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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 ∼ 104 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) Ω−1cm−1, 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 Ω cm2 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/cm2 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

GaInAs 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-GaInAs/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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team.

The work presented in this thesis lead to a number of publications and conference presentations, which are

listed below.

Journal Articles

1. M. N. Beattie, C. E. Valdivia, M. M. Wilkins, M. Zamiri, K. L. C. Kaller, M. C. Tam, H. S. Kim,

J. Krich, Z. R. Wasilewski, and K. Hinzer, “High current density tunnel diodes for multi-junction

photovoltaic devices on InP substrates,” Applied Physics Letters 118(6), 062101, 2021.

2. M. N. Beattie, Y. A. Bioud, D. G. Hobson, A. Boucherif, C. E. Valdivia, D. Drouin, R. Arès, and K.

Hinzer, “Tunable conductivity in mesoporous germanium,” Nanotechnology 29, 215701, 2018.

Trade Magazine Articles

1. M. N. Beattie and K. Hinzer, “Extending the reach of photonic power”, Compound Semiconductor,

25(7), 56–63, 2019.

Conference Proceedings

1. M. N. Beattie, D. Xia, M. M. Wilkins, C. E. Valdivia, M. Zamiri, M. C. Tam, H. S. Kim, K. L. C.

Kaller, Z. R. Wasilewski, J. Krich, and K. Hinzer, “Two-junction III-V photonic power converter oper-

ating at monochromatic telecom wavelengths,” in 2020 47th IEEE Photovoltaic Specialists Conference

(PVSC), 1062–1066, Virtual Meeting, 2020. [Oral]

2. N. Nouri, C. E. Valdivia, M. N. Beattie, M. Zamiri, and K. Hinzer, “Thin photonic power converters

designs with back reflector operating at a 1310 nm wavelength,” in 2020 47th IEEE Photovoltaic

Specialists Conference (PVSC), 2359–2362, Virtual Meeting, Jun. 2020. [Oral]

3. D. Xia, M. N. Beattie, M. C. Tam, M. M. Wilkins, C. E. Valdivia, Z. Wasilewski, K. Hinzer, and

J. Krich, “Opportunities for high efficiency monochromatic photovoltaic power conversion at 1310

nm,” in 2019 46th IEEE Photovoltaic Specialists Conference (PVSC), 2303–2306, Chicago, IL, 2019.

[Oral; Winner, Best Student Presentation Award, Area 1]

4. Y. A. Bioud, M. N. Beattie, A. Boucherif, M. Jellit, R. Stricher, S. Ecoffey, G. Patriarche, D. Troadec,

A. Soltani, N. Braidy, M. M. Wilkins, C. E. Valdivia, K. Hinzer, D. Drouin, and R. Arès, “A porous

Ge/Si interface layer for defect-free III-V multi-junction solar cells on silicon,” in Proc. SPIE 10913,



STATEMENT OF ORIGINAL CONTRIBUTIONS ix

Physics, Simulation, and Photonic Engineering of Photovoltaic Devices VIII, 109130T, San Francisco,

CA, 2019. [Oral]

5. M. N. Beattie, Y. A. Bioud, A. Boucherif, D. Drouin, R. Arès, C. E. Valdivia, and K. Hinzer, “III-V

multi-junction solar cells on Si substrates with a voided Ge interface layer: A modeling study,” in 2018

IEEE World Conference on Photovoltaic Energy Conversion (WCPEC) (A Joint Conference of 45th

IEEE PVSC, 28th PVSEC & 34th EU PVSEC), 180–184, Waikoloa Village, HI, USA, 2018. [Poster]

Conference Presentations

1. M. N. Beattie, H. Helmers, C. E. Valdivia, H. Höhn, D. Lackner, and K. Hinzer, “Non-uniform il-
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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-

1
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Telecom

Visible

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 III-V solar cells” to realize their poten-

tial and achieve greater market penetration [19]. They identify four key opportunities for improvement:

1. Scaling up production volume

2. Reducing the cost of epitaxy by transitioning to higher throughput metal-organic vapour phase epitaxy
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(MOVPE) or dynamic hydride vapour phase epitaxy (D-HVPE) processes

3. Reducing the substrate costs through recycling or a change of material

4. Adoption of low-cost metallization processes such as electroplating or screen printing

In Chapter 3 of this thesis, I investigate a technique to enable high-quality epitaxy of III-V materials on Si

substrates by engineering a voided-Ge compliant interface between the substrate and the epi-layers. This

strategy helps to address two of the four opportunities described by Horowitz. Because Si dominates the PV

industry, Si wafers are 100× less expensive than GaAs or Ge [19]. Furthermore, they are available in larger

sizes and are compatible with well-established Si-PV manufacturing infrastructure [20], helping to increase

throughput and scale up of production volume.

For PPCs, which are used in more niche applications, cost is less of an obstacle to market penetration.

One of the primary opportunities for improvement lies in extending the transmission distance in optical

fiber. Most commercially available PPCs are based on GaAs, which absorbs light with wavelengths around

850 nm (1.46 eV). This wavelength is unsuitable for long-distance transmission over optical fiber, limiting

power-by-light systems to free-space power transmission or short distances in fiber (< 1 km). In Chapters

4 and 5 of this thesis, I explore novel PPC designs that rely on III-V semiconductor quaternary alloys to

access longer wavelengths of light in the telecommunications band (see Figure 1.1) around 1310 nm, where

practical transmission distances reach up to several kilometres.

1.1 Engineered Si substrates for III-V epitaxy

Lattice mismatch between the epitaxial layer and the substrate results in the formation of dislocations in

the lattice structure that are detrimental to device performance. Misfit dislocations propagate along the the

interface between the epi-layer and the substrate whereas threading dislocations propagate upwards through

the epi-layers [21]. Threading dislocations are particularly problematic in PV devices when they penetrate

the active layers, acting as recombination centres that can significantly reduce the minority carrier lifetimes

and diffusion lengths [22]. The ∼ 4% lattice mismatch between Ge or GaAs and Si results in threading

dislocation densities (TDD) on the order of 108−1010 cm−2 for direct epitaxy of Ge or GaAs on Si [20, 23],

which is too large for PV devices that require TDD < 106 cm−2 to achieve reasonable performance [22].

The pursuit of high quality epitaxial growth of lattice-mismatched III-V semiconductors on Si sub-

strates has led to the development of many innovative fabrication techniques over the past four decades.
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Table 1.1: Selected approaches for heteroepitaxy of Ge and GaAs on Si substrates.

Technique Material system Epi-layer quality Ref.

Graded buffer layers GaAs on Ge/GeSi/Si
TDD: 2×106 cm−2 [24, 25]

TDD: 0.8−1.5×106 cm−2 [22]

Thermal cycle annealing
GaAs on Si TDD: 2−3×106 cm−2 [26]

Ge on Si TDD: 1.3×106 cm−2 [27]

Epitaxial lateral
overgrowth

GaAs on Si with patterned
SiO2 film

Defect-free width: 43 µm [28]

Selective area growth

GaAs in SiO2 trenches on Si Defect-free width: 300 nm [29]

Ge in SiO2 trenches on Si Defect-free width: 400 nm [30]

Ge on Si pillars Defect-free area: 3×3 µm2 [31]

Electrochemical etching
and annealing*

GaAs on voided Ge/Si TDD: ∼ 104 cm−2 [32]

*Approach explored in this thesis for III-V multi-junction solar cells on Si substrates.

An overview of various techniques is given in Table 1.1.

Though several of the techniques listed in Table 1.1 can be used to achieve TDD ∼ 106 cm−2, these

methods typically require thick compositionally graded or cyclically annealed buffer layers that are resource

intensive to grow. Methods including epitaxial lateral overgrowth and selective area growth can achieve

regions that are entirely defect free, but are limited to small-scale applications.

In this thesis, the electrochemical etching and annealing method developed by Bioud et al. at the Univer-

sité de Sherbrooke is explored, which has been demonstrated to achieve TDD as low as 104 cm−2 [32]. The

process begins with a relaxed bulk Ge epitaxial film on a Si substrate with a TDD of ∼ 108 cm−2. Bipolar elec-

trochemical etching [33, 34] is used to etch mesopores that preferentially follow the threading dislocations

through the Ge layer into the Si substrate. After porosification, thermal annealing leads to a morphologi-

cal transformation in which the mesopores coalesce into energetically favourable nano-voids near the Ge/Si

interface that annihilate threading dislocations within the voided region, leaving the Ge surface nearly free

from dislocations, enabling high-quality epitaxial growth. This two-step process relies on industry standard

techniques that are efficient and easily scalable [32]. Applied to III-V PV technologies, the process could

allow for significant cost-reductions and expansions in production volume.
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A detailed understanding of the electrical properties of the voided Ge/Si material is required to develop

III-V PV devices on voided-Ge/Si substrates. In Chapter 3 of this thesis, I investigate the conductivity

of mesoporous and voided-Ge films and develop an electrostatic model to predict the carrier density and

mobility of voided semiconductor materials. This model is then applied within a simulated III-V multi-

junction solar cell on a voided Ge/Si substrate.

1.2 Power-over-fiber

Photonic power systems consist of a monochromatic light source, a transmission medium, and a photonic

power converter (PPC) that generates electricity via the photovoltaic effect, as depicted in Figure 1.2. The

transmission medium is typically either optical fiber for power-over-fiber systems or air for free-space power

transmission. This thesis will focus specifically on PPCs for power-over-fiber applications, which is the more

versatile option because it does not require line-of-site trajectories.

Unlike conventional power transmission via copper wire, photonic power transmission does not generate

and is fully immune to electromagnetic interference (EMI). This advantage makes photonic power transmis-

sion ideal for isolating sensitive electronics in electrically noisy environments. Optical fiber is lighter, less

expensive, and more tolerant of the environment than copper cabling, and there is no risk of sparking or elec-

trical shock during photonic power transmission. Both power and high-bandwidth data can be transmitted

simultaneously over a single optical fiber link [35, 36].

Well established applications for photonic power transmission include powering sensors for high voltage

transmission line monitoring [37–39] and supplying power within magnetic resonance imaging machines

[40]. Emerging applications exist within the automotive industry, aerospace, avionics, defence, medicine,

telecommunications, and smart-grid infrastructures.

As with any PV device, the output voltage of a PPC is limited by the bandgap of the absorbing material.

Laser
Optical fiber

PPC

Figure 1.2: Schematic of power-over-fiber system, adapted from Beattie and Hinzer [2].
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Figure 1.3: Schematic of PPCs with (a) lateral and (b) vertical segmentation. ARC: anti-reflection coating,
LCL: lateral conduction layer, TD: tunnel diode. Reprinted with permission from Beattie and Hinzer [2].

Simple GaAs based PPCs are capable of generating about 1.2 V, which is too low for most power appli-

cations. Although conventional DC/DC converters could be used to increase the voltage, this approach is

susceptible to EMI. A compact and integrated alternative involves scaling the voltage using series connec-

tions within the device itself.

One common approach involves lateral segmentation and interconnection of the device. Microfabrication

techniques are used to laterally partition the device into series connected segments so that the output voltage

scales with the number of serial interconnections. A schematic is shown in Figure 1.3a. This widely accepted

technique can generate output voltages up to 30 V, allowing devices to be powered directly from the PPC.

The main drawback of this approach is that it is highly sensitive to misalignment of the incident light [41, 42].

The photocurrent produced by each segment is proportional to the amount of illumination that it receives and

the total device current is limited by the least productive segment.

State of the art PPCs are vertically segmented using a multi-junction architecture, as shown in Figure

1.3b. Rather than absorbing all of the input light within a single layer, the absorbing region is partitioned

into semi-transparent PV sub-cells that are interconnected using tunnel diodes. The vertical segmentation

technique, which is similar to multi-junction solar cell technology, greatly simplifies the fabrication and

alignment requirements, improving the overall efficiency. Drawbacks of this method include more complex

epitaxy and greater sensitivity to the wavelength of incident light, compared to the lateral segmentation

technique [43]. An overview of select PPC devices from the literature is given in Table 1.2.
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Table 1.2: Overview of PPC devices from the literature. Entries in red are commercially available.

Wavelength
(nm) Material Segments

(number)
Irradiance
(

W/cm2) VOC (V) Efficiency
(%) Ref.

805 GaAs N/A 124 Unknown 57.4 [43]

808 GaAs Vert. (3) 40 3.62 57 [44]

808 GaAs Vert. (4) 40 4.83 58 [44]

808 GaAs Vert. (6) 40 7.27 58 [44]

809 GaAs Lat. (4) 2.4 4.7 56.3 [45]

810 GaAs Vert. (2) 34 2.33 53.6 [46]

810 GaAs
Vert. (2) ×

Lat. (3)
10.6 6.67 34 [46]

820 GaAs Lat. (6) 0.25 W* 6.7 55 [47]

820 GaAs N/A 0.48 1.1 57 [48]

820 GaAs N/A 61.5 1.2 56 [49]

820 GaAs Lat. (8) 3.9 8.8 46 [49]

837 GaAs Vert. (5) 10.2 5.9 66.3 [50]

850 GaAs Vert. (20) 36.5 23.29 60.3 [50]

915 Si Lat.** 1.3 > 2.8 41.2 [51]

915 Si Lat.** 1.4 > 8.7 40.7 [51]

915 Si Lat.** 1.5 > 29.2 40.5 [51]

1064 Si Lat.** 1.4 > 26.7 25.4 [51]

1064 InGaAsP/InP N/A 9.8 0.8 34.5 [52]

1064 InGaAs/GaAs N/A 7 0.76 41.4 [53]

1070 InAlGaAs/InP N/A 0.16 0.79 40.7 [54]

1310*** InGaAsP/InP N/A 9.3 Unknown 51.1** [55]

1310*** GaInAs/GaAs N/A 5.2 Unknown 44.5** [55]

1550 GaSb N/A 11.4 ∼ 0.5 38.7 [56]

1550 InGaAsP/InP N/A 0.1 Unknown 44.6 [57]

1550 InGaAs/InP N/A 5.41 0.48 34 [48]

1680 GaSb N/A 76.3 > 0.57 49 [49]

2100 InGaAs/InP N/A 3.78 0.29 22 [48]

*Unknown sample area.
**Multi-junction architecture illuminated from the side, requires uniform illumination.

***Measured under AM1.5d illumination, reporting “equivalent monochromatic efficiency” at 1310 nm.
Monochromatic measurements are reported in Chapter 5.
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Figure 1.4: Attenuation in silica optical fiber as a function of wavelength (modified from Schubert [3]). The
key telecommunications wavelength bands are highlighted.

The majority of PPCs that have been developed to date are based on GaAs and absorb light in the 800-

850 nm wavelength range. These devices are well-suited to free-space power transmission, but are strongly

attenuated in optical fiber. The attenuation in standard silica optical fiber is shown as a function of wavelength

in Figure 1.4. Attenuation up to ∼ 1.2 µm is dominated by Rayleigh scattering and above ∼ 1.6 µm, the fiber

is absorbent. The absorption peaks in the spectrum are primarily caused by moisture content within the silica.

The original (O) telecommunications band, near 1310 nm, and the conventional (C) band, near 1550 nm, are

much better suited to longer-distance power-over-fiber applications than the 850-nm band due to their much

smaller attenuation coefficients.

The transmission efficiency at three key wavelengths used for telecommunications applications is shown

in Figure 1.5, where we have used attenuation coefficients of 2 dB/km for 850 nm, 0.4 dB/km for 1310 nm,

and 0.2 dB/km for 1550 nm [3]. After 1 km of transmission, the 850 nm light retains only 63% of its incident

intensity whereas the 1310 nm and 1550 nm wavelengths retain 91% and 95% respectively. After 10 km,

the 1310 nm and 1550 nm wavelengths retain 40% and 63% respectively while the 850 nm light is almost

entirely lost.

To date, only a handful of PPCs have been designed for O- and C-band operation. Operation in these

bands demands a shift away from GaAs-based devices to alternative materials with smaller bandgaps that

can absorb the longer wavelengths. Smaller bandgaps are associated with comparatively smaller operating

voltages, making segmentation strategies to boost the voltage even more important. For transmission dis-
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Figure 1.5: Transmission efficiency in optical fiber as a function of distance assuming attenuation coefficients
of 2 dB/km for 850 nm, 0.4 dB/km for 1310 nm, and 0.2 dB/km for 1550 nm illumination.

tances ranging from a few-hundred meters to several kilometres, 1310-nm O-band devices are likely to be

more practical than their C-band counterparts due to the larger base-voltage that they can achieve, meaning

that fewer segments would be required to increase the voltage.

