodetectors. Currently these appli-

cations are covered by the wide spectral range of III-V alloys. Solid-state photon detectors are

typically p-n or p-i-n junctions, which operate under reverse bias. The photogenerated minority

carriers then drift or diffuse into a high-field depletion region. Under moderate reverse bias, the

photoresponse is proportional to the incident light; however, under larger reverse biases, the carriers

impact ionize leading to internal avalanche multiplication gain, which can enable fast, high sensitiv-

ity avalanche photodiodes (APDs). Unfortunately, under these large reverse biases, the noise in the

devices typically increases with increasing multiplication gain due to the stochastic nature of impact

ionization. The additional noise from multiplication gain is commonly reported as the excess noise

factor using the McIntyre noise model [16]. The excess noise factor versus multiplication gain for

III-V alloys and other common APD materials is shown in Figure 1.4 [17]; most III-V materials have

large excess noise factors, with InAs, which has an excess noise factor comparable to HgCdTe, being

the most notable exception. Low-noise avalanche photodiodes have intrinsic material properties or

epitaxial layer structure design that suppress hole or electron impact ionization allowing for higher
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gains with less noise.

Figure 1.3: The current-voltage characteristics for p-i-n junction. While under moderate reverse

biases, the p-i-n junctions behave as photodiodes with unity gain (yellow region), under large re-

verse biases, impact ionization leads to multiplication gain and the devices behave as avalanche

photodiodes (red region).

.
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Figure 1.4: Excess noise factor versus multiplication gain for III-V alloys and common APD mate-

rials. Reproduced from [17]

.

HgCdTe is the most commonly used material for low noise APDs. HgCdTe detectors demon-

strate high gain and low noise at low reverse bias [18]. However, their high cost, challenging synthe-

sis and fabrication, as well as required cryogenic cooling complicate their use in many applications.

There are few low-noise III-V alloys. The binary InAs, has low excess noise comparable to that

of HgCdTe; however, its small bandgap results in high dark currents and tunneling at moderate

biases, necessitating thick multiplication layers with low background carrier concentration, which

have been challenging to realize [19]. Impact ionization engineering of III-V APDs has demon-

strated significant reduction in device excess noise factors at the expense of limited multiplication

gains [17]. Bandstructure engineering through the growth of digital alloys, or short period superlat-

tices, has been shown to reduce excess noise in some III-V alloys, such as indium aluminum arsenide

antimonide [20], but this approach is not universal and cannot be extended to all III-V alloys [21].

This work investigates B-III-V materials as a universal approach to reducing noise in avalanche

photodetectors.
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1.3 III-V highly-mismatched alloy-based optoelectronic devices

Alloys containing atomic constituents with large differences in size and/or electronegativity are

considered highly-mismatched alloys. Highly-mismatched elements with conventional III-V alloys

include boron, bismuth, and nitrogen. Dilute-bismide and dilute-nitride alloys have been more

thoroughly investigated than the dilute borides. Both dilute bismides and dilute nitrides are highly

mismatched in both size and electronegativity. Band anticrossing interactions in the conduction

band in dilute nitrides and valence bands in the dilute bismides result in significant increase in

bandgap reduction per percent incorporated mismatch constituent compared to conventional III-

V alloys. This reduction in bandgap is often favorable as it extends the emission and absorption

wavelength of conventional III-V alloys. In GaAs-based alloys, this reduction in bandgap increases

the availability of lattice-matched or nearly lattice-matched NIR active regions. For example, the

addition of Bi to GaAs results in a decrease of ∼ 88 meV per % Bi compared to a decrease of ∼

16meV per % In [22]. However, the difficult growth mechanics of these alloys discussed in Chapter

2 have limited the amount of nitrogen or bismuth that can be incorporated and prevented their

practical use in III-V optoelectronic devices.

1.3.1 Dilute-nitride GaAs-based optoelectronic devices

Dilute-nitride alloys have found application in both lasers and photodetectors. The addition of even

dilute amounts (∼ 1-2%) of nitrogen initially significantly reduced the optical quality, increasing

the threshold current densities of the dilute nitride diode lasers [23]–[25]. However, through growth

optimization, low threshold currents have been achieved in 1.5 µm InGaAsN diode lasers [23].

The demonstration of 1.55 µm VCSELs was possible with the addition of Sb as both a surfactant

and alloy constituent to achieve desired device performance, but added further complications to the

growth of high optical quality material [26]. Despite decades of extensive research, few dilute-nitride

devices have matured to commercial products due to the complicated growth and poor reliability

of the material.

Dilute-nitride alloys were also investigated for absorbing layers on GaAs. The addition of

a fourth junction to GaAs and Ge -based multijunction solar cells, consisting of a lattice-matched

materials with a bandgap of 1.0 eV offer comparatively increased efficiency [27]. At wider bandgaps,

∼ 1.15 eV, InGaAsN solar cells were demonstrated with nearly 100% internal quantum efficiency

[28]. While, dilute nitride-based 1.0 eV bandgap materials require little In (∼ 6-8%) due to band
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anticrossing with N (only ∼ 2% required), similar to InGaAsN emitters, the increased nitrogen

content degrades device performance [29]. Again, the material quality can be improved with the

addition of antimony at higher nitrogen content [29].

1.3.2 Dilute-bismide GaAs-based optoelectronic devices

The introduction of Bi to GaAs-based alloys results in a rapid decrease per % Bi in bandgap due

to band anticrossing in the valance band, analogous to the band anticrossing interaction in the

conduction band with the addition of nitrogen to GaAs. However, unlike the addition of nitrogen

which also decreases the lattice constant and thus decreases the lattice-mismatch of compressively

strained layers with GaAs, the addition of bismuth increases the lattice constant, increasing the

mismatch of compressively strained layers with GaAs. Although the challenging growth of high-

quality dilute-bismide materials has increased the difficulty of realizing of Bi-III-V devices, room

temperature LEDs [30]–[36] and lasers [37]–[39] have been demonstrated.

GaAs-based dilute-bismide photodetectors and photovoltaics are challenging because of the

lattice-mismatch between dilute-bismide alloys and GaAs substrates. However, the lattice mismatch

between GaAs0.94Bi0.06 is small and p-i-n structures showed the expected reduction in bandgap

energy to almost 1 eV [40]. External quantum efficiency (EQE) measurements of GaAsBi diodes

with up to 4% Bi showed a peak EQE of < 10% [41]. Despite the demonstration of dilute-bismide

optoelectronics, the realization of commercially available devices is again limited by the challenging

growth of these alloys as discussed in Chapter 2.

1.3.3 Highly-mismatched alloys for low-noise APDs

Highly-mismatched alloys have been investigated as alternative materials for low-noise multiplica-

tions layers in APDs. The asymmetric band anticrossing interaction (i.e. only the conduction band

or the valence bands are perturbed) caused by the addition of nitrogen or bismuth has been consid-

ered as a potential avenue for reducing noise by suppressing impact ionization of one carrier type

[42], [43]

In the dilute nitrides, Adams theorized that the valence band remaining unchanged with

the addition of nitrogen would keep the hole impact ionization coefficient (β) unchanged, while the

perturbed conduction band would increase the electron mass and electron scattering, significantly

reducing the electron impact ionization coefficient (α) [42]. As shown in Figure 1.5(a), in GaInNAs

APDs, the addition of 2% N resulted in no change in excess noise factor [44]. The addition of
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3% and 4% nitrogen did result in a small increase in the excess noise factor of GaInNAs APDs

under electron-injection, indicating that α decreased compared to β as expected. The realization of

low-noise APDs under hole-injection could be possible if nitrogen incorporation increased the ratio

of β to α more rapidly. However, realizing low noise dilute-nitride APDs would require higher N

incorporation, such that the difficulty in incorporating N currently makes the realization of low-noise

dilute-nitride APDs impractical.

Similar to the dilute nitrides, the addition of bismuth perturbs the valence band, increasing

the valence band spin-orbit splitting. Liu et al. recently demonstrated low-noise dilute bismide

APDs, where the addition of Bi suppresses hole impact ionization [45]. As expected, the electron

impact ionization remained unchanged with the addition of Bi, resulting in a reduction in excess

noise [45]. The reduction in noise with increasing bismuth incorporation suggests a materials solution

for low noise APDs. However, the large size of the bismuth atom, which increases device strain,

and difficulty in incorporating more than 5% bismuth may limit the ultimate performance of these

devices. The difficulty in synthesizing the B-III-V alloys has limited the understanding of the effect

of B incorporation on bandstructure and has limited the experimental measurement of the effect of

B incorporation on excess noise factor in B-III-V APDs. However, Lindsay et al. theorized that the

addition of B may decrease the excess noise in APDs through pertubation of the conduction band

[43], motivating our investigation of the noise performance B-III-V APDs.
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Figure 1.5: Measured excess noise factor versus multiplication gain for (a) GaInNAs [44] and (b)

GaAsBi [45] avalanche photodiodes. The change in excess noise factor as nitrogen increases is too

small to realize low-noise dilute-nitride APDs. The excess noise factor in GaAsBi decreased with

increasing bismuth incorporation indicating a potential path to a materials-based method for low

noise APDs. Reproduced from [44], [45]

1.4 Previous demonstrations of B-III-V alloys

The epitaxial growth of boron containing alloys is quite challenging due to the high melting point

and low vapor pressure of boron, the thermodynamically stable sub-pnictide phase of B-V materials

[46], [47], and the large lattice mismatch between B-V binaries and conventional substrates [46].

Until recently, where 18% B was demonstrated in BGaAs through optimized MBE growth [48],

demonstrations of the ternary alloy BGaAs were limited to B concentrations of about ∼ 8% by

both MOCVD [49] and MBE [50]. In BGaInAs, as with other highly-mismatched alloys, the Gibbs

free-energy of mixing increases as the In and B concentrations are increased, limiting the range

of thermodynamically stable alloy compositions [51]. As a result, the growth of the quaternary

BGaInAs has been limited to even smaller boron concentrations, ≤ 4% [52]. The difficulty in

synthesizing B-III-V alloys has limited the understanding of fundamental properties, (e.g. bandgap,

bandbowing) even for the binary BAs. Theoretical values for the direct bandgap of the binary BAs

range from 1 eV to 6 eV as shown in Figure 1.6 [53]–[63]. Therefore, there is little understanding of

the effects of boron incorporation on many properties of B-III-V alloys. The significant disparity in
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reported values of the BAs direct bandgap energy leads to a large variation in the predicted cutoff

wavelengths available on Si and GaAs with B-III-V alloys as seen in Figure 1.7. The growth of

B-III-V alloys is discussed further in Section 2.2. Recent advancements in BGaAs growth, discussed

in Section 2.2 have enabled more thorough investigation of the bandgap and bandbowing of BAs

and BGaAs. In collaboration with Robert Kudrawiec’s group at Wroclaw University of Science and

Technology, we found that the BAs direct bandgap was 5.8 eV and the BGaAs bandbowing was

3.39 [48], [64].

Figure 1.6: Theoretical and experimental BAs and B-III-V bandgaps. The large variation in es-

timated bandgaps necessitates further investigation to predict direct bandgaps available lattice-

matched to Si [53]–[63]. Reproduced from [48].
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Figure 1.7: (a) Predicted BGaInAs bandgaps for lattice-matched alloy compositions on Si for a BAs

bandgap of 5.8 eV (dark blue line) and 3.3 eV (light blue line).Theoretical bandgaps for BGaAInAs

alloys using predicted direct bandgaps of (b) 3.3 eV and (c) 5.8 eV.

1.4.1 Previous B-III-V emitters

The potential for the realization of B-III-V emitters as sources at telecommunication wavelengths

of 1.3 µm and 1.55 µm has been previously established by [52], [65]. Previous demonstration of

photoluminesence from B-III-V alloys include BGaAs films [48], [60], [65]–[70], BGaInAs films and

quantum wells (QW) [67], [69], [71], and BInAs quantum dots (QD) [72]. Room-temperature photo-

luminesence of BGaAs has been rarely reported [67]. The difficulty in simultaneously incorporating

B and In in BGaInAs has limited the emission wavelength of BGaInAs QWs to < 1.2 µm, shorter

than the 1.3 and 1.55 µm wavelengths required for the applications discussed in Section 1.2. Previ-

ous reports of temperature-dependent photoluminesence from BGaInAs QWs observed a deviation

from the parabolic dependence of bandgap on temperature described by the Varshni equation.
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Compared to an InGaAs QW of similar In concentration (Figure 1.8(a)) where the bandgap versus

temperature dependence follows the relationship defined by the Varshni equation, in the bandgap

versus temperature relationship of the BGaInAs QW (Figure 1.8(b)) a constant peak wavelength

with decreasing temperature or even an "S-shaped" dependence have been reported [69], [73], [74].

These reports suggested the deviation from the Varshni equation resulted from the formation of

B-B clusters or localized defects in the BGaInAs material [69], [73], [74]. Fortunately, this devi-

ation is not intrinsic to the B-III-V material system, but rather innate to unoptimized growth of

these materials as this work will demonstrate. Importantly, as shown in Figure 1.8(c), Wang et

al. demonstrated improved optical quality over InGaAs control structures with the addition of B,

demonstrating that the addition of B does not inherently degrade the optical quality of the material

[71].

Figure 1.8: Hidouri et al. demonstrated in temperature-dependent PL that the peak energy versus

temperature relationship of (a) an InGaAs QW followed the Varshni equation [73]. (b) However, a

comparable BGaInAs QW demonstrated an S-shaped deviation from the Varshni equation [73]. (c)

Wang et al. demonstrated an increase in PL intensity with the addition of B compared to a boron-

free InGaAs MQW, indicating that the addition of boron does not preclude high optical quality

material [71]. Reproduced from [71], [73].
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1.4.2 Previous B-III-V optoelectronic devices

Geisz et al. investigated BGaInAs for the development of lattice-matched active regions in mul-

tijunction III-V solar cells [52]. The challenge in simultaneously incorporating B and In limited

the achievable composition to B0.03Ga0.91In0.06As, which has shorter cutoff wavelengths than the 1

eV cutoff necessary to significantly improve the efficiency of multi-junction solar cells [52]. Geisz

et al. observed a significant decrease in the internal quantum efficiency (IQE) with the addition

of boron as compared to InGaAs and GaAs photovoltaic cells as shown in Figure 1.9(a) [52]. The

decrease in IQE was partially attributed to the diborane source used for the MOCVD growth [52].

