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Abstract

This thesis addresses barriers to the widespread adoption of high-efficiency photovoltaic devices through the
use of innovative semiconductor materials and device design. The feasibility of various strategies is explored
through experimental characterization and modeling of semiconductor materials and devices.

High-efficiency photovoltaic devices are made from epitaxially grown III-V semiconductor materials.
Epitaxial devices are highly sensitive to lattice mismatch between the epi-layers and the substrate, requiring
sophisticated substrate engineering or growth strategies to access materials outside of the lattice-matched
regime. One promising strategy involves the electrochemical porosification of germanium on a lattice-
mismatched silicon substrate to create a compliant interface for high-quality epitaxial growth of Ge, GaAs,
and other equivalent-bandgap III-V semiconductors on silicon. This results in a threading dislocation density
of ~ 10* cm™2, a reduction of 4 to 6 orders of magnitude compared to direct epitaxy of germanium on silicon.
This technology could enable the development of highly efficient III-V multi-junction photovoltaic devices
on cost-effective silicon substrates that benefit from well-established commercial supply chains.

In the first part, I present characterization of the electrical properties of porous germanium. Experi-
mental measurements revealed conductivities ranging from 0.6 to 33 (><10‘3) Q~'em™!, depending on the
morphology. The relationship between the electrical properties and the morphology is described using an
electrostatic model that can be generalized to other porous semiconductors including silicon. For a compliant
interface designed to integrate a standard triple-junction solar cell onto a silicon substrate, the porous Ge/Si
layers are predicted to introduce < 0.01 Qcm? of series resistance to the device, which is sufficiently low
for concentrated photovoltaic applications. Optoelectronic device modelling of the triple-junction solar cell
on silicon demonstrates that III-V triple-junction solar cells fabricated on silicon using this compliant Ge/Si
porous interface could achieve 93% of the efficiency of a comparable defect-free device.

The remainder of this thesis is concerned with the design and characterization of photovoltaic devices op-
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timized for monochromatic illumination, known as photonic power converters. Most commercially available
photonic power converters are based on GaAs and are suitable for short-range photonic power transmission
through optical fiber (< 1 km). Extended reach power-over-fiber systems require the use of photonic power
converters that are compatible with longer-wavelength light, which travels further in optical fiber. One candi-
date material for this application is the semiconductor quaternary alloy InAlGaAs lattice-matched to InP for
photonic power converter operation in the telecommunications O-band, near 1310 nm. I describe the design
and characterization of multi-junction InAlGaAs/InP photonic power converters grown by molecular beam
epitaxy, including the analysis of material properties and characterization of single- and dual-junction de-
vices under 1319-nm laser illumination. Optically thick devices are found to be diffusion-limited and device
simulations suggest that non-radiative recombination is significant. The performance of InAlGaAs tunnel
diodes, which act as interconnections for the absorbing junctions within a multi-junction device, is demon-
strated to be highly dependent on the growth temperature, with peak tunneling current densities exceeding
1200 A/cm? in the best measured devices.

In addition to molecular beam epitaxy-grown InAlGaAs/InP devices, I also characterize single-junction
O-band photonic power converters grown by metal-organic vapour phase epitaxy with two alternative ab-
sorber materials. A lattice-matched InGaAsP/InP device is compared to a more cost-effective lattice-mismatched
GalnAs device grown on GaAs using a metamorphic buffer layer. Both devices are measured under 1319-nm
laser illumination with a variety of beam sizes and peak efficiencies of 52.9% and 48.8% were measured for
the InGaAsP/InP and the metamorphic-GalnAs/GaAs devices respectively. At illumination powers exceed-
ing 100 mW, the performance begins to degrade with increasingly non-uniform illumination, indicating that

illumination profiles should be as uniform as possible to maximize device performance.
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Chapter 1

Introduction

In our highly energy-dependent society, the need for reliable access to electricity has become paramount in
even the most remote corners of the world. Using photovoltaic (PV) technology, electricity can be generated
wherever there is light. In many cases, electricity can be harvested from sunlight using solar cells. For other
applications, a monochromatic light source such as a laser can be used for targeted delivery of photonic
energy, which is converted to electricity using a photonic power converter (PPC). Both solar cells and PPCs
generate electricity from light through the photovoltaic effect.

Most PV devices are made from semiconductor materials, which absorb light with energy larger than
their bandgap energies. Excess energy is lost to heat via thermalization and the overall output voltage of the
device is limited by the bandgap. This means that the optical-to-electrical conversion efficiency of the device
depends strongly on both the bandgap and the spectrum of incident light.

In solar energy conversion, the incident light spectrum is very broad, encompassing photon energies
ranging from < 0.3 eV up to 4.2 eV [1]. The theoretical limiting efficiency for a basic solar cell is 33%
with a bandgap near 1.4 eV under unconcentrated sunlight [11, 12]. Higher efficiencies can be obtained
by stacking PV subcells with different bandgaps to improve the collection efficiency across the spectrum
and mitigate thermalization losses [12, 13]. For PPCs illuminated by monochromatic light, the theoretical
efficiency limit approaches 100% for very large input intensities when the bandgap and the photon energy
are aligned [14].

The atomic structure of the semiconductor must also be taken into account when designing a PV device.
Semiconductors are crystalline materials and their atomic spacing is characterized by the lattice constant.

The most efficient PV devices are made using III-V semiconductors grown by epitaxy [13, 15, 16]. A sub-
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Figure 1.1: Bandgap as a function of lattice constant for group IV and binary III-V semiconductors. Dot-
ted lines indicate the lattice constants of commonly used substrate materials (Si, Ge, GaAs, and InP). The
AM1.5g solar spectrum [1] is plotted on the right and the visible and telecommunications photon energy
ranges are indicated.

strate material is used as a template for the crystal structure of subsequent semiconductor layers. Excellent
crystal quality can be obtained when the epi-layers have the same lattice constant as the substrate. Mis-
match between the lattice constants results in defects that propagate through the lattice structure, negatively
impacting the device performance. Commonly used substrate materials include Si, Ge, GaAs, and InP.

Figure 1.1 shows the bandgaps and lattice constants for a variety of common group IV and binary III-V
semiconductor materials. The lattice constants of the commonly used substrate materials Si, Ge, GaAs, and
InP are indicated for reference. Many of the semiconductors shown in Figure 1.1 can be alloyed to access a
wider range of bandgap energies.

Despite producing record efficiencies up to 39.2% under unconcentrated AM1.5g and 47.1% under con-
centrated illumination [13], III-V multi-junction solar cells represent only a tiny fraction of terrestrial solar
installations worldwide. Crystalline silicon PV has a more modest record efficiency of 26.7% under AM1.5g
[16, 17], but as an inexpensive, earth-abundant material with a well-established supply chain for PV, it made
up about 95% of global PV production in 2019 [18].

In 2018, Horowitz et al. proposed a “cost-reduction roadmap for