In Chapter 4 of this thesis, I introduce a PPC design targeting O-band absorption using the quaternary

InAlGaAs lattice-matched to InP. In addition to the design and characterization of single-junction devices,

compatible tunnel diodes are developed, enabling the realization of a two-junction PPC that is measured

under 1319-nm laser illumination.

In Chapter 5, I characterize single-junction O-band PPCs developed at Fraunhofer ISE [55] with two

different absorber materials: InGaAsP lattice-matched to InP and metamorphic GaInAs on a GaAs substrate.

The impact of non-uniform illumination on the device performance is investigated.

1.3 Thesis outline

This thesis is comprised of six chapters, with Chapters 3, 4, and 5 each focusing on different devices and

material systems related to III-V semiconductor photovoltaic devices. Several sections are written in a tradi-

tional manuscript format, while a total of two journal papers and two conference proceedings are included in

the remaining sections. My own contributions and those of each co-author are clearly stated at the beginning

of each publication.
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Chapter 2 introduces the background material, detailing important concepts relating to the physics of

semiconductors, the physics of photovoltaic devices, and an overview of the simulation techniques used to

model these devices.

Chapter 3 presents an investigation of the electrical properties of voided Ge films and the implications for

the development of III-V multi-junction solar cells on voided-Ge/Si substrates. Electrical characterization

of mesoporous and voided Ge samples prepared at the Université de Sherbrooke is outlined in a journal

paper that was published in Nanotechnology and an electrostatic model is proposed to predict the electrical

properties of voided semiconductor materials (Section 3.1). A conference proceeding presented at the 7th

World Conference On Photovoltaic Energy Conversion (WCPEC-7) is then included, which applies the

electrostatic model to simulations of a triple-junction solar cell (Section 3.2).

Chapter 4 details the development of multi-junction InAlGaAs/InP PPCs targeting absorbance in the

telecommunications O-band. Experimental characterization of bulk semiconductor layers and single-junction

PV devices grown by molecular beam epitaxy at the University of Waterloo is detailed in the first section of

this chapter (Section 4.1). Section 4.2 is a conference proceeding presented at the 47th IEEE Photovoltaic

Specialists Conference (PVSC-47) that presents experimental characterization of 1- and 2-junction O-band

PPCs. Section 4.3 consists of a brief analysis of the loss mechanisms within a single-junction InAlGaAs/InP

PPC through device modelling. The chapter concludes with a journal paper that was published in Applied

Physics Letters that presents detailed experimental characterization of InAlGaAs/InP tunnel diodes that are

designed to be transparent in the O-band for the development of multi-junction PPC devices. (Section 4.4).

Chapter 5 contains experimental analysis of InGaAsP/InP and metamorphic GaInAs/GaAs O-band PPCs

designed and fabricated at Fraunhofer ISE. Quantum efficiency measurements are analyzed for both PPC

designs in Section 5.1. In Section 5.2, the impact of non-uniform illumination profiles on PPC performance

is investigated.

The thesis concludes with Chapter 6, which summarizes the work as a whole and discusses the future

outlook for each of the technologies discussed in this thesis.



Chapter 2

Physics of semiconductor materials and

photovoltaic devices

This thesis lies at the intersection of materials science and semiconductor device engineering. An under-

standing of the physics of semiconductor materials and photovoltaic devices is essential to the research

presented here. A brief overview of these topics is provided in this chapter.

2.1 Semiconductor materials

Semiconductors are a class of materials that exhibit electrical conductivities between those of conductors

and insulators. By manipulating the number of electrons that are available to conduct current in the material,

the conductivity itself can be modified. This is typically done by introducing impurity atoms called dopants

into the crystalline structure of the semiconductor. The tunable nature of semiconductor conductivity means

that these materials are highly suited to electronics applications, which use external circuitry to manipulate

the flow of electric current within the semiconductor device.

Semiconductors can be either elemental or compound and are classified by periodic table group accord-

ing to the number of valence electrons. Elemental semiconductors are formed from a single atomic species.

Common examples include the group IV elements silicon (Si) and germanium (Ge). Compound semicon-

ductors are formed of two or more atomic species. Common examples are the III-V binary semiconductors

gallium arsenide (GaAs) and indium phosphide (InP). Compound semiconductors comprising three or more

atomic species are referred to as semiconductor alloys and posses properties that are highly dependent on

11
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composition.

The basic properties of semiconductors are described in this section.

2.1.1 Crystal structure and epitaxial growth

The atoms that comprise a semiconductor material are held together by covalent bonds in a crystal lattice.

When formed under ideal conditions, bulk semiconductor crystals are highly uniform, possessing long-range

order and symmetry. Sub-optimal conditions result in the formation of poly-crystalline semiconductors,

which have randomly oriented crystalline grains without long-range order, or amorphous semiconductors, in

which the atoms are arranged with approximate short-range order in the absence of long-range order.

The group IV semiconductors Si and Ge have diamond cubic lattice structures in which each group IV

atom is bonded to its four nearest neighbours in a tetrahedral configuration. Most III-V semiconductors have

zincblende cubic lattice structures that rely on tetrahedral bonding between the group III and the group V

atoms. Both diamond and zincblende lattices can be though of as two intersecting face-centred cubic (FCC)

lattice structures. The spacing between the atoms at the corners of the cube is known as the lattice constant,

alat. The lattice structures are shown in Figure 2.1.

Crystalline materials can be obtained via epitaxial growth, a process in which material is deposited one

atomic layer at a time on a crystalline substrate. The substrate acts as a template for the lattice of the epi-

layer. When the lattice constant of the epitaxial material matches that of the substrate, high quality epitaxial

layers can be achieved. On the other hand, lattice mismatch results in the formation of strained epitaxial

(a) (b)

IV III V

alat
alat

alat

alat
alat

alat

Figure 2.1: (a) Diamond cubic and (b) zincblende cubic lattice structures.
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layers. When strained layers reach a critical thickness, strain relaxation occurs resulting in the formation of

defects within the lattice structure. Defects that propagate vertically through the lattice are called threading

dislocations and have an adverse effect on the material properties within the affected layers. Metamorphic

(MM) epitaxy refers to lattice-mismatched epitaxy with epi-layer thickness exceeding the critical thickness.

The goal of MM epitaxy is to accommodate strain with misfit dislocations while minimizing the formation

of threading dislocations [58].

Two widely used forms of epitaxy are molecular beam epitaxy (MBE) and metal-organic vapour phase

epitaxy (MOVPE). In MBE, elements required to form the epitaxial material are heated to high temperatures

in effusion cells. Vaporized atoms are ejected from the cells through a narrow opening and directed towards

the substrate where they deposit and form bonds with each other, generating the crystalline epi-layers. The

thickness of the epi-layers is monitored by reflection high-energy electron diffraction (RHEED), in which a

high-energy electron beam is deflected from the sample at a steep angle and the resulting diffraction pattern

gives information about the film growth rate as well as surface morphology and geometry [59]. MBE is

performed in an ultra-high vacuum environment
(
10−9 Torr

)
, which is required for RHEED measurements

and prevents contamination of the epi-material. The substrate is positioned on a rotating, temperature-

controlled sample holder [60].

MOVPE is a form of chemical vapour deposition in which gaseous metal-organic precursors containing

the elements required for epitaxy react with each other at the substrate, which is positioned on a temperature-

controlled holder. Semiconductor compounds that are produced in the reaction adhere to the substrate,

forming the crystalline epi-layers [59]. MOVPE operates at much higher pressures than MBE (15−750 Torr)

[61]. The MOVPE growth rate is much higher than that of MBE, an important consideration for commercial

applications in which high throughput is essential. For research applications, MBE is often preferred over

MOVPE because it offers greater control over layer composition, uniformity, and interfaces [61].

2.1.2 Energy band structure

The electrons belonging to an isolated atom are restricted to atomic orbitals with quantized energy, where the

occupation of an orbital is determined by the energy state of the atom. In the ground state, only the lowest

energy orbitals are occupied.

Covalent bonding between atoms results in splitting of the orbital energy levels. When many covalent

bonds are formed, as in a crystalline solid, repeated splitting results in the formation of continuous energy
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Figure 2.2: (a) First Brillouin zone for the FCC lattice. (b), (c) Energy band structure of GaAs and Si,
respectively (modified using energy band structure from Ioffe Institute NSM archive [4]).

bands. When the band of ground state occupied energy levels overlaps with the band of ground state unoc-

cupied energy levels to form a continuum, the material is a metal. When a gap exists between the ground

state occupied and unoccupied energy bands, the material is a semiconductor. The band of occupied levels

is called the valence band while the band of unoccupied levels is called the conduction band. In general, the

vast majority of energy states within the valence band are occupied and electrons in the valence band are

extremely limited in their mobility. When an electron gains enough energy, through photon absorption for

example, it can be promoted into the conduction band where it can move around freely through the mostly

unoccupied states. The width of the energy gap, know as the bandgap energy, is one of the key defining

material properties of a semiconductor.

Due to the periodic nature of a crystal lattice, electrons occupy energy bands that extend throughout

the crystal rather than being bound to a given atom. The energy band structure is described in momentum

space (k-space), which is related to the crystal’s reciprocal lattice. The reciprocal lattice can be calculated

by taking the Fourier transform of the lattice in real space. The central primitive unit cell of the reciprocal

lattice, which contains a single reciprocal lattice point at its centre, is known as the first Brillouin zone.

Figure 2.2a shows the first Brillouin zone of the FCC lattice with high-symmetry points indicated. Figure

2.2b and c show the energy band structures for GaAs and Si respectively.

In a direct gap semiconductor, the minimum energy in the conduction band and the maximum energy

in the valence band align at the G-point where k = 0. An electron can be promoted from the valence band

directly into the conduction band by absorbing a photon with energy equal to the bandgap energy, Eg. When
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the conduction band minimum does not align with the valence band maximum, the energy gap is indirect

and an electron must undergo a change in momentum (wavevector k) to absorb a photon with energy Eg.

2.1.3 Density of states and carrier density

It is often convenient to depict the energy band structure as a function of position, with the valence band

edge, Ev, and the conduction band edge, Ec, separated by the bandgap, as shown in Figure 2.3a. We assume

that a continuum of state exists within each band. This is how the band structure will be illustrated for

the remainder of this thesis. The minimum energy required to remove an electron from the semiconductor

crystal altogether is called the electron affinity, χ. Electron affinity is defined as the difference between the

conduction band edge and the vacuum level, Evac, as shown in Figure 2.3a.

Between the valence band and the conduction band lies the Fermi level (EF), which is represented by a

dotted line in Figure 2.3a. The Fermi level represents the energy at which an energy level would have a 50%

probability of being occupied under equilibrium conditions. The occupation probability of an energy level,

E , can be calculated according to the Fermi-Dirac distribution:

f (E) =
1

1+ exp
(
E−EF
kBT

) (2.1)

where kB is the Boltzmann constant and T is the temperature. Given that the Fermi level lies within the

bandgap, it does not correspond to a real energy state that could be occupied by an electron. At absolute

zero, every state below EF (the valence band) is occupied and every state above EF (the conduction band) is

vacant. At T > 0, thermal excitation of electrons from the valence band into the conduction band results in a

non-zero probability that some of the conduction band states will be occupied. The Fermi-Dirac distribution

is shown for T = 1500 K in Figure 2.3b.

To determine the concentration of electrons within a material, it is necessary to consider the density

of states (DOS) in addition to the occupation probability. The product of the DOS and the Fermi-Dirac

distribution gives the number density of electrons at equilibrium as a function of energy, n (E). Integrating

over the conduction band yields the total concentration of electrons in the conduction band

n =

∞̂

Ec

n (E)dE =

∞̂

Ec

gc (E) f (E)dE (2.2)
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Figure 2.3: (a) Energy band diagram as a function of position, x, (b) Fermi-Dirac distribution f (E), (c)
density of states functions gc (E) and gv (E), and (d) number densities of electrons and holes, n (E) and p (E).

where gc is the conduction band DOS. In the valence band where the vast majority of electronic states are

occupied by electrons, it’s customary to instead count the vacancies or “holes” left behind by electrons in the

conduction band. The corresponding expression for the total concentration of holes is then

p =

Evˆ

−∞

p (E)dE =

Evˆ

−∞

gv (E) [1− f (E)]dE (2.3)

where gv is the valence band DOS. Using the Pauli exclusion principle and assuming that the band structure

is parabolic in nature, which holds close to the band edge, the densities of states for the conduction and

valence bands are

gc (E) =
1

2π2

(
2m∗c
~2

) 3
2 √

E −Ec, gv (E) =
1

2π2

(
2m∗v
~2

) 3
2 √

Ev−E (2.4)

where ~ is the reduced Planck constant and m∗c and m∗v are the DOS effective masses for the conduction and

valence bands respectively. The DOS functions and the number density of electrons and holes are plotted

against energy in Figure 2.3c and d.

When the Fermi level is far from the band edges, the Boltzmann approximation can be used to simplify

the calculation of electron and hole concentrations. Under the Boltzmann approximation,

f (E) ≈ exp
(

EF−E
kBT

)
(2.5)
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and the integrals in equations 2.2 and 2.3 can be evaluated exactly. The resulting expressions for electron

and hole concentrations are

n = Nc exp
(

EF−Ec
kBT

)
, p = Nv exp

(
Ev−EF

kBT

)
(2.6)

where Nc and Nv are the effective DOS for the conduction and valence bands respectively, given by

Nc = 2
(

m∗c kBT
2π~2

) 3
2

, Nv = 2
(

m∗vkBT
2π~2

) 3
2

(2.7)

For an intrinsic semiconductor, the concentration of electrons is perfectly balanced by the concentration

of holes such that n = p = ni where ni is the intrinsic carrier density defined by the expression

n2
i = np = NcNv exp

(
−

Eg

kBT

)
(2.8)

The Fermi level of an intrinsic semiconductor, Ei, lies close to the centre of the bandgap and can be calculated

using the effective DOS

Ei =
Ec−Ev

2
−

kBT
2

ln
(

Nc
Nv

)
(2.9)

2.1.4 Doping

Donor impurities “donate” extra valence electrons to the semiconductor, increasing the concentration of free

electrons and shifting the Fermi level upwards toward the conduction band. This works because the donor

atoms introduce an occupied energy level close to the conduction band edge, allowing electrons existing

in that state to easily thermalize into the conduction band, ionizing the donor atoms. When the density of

ionized donors Nd � ni, n ≈ Nd and correspondingly p = n2
i /Nd. An energy band diagram and the computed

number densities for electrons and holes are shown in Figure 2.4a and b for an n-type semiconductor.

Similarly, acceptor impurities increase the concentration of holes in the valence band by “accepting”

valence electrons from the semiconductor, moving the Fermi level down toward the valence band. The

acceptor introduces an unoccupied energy state close to the valence band edge that is easily filled by electrons

thermalizing from the valence band, ionizing the acceptor atoms. When the density of ionized acceptors

Na � ni, then p ≈ Na and correspondingly n = n2
i /Na. An energy band diagram and the computed number

densities for electrons and holes are shown in Figure 2.4c and d for a p-type semiconductor.
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Figure 2.4: (a) Energy band diagram as a function of position, x, and (b) number densities of electrons and
holes, n (E) and p (E), for an n-type semiconductor. (c) Energy band diagram and (b) number densities of
electrons and holes for a p-type semiconductor.

2.1.5 Bias voltage

It’s also possible to influence the carrier concentrations within a semiconductor by applying a bias voltage, V ,

that induces splitting of the Fermi level. Relaxation of the perturbed free electron and hole populations within

their respective bands is orders of magnitude faster than relaxation between the bands. As such, the free

electron and hole populations each relax to quasi-thermal equilibrium, associated with distinct quasi-Fermi

levels, EFn and EFp. The difference between the quasi-Fermi levels is given by

∆µ = EFn−EFp (2.10)

where ∆µ = qV for an ideal semiconductor with lossless transport.

The carrier concentrations under bias are then

n = Nc exp
(

EFn−Ec
kBT

)
, p = Nv exp

(
Ev−EFp

kBT

)
(2.11)

The impact of an applied bias voltage on the band diagram and the carrier densities is shown in Figure 2.5.

2.1.6 Conductivity and mobility

The conductivity of a semiconductor is directly related to the free carrier densities and is given by

σ = q
(
µnn+ µpp

)
(2.12)
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Figure 2.5: (a) Energy band diagram as a function of position, x, and (b) number densities of electrons
and holes, n (E) and p (E), for an intrinsic semiconductor in equilibrium. (c) Energy band diagram and (b)
number densities of electrons and holes for an intrinsic semiconductor under bias.

where µn and µp are the electron and hole mobilities and q is the electronic charge. In the context of

semiconductors, we frequently discuss the resistivity, ρ, rather than conductivity where ρ = 1/σ. The carrier

concentrations, and therefore conductivity, can be modified by introducing dopants to the crystal lattice.