McNicholas demonstrated prototype BGaAs p-i-n junctions to investigate the effect of adding boron

on photodiode EQE [48]. The higher B % p-i-n junction had lower EQE as shown in Figure 1.9(b),

which may be due to increased B % or defects resulting from the increase in tensile strain [48].

(a) (b)

Figure 1.9: Previous investigation of B-III-V absorbing layers showed a decrease in quantum ef-

ficiency with increasing B concentrations. (a) The addition of boron severely decreased the IQE

of solar cells [52]. (b) The EQE of BGaAs p-i-n junction photodiodes decreased when the boron

concentration was increased from 0.6% to 1% [48]. Reproduced from [48], [52].

1.5 Organization of dissertation

This dissertation discusses the demonstration of optoelectronic devices using B-III-V epitaxial layers,

including the first demonstration of BGaInAs active region light-emitting diodes and the first all-

BGaInAs avalanche photodiodes. Molecular beam epitaxy, the growth technique through which

these materials were grown, is discussed in detail in Chapter 2. The characterization methods
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critical to this work are discussed in Chapter 3. The growth of these alloys and the method through

which we optimized their growth to improve their optical quality are discussed in Chapter 4. Chapter

5 discusses the growth and properties of the B-III-V optoelectronic devices demonstrated in this

work. Finally, Chapter 6 presents a summary and conclusion of this work.
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Chapter 2

Molecular beam epitaxy

2.1 Introduction

Figure 2.1: Molecular beam epitaxy (MBE) growth chamber.

Molecular beam epitaxy (MBE) is a crystal growth technique often used for the production of semi-

conductor materials and device structures. In solid-source MBE, high-purity sources are sublimated

or evaporated towards a heated, rotating substrate. Rotation of the substrate during growth allows
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for uniform deposition over the substrate. The sublimated atomic flux is blocked or allowed by in

situ shutters providing submonolayer control of the epilayer thickness and composition. The MBE

system is operated at ultra-high vacuum (UHV) ∼ 10−10 Torr. The advantages of MBE include

low impurity levels due to the high vacuum system and high purity sources used, as well as precise

control over the composition and structure of the epitaxial materials. The independent control over

growth parameters granted by MBE allows for manipulation of the epilayer surface kinetics, en-

abling synthesis of materials that are of thermodynamically unfavorable at equilibrium conditions,

as discussed in Section 2.1.1.

An additional benefit of MBE is the use of in situ measurement tools enabled by UHV growth

conditions. In the systems used for this project, reflection high energy electron diffraction (RHEED)

is used to characterize epilayer crystalline quality during growth. Prior to growth, beam equivalent

pressure (BEP) measurements from the effusion cells used for growth are taken by measuring the

difference in pressure readings with the source shutter opened and closed of an ion gauge mounted

in the beam path. These measurements allow for a relationship between BEP and atomic flux to be

established such that epilayers with a target composition and thickness can be repeatedly grown.

Ultra-high vacuum growth provides for long mean-free paths of the atoms, and in conjunction

with the high purity source material used, reduces the incorporation of impurities in the epitaxial

material. Vacuum is maintained through the use of cryogenic and ion pumps as well as a liquid

nitrogen-cooled cyropanel surrounding the inside of the system. Substrates are loaded and outgassed

in a loading chamber before being moved to a buffer chamber where the substrates are outgassed

again prior to being moved to the growth chamber. Substrates are outgassed again inside the growth

chamber before being rotated to face the sources. After the oxide on the substrate is thermally

removed, a buffer layer is grown to form a good epitaxial template away from the substrate interface

prior to the epitaxial layers of interest.

The main MBE system used in this work was an EPI MOD Gen II, which is a vertical

reactor with eight cell ports. Dual-zone Sumo effusion cells were used to sublimate/evaporate Ga,

In, and Bi. A dual-zone valved cracker was used for sublimating As2 and a dual-zone valved GaP

decomposition cell was used to sublimate P2. Originally, a custom-made two-crucible cell, "dual-

dopant," designed by MBE Komponenten was used for Si and Be sublimation and an additional

Veeco dual-dopant cell was required for GaTe evaporation. Recently, a three-crucible cell "triple-

dopant," custom made by MBE Komponenten, was used for deposition of all three dopant materials.

The substrate is positioned such that it is in the center of the atomic beam paths of the eight cells.

19



The cells are heated to sublimate/evaporate the desired atomic flux, shutters mounted in front of

the cells are manipulated to block or not block the atomic beam fluxes directed at the substrate.

The substrate is heated to control the surface kinetics as described in Section 2.1.1.

This work used two molecular beam epitaxy systems for the devices discussed in Section

5.1; the systems are connected with a buffer chamber such that samples can be transferred between

systems in situ. The second MBE system was equipped with an aluminum cell, which is necessary

for the AlGaAs cladding layers in the electroluminescence structures. The second MBE has deep

upward looking dopant cells for Be, Si, and Te doping and a Veeco dual-dopant cell for Si and Be

doping. Dual-zone Sumo effusion cells were used to sublimate/evaporate Ga and Al. Only the base

filament of the Al cell was powered in order to prevent Al from “creeping" up the crucible.

2.1.1 Surface kinetics in MBE

Figure 2.2: Adatom surface processes during MBE growth.

In MBE growth, the precise control of adatom surface kinetics promotes uniform high-quality growth

of epitaxial layers. The importance of surface thermodynamics on the synthesis of random alloys
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is demonstrated by the lack of compositional clustering in III/V alloys [75], [76] and becomes

even more critical in the growth of thermodynamically unfavorable materials and structures. The

surface kinetics in MBE are controlled by manipulating the growth rate, growth temperature, group-

V/group-III flux ratio, and presence of a surfactant. Low growth temperatures and high growth

rates are shown to promote random alloys and facilitate growth within the instability range [76].

Growth rate

Growth rate has been shown to have an effect on the formation of ordered structures [75]. Reducing

the growth rate provides the atoms at the surface more time to rearrange in ordered structures at

the surface [75] and interaction between the surface atoms and the previously deposited monolayers

closest to the surface [77]. Faster growth rates reduce the time for rearrangement, and therefore,the

number of epitaxial layers involved in rearrangement. Jasik et al. observed the dependence of growth

rate on photoluminesence (PL) intensity in InGaAs QWs [78]. The PL intensity increased with

increasing growth rate, to an optimal point, after which it decreased as the growth rate increased

[78].

Growth temperature

The MBE growth (substrate) temperature that promotes layer-by-layer growth rather than islanding

growth is dependent on the material system. Alloys composed of group-III elements with high

desorption temperatures, such as Al and Ga, are typically grown at higher temperatures than

elements with lower desorption temperatures, such as In. For example, typical AlAs or GaAs

growth temperatures are around 580 ◦C, while typical InGaAs temperatures are around 470 ◦C.

Low growth temperatures can be used to overcome alloy miscibility gaps as they reduce the surface

mobility of atoms, reducing their ability to form ordered structures during growth [75].

Group-V overpressure

Typical III-V MBE is performed in the group-III limited growth regime where an excess of group-V

atoms is supplied. The probability of adatom incorporation or "sticking coefficient" of group-III

elements is ∼ 1, while group-V elements have a sticking coefficient < 1 with excess group-V elements

desorbing from the epitaxial surface. Therefore, excess group-V is supplied in order to promote

1:1 III:V incorporation and to prevent group-V or group-III vacancies. Adatom surface diffusion

lengths are affected by the amount and type of arsenic supplied. Increasing the arsenic overpressure
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increases surface diffusion [79]–[81] and the use of dimeric arsenic rather than tetrameric arsenic

(As2 instead of As4) similarly decreases diffusion lengths [82]–[85]. At typical growth temperatures,

unincorporated arsenic desorbs from the surface; however, at low growth temperatures, ≤ 400 ◦C,

excess As is incorporated as interstitial or antisite defects, degrading material and optical property

[78], [86]. Therefore, at low growth temperatures, balancing the As/III flux ratio to prevent As

vacancies while also preventing excess As incorporation becomes critical [5], [87], [88].

Surfactant-mediated growth

Another method for altering adatom surface diffusion in MBE is the use of surfactants to modify

the epitaxial growth kinetics [89]–[91]. As defined by Copel et al. a surfactant is an element that

when supplied during growth is mobile enough to preferentially segregate to the epilayer surface

instead of incorporating into the epilayer [89]. However, some material systems include elements that

behave both as a lattice-constituents and as surfactants [26], [29], [92]. The method through which

a surfactant promotes layer-by-layer growth remains to be fully clarified. Copel et al. described

one potential mechanism for reduction in adatom surface diffusion length compared to a "clean"

substrate; on a clean substrate, the atom is free to move until it is impeded by a step edge or defect

[89]. When a surfactant is introduced, the added layer formed by accumulated surfactant atoms

reduces the distance before atom diffusion is impeded [89]. However, surfactants are reported to

both decrease [90], [93], [94] and increase [90], [95] adatom surface diffusion length. The effects

of the surfactant on adatom diffusion, and ultimately epitaxial layer quality, are dependent on the

surfactant used, the material system, and the lattice-mismatch between the epitaxial layers and

the substrate. Massies et al. qualified the difference between surfactants that increase or decrease

the surface diffusion length as non-reactive surfactants, which are surfactant atoms that occupy

interstitial sites and reactive surfactants, where surfactant atoms occupy substitutional sites [90].

Hetereoepitaxy with a large lattice-mismatch often leads to a transition from layer-by-layer growth

to islanding growth when the film approaches a critical thickness corresponding to the onset of plastic

deformation [89], [90]. The use of surfactants has been shown to increase the critical thickness in

InGaAs grown on GaAs [89], [96], [97]; however, surfactants useful in homoepitaxial growth do not

necessarily behave the same in heteroepitaxial growth [98]. As discussed in Section 2.2.3, the work

presented in this thesis used bismuth as a surfactant, which has previously been demonstrated to

increase N incorporation and improve surface quality in dilute-nitride alloy growth [99].
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2.2 MBE growth of highly-mismatched alloys

The large differences in size and electronegativity in highly-mismatched alloys reduce the solid

solubility of the highly-mismatched constituent, necessitating the use of non-equilibrium growth

techniques, such as molecular beam epitaxy (MBE), in order to overcome thermodynamic solubility

limitations and synthesize high quality epilayers. Even with non-equilibrium growth processes, the

incorporation of the highly-mismatched constituent requires precise control of the adatom surface

kinetics, such that incorporation of even the dilute concentrations can be challenging. The dilute

nitrides (InGaAsN and related alloys) and dilute bismides (InGaAsBi and related alloys) are both

highly-mismatched alloy families, which demonstrate challenging synthesis and severe reduction

in material quality with increasing mismatched constituent incorporation [100]–[102]. The large

miscibility gap and the poor material quality of high concentration dilute nitrides and dilute bismides

has thus far limited their widespread use in optoelectronic devices. The “favorable" band anticrossing

effects that modify the energy band structure of these alloys and reduce alloy energy bandgap

simultaneously increase alloy scattering effects, fundamentally limiting the carrier mobility in these

materials [103]–[106]. Additionally, the high likelihood of point defects resulting from miscibility

limits in highly-mismatched alloys further contributes to the reduction in carrier mobility through

perturbation of the energy band structure from anticrossing interaction with isolated defect states

[104], [107] and reduce carrier lifetimes, greatly degrading device performance. Boron-III-V alloys

are also classified as highly mismatched alloys given the large atomic size difference between boron

and conventional group-III and group-V elements, despite a smaller difference in electronegativity in

comparison to the dilute nitrides [54]. While the dilute borides are not predicted to benefit from the

same band anticrossing as in the dilute nitrides, higher concentrations of boron can be incorporated

in InGaAs than nitrogen [54] potentially enabling a broad range of accessible energy gaps through

alloying. The growth advancements previously demonstrated in other highly-mismatched alloys, as

described below, established a framework for developing a highly kinetically-limited growth regime

for B-III-V MBE growth.

2.2.1 Dilute-bismide growth

The incorporation of bismuth into conventional alloys has proven to be extremely challenging,

requiring growth with near unity III/V flux ratios [108], [109] and low growth temperatures [109],

[110] for bismuth incorporation to occur. According to the growth model developed by Lu et al.,
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a bismuth atom will either incorporate into the film, evaporate from the film, or form a Bi droplet

at the surface, [109] requiring control of the growth kinetics in order to promote Bi incorporation

into the film rather than its evaporation or formation of Bi droplets. Ptak et al. demonstrated that

the formation of surface droplets could be suppressed by controlling the growth regime such that

complete incorporation of the bismuth flux occurred [111].

Growth growth of dilute bismides near stoichemetry is required to promote Bi incorporation

because under typical group-V rich growth, the lack of group-V sites for Bi to bond to Ga in results in

Bi atoms behaving as non-binding surfactants, segregating to the surface, and eventually desorbing

from the epilayer [108]. Under III-rich growth, the formation of surface droplets was observed, which

is suggestive of phase separation due to the immiscibility of Ga and Bi [108]. Therefore, the III/V

flux ratio needs to be optimized to allow for Bi incorporation without promoting surface droplets,

severely complicating the growth of these alloys. The growth temperature of dilute-bismide alloy

growth is similarly important. At a fixed Bi BEP and Ga/As flux ratio, the incorporated Bi %

decreases as the substrate temperature is increased [110].

2.2.2 Dilute-nitride growth

As with the dilute bismides, MBE-growth optimization of dilute-nitride alloys has demonstrated the

necessity to carefully control growth kinetics in order to promote high-quality dilute-nitride material

and devices. The substitutional incorporation of nitrogen is challenging with deviations from unity

sticking observed at higher nitrogen concentrations [112]. The use of Bi as a surfactant in InGaAsN

QWs was shown to increase nitrogen incorporation and increase photoluminesence intensity [99].

As the nitrogen content is increased, the growth window narrows significantly degrading device

performance [26]. Growth temperature was found to be one of the most important factors in

promoting high-quality dilute-nitride growth [15]. Additionally, the use of antimony as as surfactant

and lattice-constituent and deflection plates to prevent nitrogen plasma damage were essential to

improving dilute nitride growth and extending the wavelength accessible on GaAs-based emitters

[26].

2.2.3 Dilute-boride growth

Prior to the work done by McNicholas, the incorporation of B in III-V alloys had been severely

limited by its complicated growth [48]. Previous investigations of the ternary alloy BGaAs focused on

increasing the B concentration through control of the surface kinetics in both MBE growth [50], [113],
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[114] and MOCVD growth [65], [68], [115]. Increased boron incorporation with decreasing substrate

temperature has been observed in both MBE [50] and MOCVD [65], [68], [115] grown material.

Groenert et al. noted the importance of growth temperature on B incorporation and the deviation

from substitutional incorporation under unoptimized growth conditions [50]. Additionally, Groenert

et al. observed a boron incorporation dependence on group-V overpressure [50]. Ptak et al. observed

an increase in B incorporation with increasing Bi surfactant flux, establishing the importance of

surfactant mediated epitaxy using Bi for high-quality B-III-V growth [113]. Detz et al. observed

increased substitutional B incorporation with increasing growth rate and an accompanying reduction

in RMS roughness as measured with atomic force microscopy (AFM) [114]. Phase segregation has

often been observed in BGaAs films grown under unoptimized growth conditions [114], [115]. Despite

the growth advancements demonstrated in previous investigations of BGaAs, boron incorporation

remained limited to ∼ 8% in BGaAs films grown on GaAs by both MBE [50] and MOCVD [68].

Demonstration of a unity substitutional growth regime for BGaAs

McNicholas demonstrated a unity substitutional growth regime, combining disparate observations in

the literature discussed above [50], [113], [114], that promoted substitutional incorporation of boron

through control of the surface kinetics [48]. In order to exceed the limited boron incorporation

previously demonstrated and prevent surface segregation of boron, a boron electron-beam source

was used. Low growth temperatures, previously identified as a critical parameter in other highly-

mismatched alloys including the dilute borides, were used to reduce the surface mobility of B

adatoms and increase miscibility. High group-V overpressure and Bi as a surfactant were also used

to prevent B segregation. On GaAs, up to 12% boron was incorporated in coherent (not relaxed)

BGaAs films [66]. Transferring this growth regime to GaP substrates, which decreases the lattice-

mismatch between substrate and epitaxial BGaAs film, McNicholas demonstrated B incorporation

up to 18%, far exceeding previous demonstrations of B incorporation in the literature [48]. The

first BGaAs/GaP QWs grown on GaP/Si templates were grown, demonstrating the potential for

B-III-V integration on Si [48]. This unity substitutional incorporation regime enables a repeatable

calibration of B flux as a function of e-beam power using HR-XRD measurements of the boron

concentration in BGaAs films as discussed in Section 4.1.
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Previous BGaInAs growth

As discussed in detail in Chapter 1, previous demonstrations of BGaInAs growth has thus far

been limited to MOCVD growth of alloys with ≤ 4 % B [52], [69]. Very little investigation and

optimization of the BGaInAs growth kinetics had been reported especially via MBE. This work

extends the growth regime established by McNicholas for BGaAs growth on GaAs to the quaternary

alloy BGaInAs with a focus on optimizing growth conditions to realize high optical quality material

for optoelectronic device applications.
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Chapter 3

Characterization Methods

3.1 Photoluminescence

Photoluminesence measurements were performed to compare the spontaneous emission from quan-

tum wells (QW) and films with and without boron, as well as the peak wavelength of emission

from these samples. Comparing the intensity of spontaneous emission across samples can be used

to understand the material quality and is a good approximation of the eventual device quality. In

addition to measuring the emission wavelength, photoluminesence is more sensitive to defects than

x-ray diffraction measurements making it a critical tool for optimizing the MBE growth regime for

materials used in light emitting devices. In this work, samples were optically pumped with a 532

nm laser and their spectral response was then measured as described below.

Figure 3.1: Schematic of the photoluminescence setup used for this work.

Each sample was optically excited at 532 nm by a chopped frequency doubled laser Nd:YAG,
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allowing for measurements of samples with band gaps less than 2.3 eV. The pump laser light is

absorbed in the top ∼ 100 nm of the epitaxial layers, creating electron-hole pairs, which relax to the

conduction and valence minimum and maximum before recombining. When the electron-hole pairs

radiatively recombine, the resulting photons are collected. The light emitted is passed through a

grating spectrometer and the intensity at the wavelength of interest is measured by a single-channel

photodiode using a lock-in amplifier, enabling the determination of PL intensity versus wavelength.

This work focused on measuring room temperature emission < 1.5 µm using a thermoelectrically-

cooled InGaAs photodiode. The laser power was maintained at ∼ 100 mW at the sample surface

for every measurement and a control sample was measured every time in order to facilitate direct

comparison between measured samples. The relative intensities of light emitted from the samples

allow for qualitative assessment of how efficiently the samples emit light. When comparing samples

of similar composition and layer structure, higher intensities indicate less loss due to nonradiative

recombination pathways in the material and therefore higher quality material.

The temperature-dependent PL measurements discussed in Section 4.3 were performed by

our collaborators in Professor Robert Kudrawiec’s group at Wroclow University of Science and

Technology who have the ability to cool samples to 0 Kelvin. The Varshni equation defines the

variation in bandgap of semiconductor materials with temperature as shown in Equation 3.1, where

Eg, the bandgap of a semiconductor at a temperature T, is a function of the bandgap at 0 K and

material-specific constants α and β [116]. Variation from the Varshni equation at low temperatures

is often indicative of carrier localization [117], [118] and can be an indicator of poor crystalline

quality and ultimately, device quality [119].

Eg = E0 − αT 2/(T + β) (3.1)
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3.2 High-resolution X-ray diffraction

Figure 3.2: Reciprocal space of substrate lattice (dark blue circles - left) and real space of substrate

lattice (dark blue lattice - right). X-ray diffraction conditions for coupled ω-2θ in reciprocal space

(left) and real space (right) are shown.

High-resolution X-ray diffraction (HR-XRD) was used in this project to characterize the structural

properties of (B)GaInAs films and QWs. In HR-XRD, the intensity of scatter x-rays is measured

as a function of diffraction angle. Bragg’s law defines the conditions for constructive interference

of the x-rays scattering from the atomic layers in the crystal; the diffraction x-ray intensities are

at their highest when the conditions of Bragg’s law are met. This work used coupled ω-2θ scans

to measure the intensity of diffraction as a function of the Bragg diffraction angle. ω-2θ scans

maintain a single diffraction vector, thus allowing for the measurement of the spacing of atomic

planes in a single direction. ω is defined as 1
22θ. ω-2θ measurements were performed about the (004)

direction to measure the out-of-plane lattice constants of the epitaxial films and QWs. Constructive

interference of x-rays reflected at the interfaces of epitaxial layers produces finite thickness fringes

in addition to the substrate and epitaxial layer peaks allowing for determination of layer thicknesses

in heteroepitaxial structures. The presence of finite thickness fringes necessitates abrupt uniform

epitaxial interfaces providing a qualitative metric for evaluating epitaxial layer crystalline quality.
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(004) (224)

Figure 3.3: Reciprocal space of substrate lattice (dark blue circles), coherently-strained epitaxial

layer (light blue circles), and relaxed epitaxial layer (red circle). Peaks along the ω-2θ line of the

substrate (004) direction (black dotted line) probe only the out-of-plane lattice constant. To char-

acterize the epitaxial strain and relaxation in layers, asymmetrical reciprocal space maps (RSMs) in

the (224) direction use multiple ω-2θ scans incrementing ω to measure diffraction from the relaxed

epitaxial layer peak to the coherently-strained epitaxial peak as they no longer lie along the same

ω-2θ line. A typical RSM coverage area is shown in the blue box.

ω-2θ scans allow for the characterization of layer thickness, lattice-constant, and, using

Vegard’s Law, alloy composition of coherently-strained epitaxial layers. Characterizing the strain

in epitaxial layers requires the use of asymmetric reciprocal space maps (RSMs) which can be used

to measure both the in-plane and out-of-plane lattice constants of the epitaxial layers. A series of

ω-2θ scans are performed incrementing ω to create a "map" of reciprocal space containing both

the substrate peak and the relaxed epitaxial layer peak. In the (00x) direction only out-of-plane

lattice constants are measured and the relaxed epitaxial layer peaks would lie on the same line as

the substrate peak. Therefore, asymmetric RSMs are performed in the (224) or (2̄2̄4) directions

to measure both the in-plane and out-of-plane lattice spacing. Relaxation of the epitaxial layer

shifts the relaxed layer peak off of the measured ω-2θ line of the substrate peak. Meanwhile, the

layer peak of a epitaxial layer coherently strained to the substrate will remain on the same line as

the substrate peak. Both coherent and relaxed layer peaks are measured with asymmetric RSMs

allowing for characterization of relaxation in the epitaxial layers.
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3.3 Photoreflectance

The photoreflectance measurements discussed in this work were performed in collaboration with

Professor Robert Kudrawiec’s group at Wroclow University of Science and Technology.

Photoreflectance was used to measure the interband transitions of BGaInAs QWs and films

on GaAs and BGaInAs. Photoreflectance (PR) is a characterization technique that measures the

wavelength-dependent change in reflectivity of a sample to investigate the bandstructure of the

material. The photoreflectance experimental set-up used for this work is shown in Figure 3.4.

Photoreflectance uses a laser to generate electron-hole pairs, which modulates the internal electric

field in the sample, and a separate lamp that is separately filtered to change its wavelength in

order to measure the wavelength-dependency of the reflectivity. A monochromater and lock-in

detector referenced to the modulation frequency of the laser (to reduce system noise) are used to

measure the signal. The shape of the measured ∆R/R (or the change in reflectance divided by

the baseline reflectance) versus the wavelength can be used to measure optical transitions in the

material. Photoreflectance is sensitive to inhomogeneity in the alloy, which results in broadening of

the PR resonances [64].
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Figure 3.4: Schematic of the photoreflectance experimental set up used for this work. Reproduced

from [120]

3.4 Avalanche photodiode characterization

The BGaAs and BGaInAs photodiode fabrication and characterization discussed in this work was

performed by Professor Joe Campbell’s group at the University of Virginia. A brief discussion of

the methods used by our collaborators at UVA are described here; a more detailed discussion can

be found in [121].

External quantum efficiency (EQE) is the ratio of collected photo-excited electrons to the

number of incident photons. The measurements were performed with a broadband laser-driven light

source coupled to a monochromator as shown in Figure 3.5. The use of monochromator allows for

isolating narrow-band regions of the light source in order to accurately measure the EQE versus

wavelength. The APD photoresponse was measured with a lock-in amplifier and compared to that

of a NIST-traceable calibrated Si photodetector in order to determine the efficiency as shown in

Equation 3.2.
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Figure 3.5: External quantum efficiency measurement setup used for measuring the EQE of BGaAs

and BGaInAs photodiodes discussed in this work. Reproduced from [121].

EQEdevice = EQEknown
Iphoto,device
Iphoto,known

(3.2)

It is important that the EQE is measured at the bias where the device exhibits unity gain

(rather than at a bias that results in multiplication gain) in order to accurately measure the EQE of

the device. Due to the non-ideal photocurrent response exhibited by the devices studied here, the

non-ideal photocurrent was fit following the method established by Woods et al. [122] to determine

the multiplication gain. The measured EQE was then normalized to account for the gain at the

bias of the measurement if it was not unity.

The measured photocurrent from a photodiode is the sum of the current resulting from

photogenerated carriers and the dark generation of carriers. The multiplication gain of an APD is

defined as a ratio of the photocurrent when the device is biased in the region where multiplication

gain from impact ionization is taking place to the photocurrent when the device has unity gain or

is in the ordinary photodiode region.
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3.4.1 Excess noise measurements

As discussed in Chapter 1, excess noise in avalanche photodiodes typically increases with multi-

plication gain, except in a few low-noise materials or devices. In this work, our collaborators at

University of Virginia measured the excess noise of BGaInAs photodiodes in order to understand

how the addition of boron affects excess noise.

In avalanche photodiodes, the McIntyre local field model shown in Equation 3.3 [16] defines

the excess noise factor F(M) as a function of the multiplication gain, M, and k, which is ratio of

impact ionization coefficients α and β. The impact ionization coefficients, α and β, are approximated

as the inverse of the average length before impact ionization of electrons and holes respectively.

F (M) = kM + (1− k)(2− 1

M
) (3.3)

Reducing the increase in excess noise factor as multiplication gain increases requires reducing

k. As k = min(αβ ,
β
α) such that k ≤ 1, reducing k requires β � α or α � β.

Noise power measurements

Figure 3.6: Noise power measurement system used for measuring noise power and determining the

excess noise factor versus multiplication gain for BGaInAs materials. Reproduced from [121].

Noise power measurements were taken with a noise figure analyzer (NFA) relative to a calibrated

noise source. The system set-up is shown in Figure 3.6 was used to measure the noise power and

determine the excess noise factor versus gain for BGaInAs APDs [121]. The local field model of

noise spectral density, S, defines the relationship between noise spectral power and multiplication

gain as defined in Equation 3.4. R is the total impedance of the system. First, the noise power

is measured at the unity gain point, where M = 1 and F (M) = 1 to determine S0 as defined in

Equation 3.5.
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SN = 2qIRM2F (M) (3.4)

S0 = 2qIR (3.5)

To determine F(M) as a function of M, subsequent measurements are performed for M > 1.

Light and dark measurements are performed at the measurement frequency and substracted from

each other to define Np at the measurement frequency. The excess noise can then be calculated

from the measured noise spectral power as defined in Equation 3.6. Finally, plotting excess noise

versus multiplication gain allows for extracting the k value of the measured device.

F (M) =
SN
S0M2

=
Np,N

Np,0M2
(3.6)

3.5 Hall measurements

Hall measurements were performed in order to determine the carrier density and mobility in films.