The electrical mobility of a charged particle relates the magnitude of the drift velocity, vdrift, to electric

field F

|vdrift | = µF (2.13)

The mobility is usually expressed in units of cm2/(V · s) and is limited by various scattering processes in-

cluding phonon scattering and ionized impurity scattering, carrier-carrier scattering, and defect scattering.

The contributions for each process can be summed according to Matthiessen’s rule

1
µ
=

1
µphonon

+
1

µdoping
+

1
µcarrier

+
1

µdefect
(2.14)

The doping-dependent mobility of a bulk semiconductor can be described by empirical models such as

the Sotoodeh model [62]:

µ (Nd,Na) = µmin+
µmax− µmin

1+
(
Nd+Na
N0

)A∗ (2.15)

where µmin, µmax, N0 and A∗ are fitting parameters. This model accounts for both the phonon scattering

and ionized impurity in accordance with Matthiessen’s rule. With increasing doping density Nd and Na,

scattering through the Coulomb interaction results in a reduction in the mobility. Screening of the charged

impurities by free carriers results in a levelling off of the mobility at higher doping densities. The model is
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Figure 2.6: Doping dependent electron and hole mobilities, µn and µp, for Ge.

valid up to a doping density of ∼ 1020 cm−3. The electron and hole mobilities for Ge are shown as a function

of doping density in Figure 2.6.

2.1.7 Drift and diffusion

In general, current density in a semiconductor can be described as the sum of the drift current density and

the diffusion current density

J = Jdrift+ Jdiff (2.16)

The drift current is induced by the presence of an electrostatic field F and follows the relation

Jdrift = σF = q
(
µnn+ µpp

)
F = Jdrift,n+ Jdrift,p (2.17)

The presence of an electric field is associated with a gradient in the vaccum level and corresponding gradients

in the conduction and valence bands. seThe free carriers move to minimize their electrostatic potential.

Electrons are driven down the conduction band opposite to the direction of the electric field while holes

migrate up the valence band in the direction of the field such that the current density and the field point in

the same direction.
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The diffusion current is induced by a gradient in the electron and hole concentrations and is given by

Jdiff = q
(
Dn∇n−Dp∇p

)
= Jdiff,n+ Jdiff,p (2.18)

where Dn and Dp are the diffusion coefficients of electrons and holes, which are related to their corresponding

mobilities by the Einstein relation, D = µkBT/q. In a diffusion process, the carriers migrate from regions of

high density to low density.

2.1.8 Generation and recombination

Aside from thermal generation, where electrons are promoted into the conduction band after gaining energy

from lattice vibrations, photogeneration is the most important process for generating free carriers in a semi-

conductor. In photogeneration, an electron is promoted into the conduction band when it absorbs a photon

with energy E ≥ Eg. Whenever an electron is promoted from the valence to the conduction band, a hole

is left behind in the valence band such that the generation rates of electrons and holes are identical. After

absorbing a photon with energy E > Eg, the generated carriers lose energy through lattice interactions until

they reach the band edge, a process called thermalization. The photogeneration and thermalization processes

are shown in Figure 2.7a.

There are several methods by which carriers can recombine from band to band, including radiative,

Auger, and Shockley-Read-Hall (SRH) recombination. Radiative recombination occurs when an electron

and hole recombine through the emission of a photon, as shown in Figure 2.7b. The radiative recombination

rate depends on carrier concentration as in the following equation

Rrad (n,p) = Brad

(
np−γnγpn2

i

)
(2.19)

where Brad is the radiative recombination coefficient with units of cm3/s. γn and γp account for the difference

in free carrier concentration when using Fermi-Dirac statistics compared to the Boltzmann approximation

[63, 64]

γn =
n

nBoltzmann
=

n
Nc

exp
(

Ec−EFn
kBT

)
, γp =

p
pBoltzmann

=
p

Nv
exp

(
EFp−Ev

kBT

)
(2.20)
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Figure 2.7: (a) Photogeneration and thermalization. (b) Radiative, (c) Auger, and (d) SRH recombination.

In doped semiconductors, the minority carrier radiative lifetimes are

τn,rad =
1

BradNa
, τp,rad =

1
BradNd

(2.21)

for electrons and holes respectively.

Auger recombination is a non-radiative process in which an electron and a hole recombine in the presence

of a third carrier. The energy from the recombination process is transferred to the third carrier, which is

promoted to a higher energy state. The process is depicted in Figure 2.7c. The rate of Auger recombination

varies with carrier concentration according to

RAug (n,p) =
(
AAug,nn+ AAug,pp

) (
np−n2

i

)
(2.22)

where AAug,n and AAug,p are the Auger recombination coefficients with units of cm6/s. For a doped semi-

conductor, the corresponding minority carrier Auger lifetimes are

τAug,n =
1

AAug,nN2
a
, τAug,p =

1
AAug,pN2

d
(2.23)

for electrons and holes respectively.

SRH recombination occurs when carriers recombine via trap states within the bandgap, as in Figure 2.7d.

These trap states are often associated with lattice impurities such as dopants. The minority carrier lifetime
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can be modelled empirically as a function of the doping density according the the following equation

τSRH (Nd,Na) = τmin+
τmax− τmin

1+
(
Nd+Na
N0

)γ∗ (2.24)

where τmin, τmax, N0 and γ∗ are fitting parameters associated with the material. Carrier lifetime goes down for

higher doping concentration. This is because the high density of impurities is associated with a higher density

of recombination centres. Trap states may also be induced by lattice defects such as threading dislocations,

which will be discussed further in Section 3.2. The rate of SRH recombination can be calculated from the

lifetimes and the carrier densities as

RSRH (n,p) =
np−γnγpn2

i
τSRH,n

(
p+γppt

)
+ τSRH,p (n+γnnt)

(2.25)

where pt and nt are the carrier densities when EFp and EFn are equal to the energy of the trap state.

The effective minority carrier lifetimes combine all of the recombination mechanisms according to

Matthiessen’s rule
1
τ
=

1
τrad
+

1
τAug
+

1
τSRH

(2.26)

Radiative recombination is the dominant recombination processor for high-quality direct-gap semiconduc-

tors, whereas for high-quality indirect-gap semiconductors, the Auger process dominates. When the density

of defects and impurities is sufficiently large, SRH recombination may become dominant in either direct- or

indirect-gap semiconductors.

2.1.9 Transport equations

The key equations that describe carrier transport in semiconductor materials are Poisson’s equation and the

continuity equations. Poisson’s equation relates the charge density to the electric field, F, and therefore to

the electrostatic potential, φ

∇ ·F = ∇ · (−∇φ) =
q
εs
(p−n+Nd−Na) (2.27)
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where εs is the static dielectric constant. The continuity equations ensure that the number of electrons is

conserved at all times

−
1
q
∇ ·Jn = Gn−Rn−

∂n
∂t

(2.28)

1
q
∇ ·Jp = Gp−Rp−

∂p
∂t

(2.29)

where Gn and Gp are the generation rates for electrons and holes and Rn and Rp are the corresponding

recombination rates. In steady state, the carrier densities are constant over time such that ∂n
∂t =

∂p
∂t = 0. In

this way, Poisson’s equation and the continuity equations form a set of coupled partial differential equations.

2.1.10 Optical properties

The interaction between light and matter for a bulk semiconductor is described by the complex index of

refraction

ñ = nr+ iκ (2.30)

where nr is the real part and κ is the imaginary part, called the extinction coefficient.

The fraction of normally incident light reflected at the interface between two materials with different

refractive index, called the reflectivity, is given by

R =

���� ñ1− ñ2
ñ1+ ñ2

����2 (2.31)

For a typical semiconductor, nr ∼ 3 to 4 for visible and near infrared wavelengths such that ∼ 30% of light is

reflected at an interface with air
(
nr,air = 1

)
.

The absorption of light is described by the absorption coefficient, α, which is related to the extinction

coefficient by the relation

α =
4πκ
λ

(2.32)

where λ is the wavelength of light. For a direct-gap semiconductor, the absorption coefficient varies accord-

ing to

α (E) ∝

√
E −Eg

E
(2.33)

The absorbance of a bulk semiconductor material with thickness t follows the Beer-Lambert law and is
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given by

A = 1− e−αt (2.34)

Following this relation, the intensity of light decays exponentially with depth as it penetrates into a semicon-

ductor, provided that its photon energy is larger than Eg.

2.1.11 Ternary and quaternary alloys

Compound semiconductors possess material properties that are highly dependent on the material composi-

tion. By alloying binary semiconductors to create ternary or quaternary compounds, its possible to access a

range of materials parameters, including bandgaps and lattice constants, that would otherwise be inaccessi-

ble. There are several ternary and quaternary alloys discussed in this thesis, with a particular emphasis on

the quaternary InAlGaAs, which is discussed at length in Chapter 4.

The majority of the material parameters for a ternary compound with the form AxB1−xC are empiri-

cally found to obey the following relation, which depends on the binary parameters and the composition x

according to [5, 65]

ParABC (x) = ParACx+ParBC (1− x)−KPar x (1− x) (2.35)

where Par is an arbitrary material parameter, ParAC and ParBC are the values of that parameter correspond-

ing to the binaries AC and BC, and KPar is the bowing parameter associated with Par . For most parameters,

the KPar is negligible and equation 2.35 reduces to a simple linear interpolation. One parameter for which

KPar is usually significant is the bandgap.

There are two types of quaternary alloys. The first type is a combination of the four binaries, AC, AD,

BC, and BD, with the form AxB1−xCyD1−y . The material parameters for quaternaries of this type can be

calculated using the parameters for the ternary compounds ABC, ABD, ACD, and BCD according to [5, 65]

ParABCD (x,y) =
x (1− x) [yParABC (x)+ (1− y)ParABD (x)]

x (1− x)+ y (1− y)

+
y (1− y) [xParACD (y)+ (1− x)ParBCD (y)]

x (1− x)+ y (1− y)
(2.36)

The second type is a combination of the three binaries AD, BD, and CD with the form AxByC1−x−yD.

This thesis is extensively concerned with InAlGaAs, a quaternary of the second type with binaries InAs,

AlAs, and GaAs. The material parameters for quaternaries of this type can be calculated using the parameters
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Figure 2.8: (a) Bandgap and (b) DOS effective masses as a function of lattice constant for ternaries making
up InAlGaAs. Parameters for the InAlGaAs compositions lattice-matched to InP are indicated. Binary and
bowing parameters are taken from [5].

for the ternary compounds ABD, BCD, and ACD according to [5, 65]

ParABCD (x,y) =
xyParABD (u)+ y (1− x− y)ParBCD (v)+ x (1− x− y)ParACD (w)

xy+ y (1− x− y)+ x (1− x− y)
(2.37)

u =
1− x− y

2
, v =

2− x−2y
2

, w =
2−2x− y

2

Alternatively, quaternaries can sometimes be described as a combination of two ternary semiconduc-

tors. In this case, the material parameters could be calculated according to equation 2.35 where the binary

parameters are replaced by the relevant ternary parameters.

The bandgap is plotted as a function of lattice constant for the ternary alloys that make up the qua-

ternary InAlGaAs in Figure 2.8a. The bandgap range for InAlGaAs lattice matched to InP, a mixture of

In0.52Al0.48As and In0.53Ga0.47As, is indicated. Figure 2.8b shows the corresponding DOS effective masses

for the ternaries making up InAlGaAs.

2.2 Photovoltaic energy conversion

PV devices are made from layers of doped semiconductor materials arranged to form a p-n junction. When

light is incident on a PV device, photons are absorbed in the semiconductor material and electrons are

promoted from the valence band into the conduction band creating free carriers. The built-in asymmetry
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of the p-n junction sweeps free carriers of opposite polarities in opposite directions, separating them before

they recombine. The free carriers are then fed into an external circuit, generating electricity. This process is

called the photovoltaic effect. The basic operation of PV devices is described in this section along with the

standard metrics that are used to evaluate and characterize PV device performance.

2.2.1 p-n junctions

The foundation of a photovoltaic cell is the p-n junction, which exists at the intersection between adjacent

p- and n-type semiconductor regions. The junction is characterized by a built-in electrostatic field generated

by the diffusion of majority carriers across the interface, leaving behind charged impurities on either side.

The presence of the field induces a minority carrier drift current that balances the majority carrier diffusion

under equilibrium conditions. In equilibrium, the Fermi level is constant throughout the device. The built-

in potential is given by the difference in work function between the p-side and the n-side, where the work

function Φ = (Evac−EF)/q. For a homojunction where the same semiconductor material is used on either

side of the junction, the built-in potential reduces to

Vbi =
kBT

q
ln

(
NdNa

n2
i

)
(2.38)

A sketch of the equilibrium band-diagram for a p-n junction with Nd = Na is shown in Figure 2.9a.

The interfacial region occupied by the ionized impurity atoms is known as the depletion or space-charge

region. Under the depletion approximation, we estimate the width of the space-charge region by assuming

that the carriers in this region are fully depleted. The potential is taken to be constant in the quasi-neutral

regions outside of the space charge region. The boundaries of the space charge region, known as the depletion

widths, can be found using Poisson’s equation [12]. They are

wp =
1
Na

√√√ 2εsVbi

q
(

1
Na
+ 1

Nd

) , wn =
1

Nd

√√√ 2εsVbi

q
(

1
Na
+ 1

Nd

) (2.39)

Under an applied bias voltage V , the total potential difference across the space-charge region is given

by Vj = Vbi −V . Consequently, in the case of forward bias where Vj < Vbi, the barrier to majority carrier

diffusion across the junction is reduced. This leads to a net current flow that is dominated by majority carrier

diffusion, injecting minority carriers into the quasi-neutral regions. Under reverse bias, Vj > Vbi and the
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Figure 2.9: Sketch of p-n junction band diagrams in (a) equilibrium, (b) forward bias, and (c) reverse bias.

barrier to majority carrier diffusion increases, leading to a net current flow dominated by the minority carrier

drift current, which extracts minority carriers from the quasi-neutral regions. In both cases, the potential

drop is restricted to the space-charge region, wherein qV = EFn−EFp such that [12]

np = n2
i exp

(
qV
kBT

)
for −wp < x < wn (2.40)

Band diagrams depicting the junction in forward and reverse bias are shown in Figure 2.9b and c.

2.2.2 Photocurrent and quantum efficiency

Under illumination, splitting of the electron and hole quasi-Fermi levels gives rise to minority carrier den-

sities that exceed the equilibrium concentrations. The elevated concentration of minority carriers in the

depletion region results in a significant drift current known as the photocurrent or the short-circuit current

density (JSC). The band diagram for the illuminated p-n junction at short-circuit, where the net current

density is equal to JSC, is shown in Figure 2.10a.

The magnitude of the photocurrent is related to the incident photon flux
(
Φp

)
by the external quantum

efficiency (EQE), which is the ratio of the number of carriers collected by the external circuit to the number

of incident photons. Both the photon flux and the external quantum efficiency are functions of photon energy,

and so the total photocurrent density is given by

JSC = q
ˆ ∞

0
Φp (E)EQE (E)dE (2.41)

In the ideal case, EQE = 1 for all photon energies E ≥ Eg and EQE = 0 for E < Eg. In reality, a

variety of factors limit the EQE for E ≥ Eg. These factors include reflection from surfaces and interfaces,
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Figure 2.10: Sketch of illuminated p-n junction band diagrams at (a) short-circuit, (b) forward bias, and (c)
open-circuit.

transmission through the absorbing material, recombination of free carriers before they are collected, and

parasitic absorption in regions of the PV device other than the active layers. Furthermore, phonon interactions

and impurity states enable small amounts of sub-gap absorption, leading to formation of an Urbach tail with

EQE > 0 below the bandgap[66, 67].

When assessing the loss mechanisms in a PV device, another useful metric is the internal quantum

efficiency (IQE). IQE is defined as the ratio of the the number of carriers collected by the external circuit to

the number of absorbed photons, given by

IQE (λ) =
EQE (λ)

1−R (λ)−T (λ)
(2.42)

where R (λ) is the reflectivity and T (λ) is the transmittance.

2.2.3 Current-voltage characteristics

The impact of an applied forward bias on the band diagram of an illuminated PV device is shown in

Figure 2.10b. The forward bias reduces the potential barrier across the junction, resulting in a majority car-

rier diffusion current that injects minority carriers into the quasi-neutral regions, opposing the photocurrent.