Hall measurements in the Vander Pauw configuration provide a simple method for measuring the

doping concentration in uniform semiconductor film with contacts in the corners as shown in Figure

3.7. Hall measurements depend on a uniform film

Figure 3.7: The sample set up for Van Der Pauw Hall measurements. Reproduced from [123]

The Van der Pauw technique allows for the determination of the mobility and sheet density

(and thus carrier density). This technique assumes a uniform sample [123], [124]. As shown in
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Figure 3.7, four small contacts are placed at the corner of a square sample in order to determine the

resistances RA (from Equation 3.7) and RB (from Equation 3.8) by supplying a current across two

contacts and measuring the voltage across the other two contacts (i.e. supplying a current from 1

to 2 and measuring the voltage across 3 to 4). As shown in Equation 3.9, the sheet resistance (Rs)

can then be determined fromRA and RB.

RA = V43/I12 (3.7)

RB = V14/I23 (3.8)

e−πRA/Rs + e−πRB/Rs = 1 (3.9)

Additionally the Hall voltage (VH) can be calculated by measuring the voltage across diag-

onal contacts under a known magnetic field (B). The Hall voltage allows for the calculation of the

sheet density ns (Equation 3.10) and subsequently the bulk carrier density (n or p) given a known

conducting layer thickness (Equations 3.11 and 3.12). As shown in Equation 3.13, the Hall mobility,

µ, can be calculated from the sheet resistance and sheet density.

ns =
IB

q|VH |
(3.10)

n =
ns
d

(3.11)

p =
ps
d

(3.12)

µ =
1

qnsRs
(3.13)
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Chapter 4

Growth of B-III-V alloys

4.1 Unity substitutional incorporation growth regime

The growth of high-quality material by MBE necessitates unity substitutional incorporation, such

that every incorporated atom is incorporated on a lattice site. Previous investigations of highly-

mismatched alloys have demonstrated that precise control of growth parameters is critical to the

promotion of substitutional incorporation of highly-mismatched constituent, requiring a highly

kinetically-limited growth regime as described in Chapter 2.2.3. Under unoptimized BGaAs growth

as observed by Groenert et al. excess boron was incorporated interstitially [50]. McNicholas et al.

similarly noted a rough surface in atomic force microscopy (AFM) scans of BGaAs films under

unoptimized growth suggesting preferential surface accumulation of B [66]. The kinetically-limited

growth regime demonstrated by McNicholas et al. to promote substitutional B incorporation in

BGaAs was confirmed by Rutherford backscattering spectrometry (RBS) performed by Evans An-

alytical Group, which indicated ≥ 99% substitutional B in a B0.17Ga0.83As film. As substitutional

incorporation indicates that nearly every boron atom is incorporated at a lattice site and assuming

that the incorporation of Ga does not change with the addition of B, the boron atomic flux can be

calculated ex situ through dynamic X-ray scattering simulations of HR-XRD ω-2θ measurements.

As shown in Figure 4.1, the substitutional incorporation of boron introduces tensile strain in the

BGaAs epilayer resulting in a linear relationship between out-of-plane lattice constant as measured

by HR-XRD ω-2θ scans (Figure 4.1(a)) and the increasing B ion intensity measured by SIMS in

BGaAs films for BGaAs films with varying B concentrations (Figure 4.1(b)) [66].
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Figure 4.1: (a) HR-XRD ω-2θ diffraction measurements from 100 nm BxGa1−xAs/GaAs heterostruc-
tures with B concentrations spanning coherent (black, red, blue) and structurally degraded (green)
compositions. (b) B secondary ion yield in SIMS versus apparant B concentration determined from
HR-XRD measurements shown in (a). Reproduced from [66].

4.1.1 Investigation of unity substitution in BGaInAs alloys

Extending this growth regime to the quaternary BGaInAs alloy decouples the alloy bandgap from

the lattice constant, enabling strain-engineering of emitters and absorbers on GaAs over a range

of technologically interesting wavelengths while maintaining a fixed lattice constant. However, the

addition of In increases the difference in lattice constants of the constituent binary components,

which is thought to increase the enthalpy of mixing as compared to the In-free alloy, resulting in a

more limited growth regime for high quality epitaxial layers [76]. Therefore, we first investigated if

the highly kinetically-limited growth regime for BGaAs maintains unity substitutional incorporation

of B with the addition of In. To do so, we grew BGaInAs quantum wells (QW) with ∼ 30% In and

varying B concentrations on GaAs substrates.

Determining the elemental composition of quaternary alloys with conventional XRD mea-

surements is not trivial because many alloy compositions can share a common lattice constant.

Precise control of quaternary BGaInAs alloy composition requires pre-growth calibration of In, Ga,

and B fluxes versus cell temperatures (for In, Ga) and electron-beam power (for B) using a com-

bination of in situ beam-equivalent pressure (BEP) measurements and post-growth HR-XRD ω-2θ

scans. To calibrate the In and Ga incorporation rate, InGaAs/GaAs superlattices (SL) were grown

varying the In cell temperature (or BEP). The incorporated In and Ga fluxes were calibrated to

pre-growth in situ BEP measurements of the In and Ga effusion cells using dynamic X-ray scattering
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simulations to determine the alloy composition and thickness from HR-XRD ω-2θ measurements

of the SL samples (Figure 4.2(a)). Owing to the near unity substitutional incorporation of these

elements under group-III limited growth regimes [82], we assumed that the incorporation of Ga and

In did not change with the addition of B and used these flux calibrations to control the In:Ga flux

ratios during the growth of quaternary BGaInAs alloys. Eutectic reactions between elemental boron

and the tungsten filament of the ionization gauge [125] used for BEP measurements precludes in

situ BEP measurements of the B evaporator. Instead, a series of BGaAs films were grown with

varying e-beam power and dynamic X-ray scattering simulations of HR-XRD ω-2θ measurements

were used to determine the substitutional incorporation of B. The Arrhenius relationship between

incorporated B flux (measured by HR-XRD) and B e-beam evaporator power observed in BGaAs

alloys enabled calibration of B flux as a function of evaporator power prior to growth (Figure 4.2(b)).

This relationship was maintained across multiple days as shown in Figure 4.2(b). Furthermore, an

Arrhenius relationship was observed between incorporated B flux (measured by HR-XRD) and B

e-beam evaporator power in BGaInAs QWs (Figure 4.2). Similar to the method demonstrated in the

dilute nitrides by Spruytte et al. and extended for BGaAs by McNicholas et al., we grew BGaInAs

QWs (structure shown in Figure 4.3(a)) with an In:Ga flux ratio of 31:69 varying the B evaporator

power. We observed a linear relationship between measured incorporated B in HR-XRD (ω-2θ scans

shown in Figure 4.3(b)) and the B secondary ion yield (Figure 4.3(c)) measured by secondary mass

spectrometry (SIMS) in our quaternary BGaInAs alloys, consistent with near unity substitutional

B incorporation with the addition of In, validating the assumptions outlines above. Specifically,

we confirmed that the unity substitution incorporation growth regime was maintained with the

addition of indium allowing for the use of dynamic X-ray scattering simulations of HR-XRD ω-2θ

measurements to determine the substitional B incorporation and motivating the investigation of the

effects of B incorporation on optical quality and the potential for strain-engineering high quality

extended wavelength emitters and absorbers on GaAs.

4.2 Extending the wavelength to 1.3 µm on GaAs

Leveraging our prior growth optimization of BGaAs to increase boron concentration from 8% to

18%, we focused on investigating the potential for strain engineering highly-compressively strained

InGaAs on GaAs with the addition of B. To begin, our efforts centered on the extension of the

highly kinetically-limited growth regime using fast growth rates, low substrate temperature, high
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Figure 4.2: (a) The expected Arrhenius relationship between In flux measured by HR-XRD ω-2θ
scans and cell temperature was observed in InGaAs/GaAs SLs and QWs. (b) A consistent Arrhenius
relationship between B flux measured by HR-XRD ω-2θ scans and e-beam power was observed in
BGaAs films grown on consecutive days. (c) An Arrhenius relationship between B flux measured
by HR-XRD assuming a fixed In:Ga flux ratio and e-beam power was observed in BGaInAs QWs.

As/III flux ratios, and Bi as a surfactant to maintain high material quality as we increased the

In concentration in BGaInAs in order to extend the emission wavelength accessible on GaAs. As

discussed in section 4.1, we first grew BGaInAs QWs on GaAs with shorter wavelengths than the

target 1.3 µm emission wavelength to understand how adding boron affected the structural and

optical quality of the material. As shown in Figure 4.3(b) good structural quality was observed in

HR-XRD ω-2θ measurements. Photoluminesence (PL) shown in Figure 4.3(d), measured from the

In0.31Ga0.69 As QW, the B0.03Ga0.67In0.3As QW, and the B0.07Ga0.64In0.29As QW structures shown

in Figure 4.3(a), showed a ∼ 2x improvement in PL intensity with the addition of 3% B and a small
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Figure 4.3: (a) Thin BGaInAs QW PL structures were grown on GaAs substrates. (b) HR-XRD
ω-2θ scans of BxGa0.69(1−x)In0.31(1−x)As QWs show good structural quality. (c) The linear rela-
tionship between the lattice parameter measured by HR-XRD and B secondary ion intensity of
BxGa0.69(1−x)In0.31(1−x)As QWs suggests unity substitutional incorporation is maintained with the
addition of In. (d) Photoluminescence measurements of BxGa0.69(1−x)In0.31(1−x)As QWs show an
increase in PL intensity with the addition of 3% B followed by a decrease in PL intensity with the
addition of more boron.

blueshift in wavelength, demonstrating that the addition of boron does not inherently preclude high

optical quality material, and may in fact, be used to improve the optical quality of near-IR emitters

on GaAs. However, when increasing the B concentration to 7%, we observed a decrease in PL

intensity as well as broadening of the PL emission spectrum. As shown in Figure 4.3(b), the strain

in the QW was decreased with the addition of B as expected, suggesting the improvement in PL

intensity was simply due to a reduction in crystalline defects from the decrease in compressive strain

in the BGaInAs QW. The subsequent reduction in PL intensity with more boron may indicate a

"boron-penalty" similar to the reduction in material quality observed in the dilute-nitrides [25] and
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dilute-bismides [126].

Our approach to extend the wavelengths available on GaAs was similar to that of Tansu et

al., [127] we first increased the In concentration in InGaAs QWs on GaAs until no PL was observed

(> 40% In). We then added B to this InGaAs alloy in order to reduce the compressive strain in

the QWs and recover optical quality material. Figure 4.4 shows the effects of increasing indium and

boron concentration on the structural and optical quality of (B)GaInAs quantum wells. As shown

in the HR-XRD ω-2θ scans of the B(Ga)InAs QWs (red curve in Figure 4.4(a)), increasing the

indium concentration resulted in a reduction in crystalline quality with complete loss of previously

well-defined finite thickness fringes, as well as broadening of the QW peak. This loss of structural

quality was accompanied by a loss of optical quality as seen in Figure 4.4(b). The addition of 1%

to 4% boron reduced the compressive strain in the material as indicated by the shift of the QW

peak to larger diffraction angles with increasing B. The recovery of well-defined thickness fringes

and QW peaks suggests improved structural quality. In PL, optical quality was recovered and

the desired wavelength extension to 1.3 µm was observed (Figure 4.4(b)). The higher In and B

concentrations accessible with our growth regime enabled us to exceed the 1.2 µm peak emission

wavelength demonstrated by Wang et al. [71]. However, unlike Wang et al., we observed a decrease

in optical quality with the addition of boron as compared to the In0.4Ga0.6As QW. This reduction

in PL intensity with the addition of 2% B was not as severe as that observed in the dilute nitrides,

where even 1% nitrogen significantly degraded the optical quality of the material [25], [128]. As the

B concentration was further increased, we observed a decrease in the PL intensity, suggesting an

inherent "boron penalty" and similar to the decrease in PL intensity observed at shorter wavelengths.

4.3 Growth advancement for improved optical quality

As we moved our focus to larger In:Ga flux ratios, we continued to observe a decrease in PL inten-

sity as well as a broadening of the PL emission spectrum. The growth optimization discussed here

focused on BGaInAs QWs as thin BGaInAs QW layers typically do not exceed the critical thickness

for relaxation, allowing for increased B or In concentrations without degradation of material quality

from strain relaxation. These structures broaden the range of alloys that can be grown pseudomor-

phically, allowing us to grow non-lattice-matched alloys while optimizing the growth with direct

measurement of optical quality using photoluminesence. Photoluminescence of BGaInAs QWs with

a In:Ga flux ratio of ∼ 44:56 grown using the growth regime optimized for BGaAs growth (blue
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Figure 4.4: (a) HR-XRD ω-2θ scan of (B)GaInAs QWs on GaAs. A loss of well-defined finite thick-
ness fringes and well-defined QW peak was observed as the In concentration was increased. With
the addition of B, the recovery of thickness fringes and well-defined QW peak suggests improved
structural quality from the reduction in strain. (b) PL of the (B)GaInAs QWs on GaAs targeting
1.3 µm emission. Increasing the In concentration in the InGaAs QW resulted in complete loss of
PL intensity. With the addition of ∼ 2% B, a strong emission peak at 1.3 µm was observered.

Figure 4.5: (a) Reciprocal space map of In0.44Ga56As QW. In good agreement with HR-XRD ω-2θ
scan of the In0.44Ga56As QW, the QW peak is not coherently-strained to the GaAs substrate. (b)
Reciprocal space map of B0.03Ga0.54In0.43As QW shows that the QW layer is coherently strained to
the GaAs substrate, demonstrating that strain-engineering is possible with the addition of boron.

curves of Figure 4.7(a)) show a decrease in PL intensity with increase B concentration.

The previous investigations of B-III-V growth optimization focused primarily on improving

the structural quality and increasing the boron concentration through careful control of the growth
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Figure 4.6: PL intensity decreased with increasing boron incorporation suggestive of an inherent B
penalty

regime. In order to improve the optical quality of the material, we broadened our characterization

of these alloys to focus not only on maintaining good structural quality and promoting boron

incorporation, but also on preventing the incorporation of PL-degrading defects.

4.3.1 Growth rate

Epilayer growth rate has been shown to affect both the surface roughness and structural quality

of BGaAs alloys [114]. However, the influence of growth rate on optical quality of B-containing

alloys has not been studied in detail. Here, we investigate the effects of BGaInAs growth rate on

the optical quality of the material. We grew BGaInAs QW structures, maintaining an In:Ga flux

ratio of ∼ 44:56, with peak emission wavelengths of ∼ 1.3 µm, and varying the B concentration at

BGaInAs growth rates of 2 Å/s and 2.8 Å/s. As shown in Figure 4.7, reducing the growth rate from

2.8 Å/s to 2 Å/s resulted in an increase in peak PL intensity (∼2x) at boron concentrations of 2%

and 4% B indicating that the BGaInAs growth rate can significantly affect the luminescent efficiency

of the layer. Additionally, the initial dependence of PL intensity on B concentration observed at

higher growth rates seems to be mitigated at slower growth rates. In other words, the perceived "B

penalty" at the faster growth rates, was less significant at the slow growth rates. Previous studies as

discussed in Chapter 2, suggest that epitaxial growth kinetics extend beyond the immediate sample

surface, with rearrangement of atoms occurring between the surface and top 4-10 atomic layers

during MBE growth [129], [130]. The number of monolayers participating in rearrangement may

be dependent on MBE growth parameters [82]. Here, we believe that the slower growth rate may
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allow more time for favorable rearrangement of adatoms, potentially mitigating the formation of

B-related point defects [60], which could impact the material optical quality at quantities below the

detection limit of structural characterization techniques such as HR-XRD. Further investigation is

required to fully understand the influence of growth rate on the formation of B related point defects.

Figure 4.7: (a) Reducing the BGaInAs growth rate increased the PL intensity by > 2x. (b) The B
“penalty" observed at faster growth rates, with the addition of just 2% B decreasing the PL intensity
by half, is less severe at slower growth rates.

4.3.2 Growth temperature

Growth temperature has been identified as a crucial growth parameter for boron incorporation in

the dilute borides [50], [66], [113], as well as for promoting good structural and/or optical quality

material in other highly-mismatched alloy growth, including in the dilute bismides [111] and dilute

nitrides [88]. In the dilute borides, lower growth temperature results in increased substitutional B

concentrations [50], [66], [113], and improved structural quality [66]. Investigating the impact of

substrate temperature during growth, we grew a series of BGaInAs QW structures maintaining an

In:Ga flux ratio of ∼ 44:56. As shown in Figure 4.8(a), the loss of well-defined finite thickness fringes

in HR-XRD scans as the substrate growth temperature was increased to ≥ 400 ◦C is indicative of

degraded structural quality at elevated growth temperatures. Unsurprisingly, the loss of structural

quality was mirrored in the optical quality ofthe material and no measurable PL was observed in

samples grown at temperatures ≥ 400 ◦C (4.8(b)). We found that 380 ◦C was the ideal growth

temperature for BGaInAs QWs emitting at ∼ 1.3 µm.
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Figure 4.8: (a) Photoluminesence intensity v. growth temperature for BGaInAs QWs emitting at
1.3 µm. Poor optical quality is observed at growth temperatures greater than 380 ◦C. (b) HR-XRD
ω-2θ scan of BGaInAs grown between 360◦C to 470 ◦C. Above 380 ◦C, the loss of thickness fringes
suggests poor crystalline quality.

4.3.3 Group-V/group-III flux ratio

Building on the improvements in optical quality observed at slower growth rates, we sought to

optimize the V/III flux ratio to further improve the optical quality of BGaInAs emitters. As with

the alloy growth rate and growth temperature, previous investigations of V/III flux ratio in B

alloy growth have primarily focused on promoting substitutional B incorporation, with virtually no

reports of the impact of V/III flux ratio on optical quality of BGaInAs emitters. BGaInAs QW

structures were grown with constant Ga, In, and B fluxes and the As2/III flux ratio was varied from

approximately 1-3. In Figure 4.9(a), HR-XRD ω-2θ measurements of the QW structures grown with

as As2/III flux ratio > 1 showed clear QW layer diffraction peaks with pronounced finite thickness

fringes from both the QW and GaAs barrier, indicating high structural quality. Groenert et al.

previously demonstrated increased substitutional B incorporation in BGaAs films with increasing

As4/III flux ratio [50]. Contrary to the findings of Groenert et al. for BGaAs films [50], we noted a

small decrease in (∼ 5%) in B incorporation with increasing As2 overpressure as seen in Figure 4.9(b)

(samples were grown out of order to control for small variations in the B flux). We employed Bi

as a surfactant, a lower growth temperature, and As2 rather than As4. Lower growth temperatures

[84] and an As2 (instead of As4) overpressure [85], [86] have been shown to decrease adatom surface

migration, which may explain the differences observed here. Further investigation is necessary to

fully clarify how the As2/III ratio affects the substitutional B incorporation in BGaAs and BGaInAs
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alloys under these growth conditions.

Additionally, as shown in Figure 4.9(c), despite the consistent high structural quality ob-

served in HR-XRD, varying the As/III flux ratio significantly impacted the QW PL intensity. At

low substrate temperatures, such as those required for BGa(In)As growth, high As/III flux ratios

promote As-related point defects, which behave as non-radiative recombination centers, decreasing

the direct band-to-band recombination of carriers and reducing the optical quality of the material

[86]. Because low substrate temperatures are necessary to promote substitutional incorporation of

B in BGaInAs alloys, the As/III over-pressure needs to carefully be balanced such that enough As

is supplied to avoid group-V site vacancies while also minimizing the formation of As-related point

defects from excess As2 [82]. Our PL measurements indicated that an As/III flux ratio of ∼ 2x

(BEP ratio of ∼ 10x) resulted in the highest photoluminesence intensity. Previous investigations

of GaAs and AlGaAs alloys grown by MBE had similarly found peak luminescence efficiencies are

achieved with an As/III flux ratio of ∼ 2 [82], [131]–[133].
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Figure 4.9: (a) HR-XRD ω-2θ scan of BxGa0.56(1-x)In0.44(1-x) varying the As2/III flux ratio. Poor

crystal quality is observed at an As2/III flux ratio of 1. (b) The measured B concentration slightly

decreased with increasing As/III flux ratio. (c) Photoluminesence intensity of BxGa0.56(1-x)In0.44(1-x)

varying the As2/III flux ratio. An As2/III flux ratio > 1 was required for obtaining measurable PL

and an As/III flux ratio of 2 produced the highest optical quality material.

4.3.4 Optimized growth conditions

Combining these disparate growth optimizations, we grew a QW structure with a BGaInAs growth

rate of 2 Å/s, a growth temperature of 380 ◦C, and an As2 flux ratio of ∼ 2. As shown in Figure

4.10, this growth optimization demonstrated a 10x improvement in PL over a control sample grown

with similar B concentration under the initial BGaAs growth conditions using a fast growth rate

of 2.8 Å/s, a growth temperature of 380 ◦C, and an As2 flux ratio of 3. Also shown in Figure

4.10, this growth optimization facilitated improvement in the BGaInAs optical quality such that
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the B-containing QW grown under these conditions demonstrated increased PL efficiencies (∼3x)

compared to the reduced In concentration (In0.40Ga0.60As) QW. The growth optimization at 1.3 µm

demonstrated that control of growth kinetics is critical for improving the optical quality of BGaInAs

alloys. These results demonstrate that BGaInAs alloys not only enable wavelength extension of

emitters on GaAs, but also improved optical quality at extended wavelengths.

Figure 4.10: Through growth optimization of the BGaInAs growth rate, substrate temperature, and

As/III flux ratio, we have demonstrated increased PL intensity compared to both the BGaInAs QW

under unoptimized growth conditions and the InGaAs QW.

High angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)

and electron dispersion spectroscopy (EDX), performed by Larry Lee’s group at the University of

Illinois at Urbana-Champaign, of a BGaInAs QW emitting at 1.3 µm grown under the optimized

growth regime also indicated good structural quality as shown in Figure 4.11.
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Figure 4.11: High-angle annual dark-field scanning transmission electron microscopy and electron

dispersion spectroscopy of a BGaInAs QW performed by Larry Lee’s group at UIUC.

4.3.5 Comparison of optimized growth in Bx(Ga0.6In0.4)1−xAs QWs

At an In:Ga flux ratio of ∼ 44:56, we were not able to grow a high-quality boron-free InGaAs QW on

GaAs due to relaxation of the QW layer from the large amount of compressive strain in the epitaxial

layer. The highest In concentration InGaAs QW we were able to grow without observing structural

degradation and loss of optical quality material was a In:Ga flux ratio of ∼ 40:60. The challenge in

growing GaAs-based InGaAs QWs at even this In concentration or emission wavelength has been

well established [127], [134]. To facilitate direct comparison with high-quality InGaAs control QW

structures, we grew BGaInAs QWs at an In:Ga flux ratio of ∼ 40:60, with boron concentrations

ranging from 1% to 5% B. We observed comparable PL intensities from the low B concentration (<

2% B) and boron-free PL structures. At 2% B, we noted a significant improvement in PL intensity

(∼ 3x). However, that PL improvement degraded as the boron concentration was increased to

5% resulting in a similar PL intensity as the boron-free QW. Previous reports of BGaInAs QW

structures have suggested that bron-related defect states may lead to localization of carriers at low

temperatures, resulting in an "S"-shaped dependence on the bandgap with temperature [73]. In

temperature-dependent PL performed by Robert Kudrawiec’s group at the Wroclaw University of

Science and Technology, we observed good agreement with the Varshni equation for BGaInAs alloys

with B concentrations < 5%. However, at 5% B we noted a small deviation below 100 K suggestive

of localization or inhomogeneity in the QW due to increased defects, indicating that further growth

advancements may be necessary for increasing B concentrations. These results demonstrate that
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the addition of B does not inherently cause the "s-shape" and localization reported by Hidouri et

al. [73]. Rather, good quality boron-containing alloy material is possible through optimization of

the growth regime.

Figure 4.12: (a) Peak PL intensity v. B concentration for a fixed In:Ga flux ratio of 40:60. We

observed comparable PL between the boron-free InGaAs QW (red dot) and the < 2% B BGaInAs

QWs. At 2% B we observed the highest PL intensity and at 5% we observed a degradation in PL

intensity to that of the InGaAs QW. (b) Temperature-dependent photoluminesence of (B)InGaAs

QWs (performed by our collaborators in Robert Kudrawiec’s group) with a In:Ga flux ratio of 40:60

and B concentrations of 0%, 1%, 2%, and 5%. A good fit with Varshni’s equation is observed for the

QWs with 0-2% B. Small deviation from Varshni’s equation at 5% B is suggestive of localization.

4.3.6 As-grown emission beyond 1.3 µm

A thorough understanding of the B-miscibility gap in BGaInAs alloys is essential for identifying

prospective device applications for these alloys as extended wavelength emitters/absorbers on GaAs.

Additionally, given that 25% B is necessary to lattice-match these alloys to Si, establishing the

miscibility limits of B in BGaInAs is also critical for evaluating the potential of these materials for

the realization of lattice-matched, direct-gap III-V alloys on Si. To further probe the miscibility

limit of B in BGaInAs, we grew BGaInAs QW structures simultaneously increasing the In:Ga flux

ratio, and the B flux, while maintaining the growth conditions optimized at 1.3 µm (380 ◦C substrate

temperature, Bi as a surfactant, As2 flux ratio of ∼ 2 and a GaAs growth rate of ∼ 2 Å/s). As
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shown in Figure 4.13(a), increasing the In:Ga flux ratio to 53:47 from 44:56 resulted in broadening

of the BGaInAs QW layer peak as well as disappearance of finite thickness fringes in HR-XRD ω-2θ

scans indicating structural degradation despite the use of our previously optimized growth regime.

Consistent with reports of growth optimization in the dilute nitrides [135] and dilute bismides [111],

the optimal growth window for substitutional boron incorporation appears to narrow and/or shift

as the In or B concentration is increased and the alloy becomes more highly mismatched. Returning

to the growth regime optimized by McNicholas to increase substitutional B incorporation beyond

the dilute limit in BGaAs (growth rate of ∼ 2.8 Å/s, growth temperature of 380 ◦C, As/III flux

ratio of ∼ 3), we found that decreasing the growth temperature of BGaInAs QWs to 360 ◦C with

an In:Ga ratio of 53:47 to 360 ◦C resulted in increased substitutional B incorporation and good

structural quality as shown in Figure 4.13(b). Photoluminesence of these QWs (Figure 4.13(c))

showed an extension of the emission wavelength to 1.4 µm, consistent with the 1.3 µm emission

from the BGaInAs QW with a In:Ga flux ratio of 44:56 and the 1.25 µm emission from the InGaAs

QW with an In:Ga flux ratio of 40:60. However, these samples show a large reduction in PL

intensity (over 2 orders of magnitude) compared to the BGaInAs QW optimized for emission at 1.3

µm. The observed sensitivity of structural quality to substrate growth temperature with increasing

In/B concentration further emphasized the importance of substrate temperature on BGaInAs alloy

quality, and indicates that substrate temperature is a good starting point for optimization of yet to

be explored alloys with different simultaneous In and B concentrations.
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Figure 4.13: (a) HR-XRD ω-2θ scans of (B)GaInAs QWs. As anticipated, increasing the In:Ga ratio

to 53:47 resulted in poor structural quality in the InGaAs QW. Despite the use of the BGaInAs

growth regime optimized at lower In:Ga flux ratios. (b) HR-XRD ω-2θ of BGaInAs QWs grown with

the same In:Ga flux ratio at varying substrate temperatures. Decreasing the substrate temperature

promotes substitutional incorporation of B, with up to 10 % incorporation demonstrated. (c)

Increasing the In:Ga flux ratio resulted in an extension of the PL emission wavelength to 1.4 µm.

4.4 B-III-V alloys on InP

The emission and cutoff wavelengths of InP-based emitters and absorbers are limited by the amount

of epitaxial strain that can be accommodated, similar to GaAs-based emitters and absorbers. The

addition of boron to InGaAs alloys again offers a method for strain-engineering these alloys to

extend the emission and absorption wavelengths available on InP. The bandgaps of BGaInAs alloys,
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predicted from theory, lattice-matched to InP are shown in Figure 4.14. Unlike InGaAs on GaAs,

InGaAs can be grown lattice-matched to InP, increasing the flexibility of B and In concentrations

by reducing the amount of B necessary to strain-engineer InGaAs alloys on InP.