The net current flow within a PV device can be expressed in terms of the non-ideal diode equation

I (V) = I0

[
exp

(
qV

nidealkBT

)
−1

]
− ISC (2.43)

where I0 is that dark saturation current, nideal is the ideality factor, and ISC = JSC A for a PV device of active

area A. In an ideal diode where there is very little recombination in the space-charge region, the dark current
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Figure 2.11: Sample I-V curve for an illuminated PV device.

flow is dominated by diffusion and nideal = 1. In the other extreme, a significant amount of recombination

within the space-charge region can sometimes dominate the dark current such that nideal = 2.

The inclusion of parasitic series and shunt resistances in equation 2.43 results in the modified expression

I (V) = I0

[
exp

(
q (V − IRs)

nidealkBT

)
−1

]
+

V − IRs
Rsh

− ISC (2.44)

where Rs is series resistance and Rsh is shunt resistance. In the ideal case, Rs = 0 to and Rsh→∞.

When plotting the current-voltage characteristics of an illuminated PV device, the sign of the current is

often swapped so that the photocurrent is positive and the dark current is negative. A sample I-V curve is

shown in Figure 2.11 with the important points highlighted. In addition to the short-circuit current, there are

several key figures of merit to be considered.

The open-circuit voltage (VOC) represents the bias voltage at which the current through the illumi-

nated PV device goes to zero. The band diagram for an illuminated PV device at open circuit is shown

in Figure 2.10c. The open-circuit condition is satisfied when the light induced current (JSC) is perfectly bal-

anced by the dark current of the diode. Noting that JSC scales linearly with illumination intensity and the dark

current increases exponentially with temperature, the VOC is found to increase logarithmically with illumina-

tion intensity. The VOC cannot be larger than the bandgap of the absorbing semiconductor (i.e. VOC < Eg/q).

For a very good solar cell illuminated at 1-sun
(
0.1 W/cm2

)
we can expect VOC ∼ Eg/q−0.4 V [68].
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The maximum power point (MPP) is the point on the I-V curve at which the maximum output power Pmax

is achieved. In short, Pmax = IMPVMP, where IMP and VMP are respectively the current density and voltage at

maximum power. The “squareness” of the I-V curve is quantified by the fill factor (FF) where

FF =
Pmax

ISCVOC
=

IMPVMP
ISCVOC

(2.45)

The final figure of merit is the optical-to-electrical conversion efficiency (η), which is defined by

η =
Pmax
Pin
=

ISCVOCFF
Pin

(2.46)

where Pin is the power of the incident light.

The relationship between ISC and Pin is dictated by the responsivity, R, where

ISC = RPin (2.47)

The responsivity is heavily dependent on the incident spectrum and it is sometimes more convenient to

discuss the spectral response SR which is a function of wavelength

SR (λ) =
λq
hc

EQE (λ) (2.48)

Both R and SR have units of A/W.

2.2.4 Multi-junction solar cells

One of the critical limitations of PV devices is their inability to absorb photons with E < Eg. A significant

portion of the solar energy spectrum may be inaccessible to a given solar cell depending on the bandgap

energy of its absorber material. Furthermore, for photons with E > Eg, the excess energy is lost to lattice

vibrations in the thermalization process and is not collected by the external circuit. Multi-junction solar cells

(MJSC) employ vertically stacked PV subcells, each with a different bandgap, to absorb a greater portion of

the solar spectrum and minimize thermalization losses.

MJSCs are grown by epitaxy, with adjacent subcells interconnected by tunnel diodes that act as low-

resistance ohmic interfaces. The epitaxial nature of the multi-junction architecture requires lattice-matching
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Figure 2.12: Schematics depicting (a) an N-junction solar cell and (b) an N-junction PPC. The incident light
is indicated and key PV cell components are labelled. TD: tunnel diode, ARC: anti-reflection coating.

of the semiconductor materials throughout the layer stack to prevent the formation of threading dislocations

in the crystal lattice. This limits the available bandgaps to those of semiconductors that are lattice-matched

to readily available crystalline substrates such as Ge or GaAs. Alternatively, several methods exist to relax

the requirement for lattice matching through the use of engineered substrates [28–32] (to be discussed in

Chapter 3) or metamorphic buffer layers [20, 55, 69] (to be discussed in Chapter 5).

The subcells of the N-junction MJSC are arranged with the largest bandgap, Eg,N at the top and the

smallest bandgap, Eg,1, at the bottom. In this way, light with E ≥ Eg,N is absorbed in the top subcell while

light with E < Eg,N passes through to be absorbed in subsequent subcells. Only light with E < Eg,1 will be

lost. A schematic of an N-junction solar cell is shown in Figure 2.12a.

Given the series-connected nature of the subcells, the current flow through the entire stack is limited by

the lowest producing subcell. To prevent current-limiting, the bandgaps and thicknesses of each subcell are

selected so that each subcell produces the same current. This is referred to as current-matching. The total

output voltage is the sum of the voltages of each subcell.

2.2.5 Multi-junction photonic power converters

Optimized for monochromatic illumination, PPCs do not suffer from the transparency and thermalization

losses that affect solar cells. As such, multi-junction designs are not required to achieve high PPC efficiencies
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> 50% [70].

One particular challenge with PPCs is that the output voltage is limited by the bandgap of the absorber

material. The voltage produced by a single cell is often insufficient to power the desired load. This problem

can be rectified by adopting a multi-junction architecture, portioning the absorber material into optically

thin subcells that are connected in series by tunnel diodes. The subcells are made from the same absorber

material and each have the same bandgap. Their thicknesses are chosen to absorb equal portions of the

monochromatic light and produce the same current to achieve current-matching. When current-matching is

achieved, the operating current density of the N-junction PPC will be J = J1J/N , where J1J is the current of

an equivalent single-junction PPC. The total output voltage scales with the number of junctions and can be

tailored to the target application.

A schematic of an N-junction PPC is shown in Figure 2.12b. Following Beer-Lambert absorption as

in equation 2.34, where absorption is strongest near the surface and decays exponentially with depth, the

subcells are arranged from thinnest at the top to thickest at the bottom.

The wavelength-dependent nature of the optical absorption means that multi-junction PPCs are optimized

for a specific wavelength of light. Deviations from the target wavelength λtarget result in performance losses

when the current is limited by either the bottom subcell for λ < λtarget or by the top subcell for λ > λtarget.

The tolerance for wavelength deviations without significant current loss depends on the strength of the lumi-

nescent coupling, in which the photons emitted in a given junction by radiative recombination processes are

reabsorbed in other junctions, helping to balance the current. Luminescent coupling is very strong in materi-

als where radiative recombination is the dominant recombination process, leading to wavelength tolerances

on the order of 100 nm [71]. In materials that have significant non-radiative recombination, luminescent

coupling is much weaker.

2.2.6 Tunnel diodes

Multi-junction PV devices rely on tunnel diodes (TD) to connect the junctions. The TDs act as low-resistance

series connections, allowing current to flow from one subcell to the next with minimal resistive losses. The

TD structure consists of a very highly doped p-n junction with opposite orientation compared to the n-p

junctions that comprise the absorbing subcells. The high doping creates a very abrupt junction, allowing

majority carriers on either side of the junction to recombine by tunneling through the potential barrier.

An example of the equilibrium band-structure for a basic TD is shown in Figure 2.13a. Under an applied
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bias, the total current of the tunnel diode has three components: the tunneling current, the excess current,

and the diffusion current. Sample J-V characteristics for a TD are shown in Figure 2.14.

When a small forward bias is applied, electrons in the conduction band on the n-side of the junction

tunnel through the barrier to the vacant electronic states in the valence band on the p-side. The tunneling

current density reaches its peak when the overlap between the occupied conduction band states on the n-side

and the vacant valence band states on the p-side is maximized. The band diagram for the tunneling process

is shown in Figure 2.13b.

As the voltage continues to increase, the overlap between occupied conduction band states on the n-side

and vacant valence band states on the p-side becomes smaller and the tunneling current is reduced. This

region of the J-V curve is characterized by a negative differential resistance. The depth of the J-V curve
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valley is usually determined by the excess current, which corresponds to tunneling via energy states within

the bandgap. In an ideal TD, there are no states in the bandgap and the excess current is zero.

Further increase in the applied bias allows thermal diffusion to become dominant with a corresponding

increase in the current flow, as in a standard diode. The associated band diagram is shown in Figure 2.13c.

The J-V characteristics for a TD, depicted in Figure 2.14, are well approximated by the following equa-

tion [70]:

J (V) =
JpkV
Vpk

exp
(
1−

V
Vpk

)
+ Jval exp (Cex (V −Vval))+ J0

[
exp

(
qV

nidealkBT

)
−1

]
(2.49)

where Jpk and Vpk are the current density and voltage of the the tunneling peak, Jval and Vval are the current

density and voltage of the valley, and Cex is a constant.

When embedded within a multi-junction PV device, the tunnel diode is intended to operate only in the

region of the J-V curve to the left of the peak, where the differential resistance (R0) is low. To ensure that this

condition is met, it is essential that Jpk exceeds the maximum operating current density of the PV device. In

the case where J > Jpk, the TD will be forced to operate in the diffusion current regime and the corresponding

voltage drop across the TD will be large.

To avoid parasitic absorption losses, the semiconductor materials comprising the TDs must have bandgaps

that are larger than those of the absorbing junctions below. Given the epitaxial nature of multi-junction PV

devices, the TD materials must also be lattice matched to the substrate to prevent the formation of lattice

defects and threading dislocations. Further discussion of TDs designed for InP-based PPCs can be found in

Section 4.4.

2.3 Simulating PV devices in TCAD Sentaurus

The technology computer aided design (TCAD) Sentaurus software is a simulation package from Synopsys

Inc. designed specifically for optoelectronic modelling of semiconductor devices. The package uses a series

of individual programs called “tools” that run sequentially to generate a comprehensive simulation of an

optoelectronic device in various conditions. Each tool has its own command file, inputs, and outputs. The

tool flow is described in Figure 2.15. This section will discuss the functionality of each tool and briefly

explain how a simple one-dimensional simulation of a III-V semiconductor PV device is generated in TCAD

Sentaurus. The one-dimensional geometry is less computationally intensive than two- and three-dimensional

simulations and is suitable for many applications, but does not account for effects such as perimeter recom-



CHAPTER 2. Physics of semiconductor materials and photovoltaic devices 36

Figure 2.15: TCAD Sentaurus tool flow.

bination, gridline shading, or lateral current flow. A more detailed description of the simulation process for

III-V multi-junction photovoltaics is given by Wilkins and Hinzer [63] and by Walker [72].

2.3.1 Epi tool

The Epi tool generates the layer structure of a simple epitaxial device. The materials making up each layer

are specified in the Epi tool command file along with the layer thickness, doping concentration, and molar

fraction for compound semiconductor alloys. A preliminary mesh is also generated at this point, to be further

refined in the Structure Editor.

2.3.2 Structure editor

Preliminary information about the structure and mesh generated in the Epi tool is passed into the Structure

Editor, which creates “virtual” contacts for current collection and generates the final mesh.

Virtual contacts can be positioned at any surface or interface within the device. They exhibit ideal ohmic

behaviour and are fully transparent to light, meaning that they do not shade the structure from incident

illumination as real contacts would. For a one-dimensional simulation of a single-junction PV device, the

contacts are positioned across the entire top and bottom surfaces.

The mesh generated by the Structure Editor divides the heterostructure into discretized regions. The

mesh density varies throughout the structure to resolve potential gradients and optical generation. The finest
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Figure 2.16: Structure and meshing of GaAs n-p junction generated by the Epi tool and the Structure Editor.
The virtual contacts are shown in pink. The black lines indicate the mesh. The full width of the structure is
60 µm of which only the central portion is shown.

mesh spacing is found near interfaces where the most extreme potential gradients are found, requiring the

best resolution. Figure 2.16 shows the structure and meshing of a GaAs n-p junction with a total thickness of

4 µm generated using the Epi tool and the Structure Editor. The n- and p-layers are both doped at 1018 cm−3.

2.3.3 MatPar tool

Information about the materials in the layer structure generated in the Epi tool is imported into the MatPar

tool. The MatPar tool then calls on a user-defined library of material parameter files to assign the appropriate

parameters to each layer within the heterostructure including band gap, density of states, carrier effective

masses, carrier mobilities, dielectric permittivities, complex refractive indices, and recombination rates.

2.3.4 Sentaurus device simulator

All structural, meshing, and material information generated by the Structure Editor and MatPar tools are

passed to the Sentaurus Device Simulator (SDevice), which is the computational engine used to simulate J-V

and QE curves. In both cases, the first step is to solve the Poisson equation (equation 2.27) to determine the

carrier densities under equilibrium conditions. Following the equilibrium calculation, the optical generation

profile is calculated along with the steady state current density. In the case of J-V simulations, the optical

generation profile is computed for the entire incident spectrum and then the current density is computed as a

function of the applied bias. For QE simulations, the optical generation profile is computed for monochro-

matic light one wavelength at a time. The applied bias is fixed at 0 V and the current density is computed as
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a function of wavelength.

The transfer matrix method (TMM) is used to calculate the optical generation using the optical properties

of each layer assigned by the MatPar tool. It calculates the incident light’s propagation through the layer

stack, determining transmission and reflection at each interface as well as optical absorption and carrier

generation in each layer under the assumption that the ratio of absorbed photons to generated carriers is 1:1.

The TMM calculation is performed one wavelength at a time. For J-V simulations, the optical generation

profile is then summed over the incident spectrum.

The transfer matrix itself is the matrix product of the transmission matrices Tm−1,m for each interface

and the propagation matrices Pm for each layer, given by [63, 73]


E+
m−1,bot

E−
m−1,bot
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where tm−1,m and rm−1,m are the Fresnel transmission and reflection coefficients, km = 2πñm/λ is the

wavevector, and dm is the layer thickness. The electric field propagation through the layer stack is shown in

Figure 2.17. The transfer matrix for the entire stack with N layers is given by


E+0,bot

E−0,bot


=M
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E+
N+1,top

0


, M =

N∏
m=1

(
Tm−1,mPm

)
TN ,N+1 (2.52)

Following the calculation of optical generation, the steady state electrostatic potential and the carrier

concentrations are calculated by solving the Poisson and electron and hole continuity equations (equations

2.27, 2.28, and 2.29), which comprise a set of coupled partial differential equations. SDevice solves this

set of partial differential equations numerically using the box discretization method [74, 75]. The nonlinear

partial differential equations are approximated as linear difference equations and solved over small regions

of the total structure as determined by the mesh generated in the Structure Editor. At contact interfaces,
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Figure 2.17: Layer schematic showing electric field propagation as defined in TMM.

equilibrium carrier concentrations are assumed. The electrostatic potential φ and the carrier densities n and

p are calculated numerically at each element of the mesh.

The one-dimensional current densities can be described in terms of the electron and hole densities (n,p),

mobilities
(
µn, µp

)
and quasi Fermi levels

(
EFn,EFp

)
as

Jn = µnn
d
dy

EFn (2.53)

Jp = µpp
d
dy

EFp (2.54)

The quasi Fermi levels are calculated assuming a fixed temperature T throughout the layer stack according

to Fermi-Dirac statistics such that [63]

EFn = kBTF −1
1/2

(
n
Nc

)
+Ec (2.55)

EFp = −kBTF −1
1/2

(
p

Nv

)
+Ev (2.56)

where F −1
1/2 is the inverse Fermi-Dirac integral of order 1/2. We can relate the expressions for current given

in equations 2.53 and 2.54 back to the drift and diffusion expressions from Section 2.1.7 by observing that

the first term in equations 2.55 and 2.56 will give rise to the diffusion current and the second term will give
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rise to drift.

A complete discussion of the functionality of the SDevice tool including both the TMM and the box

discretization method can be found in the Sentaurus user guide [76] and in the PhD theses of Matthew

Wilkins [64] and Alex Walker [72].

2.3.5 Sentaurus visual

The final tool in the simulation flow is Sentaurus Visual. This tool is used to visualize the outputs of the

SDevice tool by generating plots. It is also capable of performing simple calculations such as computing the

fill factor and the efficiency from a J-V curve or computing the external and internal quantum efficiencies.
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Voided Ge/Si substrate for III-V

multi-junction solar cells

3.1 Electrical properties of mesoporous germanium

MEGHAN N. BEATTIE, YOUCEF A. BIOUD, DAVID G. HOBSON, ABDERRAOUF BOUCHERIF, CHRISTOPHER E.

VALDIVIA, DOMINIQUE DROUIN, RICHARD ARÈS, AND KARIN HINZER

Scope and impact

The following is a reproduction of an article that was published in Nanotechnology in 2018, with the original

title: “Tunable conductivity in mesoporous germanium” [6]. The article describes my work characterizing

the conductivity of mesoporous Ge films and the impact of thermal annealing on the morphology and elec-

trical properties. Research endeavours across a variety of fields will benefit from a detailed understanding

of the electrical properties of mesoporous Ge. Within the scope of this thesis, understanding the electrical

properties of mesoporous Ge that has undergone thermal annealing is critical to the development of III-V PV

devices on Si substrates engineered with a voided Ge compliance layer to accommodate lattice mismatch.

We have experimentally demonstrated mesoporous Ge conductivity that is tunable over at least two

orders of magnitude by varying the size of the nanostructures using thermal annealing, with theoretical cal-

culations suggesting that tuning is possible over four orders of magnitude. We provide a detailed account of

our experiments including extensive work that we have done to characterize the nanostructure morphology as

well as the electrical resistivity. To support our experimental results, we present an electrostatic model to re-

41
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late nanostructure size to the electrical properties of mesoporous Ge. To our knowledge, this manuscript was

the first comprehensive study of the electrical conductivity of mesoporous Ge prepared by electrochemical

etching.
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DR. YOUCEF A. BIOUD As the lead Université de Sherbrooke graduate student associated with the

project, Youcef fabricated the mesoporous Ge films using bipolar electrochemical etching and rapid thermal

annealing. He performed the electron microscopy (Figure 3.1), accompanying analysis of crystallite size

(Figure 3.2), and detailed structural analysis presented in Section 3.1.3.3 and Supporting Information Sec-

tions 3.1.A.1 and 3.1.A.2 including X-ray diffraction, Fourier-transform infrared spectroscopy, and infrared

reflectivity measurements. Youcef drafted text and figures for the structural analysis sections named above.

He provided detailed feedback throughout the research process and assisted in editing the manuscript as a

whole.

DAVID G. HOBSON As an undergraduate research assistant within the University of Ottawa’s SUNLAB

research group, David assisted with developing the electrostatic model presented in Section 3.1.3.4 and

Supporting Information Sections 3.1.A.3, 3.1.A.4, and 3.1.A.5.

PROF. ABDERRAOUF BOUCHERIF As a research associate with the Institut interdisciplinaire d’innovation
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Abstract

Germanium-based nanostructures have attracted increasing attention due to favorable electrical and opti-

cal properties, which are tunable on the nanoscale. High densities of germanium nanocrystals are synthe-

sized via electrochemical etching, making porous germanium an appealing nanostructured material for a

variety of applications. In this work, we have demonstrated highly tunable electrical conductivity in meso-

porous germanium layers by conducting a systematic study varying crystallite size using thermal anneal-

ing, with experimental conductivities ranging from 0.6 to 33 (×10−3) Ω−1 cm−1. The conductivity of as-

https://doi.org/10.1088/1361-6528/aab3f7
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prepared mesoporous germanium with 70% porosity and crystallite size between 4 and 10 nm is shown to

be ∼ 0.9× 10−3 Ω−1 cm−1, 5 orders of magnitude smaller than that of bulk p-type germanium. Thermal

annealing for 10 minutes at 400°C further reduced the conductivity; however, annealing at 450°C caused

a morphological transformation from columnar crystallites to interconnecting granular crystallites and an

increase in conductivity by two orders of magnitude relative to as-prepared mesoporous germanium caused

by reduced influence of surface states. We developed an electrostatic model relating the carrier concentration

and mobility of p-type mesoporous germanium to the nanoscale morphology. Correlation within an order

of magnitude was found between modelled and experimental conductivities, limited by variation in sample

uniformity and uncertainty in void size and fraction after annealing. Furthermore, theoretical results suggest

that mesoporous germanium conductivity could be tuned over four orders of magnitude, leading to optimized

hybrid devices.

3.1.1 Introduction

Germanium (Ge) nanostructures have received significant attention in recent years due to their remarkable

optical and electrical properties. Strong quantum confinement has been observed in these materials allowing

the optical and electrical properties of Ge to be precisely tuned by varying the nanostructure size and shape

[77–82]. Furthermore, the lack of a stable oxide in Ge allows straightforward functionalization of nanostruc-

tures and can be used for surface passivation, for improving compatibility with solvents, and for triggering

responses in the material to external stimuli [83–85]. Ge nanostructures are also being investigated as anodes

for next generation lithium-ion rechargeable batteries because of the outstanding volumetric lithium storage

capacity of Ge as well as much improved cycling stability relative to bulk Ge due to the high surface to

volume ratio and the space separation between nanostructures [85–93].

In the fabrication of nanostructures, it is often desirable to achieve a high-density film rather than small

quantities of singular nanocrystals. Additionally, for lithium-ion batteries, it is essential to have sufficient

space between nanostructures to allow for volumetric expansion over lithiation/delithiation cycles [89]. Both

of these preceding criteria can be achieved by bipolar electrochemical etching of bulk Ge to make porous

Ge films up to several microns in thickness [33, 34, 94–97]. Though other techniques including redox-

transmetalation reactions [85], surfactant templating [98–100], and nanoparticle assisted growth [101] have

been used to synthesize porous Ge, bipolar electrochemical etching has become a leading fabrication choice

because it is simple and offers a high degree of flexibility and control. This technique generates high densities
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of columnar Ge nanocrystals separated by pores with diameters on the order of 10 nm (mesoporous Ge).

Structural properties such as porosity and crystallite size are varied by changing the etching conditions

such as etching current and pulse duration [33, 95]. Recent studies characterizing the optical properties of

porous Ge demonstrate tunable photoluminescence and bandgap [77, 102–104]. Previous work by Jing et al.

reported lateral conductivities on the order of 0.1 to 1 Ω−1 cm−1 for mesoporous Ge fabricated by annealing

of GeO2 ceramic films [105]; however, little information is available regarding the electrical properties of

mesoporous germanium fabricated by electrochemical etching. Knowledge of these electrical properties

is crucial for optimal implementation in applications such as lithium-ion batteries, thin-film multi-junction

solar cells [106], near-infrared light emitting diodes [102], and optical sensors [34].

Electrical properties in the most extensively studied porous semiconductor, porous silicon, made by

electrochemical etching [107, 108] have been shown to vary significantly with crystallite size, porosity, and

fabrication conditions. Conductivities ranging from 10−11 to 10−3 Ω−1 cm−1 have been reported for meso-

and nanoporous silicon [109–114] with crystallite sizes typically in the range of 5 to 10 nm. Changes in

electrical behaviour have been observed with thermal treatment [112], gas adsorption [115, 116], and ex-

posure to polar liquids [117]. Similar studies have not been performed in mesoporous Ge due to historical

challenges associated with reproducibility and control in the fabrication process [33, 118, 119]; however, re-

cent advances in the electrochemical etching procedures have vastly improved the viability of this technique

[33, 34, 95] and systematic studies are now possible.

In this work, we show that mesoporous Ge films have conductivity several orders of magnitude smaller

than the Ge substrate on which they are fabricated. We investigate the effect of thermal annealing on the

morphology of mesoporous Ge and correlate changes in the electrical behaviour with morphological and

structural changes produced by thermal treatment. The results show that this annealing procedure allows

controllable tuning of the nanostructure size over more than two orders of magnitude. Furthermore, the

conductivity increases by at least two orders of magnitude with annealing temperature as the crystallites

become larger, indicating that there is potential to achieve reasonable conductivities for applications such

as energy conversion and storage while still maintaining the benefits of the nanostructures introduced by

porosification. Finally, we propose an electrostatic model that predicts the evolution of average free carrier

concentration and mobility with changing morphology in mesoporous Ge. This model considers the void

shape and size, the porosity, the Ge doping concentration, and the expected density of surface states on the

pore walls, which act as traps for the free carriers. The calculations assume that a depletion region exists at
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the interface between Ge and the void and that the void-dependent mobility is inversely proportional to the

density of surface states. This model makes a direct link between morphology and electrical conductivity in

porous Ge, and could equally be applied to any porous semiconductor.

3.1.2 Methods

3.1.2.1 Preparation of mesoporous Ge films

Mesoporous Ge layers were fabricated on p+ type Ge wafers by bipolar electrochemical etching (BEE)

[33, 34] in a two-electrode electrochemical cell with a platinum wire counter electrode manufactured by

Kymosis using an electrolyte consisting of 5:1 hydrofluoric acid (49%) and anhydrous ethanol. The p+ type

Ge wafers were (100) oriented with a 6° miscut and had a nominal resistivity of 0.025 Ω cm. Electrical

contact was established by pressing the backside of the wafer onto a gold-coated copper electrode. To ensure

the formation of a uniform mesoporous layer, a DC initiation step was used during which a anodic etching

current of +1.5 mA/cm2 was applied for 10 s prior to beginning the BEE step [34]. After initiation, anodic

and cathodic currents with densities of 1.5 mA/cm2 were applied alternately with pulse durations of 1 s. The

etching rate was approximately 15 nm/min and etching times were varied to fabricate mesoporous Ge layers

with thicknesses ranging from 0.1-3 µm.

3.1.2.2 Thermal annealing

Annealing of mesoporous Ge samples was performed in a forming gas (N2:H2 90:10) ambient using a J.I.P.

ELEC JetFirst rapid thermal annealing (RTA) system with a ramp rate of 25°C/s. Annealing temperatures

ranged from 250°C to 650°C. The duration was fixed at 10 minutes for all temperatures.

3.1.2.3 Material characterization

The structural morphologies and thicknesses of as-prepared and annealed mesoporous Ge films were charac-

terized by scanning electron microscopy (SEM) using a Zeiss 1540XB CrossBeam Workstation. Quantitative

nanostructural analysis of the crystallite size distribution was performed by Fourier analysis of the SEM im-

ages using the ImageJ software. The crystal structure of as-prepared mesoporous Ge was further examined

by high-resolution scanning transmission electron microscopy (HRSTEM) using a FEI Titan Cubed electron

microscope equipped with a CEOS image and probe corrector operated at 300 kV. X-ray diffractograms of
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as-prepared and annealed mesoporous Ge samples were measured using a Philips X’Pert powder diffrac-

tometer immediately after preparation. Transport of porous Ge samples was performed under propanol.

Fourier-transform infrared (FTIR) spectroscopy was performed on as-prepared and annealed mesoporous

Ge samples using a VERTEX 80/70v FTIR spectrometer using a Globar source, a KBr beam splitter, and

a MCT D15 detector. Hydrogen absorbance was determined by transmission FTIR spectroscopy with a

spectral resolution of 2.0 cm−1 and a scanning time of 5 minutes for as-prepared mesoporous Ge and after

annealing at various temperatures. Microscopic FTIR reflectance analysis was used to determine the porosity

of as-prepared mesoporous Ge using a standard 15× objective with a gold surface as reference.

3.1.2.4 Current-voltage measurement

Ohmic contacts were realized by direct deposition of nickel (30 nm) and gold (450 nm) on the top side

and nickel (30 nm) and gold (150 nm) on the back side. Preliminary samples were fabricated with equal

thickness of gold (150 nm) on both faces, however the thickness of the top gold layer was increased to

ensure a singly connected contact after non-ohmic behaviour was observed in some samples. The specific

contact resistivity ρc ranges from about 5× 10−3 to 5× 10−2 Ωcm2 depending on the annealing condition

(ρc decreases with increasing annealing temperature). Metallization of annealed samples was performed

after the thermal treatment. Samples were cleaved after metallization. Current-voltage (I−V) characteristics

were measured by four-wire sensing. Samples were fixed to a gold-plated stage using a vacuum connection.

Electrical contact was made to the top of the samples using tungsten tipped probes and to the bottom via

connection to the stage. The I −V characteristic was measured for each sample by ramping the applied

voltage from −200 mV to 200 mV in steps of 1 mV, using a limit of ±150 mA for the current. A Keithley

2420 source meter was used as the power source and to perform measurements of current and voltage.

3.1.3 Results and discussion

3.1.3.1 Morphology of mesoporous germanium films

Mesoporous Ge layers were fabricated on p+ type Ge wafers by bipolar electrochemical etching (BEE), as

described in the Methods section. Top view and cross-sectional scanning electron microscope (SEM) images

of as-prepared mesoporous Ge are shown in Figure 3.1a-c. A uniform distribution of nano-sized columnar

pores extends down from the surface with some branchial pore channels. The pores terminate abruptly at
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Figure 3.1: (a) Top view and (b) cross-sectional SEM image of as-prepared mesoporous Ge layer formed
by BEE. (c) High-resolution SEM image of the Ge crystallites. Crystallite sizes and pore morphology at the
substrate interface are indicated. (d) HRSTEM micrograph showing the interface between the Ge substrate
and the mesoporous Ge interface. (e-j) Top view and (k-p) cross-sectional SEM images of mesoporous Ge
layers annealed at 350 – 600°C under hydrogen flow. Scale bars are 200 nm in length unless otherwise
indicated. The evolution of the morphology and crystallite size with annealing temperature is evident.
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the interface between the mesoporous layer and the parent substrate. The size of the Ge nanocrystallites is

estimated to be in the range of 4-10 nm (see Figure 3.1c). The high-resolution scanning transmission electron

microscopy (HRSTEM) micrograph shown in Figure 3.1d reveals that the Ge nanostructures retain the same

crystallographic orientation as the Ge substrate with diamond lattice structure and an inter-planar spacing of

∼ 0.3 nm, which is consistent with previous findings [102].

Porosities were measured by analyzing Fabry-Perot fringes observed in the infrared reflectance spectrum

[34] (see Supporting Information, Section 3.1.A.1). We observed an average porosity of 72% in as-prepared

mesoporous Ge samples.

Top view and cross-sectional SEM images of mesoporous Ge after annealing for 10 minutes at tempera-

tures ranging from 350°C to 600°C are shown in Figure 3.1e-p. As the annealing temperature was increased,

the Ge nanocrystallites grew larger in size. At an annealing temperature of 450°C, a significant morpho-

logical transformation occurred in which the porous structure self-organized into a network of elongated

granular crystallites. After annealing at 600°C, the upper crystallites became interconnected forming nano-

voids [120, 121] with average sizes in the range of 20-50 nm. For some samples, the creation of a layer of

nano-voids was observed after annealing at 550°C rather than 600°C. This was likely due to minute changes

in substrate resistivity and etching current between samples.

The sizes of the Ge nanocrystallites at the surface of the annealed samples were extracted from top view

SEM observations using the Fourier transform of the images (see Figure 3.1e-j). The average crystallite size

was determined by fitting the size distribution with a log-normal function. The reorganization of the structure

to form larger crystallites is induced by Ostwald ripening [121], in which the Ge atoms on the surface

jump to more favorable energy positions during thermal annealing below the Ge melting point (938°C). The

average surface crystallite size
(
dcrystallite

)
increased exponentially with annealing temperature (T), as shown

in Figure 3.2, indicating strong Boltzmann-like temperature dependence, which is consistent with sintering

theory developed for porous materials [122]. This relationship indicates that the average crystallite size can

be precisely tuned through annealing temperature and duration. Further details are given in the Supporting

Information, Section 3.1.A.2.

3.1.3.2 Electrical resistivity of mesoporous germanium

Surface effects caused by the high density of mesoscopic pores have a significant impact on electrical trans-

port. Due to the nature of the samples (highly resistive film bonded to a comparatively low resistance
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Figure 3.2: Variation of the surface crystallite size with annealing temperature.

Figure 3.3: Schematic of layer stack and four-wire sensing configuration for current-voltage measurements
across the porous Ge (PGe) and Ge substrate layers indicating the area perpendicular to current flow A, the
porous layer thickness t, and the total thickness of the PGe-Ge layer stack h.

substrate), conventional methods for measuring conductivity such as Hall effect measurements were not

appropriate. For this reason, a simple thickness-dependent experimental technique was devised.

Blanket contacts of nickel and gold were applied to the top and bottom surfaces of as-prepared and

annealed mesoporous Ge samples on the parent substrate in preparation for current-voltage measurements.

After metallization, the sample edges were cleaved, creating a sandwich-type structure (see Figure 3.3).

Linear current-voltage characteristics observed using the four-wire sensing technique for both as-prepared

and annealed samples indicated the formation of ohmic contacts (see Figures 3.3 and 3.4a). Total resistance

RT was determined from current-voltage measurements and the average value for each sample was plot-

ted as a function of porous layer thickness (see Figure 3.4b). The resistivity of the porous layer ρPGe was

determined by assuming the following relationship between total resistance and porous layer thickness:

RT =
ρPGe

A
t +

ρGe (h− t)
A

+Rc ≈
ρPGe

A
t +R0 (3.1)
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Figure 3.4: (a) Current-voltage characteristics for as-prepared Ge (as-prep.) and after thermal annealing at
400, 450 and 550°C for 10 minutes. The thickness of the porous layer is between 1.4 and 1.45 µm for all
samples shown in (a). (b) Product of average total resistance and area, RT A, as a function of porous layer
thickness, t, for as-prepared mesoporous Ge. Dashed line is the linear fit, which gives resistivity, and dotted
lines are confidence interval bounds calculated using standard deviation on the fitting parameters. Error in
A is 3%, in t is ±50 nm, and in RT is determined from the standard deviation of multiple measurements for
each sample. The resistivity of as-prepared porous Ge is found to be 1100±300Ω cm.

where A, t, and h are indicated in Figure 3.3. Rc is the contact resistance, which is grouped along with

the initial substrate resistance into the thickness-independent term R0. Contact resistance was assumed to

be similar for all samples at each annealing condition because surface porosity variation between samples

annealed at the same temperature is small. In the final expression, we have used the fact that the Ge substrate

resistivity (ρGe ∼ 0.025 Ω cm) is negligible compared to the resistivity of the porous layer. Conductivity is

simply the inverse of resistivity.