As discussed in Section 4.3, we were able to demonstrate luminescence and wavelength

extension in BGaInAs QW structures at higher In and B concentrations on GaAs (In:Ga flux ratio

of 53:47 and 5% B). However, the PL intensity was significantly reduced compared to the lower In and

B concentration BGaInAs QWs (In:Ga flux ratio of 44:56 and B concentrations ≤ 4%). Moreover,

in photoreflectance measurements of the higher In and B concentration BGaInAs QWs on GaAs, no

PR resonances were observed, suggesting poor material. To investigate alloy properties including

structural quality, bandstructure, and optical quality, we investigated the growth of BGaInAs on

InP.

Figure 4.14: Estimated bandgaps for BGaInAs lattice-matched to InP assuming a BAs direct

bandgap of 5.8eV.

Growth of InP-based BGaInAs alloys

Transitioning our growth regime to InP substrates, we were able to reduce the impact of epitaxial

strain on the material quality, while maintaining and even increasing the In concentration. Similar
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to the method described in Section 4.2, we focused on optimizing the growth to increase the incor-

poration of B and In simultaneously. We first grew InGaAs films (with In concentrations between

41% and 56%) on InP. The InP oxide was removed using a P2 overpressure and an InP buffer was

grown at 400 ◦C. The InGaAs films were grown at 400 ◦C with a As/III flux of 3 and a InGaAs

growth rate of ∼ 2.8 Å/s. Good structural quality and photoluminesence were observed from the

InGaAs films. Then, BGaInAs films on InP were grown maintaining the growth temperature of 400
◦C with an As/III flux of 3 and a BGaInAs growth rate of ∼ 2.8 Å/s. As shown in Figure 4.15, the

addition of 2% B to an InGaAs film with an In:Ga ratio of 56:44 resulted in the expected change

in strain from compressive to tensile, demonstrating the potential for strain-engineering InGaAs

emitters and absorbers on InP in order to realize longer cutoff and emission wavelengths.

Figure 4.15: HR-XRD ω-2θ InGaAs film on InP (black) and BGaInAs film on InP (red). The

transition from compressive to tensile strain demonstrated the ability to strain engineer InGaAs

films on InP with the addition of B.
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Photoluminescence and photoreflectance of BGaInAs films on InP

Unfortunately, no photoluminescence was observed from the BGaInAs films on InP. Improved pho-

toreflectance was observed compared to the BGaInAs QWs grown on GaAs. However, compared

to the InGaAs films on InP, broadening in the PR signal was observed, indicating poorer mate-

rial quality compared to the born-free material. In PR, we observed a blueshift in bandgap with

boron as expected from the predictions from Kudrawiec et al. and McNicholas [48], [64] as shown

in Figure 4.16. Future investigation of these alloys should focus on optimizing the growth regime to

recover optical quality material in a similar method to the one discussed in Section 4.3 and improved

material quality for PR measurements. Specifically we believe focusing on growth temperature op-

timization would be the next logical step, given the increased sensitivity to growth temperature as

the alloy becomes more highly-mismatched with the addition of B and In.
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Figure 4.16: PR measurements, performed in collaboration with Professor Robert Kudrawiec’s

group, of (B)GaInAs films on InP. The broadening in the boron-containing films indicates poor

material quality. However, the spectral features were defined enough that bandgap energies could

be calculated from these measurements.
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4.5 Dopant incorporation in B-III-V alloys

Potential B-III-V device applications require an understanding of dopant activation and carrier dy-

namics in BGaAs and its related alloys. Previous investigations of B-III-V alloys have observed

unintentional p-type doping [60], [114], a reduction in dopant incorporation/activation, and a re-

duction in carrier mobility [136]. Geisz et al. observed reduced dopant incorporation in photovoltaic

detectors in both p-type and n-type B0.03Ga0.91In0.06As regions grown by metal organic chemical

vapor deposition (MOCVD) compared to boron-free alloys [52]. Previous n-type doping of B-III-V

alloys with silicon has been reported in MOCVD-grown BGaInAs alloys with lower carrier concen-

trations and mobilities comparable to similarly grown GaAs [52], [136].

Investigating the effects of boron incorporation in the ternary alloy BGaAs demonstrated

little to no effect on p-type dopant activation with increasing B content. However, McNicholas

observed no dopant activation when Si-doping BGaAs films [48]. Instead, the use of Te as an n-

type dopant was required [48]. McNicholas also found that increasing the B concentration resulted

in a decrease in n-type carrier concentration and carrier mobility as shown in Figure 4.17(a) [48].

This effect is similar to that observed in the dilute nitrides [136]. However, the reduction in carrier

concentration per percent highly-mismatched constituent was not as severe [48]. The addition of

indium with a constant B concentration of ∼ 1.25% to form BGaInAs demonstrated no significant

reduction in electron carrier concentration nor mobility as shown in Figure 4.17(b) [48], in good

agreement with theoretical predictions [43]. The consistent carrier activation and mobility observed

in n-type BGaInAs films with varying In concentrations suggests that n-type doping BGaInAs alloys

with Te would not have the same carrier concentration dependency on alloy composition as observed

in the ternary alloy BGaAs.
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Figure 4.17: (a) The measured electron carrier concentration and mobility decreased with increasing

B in BGaAs films with a fixed group-III/Te flux ratio. (b) The measured electron carrier concen-

tration and carrier mobility was consistent in BGaInAs films with a fixed B concentration and fixed

group-III/Te flux ratio. Reproduced from [48].

Expanding this initial work to more thoroughly examine doping of BGaInAs alloys, we

focused on BGaInAs alloy compositions lattice-matched to GaAs. We grew 250 nm BGaInAs films

on GaAs using Be as a p-type dopant and Te as a n-type dopant. We observed only a small

reduction in p-type dopant activation with increasing B concentration, similar to p-type doping

of BGaAs (Figure 4.18(a)). However, in contrast to previous reports, we noted a reduction in n-

type carrier activation and electron mobility with increasing B and In concentrations as shown in

Figure 4.18(b). As discussed in Section 4.3, as the alloy becomes more highly mismatched, the

growth of high crystalline quality material requiring further optimization of the growth regime.

Here, we found that reducing the growth temperature overcame the reduction in carrier activation

and mobility observed at high B and In concentrations as indicated by the red circle in Figure

4.18(b). Teubert et al. observed localized B impurity states below the conduction band edge in

n-type B0.03Ga0.91In0.06As films as indicated by the reduction in free carrier concentration under

hydrostatic pressure [136]. Tellurium is a shallow donor, sitting ∼ 30 meV below the conduction

band edge [137]. One potential cause for the reduction in dopant activation we observed under

unoptimized growth conditions may be increased electron trapping in B cluster states below the

conduction band edge. Similar to the improvements observed in optical quality through growth

optimization, improved growth conditions may reduce or eliminate these B-cluster states, reducing
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electron trapping, and increasing the free carrier concentration.

Figure 4.18: Carrier concentration and carrier mobility from Hall measurements of (a) p-type and

(b) n-type doped BGaInAs alloys with compositions lattice-matched to GaAs. We observed a small

reduction in carrier activation and carrier mobility with increasing B, In concentrations in the p-

type, Be-doped, samples. In n-type samples, Te-doped, we observed a significant reduction in n-type

carrier concentration at higher B, In concentrations. By reducing the substrate temperature during

growth (circled in red), we were able to mitigate the deliterius effects of B incorporation on dopant

activation and electron mobility, resulting in virtually no reduction in n-type carrier concentration

nor electron mobility.
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Chapter 5

B-III-V based optoelectronic devices

5.1 Prototype BGaInAs light-emitting diodes

To demonstrate the potential for B-containing optoelectronic devices, we grew an electrolumines-

cence structure (EL) with a BGaInAs QW emitter active region n- and p- type AlGaAs contact

layers as shown in Figure 5.1(a). The light-output versus input current (L-I) curve and the emission

spectrum are shown in Figure 5.1(b). The demonstration of electroluminescence from this structure

confirmed that the addition of B is not a fundamental impediment to devices. The EL structure

shown in Figure 5.1(a) was chosen as it is a common structure for GaAs-based edge emitting lasers

with an appropriate waveguide for lasing at 1.3 µm (the total thickness of the GaAs waveguide is

∼ λ/4). However, no lasing was observed from these devices. As discussed in Section 5.1.1, the

growth of this structure required multiple in situ transfers of the sample between MBE systems.

The lack of lasing may not be a fundamental BGaInAs material property, but rather caused by

these transfers or the optical quality of the MBE system equipped with boron and used to grow

the active region of the EL structure. Further investigation is necessary to clarify the lack of lasing

from this material.

This section is adapted from a previously published paper: R.H. El-Jaroudi, K.M. McNicholas, A.F. Briggs,
S.D. Sifferman, L. Nordin, S.R. Bank,”Room-temperature photoluminescence and electroluminescence of 1.3-µm-
range BGaInAs quantum wells on GaAs substrates,” Applied Physics Letters, vol. 117, no. 2, p. 021102, 2020,
doi: 10.1063/5.0011147. My contributions to this work included material/device design, growth, fabrication and
characterization.
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Figure 5.1: (a) Epitaxial layer structure of the EL device structure with a BGaInAs QW ac-
tive region. (b) L-I curve (inset) and emission spectra (at J=0.5kA/cm(2)) of the electrically
injected emitter BGaInAs active region. While the nominally identical composition PL structure,
B0.02Ga0.55In0.43As, emitted at 1.3 µm, a blueshift in wavelength to ∼ 1.24 µm was observed

5.1.1 Growth of the electroluminescence structures

As discussed in the previous section, we demonstrated 1.3 µm peak emission with as-grown, thin

QW structure designed for PL measurements. To demonstrate EL devices emitting at 1.3 µm, we

first grew n-type cladding layers on the Al-equipped MBE system, which is attached in situ to

the B-equipped MBE system. After the growth of the AlGaAs layer, a 55 nm GaAs capping layer

was grown. The sample was then cooled to room temperature under an As2 overpressure. The

sample was kept under an As2 overpressure for an hour to deposit an As cap, which protects the

surface from contamination during transfer between the two growth chambers. The sample was

then transferred into the MBE system with the boron e-beam source for the growth of the GaAs

waveguides and BGaInAs QW. Prior to the growth of the GaAs and BGaInAs layers, the As cap

was thermally desorbed by heating the sample to the GaAs growth temperature (580 ◦C) under

an As2 overpressure. The sample was then cooled to the BGaInAs growth temperature of 380 ◦C.

The target composition of the BGaInAs QWs was B0.02Ga0.55In0.43As; the same composition that

showed peak PL emission around 1.3 µm in the QW PL structures. After the growth of the GaAs

waveguide, the sample was then As capped again before being transferred back to the Al-containing

system. The As cap was removed under an As2 overpressure as the sample was heated to the

GaAs and AlGaAs layer growth temperature of 580 ◦C. A p-type AlGaAs layer was grown and

then a p-type GaAs capping layer. Electroluminescence was measured at room temperature using

a thermoelectrically-cooled, butt-coupled, InGaAs detector. The devices were electrically-driven
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under pulsed conditions with a 1% duty cycle.

5.1.2 Wavelength shift with unintentional annealing during growth

As mentioned above, the active region of the EL structure was nominally identical to the 1.3 µm

QW PL structures discussed in Section 4.3. However, the EL structure emission spectra exhibited

blue-shifting to a peak emission wavelength of 1.25 µm. Through investigation of the effects of

annealing on emission wavelength, we demonstrated this blueshift is due to unintentional annealing

of the active region during the growth of the top cladding layer.

In situ and ex situ annealing

During the growth of III-V alloys, the optimal substrate temperature is material-dependent. Growth

of III-V heteroepitaxy devices often requires substrate temperature changes for each material. Due

to the low diffusion lengths of aluminum, high growth temperatures (≥ 550 ◦C) are required to

promote high quality material growth. The LEDs discussed in Section 5.1 use AlGaAs cladding

layers before and after the BGaInAs active region. Therefore, high growth temperatures are main-

tained after deox during the growth of the n-type AlGaAs layer, the substrate is lowered to the

cooler BGaInAs growth temperature, and then the substrate is reheated to ∼ 550 for the growth of

the p-type AlGaAs cladding layer. The significantly hotter growth temperature can cause in situ

annealing of the active region. The unexpected blueshift in emission wavelength observed in the

EL structure is similar to the blueshift reported in dilute-nitride emitter active regions [138]–[142].

In the dilute nitrides, this shift is attributed to thermal stabilization through an increase in the

N-In bonds [92], [140]. Additionally, in the dilute nitrides, thermal annealing has been shown to

significantly improve the luminescence efficiency quality of the the active region [138]–[140], [142].

This improvement is attributed to both a stronger interband matrix element with increasing N-In

bonds and the removal of nonradiative recombination centers [140].

Methods for investigating in situ and ex situ annealing

Intentional in situ annealing required multiple identical samples, necessitating the growth of BGaInAs

QW PL structures on full 3" SI GaAs substrates. The wafers were then unloaded from the MBE

system and handled cleanly in order to allow for them to be returned to the MBE system. The

full wafers were cleaved into quarters, allowing for an as-grown control sample to be kept, while

the remaining pieces of the sample were returned to the system, baked in the load chamber at 200
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◦C and baked on the bake out station at 450 ◦C prior to being returned to the growth chamber.

They were then heated to the growth temperature of AlGaAs (580 ◦C) under an As overpressure to

prevent As desorption from the surface for a fixed annealing time. Using this process, we confirmed

the blueshift in the EL structure was caused by unintentional annealing from increased substrate

temperature during the growth of the p-type cladding layer, as shown by the blueshift in the in

situ annealed sampled compared to as-grown sample in Figure 5.2(a). However, this process is time

consuming and impractical for annealing studies requiring many samples or steps. To facilitate a

more exhaustive study of annealing effects in BGaInAs QW structures, the rest of the annealing

studies discussed were performed using ex situ annealing.

Ex situ annealing was performed in a rapid thermal annealing (RTA) system, allowing for

flexibility in sample size and cleanliness, as well as significantly reducing the time required. To

conserve material, progressive annealing studies were performed when possible. The samples were

placed on a Si wafer inside the nitrogen-purged RTA system and a GaAs capping wafer was used

to prevent As desorption during the annealing process. The temperature of the backing wafer was

measured by a pyrometer to determine the annealing temperature. The samples were annealed for

1 minute.