Figure 3.4b shows the total resistance (averaged over multiple measurements) as a function of porous

layer thickness for as-prepared mesoporous Ge. A linear fit was performed by weighted least squares and the

resistivity of the mesoporous Ge was found to be 1100±300Ω cm, five orders of magnitude larger than that

of the original Ge substrate. The uncertainty corresponds to the standard deviation of the fitting parameters.

The large increase in resistivity after porosification can be explained by the high surface to volume ratio

of mesoporous Ge films, on the order of 107 cm−1, and the high density of surface states generated on the

pore walls. Although the surface state density has yet to be measured in mesoporous Ge, total surface state

densities of at least 1013 cm−2 and possibly exceeding 1014 cm−2 are expected for Ge with native oxide [123–

126]. For clean Ge surfaces, surface state densities may be on the order of 4×1014 cm−2eV−1, assuming (as

in section 3.1.3.4) that the states are evenly distributed throughout the band gap [123, 126]. The impact of
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Figure 3.5: Porous Ge resistivity as a function of annealing temperature. The inset shows the resistivi-
ties between 450°C and 550°C on a smaller scale for clarity. The transition between porous and granular
morphologies is indicated. The large uncertainty associated with the data point at 400°C is due to signifi-
cant variability between samples that is presumed to be caused primarily by inconsistent contact resistance.
Conductivity is given on the secondary y-axes.

surface states on carrier transport has previously been observed in Ge nanowires [124, 125] as well as in

porous silicon layers [110, 127]. Surface states trap carriers, creating a space charge region and depleting

the free carrier concentration in the material [110, 124, 125, 127, 128] while simultaneously reducing carrier

mobility [129]. This results in the high resistivity (low conductivity) that we have observed in the porous

material.

These assumptions are further supported by relating changes in electrical behaviour to morphologi-

cal changes induced by annealing. After annealing at 450°C, the transition from a porous structure to a

granular-type structure caused the resistivity to decrease by two orders of magnitude relative to that of the

as-prepared mesoporous Ge. The dependence of resistivity and conductivity on annealing temperature is

shown in Figure 3.5.

When the Ge nanocrystallites are small, surface state interactions dominate the electrical transport prop-

erties. With increasing nanocrystallite size, the specific surface area of the material goes down and surface

states become less important. The most significant change in resistivity occurred at the transition to granu-

lar morphology after annealing at 450°C; however, the resistivity continued to decrease at higher annealing

temperatures as the crystallites continued to grow. At temperatures exceeding 550°C, variations between
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samples became dominant relative to the trend of increasing resistance with porous layer thickness and so it

was not possible to extract reliable estimates of resistivity.

3.1.3.3 Structural analysis

To investigate the processes behind the morphological and electrical transformations that occurred with ther-

mal annealing, further analysis of crystallographic properties and surface chemistry was performed.

X-ray diffraction measurements were performed to investigate the crystal structure before and after an-

nealing. The diffraction signal between 20° and 100° for as-prepared mesoporous Ge with a layer thickness

of 2 µm on the parent substrate wafer is shown in Figure 3.6 together with those of porous layers annealed at

temperatures from 350 to 650°C. The samples were measured immediately after preparation and transported

in propanol to prevent the formation of an oxide. All the diffraction peaks are identified and correspond

to the diamond lattice structure of Ge with a lattice constant of 5.65 Å. No peaks from oxides such as

GeO2 (hexagonal or tetragonal) were observed within the detection limit of our equipment. For as-prepared

mesoporous Ge, only one significant diffraction peak was observed, originating from the (400) plane family.

X-ray diffraction measurements were performed on single crystal samples using a powder diffractometer,

and therefore the intensity of the (400) peak varied between samples depending on the orientation. The

relative intensity of the peaks between samples is not important.

After annealing at temperatures exceeding 450°C, diffraction peaks were observed from several addi-

tional crystallographic directions suggesting that randomly oriented crystallites were formed. The peaks

from mesoporous Ge samples annealed at 550°C and 650°C coincide with the diffraction signature that can

be observed in poly-Ge [130], confirming the polycrystalline nature of the nanostructures for this range of

annealing temperatures. Atom migration and Ostwald ripening led to the formation of misoriented nanocrys-

tallites that had lost crystallographic coherence with the substrate during annealing at high temperatures. The

appearance of polycrystalline Ge signified the presence of trap states at grain boundaries that have a similar

effect to the surface states on void walls, reducing majority carrier concentration and mobility and limiting

the conductivity of the material [131]. The observed increase in conductivity after annealing would likely be

even more significant if crystallographic order was maintained throughout the process.

The wide diffraction peak observed near 66° at all temperatures in Figure 3.6 is amorphous-like in shape.

A similar effect has been observed by X-ray diffraction in porous Si [132] and by Raman spectroscopy in

porous Ge [133]. No disordered region was observed in the TEM image corresponding to the amorphous
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Figure 3.6: X-ray diffraction signal of as-prepared mesoporous Ge (as-prep.) and after annealing at 350
– 650 °C. Note: single crystal samples were measured on a powder diffractometer and so relative peak
intensity between samples is due to the orientation of the sample and is of no significance. For as-prepared
mesoporous Ge, only the (400) diffraction peak is observed. At annealing temperatures exceeding 450 °C,
polycrystallinity is observed as the appearance of new peaks including (111), (220), (311), (331), and (511).
Inset shows the full peak for the as-prepared mesoporous Ge sample, scaled by a factor of 10-2 relative to
the as-prepared peak shown in the main image.
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phase for as-prepared mesoporous Ge near the interface with the bulk substrate (see Figure 3.1d).

As-prepared mesoporous Ge is coated with covalently bonded hydrogen [94, 134], providing electronic

passivation [135] of the surface. We investigate the stability of this coating by studying hydrogen desorption

with thermal annealing to clarify the surface diffusion mechanism that results in a reorganization of the

structure in mesoporous germanium and to see its influence on electrical properties.

Fourier transform infrared (FTIR) spectra were recorded for mesoporous Ge layers at a series of an-

nealing temperatures to monitor the hydrogen desorption. The transmission FTIR spectrum of as-prepared

mesoporous Ge (Figure 3.7) reveals an absorbance band in the range of 1900− 2100 cm−1 attributed to

germanium hydride GeHx stretch mode vibrations. This asymmetric stretching band is dominated by two

components at 1982 and 2024 cm−1, corresponding to germanium mono- and di-hydride species, with a

smaller component at 2063 cm−1 associated with the tri-hydride [135, 136]. Due to the high surface area of

mesoporous Ge compared to a 2D bulk Ge surface [94], the mono-, di-, and tri-hydride stretch modes can be

clearly distinguished and their positions are indicated in the spectrum. Such varied H-termination is typical

of an atomically rough or porous material, such as porous Si [137].

Figure 3.7 shows the evolution of the GeHx absorbance band after annealing at temperatures ranging

from 250°C to 550°C for 10 minutes. The annealing process is identical to that carried out to induce morpho-

logical changes (see Section 3.1.2.2). The band was modelled as the sum of three Gaussians corresponding

to the three stretch modes [34]. The amount of GeHx absorbance decreased with annealing temperature.

This is attributed to the surface diffusion of germanium atoms along the pore walls, which tends to minimize

the high surface energy [138].

Figure 3.8 illustrates the strong non-linear dependence of the integrated absorbance on annealing tem-

perature. In the range of 250°C to 350°C, the infrared absorbance decreased abruptly due to hydrogen

desorption [137], causing the formation of dangling bonds, which facilitated the surface diffusion of germa-

nium atoms and the changes in morphology observed with thermal annealing. The most significant desorp-

tion (between 250°C and 350°C), preceded the abrupt morphological transformation that occurred at 450°C

(see Figure 3.1). This suggests that hydrogen desorption and Ostwald ripening may not be simultaneous

processes. In this case, there may have been an increase in the surface state density prior to the onset of sig-

nificant Ostwald ripening, which would explain the observed increase in resistivity of the samples annealed

at 400°C. The hydrogen is almost fully desorbed after annealing at 550°C.
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Figure 3.8: Integrated absorbance of the three GeHx species as a function of annealing temperature.

3.1.3.4 Electrical transport modelling

Banerjee et al. proposed simple electrostatic models for the free carrier concentration and mobility in an-

nealed porous Si [128, 129]. Starting from this framework, we have developed new models specifically

for as-prepared and annealed porous Ge. Key differences in these models relative to those introduced by

Banerjee et al. include the calculation of the electric potential in three dimensions rather than one, the ex-

pansion of the mobility model into multiple terms combined according to Matthiessen’s rule, and the choice

of cylindrical pore as well as spherical void unit cell geometries to represent mesoporous and voided materi-

als, respectively. This model is intended to be indicative, and more detailed experimental characterization of

key material parameters (such as surface state density and internal surface area) will improve its accuracy.

The columnar pores of as-prepared mesoporous Ge were modelled as cylindrical pores within cubic unit

cells, shown in Figure 3.9a, assuming periodic repetition of the unit cells through all space. This periodic

array of identical pores is meant to represent the average pore shape, size, and distribution over a large area.

We do not attempt to model the complex granular morphology produced by annealing at lower temper-

atures, and rather turn our attention to the voided Ge material that begins to form in some samples after

annealing for 10 minutes at temperatures exceeding 550°C (see Figure 3.1p). We have chosen to represent

this system as a network of Ge nanocrystallites divided by spherical voids, shown in Figure 3.9b. As with the

columnar pores, this model applies a periodic array of identical voids to represent an average geometry over

a large area, rather than attempting to incorporate the non-uniformity in void shape, size, and distribution

that is characteristic of voided Ge materials [106, 121]. This spherical void model would best be applied to
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Figure 3.9: Unit cells for (a) as-prepared and (b) annealed porous Ge electrical transport models. The
dimension of the unit cell is given by ‘d’ and the radius of the pore/void is given by ‘a’. (c-d) Schematic of
carrier densities and band diagrams for unit cells that are (c) partially and (d) fully depleted of carriers under
the depletion approximation. Ionized acceptor atoms are indicated by (−) and holes trapped by surface states
are indicated by (+). The conduction Ec and valence Ev bands, the Fermi level EF, the neutral level Φ0, and
the width of the space charge region W are shown. The energies of the bands are determined relative to the
bottom of the valence band at the void-Ge interface. The band bending is determined by the electrostatic
potential at the boundary of the space charge region, (W + a). Spatial markers relate the band diagrams to
the corresponding carrier density schematics.

Ge layers with a high density of spherical cavities, which can be synthesized by annealing of mesoporous

Ge under certain conditions, as shown in previous studies [106, 121].

Schematics of the band diagrams are shown in Figure 3.9c-d where the effect of the surface states on the

bands is illustrated near the void-Ge interface. Surface state energies are assumed to be distributed uniformly

throughout the band gap [123, 139]. The neutral level Φ0 represents the level at which the surface would be

charge neutral if all surface states below were occupied and all surface states above were vacant. In p-type

Ge, the Fermi level is below the neutral level and so the surface states act as donors, trapping p-type carriers
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and creating a buildup of positive charge on the surface. This separation of charge creates a space-charge

region surrounding the void, inducing band bending at the interface. Assuming a density of surface states Ns,

a doping concentration Na, and taking the unit cell to be charge neutral, the width of the space charge region

W was calculated using Gauss’ law to solve for the electric potential φ under the depletion approximation

where it was assumed that the space charge region was depleted of carriers and that the electric field was

confined to this region (see Supporting Information, section 3.1.A.3).

Once the space charge region was defined, the depletion approximation was relaxed. The spatial density

of carriers is given by

p (r) =



0 0 ≤ r < a

Na exp
[
−

qφ∞(r)
kBT

]
a ≤ r < W + a

Na r ≥W + a

(3.2)

where φ∞ is the electric potential defined relative to infinity. The approximate spatial carrier density is shown

in figure 3.9c-d for the cases where the unit cell is partially and fully depleted of carriers under the depletion

approximation. The average carrier concentration pave in porous Ge was found by integrating the spatial

density over the volume of Ge in the unit cell.

The mobility µ was calculated using Matthiessen’s rule with a correction factor (1–P), where P is

porosity, to account for the fact that no carriers can travel in the void.

µ =

(
1
µGe
+

1
µvoid

)−1
(1−P) (3.3)

where µGe is the mobility of bulk Ge calculated according to Klassen’s unified mobility model [140] based on

parameters from Palankovski [141] (see Supporting Information, section 3.1.A.4). The mobility contribution

due to the voids is given by

µvoid = C
1

Nsv
(3.4)

where Nsv = NsEg
(
Avoid/d3) is the number of surface states per unit volume (Avoid is the surface area of the

void) and C is a fitting parameter.

Having calculated the average carrier concentration and mobility, it is straightforward to calculate the

resistivity:

ρ =
1

qpaveµ
=

1
σ

(3.5)
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where σ is conductivity.

The fitting parameter C was found by comparing to the experimental resistivity for as-prepared porous

Ge. We assumed a pore diameter 2a = 7 nm, a porosity P = 70%, and a doping concentration Na = 3×

1017 cm−3 assuming uniform spacing and 100% activation. A surface state density Ns = 4×1014 cm−2 eV−1

is chosen to agree with expectations for clean Ge surfaces [123, 126]. The neutral level Φ0 was taken to be

one third of the bandgap [139] (0.22 eV). Based on these assumptions and setting ρ = 1100 Ωcm, a value of

C ∼ 320,000 cm−1 V−1 s−1 was obtained.

The modelled free carrier concentration, carrier mobility, and resistivity for as-prepared mesoporous Ge

are shown as a function of pore size in Figure 3.10a-c. For a void diameter of 7 nm and a porosity of

70%, the average free carrier concentration is reduced by three orders of magnitude relative to the substrate

doping density and the mobility is reduced by two orders of magnitude. These reductions are caused by the

strong influence of surface states near the void-Ge interface. As anticipated, both carrier concentration and

mobility increase as the pores become larger and further apart, resulting in increased conductivity. Similar

trends are observed for the spherical void model. The cusp-like features observed in the carrier concentration

and resistivity curves correspond to the transition from the fully depleted case to the partially depleted case

(see Supporting Information, section 3.1.A.3). As the porosity increases, the fully depleted case applies over

a wider range of void sizes. In the partially depleted case for large void size, both carrier concentration

and mobility scale with (1−P). This is also the limiting case when the surface state density goes to zero.

Reducing the surface state density could increase the conductivity by up to five orders of magnitude for

highly porous materials with small pore size.

Figure 3.10c and f show a comparison between the modelled and experimental conductivities for as-

prepared porous Ge and after annealing at 550°C. We did not directly compare the experimental data at other

annealing temperatures to the model because of the substantial difference between the modelled geometry

(spherical voids) and the true morphology of the material (interconnected granular crystallites). Although

the morphology of the sample shown in Figure 3.1 after annealing at 550°C also has granular form, at this

temperature we started to see the formation of spherical voids in some samples. The margins of average void

size indicated in Figure 3.10f are determined by assuming the void size is equivalent to the average spacing

between crystallites for samples with granular morphology.

The continuously decreasing resistivity shown in Figure 3.10 as a function of void size does not strictly

agree with what was observed in experiment, where we first saw an increase after annealing at 400°C before
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Figure 3.10: (a, d) Average free carrier concentration, (b, e) carrier mobility, and (c, f) resistivity of (left)
as-prepared and (right) annealed mesoporous Ge. Conductivity is shown on the secondary y-axis of (c) and
(f). Electrical properties are shown for a variety of porosities as a function of pore/void size. A doping
concentration of 3×1017 cm−3 and an interface state density of 4×1014 cm−2 eV−1 are assumed. Highlighted
regions show the range of diameters over which the model can be compared with experimental results, for as-
prepared mesoporous Ge (left) and after annealing at 550°C (right). Arrows indicate direction of increasing
porosity. Values for bulk Ge (substrate) are shown. Simulated results are not shown for annealed mesoporous
Ge with 70% porosity because porosities exceeding 52% are not permitted for the selected unit cell geometry.
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the expected decrease was observed. The reason for this discrepancy is that the model assumes the density of

surface states is unchanged for all void sizes. This does not account for the variation in hydrogen coverage

observed in experiment, where we expect that significant hydrogen desorption first results in an increased

surface state density prior to the onset of significant Ostwald ripening.

Given that the porosity of mesoporous Ge is expected to decrease with annealing due to thinning of the

porous layer that was observed experimentally (see Figure 3.1k-p), the estimation of porosity in the range

of 30-50% after annealing at 550°C for 10 minutes, obtained by comparing the experimental and theoretical

results in Figure 3.10f, is reasonable. This implies that surface state densities are similar for as-prepared

mesoporous Ge and for annealed mesoporous Ge after the onset of Ostwald ripening, indicating that any

initial increase in surface states density is countered by the rearrangement of the Ge atoms at sufficiently

high temperature. Decreasing the surface state density by optimizing the surface passivation would allow for

significant enhancement of the mesoporous Ge conductivity.

For smaller crystallite sizes, quantum confinement effects are expected to change the band-gap [77, 102].

This effect was not included in this model because it has yet to be well characterized for mesoporous Ge

materials. Inclusion of this effect will improve the accuracy of this model, particularly for high porosities

and small pore or void sizes [128].

Values used for the neutral level and the density of surface states are estimated and assumed to be un-

changed by thermal annealing. Experimental measurements of these values for the material systems being

studied (before and after thermal treatment) would improve the accuracy of the model. Additionally, exper-

imental determination of the internal surface area of mesoporous Ge would be highly beneficial, given that

the pores are not smooth cylinders as was assumed in the model, and this may increase the effective interface

state density that should be used. Further discussion of the impact of interface state density on the simulated

transport properties is included in the Supporting Information, section 3.1.A.5.

3.1.4 Conclusion

The resistivity of as-prepared mesoporous Ge with an average porosity of 72% and crystallite sizes ranging

from 4-10 nm was found to be ∼ 1100 Ωcm, five orders of magnitude higher than that of the p-type Ge

substrate (0.025 Ωcm). This high resistivity is due to the high density of surface states on the pore walls,

which trap free carriers, significantly reducing average carrier concentration and mobility, and could be

useful for electrical isolation in Ge circuits. This is supported by modelling results, which suggest that there
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is a depletion of carriers by several orders of magnitude for mesoporous samples with high porosity.

Thermal annealing initiated hydrogen desorption from the pore walls and surface diffusion of Ge atoms

via Ostwald ripening, allowing the size of the Ge nano-crystallites to be predictably controlled by varying

the annealing temperature and duration. At low annealing temperatures (< 450°C), considerable hydrogen

desorption was observed without significant changes in the morphology of the material. We predict that this

imbalance results in an increased surface state density, which would explain the increased resistivity observed

after annealing for 10 minutes at 400°C relative to the resistivity of as-prepared mesoporous Ge. A morpho-

logical transformation was observed after annealing for 10 minutes at 450°C from porous-type material to

a granular crystallite structure. Long range crystalline order, which was observed after the etching process,

was slowly lost during annealing as the Ge atoms reorganized. The average size of the crystallites increased

exponentially with annealing temperature until they connected to each other, creating a layer of nano-voids

beneath the surface after annealing at 550 - 600°C. Increasing crystallite size reduced the influence of surface

states on the electrical properties of the material, and our electrostatic model predicted rapidly decreasing

resistivity with increasing void size. This was clearly observed in experiment after annealing at 450°C where

an abrupt drop in resistivity by two orders of magnitude relative to the as-prepared mesoporous Ge occurred.

The high resistivity of mesoporous Ge after initial preparation and the variability with annealing demon-

strates the potential for mesoporous Ge materials to be used as tunable resistors or insulating layers in a

variety of applications. Furthermore, we believe that the resistivity can be sufficiently reduced to allow for

annealed mesoporous Ge to be used in energy conversion and storage applications.
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3.1.A Supporting Information

3.1.A.1 Measuring porosity by infrared reflectance

Infrared light incident on the surface of as-prepared mesoporous Ge samples is reflected from both the top

interface (air to porous Ge) and the bottom interface (porous Ge to Ge substrate). Interference between reflec-

tions from the two interfaces generates Fabry-Perot fringes in the reflectance spectrum shown in Figure 3.11.

The interference pattern is used to determine the refractive index of the film using the following expression:

nr,PGe =
m

2δv t
(3.6)

where m is the number of fringes within wavenumber region δv and t is the film thickness, estimated from

SEM images.

In the approximation of an isotropic medium, the Landau-Lifshitz-Looyenga model [142] is well suited

for determining the porosity of the mesoporous Ge layer. In the case of freshly prepared porous Ge, the

refractive index is a weighted average of the refractive indices of Ge and air

P =
n2/3

r,PGe−n2/3
r,Ge

1−n2/3
r,Ge

(3.7)
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Figure 3.11: Infrared reflectivity spectra of as-prepared mesoporous Ge layer with a thickness of 2.88 µm
and a porosity of 72%. There are m = 5 clearly defined Fabry-Perot fringes between 2163 and 7254 cm−1(
δv = 5061cm−1) .
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where we have taken the refractive index of air to be unity. The refractive index of Ge is reasonably stable

around nGe ≈ 4 in the range of interest.

The porous layer thickness for the sample corresponding to the data in Figure 3.11 is 2.88 µm, and so

the calculated porosity is 72%.

3.1.A.2 Relationship between annealing temperature and surface crystallite size

Figure 3.12 shows the average crystallite size of mesoporous Ge for various annealing temperatures, depicted

as an Arrhenius plot. The activation energy (Ea) for this mass-diffusion process is found to be 0.69 eV, larger

than the activation energies found for sintering of porous Si (0.16 – 0.23 eV) [122, 143]. The crystallite size

varies strongly with temperature and obeys the Arrhenius-like relation:

dcrystallite ∝ exp
(
−

Ea
kBT

)
(3.8)

where k is the Boltzmann constant.
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of annealed meso-

porous Ge.
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Table 3.1: List of parameters used in determining the space charge region and the Fermi level.*

Parameter Description Value/Units

q Elementary charge on an electron C (f.c.)

εr Relative permittivity (Ge) 16.2

ε0 Vacuum permittivity F/m (f.c.)

Na Doping concentration cm−3

Ns Surface state density cm−2 eV−1

Nv Effective density of states in the valence band (Ge) 5×1018 cm−3

Ev Valence band edge eV

Avoid Surface area of a void cm2

VS.C. Volume of the space charge region cm3

*Fixed values are given, fundamental constants are indicated by (f.c.).

3.1.A.3 Defining the space charge region and the Fermi level

By Gauss’ law under the depletion approximation, the electric potential in the cylindrical pore unit cell,

calculated relative to the center of the void, is

φcyl (r) =



0 0 ≤ r < a

qNa
2εsε0

[
r2−a2

2 −(W + a)2 ln
(
r
a

) ]
a ≤ r < W + a

qNa
2εsε0

[
(W+a)2−a2

2 −(W + a)2 ln
(
W+a
a

) ]
r ≥W + a

(3.9)

Similarly, for the spherical void unit cell, the potential is given by

φsph (r) =



0 0 ≤ r < a

qNa
3εsε0

[
r2−a2

2 −(W + a)3
(

1
r −

1
a

)]
a ≤ r < W + a

qNa
3εsε0

[
3(W+a)2−a2

2 −
(W+a)3

a

]
r ≥W + a

(3.10)

All parameters are defined in Table 3.1.

The space charge width W is calculated using the charge neutrality condition where it is assumed that

the charges contributed by the positively charged surface states (QS) and by the ionized acceptor atoms (QV)
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sum to zero.

QS+QV = 0 (3.11)

QS = qNs Avoid (Φ0−EF) (3.12)

QV = −qNaVS.C. (W) (3.13)

where VS.C. is the volume of the space charge region.

We first assume that the space charge region has the same symmetry as the void (either cylindrical or

spherical). Assuming all acceptor atoms are fully ionized, the Fermi level EF is found using the standard

expression for the carrier concentration in a bulk semiconductor

p0 = Nve−
EF−Ev
kBT � Na (3.14)

The valence band edge Ev, indicated in Figure 3.9c, is given by

Ev = −qφ (W0+ a) (3.15)

using φcyl or φsph, as appropriate. The baseline width of the space charge region (W0) is found by numerically

solving the transcendental equation (3.11). There are three scenarios that arise, depicted in Figure 3.13.

a) The space charge region is fully contained within the unit cell. In this case, the Fermi level is appro-

priate and we can proceed with W ≡W0.

b) The baseline space charge width W0 extends beyond the boundaries of the unit cell in some directions

but not in others. In this case, we define a space charge region that is no longer symmetrical about

the void and is instead bounded by the unit cell wherever W0 extends beyond its boundaries. W0 is

incremented in steps of 0.01 nm until either the charge neutrality condition is satisfied or the space

charge region reaches the boundaries of the unit cell in all directions (see case c).

c) The baseline space charge width W0 extends beyond the boundaries of the unit cell in all directions.

In this case, we assume the entire unit cell is depleted of carriers and adjust the Fermi level to satisfy

the charge neutrality condition (equation 3.11). The final space charge width is maximized such that

W = d
√

3
2 − a.
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Figure 3.13: (a) Space charge region is contained within the unit cell. (b) When the baseline space charge
width W0 extends beyond the boundaries of the unit cell in some directions, the width is redefined so that it
is fully contained. (c) When the baseline space charge width extends beyond the boundaries of the unit cell
in all directions, the width is redefined to terminate at the boundaries of the unit cell and the Fermi level is
adjusted accordingly.

Table 3.2: Parameters from Palankovski used for calculating the p-type carrier mobility of bulk germanium
at room temperature.

Parameter Value

µmax 1800 cm2/Vs
µmin 300 cm2/Vs
Nref 1017 cm−3

3.1.A.4 Mobility contributions from lattice and charged impurity scattering

The Ge p-type mobility comprises components due to lattice scattering and due to scattering of charged

impurities. This is calculated according to Klaasen’s unified mobility model [140]

µGe =

(
1

µlattice
+

1
µimpurities

)−1
(3.16)

µlattice = µmax (3.17)

µimpurities =
µ2

max
µmax− µmin

(
Nref
Na

)
+

µmaxµmin
µmax− µmin

(
pave
Na

)
(3.18)

with parameters from Palankovski [141] given in Table 3.2.

For bulk Ge, the average carrier concentration is roughly equal to the doping density (pave ≈ Na) and
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Klaasen’s model gives identical results to Palankovski. In mesoporous germanium, pave < Na and so the

resulting mobility calculated using Klaasen’s model is lower than results computed according to Palankovski.

Note that this model is only valid at room temperature and does not include minority impurity scattering

or electron-hole scattering as these effects are assumed to be negligible for this system.

3.1.A.5 Effect of interface state density on transport model

The interface state density for mesoporous Ge has not yet been measured, and so estimated values from the

literature are used in the electrostatic model that has been described. Here, the impact of the surface state

density on simulated transport properties is explored for densities ranging from 5×1012 to 5×1015 cm−2 eV−1

(see Figure 3.14).

As the interface state concentration increases, we first see a large drop in average carrier concentration

(Figure 3.14a); however, for interface state densities exceeding 5× 1013 cm−2 eV−1, the number of surface

states is so large that enlarging the interface state density further has minimal impact. Conversely, the impact

of the interface states on mobility becomes dominant as the interface state density increases (Figure 3.14b).

Overall, the resistivity increases considerably with increasing surface state density, as shown in Figure 3.14c.

It should be noted that the calculations shown in Figure 3.14 were done using the fitting parameter C ∼

320,000 cm−1 V−1 s−1, which was obtained by comparison to experiment assuming an interface state density

of 4× 1014 cm−2 eV−1. If the true interface state density of the material differs from this value, the fitting

parameter C must differ as well, and so the mobilities and resistivities shown in Figures 3.14b and c would

change accordingly; however, the general trends shown in figure 3.14 would be the same.

Ultimately, obtaining an accurate measurement of the interface state density for mesoporous Ge and es-

tablishing the effect of annealing on this value will greatly improve the accuracy of this model for the material

systems under investigation. Furthermore, the preliminary simulation results shown in Figure 3.14 suggest

that surface treatment in order to reduce the interface state density (see for example [144, 145]) in addition

to varying the morphology may prove to be highly effective in tuning the conductivity of mesoporous Ge

films.
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Figure 3.14: (a) Modelled average free carrier concentration, (b) carrier mobility, and (c) resistivity of
mesoporous Ge as a function of pore/void size for interface state densities ranging from 5 × 1012 to
5 × 1015 cm−2 eV−1. Conductivity is shown on the secondary y-axis of (c). A doping concentration of
3× 1017 cm−3 and a porosity of 50% are assumed. Arrows indicate direction of increasing interface state
density. Values for bulk Ge are shown.
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3.2 Modelling of triple-junction solar cells on voided Ge/Si substrates

MEGHAN N. BEATTIE, YOUCEF A. BIOUD, ABDERRAOUF BOUCHERIF, DOMINIQUE DROUIN, RICHARD ARÈS,

CHRISTOPHER E. VALDIVIA, AND KARIN HINZER

Scope and impact

The following is a reproduction of a conference proceeding that was presented at the 7th World Conference

On Photovoltaic Energy Conversion, June 2018, Waikoloa, Hawaii, with the original title: “III-V Multi-

Junction Solar Cells on Si Substrates with a Voided Ge Interface Layer: A Modeling Study” [146]. The

publication describes my work simulating III-V multi-junction solar cells on Si substrates engineered using

a voided germanium compliance layer to accommodate the lattice mismatch. The simulations make use of

the electrostatic model described in Section 3.1 and consider the impact of threading dislocations on the PV

device performance. Our results indicate that for a triple-junction solar cell (InGaP/GaAs/Ge) grown on a

silicon substrate, devices with threading dislocation densities on the order of 106 cm−2 and 104 cm−2 could

respectively attain ∼ 76% and ∼ 93% of the efficiency of a comparable defect-free device. Furthermore, the

majority of the losses come from the Ge subcell, indicating that alternative designs that neglect the Ge cell

may yield improved efficiencies.

The simulations imply that voided Ge/Si engineered substrates are well-suited to applications within

III-V PV devices due to the very low dislocation densities ≤ 104 cm−2 that they can achieve [32].
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Abstract

Multi-junction solar cell efficiencies far exceed those attainable with silicon photovoltaics; however, the

high cost of materials remains a barrier to their widespread use. Substantial cost reduction could be achieved

by replacing the germanium substrate with a less expensive alternative: silicon. However, threading dis-

locations introduced by the lattice mismatch between silicon and other layers have a detrimental effect on

performance. In this research, we seek to accommodate lattice mismatch by introducing a voided germanium

interface layer on the silicon substrate to intercept dislocations and prevent them from reaching the active

layers. We present simulation results exploring the effect of threading dislocations and substrate doping on

device performance. For insufficient substrate doping, a potential barrier forms at the germanium/silicon

interface, restricting current flow. This barrier becomes larger under concentration, necessitating higher dop-

ing ∼ 1019 cm−3 in the substrate layer. We show that for dislocation densities of 106 cm−2, an efficiency of

28% is theoretically achievable under 100 sun concentration when the voided germanium interface and the

silicon substrate are highly doped. For very low defect densities of 104 cm−2, an efficiency of 36% could be

achieved.

3.2.1 Introduction

The highest efficiency solar cells commercially available use multiple lattice-matched junctions to harness as

much of the sun’s energy as possible. These devices, based on III-V semiconductors, are grown on relatively

expensive germanium substrates with only a fraction of the substrate being used for energy generation while

the remainder serves as a mechanical support. Even under concentration, the system cost is too large to

compete with standard silicon photovoltaics for many applications. Various techniques are being explored to

reduce the cost of III-V semiconductor technologies by either substrate removal and reuse [147] or replace-

ment of the substrate with a less expensive alternative, such as silicon [148].

When germanium is grown on silicon, the lattice mismatch between the materials (about 4%) causes a

high density of defects at the interface. Many of these defects propagate towards the surface, resulting in

http://www.ieee.org/publications_standards/publications/rights/rights_link.ht
http://www.ieee.org/publications_standards/publications/rights/rights_link.ht
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threading dislocations that inhibit minority carrier collection [148]. In this research, we are investigating the

use of a voided germanium interface layer to intercept dislocations before they reach the surface, enabling

epitaxial growth of high quality Ge, IV (e.g. SiGeSn), and III-V (e.g. InGaAs, InGaP) semiconductors on Si

substrates.