5.1.3 Potential for true 1.3 µm light emitting diode

To understand the effects of thermal annealing on BGaInAs active regions for devices, we performed

in situ and ex situ annealing study on QW PL structures with nominally identical alloy composition.

As shown in Figure 5.2(b), the emission wavelength blueshifts with increasing ex situ annealing tem-

perature. Additionally, the photoluminesence intensity initially increases with increasing annealing

temperature before ultimately decreasing.

The effects of thermal annealing on semiconductor alloys are important because unantici-

pated changes in alloy properties can impact device performance. Unavoidably, many optoelectronic

device designs require the growth of thick cladding regions grown above the active region, grown

at higher temperatures than the active region alloy. Bank et al. found that over-annealing of the

active region, or in situ annealing of the active region such that no photoluminesence improvement

is observed with subsequent ex situ annealing, could occur during this step, resulting in a higher

lasing threshold current than if the alloy is not over-annealed [143]. During post-growth processing,

the device structure can be ex situ annealed in order to exploit the improvement in PL observed

with optimal thermal annealing to reduce laser threshold current [143]. Following this observation,
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Figure 5.2: (a) In situ annealing of a BGaInAs QW PL structure (red) demonstrated a blueshift and
improved PL intensity compared to the as grown PL structure (black). (b) Ex situ rapid thermal
annealing of a BGaInAs QW PL similarly demonstrated a blueshift in wavelength (red) as well as
an increase in PL intensity (blue) followed by a decrease in PL intensity

we performed an ex situ annealing study on BGaInAs QW PL structures that were first annealed in

situ to emulate device growth. We observed no evidence of over annealing in the nominally identical

BGaInAs PL structures annealed in situ for ∼ 2 and ∼ 5 hours as shown in Figure 5.3.
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Figure 5.3: In situ annealed BGaInAs QW PL structures were then ex situ annealed to investigate

overannealing. The peak PL intensity v. ex situ annealing of the QWs showed an increase in PL

intensity indicating they were not overannealed during the in situ annealing.

The accompanying blueshift in emission wavelength with annealing necessitates increasing

the as-grown emission wavelength in order to compensate for the wavelength shift resulting from in

situ annealing of the BGaInAs layers. Increasing the as-grown emission wavelength of these QW

structures requires the addition of indium, which then necessitates additional boron to compen-

sate the additional strain from the higher In concentration. Figure 5.4 shows as-grown emission

wavelength of 1.4 µm, by increasing the In concentration to 50%, and the B concentration to 5%.

Performing an ex situ annealing step at 700 °C for 1 minute, we observed a blueshift in the peak

emission wavelength to 1.3 µm and an improvement in PL efficiency as compared to the as-grown

QW samples. Therefore, with careful in situ annealing of B0.05In0.50Ga0.45As active regions, electro-

luminescence at 1.3 µm on GaAs is attainable with BGaInAs alloys. However, the PL intensity of

the annealed 1.4 µm QW is about one order of magnitude less than the as-grown QW structure that

emitted at 1.3 µm prior to annealing. Again, we attribute this to the narrowing and possible shifting

of the optimal growth conditions, which may be attributed to the more highly-mismatched nature

of the alloy as demonstrated in the dilute nitrides [135] and dilute bismides, [113]. This suggests

that optimization of the growth regime may be necessary at the alloy composition or wavelength of
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interest.

Figure 5.4: The as-grown 1.4 µm emission BGaInAs QW was ex situ annealed to emit at 1.3 µm.

However, comparing PL intensity of the as-grown 1.3µm to the as-grown 1.4 µm QW and annealed

1.4 µm QW, we observed a 100x and 10x reduction in intensity respectively.

5.2 B-III-V alloys for GaAs-based photodiodes

The transparency of many CMOS-compatible materials in the shortwave infrared in combination

with emission in the same waveband from Si-based emitter necessitates both sources nearly lattice-

matched and detectors lattice-matched to Si owing to the absorption cutoff of 1 µm in Si-based

detectors. The large amount of boron necessary to lattice-match B-III-V alloys to Si currently makes

the investigation of BGaInAs photodetector properties prohibitively challenging on Si. Instead, we

focused on BGaInAs alloys grown lattice-matched to GaAs substrates as only small amounts (∼

0.5x) of boron are necessary to compensate for the addition of indium. This investigation allowed

us to understand the effects of adding boron to critical photodetector device properties, such as

external quantum efficiency, multiplication gain, and excess noise. Additionally, as shown in Figure

5.5, with sufficient B and In, BGaInAs can be grown lattice-matched to GaAs with a 1 eV bandgap,

providing an avenue to increase the efficiency of GaAs-based multi-junction solar cells [29].
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Figure 5.5: Estimated BGaInAs alloy bandgaps for lattice-matched compositions assuming a BAs

bandgap of 5.8 eV.

5.2.1 Growth of p-i-n diodes

BGaInAs p-i-n junctions were grown with the same structure and under identical growth conditions

as the previous BGaAs p-i-n junctions demonstrated by McNicholas [48] in order to allow for direct

comparisons between device performance. N-type GaAs substrates were used. Following thermal

removal of the GaAs oxide, a 200 nm Te-doped, n-type GaAs buffer was grown. Then a 150 nm

Te-doped n-type BGaInAs layer was grown followed by a 400 nm intrinsic region. Finally, a 150 nm

Be-doped p-type BGaInAs layer was grown followed by a highly doped 10 nm p-type BGaInAs cap.

The highly-doped region thicknesses were chosen to minimize the total epitaxial thickness of the

device (reducing length of growth and depletion of the boron source) while being sufficiently thick

for carrier injection into the device. Similarly, the intrinsic region thickness was chosen to minimize

overall epitaxial thickness of the device, while being thick enough to allow for the measurement

of excess noise factor discussed in Section 5.2.5; previous investigations of ”dead-space" effects, or

reduced excess noise due to thin multiplication region thickness, in GaAs indicated that 400 nm is

sufficiently thick to avoid such effects [144]. The growth temperature was kept at 400 ◦C throughout

the growth of the BGaInAs layers. An As/III flux ratio of ∼ 3 was used, and the BGaInAs growth

rate was ∼ 2 Å/s. The limited capacity of the B evaporator is not ideal for the growth of thick

B-containing regions, complicating the growth of these device structures. Photodiodes with an
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intrinsic region of 800 nm were grown to study the effect of increasing the i-region thickness on the

multiplication gain when the devices were biased to avalanche photodiode operating voltages, but

exhibited poor device characteristics, which we attribute to fluctuation in boron flux or localized

strain.

The BGa(In)As photodiodes discussed in this thesis were fabricated and characterized by

our collaborators at the University of Virginia in Professor Joe Campbell’s group.

5.2.2 External quantum efficiency of BGaInAs photodiodes

Previous investigation of BGaAs APDs on GaAs demonstrated a decrease in external quantum

efficiency with increasing boron concentration, which may be due to the formation of strain related

defects resulting from the increase in tensile strain with increasing boron or an increase in B-

related defects at larger boron concentrations [48]. Adding indium enabled lattice-matching of the

device layers to GaAs reducing the tensile strain and likelihood of strain-driven defect formation,

allowing for us to investigate if there is an inherent “B penalty" to the quantum efficiency of B-

III-V based detectors. The addition of indium to lattice-match the B-containing device layers to

GaAs increased the EQE significantly as shown in Figure 5.6(a). Further increasing the indium and

boron concentration did not result in a significant reduction in EQE, demonstrating the viability of

extended cutoff wavelength absorbers incorporating higher simultaneous B and In concentrations

as shown in Figure 5.6(b). Also shown in Figure 5.6(b), as expected, the cutoff wavelength of the

BGaInAs photodiodes increased as the indium concentration was increased. The bandgap of the

BGaInAs alloys, estimated from the measured EQE at 50% the peak EQE, agreed well with the

predicted bandgap energies for BGaInAs alloys lattice-matched to GaAs based using the direct BAs

bandgap energy of 5.8 eV predicted from photoreflectance measurements of BGaAs films performed

by Kudrawiec et al. [64].
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Figure 5.6: (a) External quantum efficiency of BGa(In)As p-i-n photodiodes measured at unity

gain under reverse bias. The EQE is significantly higher in the BGaInAs p-i-n than in comparable

In-free BGaAs p-i-n with identical B concentration and layer structure. (b) Increasing the boron

and indium concentration did not significantly improve or degrade EQE. The expected increase in

cutoff wavelength with increasing In content was observed.

Figure 5.7: (a) Estimated cutoff wavelength from EQE measurements of BGaInAs p-i-n junctions

lattice-matched to GaAs. (b) The bandgap of these alloys (red circles) agrees well with the theoret-

ical predictions (black line) for BGaInAs alloys lattice-matched to GaAs based on a BAs bandgap

of 5.8 eV.
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5.2.3 Effect of annealing on BGaInAs p-i-n junctions

Similarly to the annealing benefits observed in the previous studies of highly-mismatched alloy-based

optical sources, annealing of dilute-nitride photodiodes resulted in significant (∼ 4x) improvement in

QE [145], [146]. Volz et al. observed a linear relationship between the increase in PL intensity with

annealing and improved EQE in InGaAsN solar cells [146]. Owing to the similar highly-mismatched

nature of the dilute borides, it follows that there may be benefit to intentionally ex situ annealing

BGaInAs photodetectors in order to improve their performance as discussed below. To investigate

the effects of annealing on BGaInAs p-i-n junctions, we performed an ex situ annealing study, pro-

gressively annealing a B0.03Ga0.91In0.06As film with a GaAs cap for 30 seconds in a nitrogen-purged

RTA. We observed a steady increase in PL intensity when annealing the BGaInAs film ≤ 650 ◦C.

Increasing the annealing temperature beyond 650 ◦C resulted in a small increase in PL intensity

until reaching an annealing temperature of 900 ◦C. We observed a small and inconsistent trend in

the peak PL energy with annealing temperature. Additionally, the surface of the film became in-

creasingly cloudy to the eye at annealing temperatures ≥ 700 ◦C. Previous investigations of BGaAs

growth have shown that boron can easily surface segregate under unoptimized growth conditions,

suggesting high diffusivity of B in these alloys [115]. The large shift in the peak PL energy between

850 ◦C and 900 ◦C coupled with the degradation in surface morphology at these temperatures sug-

gests B segregation. To investigate how the improvement in PL impacted photodiode performance,

while maintaining reasonable surface quality we annealed on BGaInAs p-i-n at 650 ◦C and 750 ◦C.
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Figure 5.8: Progressive rapid thermal annealing of a 300 nm B0.03Ga0.91In0.06As film demonstrated

(a) an increase PL intensity with anneal temperature and (b) no consistent trend in the change in

peak PL energy with annealing temperature.

We annealed B0.01Ga0.97In0.02As, B0.03Ga0.91In0.06As, and B0.04Ga0.88In0.08As p-i-n junc-

tions at 650 ◦C and 750 ◦C for 30 seconds prior to device fabrication. Nearly all of the pre-annealed

device structures exhibited increased peak EQE compared to the as-grown control structures. The

1% B p-i-n demonstrated a ∼ 30% improvement in peak EQE with annealing at 650 ◦C. Annealing

at 750 ◦C resulted in only a 12% increase in EQE, and simultaneously, increased the cutoff wave-

length of the device, which may indicate out-diffusion of B from the device structure. On the other

hand, the 3% B p-i-n demonstrated a ∼ 10% improvement in peak EQE when annealed at 650 ◦C

and a ∼ 24% increase in peak EQE with no apparent wavelength shift at 750 ◦C, suggesting that

they optimal annealing temperature may be composition dependent. The 4% B p-i-n demonstrated

only slight improvement when annealed at 650 ◦C, and characterization of the 4% sample annealed

at 750 ◦C was prohibited by poor device quality. The variation in EQE improvement as a function

of annealing temperature suggests that the optimal annealing temperature may be alloy depen-

dent. While the improvements in EQE observed in these dilute-boride photodiodes with annealing

were not as substantial as those observed in the dilute nitrides, annealing does appear to improve

BGaInAs photodiode performance. The improvement upon annealing coupled with the high EQE

of as-grown BGaInAs photodiodes indicates that B-III-V alloys may be good candidates for NIR

photodiodes.
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Figure 5.9: Annealing of 200 µm BGaInAs photodiodes prior to device fabrication resulted in
increased EQE for nearly all of the devices measured. (a) Annealing at 650 ◦C resulted in the
largest increase in peak EQE for the 1% device. The peak EQE decreases and the cutoff wavelength
redshifts suggesting B-diffusion. (b) At 3% B annealing at 750 ◦C resulted in a larger improvement
than at 650 ◦C (c) Meanwhile no significant improvement was observed in the 4% B device annealed
at 650 ◦C. The measurement of the 750 ◦C APD demonstrated was prohibited by poor device quality.

5.2.4 Background doping concentration of BGaInAs photodiodes

Accurate characterization, and when possible, control of background carrier concentrations is crit-

ical for optimizing photodiode device design and operation. For example, high background carrier

concentration can prohibit the depletion of multiplication layers before breakdown in avalanche pho-

todiodes, limiting device performance. This is especially true of devices utilizing highly-mismatched

alloys where unintentional doping is often observed due to intrinsic material properties or unop-

timized growth limitations. As discussed in Section 4.5, unintentional p-type doping has been

observed in previous reports of BGaAs growth. While, we observed no measurable unintentional

doping in BGaAs and BGaInAs films using Hall effect measurements, the detection limit of the Hall

system used makes accurate characterization of carrier concentrations < 1016 cm−3 challenging.
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Capacitance-voltage measurements performed by Professor Joe Campbell’s group of the BGaInAs

p-i-n diodes allowed for measurement of background carrier concentration in the intrinsic region

of the devices. We observed that the background doping concentration increased in the intrinsic

region of the devices with increasing B concentration. To accurately determine the polarity ofthe

background carrier concentration, the p-i-n junctions were fabricated with a double mesa structure

and the polarity was determined by the capacitance dependence on either the top (n-type UID)

or bottom (p-type UID) mesa radius as described in [147] and [148]. While previous reports have

observed unintentional p-type doping with the addition of B, we found that the 1% B APD had

a n-type background concentration of 4 × 1016 cm−3. Increasing the B concentration to 2% and

the In concentration to 4% to maintain lattice-matching, we observed a simultaneous increase in

the background carrier concentration to 5 × 1016 cm−3 and a change in polarity from n-type to

p-type. Further increasing the B concentration to 3% B (and ∼ 6% In) and 4% B (and ∼ 8%

In) increased the background carrier concentration to ∼ 8 × 1016 cm−3 and ∼ 9 × 1016 cm−3,

respectively. Further characterization is necessary to determine the polarity of these higher boron

concentration APDs and is ongoing.

Unintentional p-type doping in BGaAs alloys has previously been attributed to B antisite

incorporation [60], [149]. We note that these devices were grown using the growth regime optimized

for BGaAs, to facilitate direct comparison of device performance with the BGaAs p-i-n photodiodes.

The improvement in PL efficiency in BGaInAs QW structures through growth optimization suggests

a reduction in native point defect density, such as B antisite. Similar growth optimization of

BGaInAs photodiode device structures may enable reduced background carrier concentrations in

these devices.
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Figure 5.10: Background doping concentrations from BGaInAs p-i-n junctions with 1% to 4% B.

Measurements of the background doping polarity of the 1% B p-i-n indicated n-type doping, while

measurements of background doping polarity of the 2% B p-i-n indicated p-type doping.

5.2.5 Multiplication gain, dark and photo current, and excess noise perfor-

mance of BGaInAs photodiodes

When biased beyond the unity gain operation voltages, multiplication gain (∼ 10-20x for BGaInAs

photodiodes with up to 6% B and 13% In) was observed in the BGaInAs p-i-n photodiodes, demon-

strating that this material system may be useful for avalanche photodiode detectors. Moderate dark

currents were observed under reverse-bias, current-voltage measurements. The dark currents may

be reduced with future growth regime advancements similar to those discussed in Section 4.3 as the

1% B and 2% In BGaInAs photodiode demonstrated the lowest dark currents and the dark current

increased at higher B concentrations.
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Figure 5.11: Light and dark current versus voltage measurements for BGaInAs p-i-n’s with increas-

ing simultaneous B and In concentrations while remaining lattice-matched to GaAs. Compared to

(a) B0.01Ga0.97In0.02As, dark currents increased in (b) B0.02Ga0.94In0.04As, (c) B0.03Ga0.91In0.06As,

(d) B0.04Ga0.88In0.08As and (e) B0.06Ga0.81In0.13As. Multiplication gains of ∼ 10-20x were observed

for the devices shown in a-d and no gain was observed in (e).

In avalanche photodiodes, multiplication gain results from charge carrier multiplication

through impact ionization of high-energy carriers in the multiplication region of the device. As

discussed in Section 1.2.3, few materials for avalanche photodiodes exist where the increase in in-

ternal gain does not lead to a simultaneous increase in device excess noise due to the stochastic

nature of impact ionization. In hole-injected multiplication regions, the carrier ionization ratio,

k, is defined as k=α/β and in electron-injected multiplication regions, k=β/α. The excess noise

factors of BGaInAs p-i-n APDs were measured under electron injection. The addition of just 1% B

reduced the excess noise factor below that of a GaAs p-i-n with a comparable i-region thickness of

0.5 µm [144]. Further increasing the B concentration to 3% with an In concentrations 6%, resulted

in further reduction of excess noise factor, achieving a k-value between 0.1 and 0.2 with only slight

changes to the alloy composition. The “dead space" effect has been shown to decrease excess noise

by decreasing the multiplication region thickness such that it is thinner than a few multiples of
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the impact ionization distance [144]. This work chose multiplier regions thin enough to overcome

the difficult growth of the alloys, but thicker than the thin regions demonstrated to reduce excess

noise in GaAs diodes by Hu et al. [144], suggesting that the changes in noise performance were

achieved primarily through modification of the impact ionization coefficients through alloying. The

significant change observed in noise performance with only slight changes to the alloy composition

indicates that further reductions in excess noise may be possible through growth optimization of

alloys incorporation larger boron concentrations.

Figure 5.12: Excess noise factor versus multiplication gain for BGaInAs APDs. The k-value de-
creased for a BGaInAs APD with 1% B and 2% In compared to a GaAs control [144]. Further
increasing the B and In concentrations to 3% and 6% respectively, resulted in a further decrease in
the k-value.

The impact ionization coefficients for electrons (α) and holes (β) were determined from gain

versus voltage measurements of the BGaInAs p-i-n photodiodes using a method similar to that

of Yuan et al. [150]. Highly mismatched alloys like dilute-nitrides [42] and -borides have been

theorized to suppress the electron-initiated impact ionization coefficient (α) through perturbation

of the conduction band edge arising from band anticrossing interactions with resonant defect states

introduced by the incorporation of the highly-mismatched element. In dilute-nitride based APDs,

the reduction in α was not substantial enough to significantly reduce excess noise factors at the

limited achievable nitrogen concentrations [44]. Our measurements indicated both an increase in
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the electron-initiated ionization coefficient and a decrease in the hole-initiated ionization coefficient

with dilute boron concentrations, compared to a GaAs control [151], suggesting that perturbation

of the conduction band is not the primary origin of the overall reduction in excess noise observed

in these devices. While preliminary predictions from theory suggest perturbation of the conduction

band with the introduction of B, the effects of B incorporation on the full band structure of BGaInAs

alloys have not yet been studied in significant detail and may enable a more through understanding of

the reduction in hole-initiated impact ionization. Nevertheless, the significant change in excess noise

observed at these dilute B concentrations, in concert with the larger B concentrations achievable in

these alloys paint a favorable picture for further improving the noise performance of dilute-boride

APDs through further growth optimization.

Figure 5.13: Hole and electron impact ionization coefficients of a B0.03Ga0.91In0.06As APD were

determined using a method similar to that of Yuan et al. [150]. These measurements indicated both

an increase in the electron impact ionization coefficient and a decrease in the hole impact ionization

coefficient compared to GaAs control [151].
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Chapter 6

Conclusions

The challenging synthesis of boron-pnictides and their alloys has thus far prevented the investigation

of the effects of boron incorporation on many material properties which are critical for optoelectronic

device design. The recent development of a highly-kinetically limited MBE growth regime for the

ternary alloy BGaAs enabled higher boron concentrations than previously realized. Extending

this growth regime to the quaternary alloy BGaInAs, we used boron to strain-engineer extended

wavelength emitters and lattice-matched absorbers on GaAs. We demonstrated the first BGaInAs

active region light-emitting diode, the first all-BGaInAs avalanche photodiodes, and the highest

simultaneous B and In concentration alloys to date, B0.1Ga0.4In0.5As. During our investigation of

extended wavelength BGaInAs emitters, we observed a “boron penalty" to luminescence efficiency

under unoptimized growth conditions analogous to the decrease in optical quality observed in other

highly-mismatched alloys. We then demonstrated how this apparent boron penalty at increased

boron concentration can be overcome through optimization of the growth regime. In addition to

the significant improvement in optical quality compared to a nominally identical BGaInAs emitter

grown under unoptimized growth conditions, the optimized growth regime demonstrated significant

improvement in optical quality as compared to the highest In concentration, boron-free InGaAs

QW control structures grown coherently-strained on GaAs. In emitter structures, we investigated

properties of these alloys critical to the design of optical sources using these alloys including the

blueshift in wavelength and improvement in PL intensity of emitters when thermally annealed,

the blueshift in wavelength with increasing boron content, and the potential to improve optical

quality by optimizing the growth regime of the alloy at the wavelength of interest. In photodiode

devices, we demonstrated multiplication gain, highlighting the potential for BGaInAs alloys for
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use in avalanche photodiodes. Furthermore, we demonstrated a reduction in excess noise with

increasing boron concentration, suggesting that adding boron may be a materials-based approach

to decreasing excess noise in APDs. We also observed a growth temperature-dependency on electron

carrier concentration in doped BGaInAs films suggesting further growth optimization is necessary.

The method through which we improved the optical quality of these alloys, identifying, iso-

lating, and controlling individual MBE growth parameters to control surface kinetics during growth,

can be extended to BGaInAs alloy growth for all compositions and device structures. In this work,

we identified the dependency of optical quality on growth rate, growth temperature, and As2/III

flux. The impact of varying the Bi on surfactant flux was not investigated here and may provide

further opportunity for growth improvement, with the opportunity to investigate surfactant atoms

beyond Bi, such as Sb. The electron-beam evaporator used for supplying boron for this project does

not currently enable in situ flux measurements. A system through which the electron-beam power

to flux relationship can be measured at the beginning of the growth day would reduce calibration

growths necessary and conserve material, extending growth campaigns and increasing day-to-day

reproducibility. Furthermore, the electron-beam evaporator uses a tilted hearth due to the geometry

of the source ports on the MBE system, limiting the amount of material that can be loaded and

leading to shadowing of the hearth as material is depleted. The current electron-beam evaporator

flux and crucible size is limited by the geometry of the system. An MBE system compatible with a

larger electron-beam evaporator without a tilted hearth would increase the amount of source mate-

rial that could be loaded, eliminate shadowing, and provide more stable fluxes for thicker epitaxial

layers. These improvements could reduce day to day variability in boron flux, while enabling thicker

intrinsic-region APDs for higher multiplication gain and reduce machine downtime.

The addition of boron to III-V alloys was investigated as a potential path towards III-V opto-

electronic integration on Si. Through the investigation of B-III-V alloys on GaAs, we demonstrated

optoelectronic devices with B-III-V active regions and a method for increasing the incorporation

of B and the material quality through control of their molecular beam epitaxy growth. Combined

with the demonstration of BGaAs growth on GaP-on-Si substrates by McNicholas [48], this work

could lead to the realization of B-III-V optoelectronic devices on Si.
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Appendix A

Boron growth

Before touching any part of the electron beam evaporator new users must read the associated

manuals to ensure proper usage and prevent damage to the vacuum system and/or themselves.

A.1 General overview of the e-beam evaporator

The e-beam evaporator used in this project is necessary for high boron fluxes. Electrons are ac-

celerated onto the surface of the source charge, heating and evaporating the source material. The

electrons are accelerated through a large potential difference applied across the filament. The elec-

trons are directed towards the evaporator hearth with a magnet, while electromagnets are used to

control the raster of the electron beam in the hearth. The figure-8 raster pattern was chosen to

provide a consistent B flux and depleting the source material within the hearth evenly.

The operation of the e-beam, with accelerating voltages on the order of 4-10 kV, requires

high-voltage power supplies. Therefore safety protocols and interlocks (outlined in detail in [48]) are

necessary to protect the user and the vacuum system. A ceramic insulator insulates the high-voltage

power supply from the chamber. This ceramic insulator is very fragile, requiring careful removal

and attachment of the high-voltage power supply during maintenance. Failure to remove or attach

the power supply carefully can damage the ceramic and create vacuum leaks. Additional concern

is the failure of the beam-steering electromagnets, which can result in drift of the electron path to

outside of the hearth, causing heating of the chamber walls and vacuum failure.
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A.2 Initial out-gassing of the e-beam

[48] details the process of removing the e-beam from the chamber and reloading source material.

Careful intial out-gassing of the e-beam is crucial as the large amounts of hydrogen generated could

trip the chamber pressure interlocks if the e-beam power is increased too rapidly.

• Make sure a residual-gas analyzer scan is started to monitor the gas load generated.

• Turn off the beam flux gauge

• Move car so that the substrate points towards the sump

• Turn on HV power supply (power switch on the front of the unit) and the e-beam controller

(power switch on the back of the unit)

• Enable the e-beam interlocks (key on the front of the interlock box). The e-beam controller

will the status of the interlocks.

– Water Interlock, 3.350 (V) SRS Channel 5

– Pressure Interlock, 1e-5 SRS Channel 6

• Open the boron shutter

• Turn on the HV

• Check filament turns on (should be visible after ∼ 30 seconds)

• Turn on emission current to 1 mA. Wait for chamber to pump out

• Continue to ramp the emission current by 1 mA, waiting for the chamber to pump out after

each step.

• Turn off the raster after 8 mA and let chamber fully pump out

• Reduce the raster size to ∼ 1
4 of hearth size

• Ramp the emission current to 6 mA

• Raster around the perimeter, watching how the pressure increases at each point. Increase the

emission current if the pressure stops changing as the raster is moved.
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• If the chamber pressure is in the high 10−7 Torr, turn off the high voltage and let the chamber

pump out

• Around 12-14 mA, increase the raster size back to the full hearth, ramp up to ∼ 20 mA

(depending on the highest emission current necessary for the campaign) and actuate the e-

beam cell shutter (slowly)

• Cool down slowly ("popping" will occur if the emission current is decreased too quickly)

• turn off HV, close B shutter

A.3 Check e-beam alignment prior to growth day

An important note is that the e-beam controller cannot detect short circuit failure of the deflection

coils. Therefore, it is important to verify the beam position in the hearth prior to every growth day.

• Turn off beam flux gauge

• Move car so substrate points towards the sump

• Turn on HV supply (power switch on the front of the unit) and the e-beam controller (power

switch on the back of the unit)

• Enable the e-beam interlocks (key on the front of the interlock box). The e-beam controller

will the status of the interlocks.

– Water Interlock, 3.350 (V) SRS Channel 5

– Pressure Interlock, 1e-5 SRS Channel 6

• Open the boron shutter

• Turn on the HV

• Check filament turns on (should be visible after ∼ 30 seconds)

• Turn on emission current (1.5-2 mA)

• Check e-beam that the spot is in the center of the hearth. If no spot is observed, do not

increase the e-beam emission > 6 mA.

• Reduce the emission current to 0 mA, turn off the HV, and close the B shutter
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A.4 E-beam operation during growth

• The high voltage of the e-beam interferes with RHEED

• After the boron-free buffer layer, turn on HV, ramp to growth in 5 mA increments, soaking

for 1 minute at each power. Let it to sit at growth current for at least a minute before

B-containing layer

• The emergency button on the interlock box instantly switches off the high-voltage in case of

vacuum failure or large variations in e-beam power.
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