By modelling multi-junction solar cell (MJSC) designs on Si substrates, we investigate the impact of

threading dislocations on device performance. With highly doped Si, we show that it is theoretically pos-

sible to achieve device efficiency approaching 30% under 100 sun illumination with dislocation densities

approaching 106 cm−2, while for low defect densities of 104 cm−2, we calculate efficiencies exceeding 36%.

3.2.2 Results and Discussion

3.2.2.1 Voided Germanium Interface Layer in MJSC

Mesoporous Ge, formed by bipolar electrochemical etching [33, 34], is transformed into quasi-monocrystalline

voided Ge during thermal annealing, when atoms on the surface of the pores gain sufficient energy to move

to more energetically favorable positions [121]. The pores in the bulk of the material enlarge while simul-

taneously closing off near the surface, forming cavities with dimensions on the scale of tens of nanome-

ters beneath a cohesive crystalline surface (Figure 3.15a). The Ge material directly below the surface is

highly monocrystalline (Figure 3.15b), while the crystallinity in the bulk of the voided layer is less pristine

(Figure 3.15c).

When voided Ge is formed on a Si substrate, the voids act as a barrier to threading dislocations originating

at the Ge/Si interface, terminating them before they reach the surface [149]. The surface dislocation density

is reduced, presenting a higher quality template for epitaxial growth. Preliminary experiments have shown

that the threading dislocation density can be reduced by three orders of magnitude, with the potential for

further reductions through optimization of the process.

Figure 3.15d shows a schematic of the multi-junction solar cell design that we propose, using a voided

Ge interface layer between the silicon substrate and the active layers of the device. A layer of voided Si near

the interface forms as a consequence of the fabrication process. The void fractions in the voided Ge and Si

are 0.4 and 0.7 respectively. Layer schematics for the bottom Ge subcell, the voided interface layer, and the

substrate are given in Table 3.3.
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Figure 3.15: (a) Scanning electron microscopy (SEM) image of voided Ge. (b), (c) Transmission electron
microscopy (TEM) images showing crystallinity of Ge near the surface and in the bulk of the voided material,
respectively. The insets show the Fourier transforms of the TEM images. (d) Schematic of the proposed
MJSC design.

Table 3.3: Layer schematics for bottom Ge subcell, voided interface layer, and substrate.

Layer Material Doping
(

cm−3) Thickness (µm)

FSF n-GaInP 7×1017 0.5

Emitter n-Ge 1×1018 0.1

Base p-Ge 5×1017 2

BSF p-Ge 1×1020 0.05

Interface 1 Voided p-Ge p-Ge Na 1

Interface 2 Voided p-Si p-Si Na 1.5

Substrate p-Si p-Si Na

3.2.2.2 Electrostatic Models

Electrical transport properties of the quasi-monocrystalline Ge are estimated using electrostatic models, de-

scribed in Ref. [6], inspired by the work of Banerjee et al. [128, 129]. These models of carrier concentration

and mobility in p-type porous and quasi-monocrystalline Ge were found to agree within an order of mag-

nitude to experimental resistivities [6]. The same models were used for the quasi-monocrystalline Si layer

with key parameters determined based on experimental data from Dittrich [7] and Rinke [150]. The mod-

els account for the presence of surface states on the walls of the void, which trap free carriers, generating
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Figure 3.16: Modelled resistivities for porous Ge (a) and porous Si (b) for p-type doping concentrations
ranging from 1017 to 1019 cm−3. Void fractions (VF) and void sizes are chosen to correspond to what
has been observed experimentally: VF = 0.4 and 20 to 50 nm for Ge, 0.7 and 50 to 100 nm for Si. The
surface state densities (Ns) on the void walls are taken to be Ns = 5× 1014 cm−2 eV−1 for Ge [6] and Ns =

1×1011 cm−2 eV−1 for Si [7].

a space-charge region around each cavity. Simulated electrical resistivities are plotted in Figure 3.16 as a

function of doping concentration for both voided Ge and Si for realistic void fraction and size. The influence

of the voids on resistivity is stronger for Ge than for Si due to the higher surface state density on the void

walls. The abrupt changes in the voided Ge resistivity (Figure 3.16a) mark the transition from full to partial

depletion of carriers [6].

In general, predicted electrical resistivities do not exceed 75Ωcm in voided Ge and 23Ωcm in voided Si

for the void fractions, void sizes, and doping concentrations considered here. The maximum series resistance

introduced by the voided interface layers when both are doped at 1017 cm−3 is ∼ 0.01 Ω cm2, which is

sufficiently low to be reasonable for concentrated solar applications.

3.2.2.3 Device Model

Detailed models of triple-junction solar cells on Si substrates using quasi-monocrystalline Ge interface layers

were developed in Synopsys Sentaurus, with the basic geometry shown in Figure 3.15d. The electrostatic
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Figure 3.17: (a) MJSC efficiency (η) under 1 sun for different p-type doping concentrations Na in the voided
Ge interface layer and the Si substrate. Cell designs with different doping combinations are numbered i – ix.
(b), (c) Short-circuit band diagrams for low and high doping in Si (designs i and iii). Conduction and valence
bands, CB and VB, and electron and hole quasi-Fermi levels, EF(e) and EF(h), are indicated. The potential
step at the Si/Ge interface is outlined.

model described in Section 3.2.2.2 is used to determine appropriate electrical transport properties in the

voided Ge and Si layers (average void sizes of 35 and 75 nm are used for voided Ge and Si respectively).

Relevant optical properties for these layers are determined using an effective medium approach [142].

We studied the impact of both doping concentration in the interface layers and the p-doped Si (p-Si)

substrate was studied as well non-zero threading dislocation densities and concentrated illumination. We

determined that high doping in the substrate is critical to achieving reasonable power conversion efficiencies

(Figure 3.17a). This is due to the formation of a potential barrier at the Ge/Si interface, preventing efficient

transport of the majority p-type carriers through the substrate. By introducing high doping levels in the Si(
> 1018 cm−3) , the height of the potential barrier is reduced so that p-type carriers are able to travel freely

(Figure 3.17b-c).1

1Equilibrium band diagrams are shown in Figure 3.21 in the appendix.
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The impact of the threading dislocations on minority carrier lifetime is determined according to [151]:

1
τ
=

1
τmax
+
π3D ·T DD

4
(3.19)

where T DD is the threading dislocation density, D is the minority carrier diffusion constant, and τmax is

the minority carrier lifetime without threading dislocations (T DD = 0). Efficiency drops off quickly with

threading dislocation density, falling from 34.0% to 25.8% as the density increases from 0 to 106 cm−2, for

a solar cell with both Si and Ge doped at 1018 cm−3 (design v in Figure 3.17a). This can be marginally

improved upon (by ∼ 1%) by increasing the doping of the Si substrate to 1019 cm−3 (design vi in Figure

3.17a). The threading dislocations influence the Ge subcell more strongly than the other cells because the

minority carrier lifetimes are longest here (∼ 1 ms compared to 10−8 and 10−10 s for GaAs and GaInP) and

so the second term in equation 3.19 is dominant. The effect is shown in the current-voltage curves in Figure

3.18, where reductions in short-circuit current and open-circuit voltage are immediately observed in the Ge

subcell when threading dislocations are considered in the model. The fill-factor of the Ge subcell is improved

by increasing the Si doping concentration, both with and without threading dislocations.

Low fill-factor and short-circuit current within the bottom subcell limit current flow throughout the de-

vice, reducing the power output of the entire cell. For dislocation densities approaching 106 cm−2, the current

will be limited by the bottom subcell, even at short-circuit.

In most terrestrial applications, multi-junction solar cells are used under concentrated illumination. This

type of deployment requires much smaller cells (reducing material cost) while simultaneously increasing

the efficiency. In the structures modelled here, we see improved cell efficiency only for very high doping

concentrations in the Si
(
1019 cm−3) . For Si doped at 1018 cm−3 , the potential barrier observed at the

Ge/Si interface becomes substantial for the p-type carriers and current transmission through the bottom

subcell is minimal. Neglecting the influence of threading dislocations, a concentration of 10 suns results in

significant current limitation where short-circuit current is no longer proportional to illumination intensity

and the efficiency of the device is reduced by a factor of two relative to the 1 sun case. In the case of Si

doped at 1019 cm−3, we observe an increased efficiency at 10 suns illumination. At 100 suns, the fill-factor

is greatly reduced and we start to see a reduction in short-circuit current. This effect is illustrated by the

current-voltage characteristic of the Ge subcell in Figure 3.19.

Increasing the doping concentration in the Ge interface layer from 1018 to 1019 cm−3 has minimal effect
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Figure 3.18: Current voltage curves of each subcell for Si doped at (a) 1018 cm−3 and (b) 1019 cm−3 (cell
designs v and vi), under illumination of 1-sun AM1.5D. The Ge interface doping is 1018 cm−3 in both cases.
Curves are shown for threading dislocation densities between 0 and 106 cm−2.

Figure 3.19: Current voltage curves in the Ge subcell for illumination at (a) 1 sun, (b) 10 suns, and (c) 100
suns. The Si doping concentrations are 1018 cm−3 (cell design v) and 1019 cm−3 (cell design vi). The Ge
doping concentration is 1018 cm−3 for all cases.
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Figure 3.20: (a), (b) MJSC efficiency for concentrations ranging from 1 to 1000 suns and threading dislo-
cation densities between 0 and 106 cm−2. The Si doping concentration is fixed at 1019 cm−3 and the Ge
interface layer doping concentration is 1018 cm−3 and 1019 cm−3 for (a) and (b) respectively (cell designs vi
and ix). The absolute difference in efficiency between (a) and (b) is shown in (c).

(< 0.01% absolute) on the MJSC efficiency under 1 sun illumination; however, performance is enhanced

under concentration. Substantial improvements in efficiency (8-10% absolute) are observed for increased Ge

interface doping at 10 suns when the Si is doped at 1018 cm−3 ; however, there is a reduction in efficiency

relative to the 1 sun case due to reduced short-circuit current in the Ge subcell (see Figure 3.19).

When the Si is highly doped at 1019 cm−3, performance enhancements are minimal at 10 suns but be-

come significant (> 2% absolute) at concentrations ≥ 100 suns. This is shown in Figure 3.20. At 100 suns,

when both the Si substrate and the voided Ge interface layer are doped at 1019 cm−3, efficiencies are max-

imized for concentrations between 10 and 100 suns for all threading dislocation densities simulated. The

maximum efficiency approaches 30% for high threading dislocation density
(
106 cm−2) and exceed 36% for

low threading dislocation density
(
104 cm−2) . Potential improvements could be achieved at higher threading

dislocation densities by omitting the bottom junction.
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3.2.3 Conclusion

Multi-junction solar cells on silicon substrates have the potential to provide efficiencies that are much su-

perior to standard silicon technology while leveraging silicon’s low cost; however, extreme sensitivity to

threading dislocation densities above ∼ 105 cm−2 as well as the potential barrier at the Ge/Si interface present

important technical challenges. Our calculations under moderate concentration between 10 and 100 suns

with high doping in the Si substrate
(
1019 cm−3) yield theoretical efficiencies exceeding 36% for low thread-

ing dislocation densities
(
≤ 104 cm−2) and approaching 30% for higher dislocation densities on the order of

106 cm−2.
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3.2.A Appendix

3.2.A.1 Equilibrium band diagrams

Equilibrium band diagrams are shown in Figure 3.21 for cell designs i and iii. The misalignment of the

valence band at the Ge/Si interface impedes the flow of free holes travelling from left to right. The barrier is

reduced when the doping of the Si substrate is increased from 1017 cm−3 to 1019 cm−3.
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Figure 3.21: (a), (b) Equilibrium band diagrams for low and high doping in Si (designs i and iii). Conduction
and valence bands, CB and VB, and the Fermi level, EF, are indicated. The boxed regions in (a) and (b) are
shown in more detail in (c) and (d) respectively.

3.2.A.2 Simulated device structure and material parameters

The full layer structure for the simulated triple-junction solar cell on voided Ge/Si is given in Table 3.4,

based off of a standard triple-junction solar cell simulation prepared by Matthew Wilkins [63].

The material parameters used to generate the GaInP/GaAs/Ge solar cell simulations are summarized in

the Tables 3.5 to 3.15.

The Masetti model is used to compute doping-dependent mobility for Si [152]

µ = µmin1 exp
(
−Pc

Nd+Na

)
+

µmax− µmin2

1+
(
Nd+Na
Cr

)αM
−

µ1

1+
(

Cs
Nd+Na

)βM
(3.20)
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The Auger recombination coefficients in Si are calculated according to [153]

AAug = A0,Aug

[
1+HAug exp

(
−{n,p}
N0,Aug

)]
(3.21)

where {n,p} refers to either the electron density n for AAug,n or the hole density p forAAug,p.

The impact of threading dislocations on minority carrier lifetime due to SRH recombination is described

by equation 3.19. This relationship comes from the assumption that the dislocations are uniformly distributed

with an average area per dislocation given by πx2
c = 1/T DD where xc is the unit cell radius. The one-

dimensional continuity equation for transport of minority carriers to the dislocations in p-type material is

∂n
∂t
= D

∂2n
∂x2 (3.22)

Taking the boundary conditions to be n = 0 at x = 0 and ∂n/∂x = 0 at x = xc, equation 3.22 can be satisfied

by [154]

n (x,t) = n0e−t/τTDD sin
(

xπ
2xc

)
(3.23)

where

τTDD =
4

π3D ·T DD
(3.24)

Electrical transport properties for the voided materials were calculated from the electrostatic model de-

scribed in Section 3.1.3.4. Parameters are given in Table 3.12. Optical properties were computed using the

Looyenga effective medium approximation [142], which determines the effective permittivity from the bulk

semiconductor and air. Taking the relative permittivity of air to be 1, the relative effective permittivity is then

εeff =
[
P + (1−P)ε1/3

bulk

]3
(3.25)

Optical parameters for the standard two-layer anti-reflection coating are given in Table 3.13. Surface

recombination within the scope of MJSC simulations is described by Wilkins and Hinzer [63] and parameters

are given in Table 3.14. Additional parameters, listed in Table 3.15, are required to simulate band-to-band

tunneling within the tunnel diode layers of the MJSC structure, namely, the effective Richardson constants

(g) and the effective tunneling masses (mt). Further explanation of these parameters and an overview of the

simulation of tunnel diodes is given by Walker et al. [155].
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Table 3.4: Detailed epitaxial layer structure for triple-junction solar cell on voided Ge/Si.

Region Layer Material Bandgap
(eV) Doping

(
cm−3) Thickness

(nm)

ARC
MgF 100

TiOx 60

Subcell
(top)

n FSF Al0.5In0.5P 2.382 6×1018 25

n emitter Ga0.5In0.5P 1.88 5×1018 100

p base Ga0.5In0.5P 1.88 8×1016 650

p BSF Al0.25Ga0.25In0.5P 1.984 3×1019 50

Tunnel
diode
(top)

p++ TD Al0.3Ga0.7As 1.797 2×1020 30

n++ TD Ga0.5In0.5P 1.88 6×1019 30

Subcell
(middle)

n FSF Al0.8Ga0.2As 2.05 1×1019 30

n emitter GaAs 1.424 3×1018 100

p base GaAs 1.424 1×1017 2500

p BSF Al0.2Ga0.8As 1.672 1×1019 80

Tunnel
diode

(bottom)

p++ TD Al0.3Ga0.7As 1.797 1.2×1020 30

n++ TD GaAs 1.424 6×1019 30

Subcell
(bottom)

n FSF Ga0.5In0.5P 1.88 7×1017 50

n Emitter Ge 0.661 1×1018 100

p Base Ge 0.661 5×1017 2000

p BSF Ge 0.661 1×1020 50

Interface
Voided Ge 0.661 p-Ge Na* 1000

Voided Si 1.125 p-Si Na* 1500

Substrate p substrate Si 1.125 p-Si Na*

* Modified in simulation.



CHAPTER 3. Voided Ge/Si substrate for III-V multi-junction solar cells 85

Table 3.5: Material parameters at 300 K used for Ga0.5In0.5P in MJSC simulations. Values for electrons and
holes are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 12.005 [156]

Refractive index nr, κ Tabulated [157]

Band structure

Eg (eV) 1.88 [158]

∆Eg (eV) See reference [156]

χ (eV) 3.924 [4]

mc/m0 0.08515 [158]

mv/m0 0.7125 [156]

Mobility

µmax
(
cm2/Vs

)
4300, 150 [62]

µmin
(
cm2/Vs

)
400, 15 [62]

N0
(
cm−3) 2.0×1016, 1.5×1017 [62]

A∗ 0.70, 0.80 [62]

Recombination

Brad
(
cm3/s

)
1×10−10 [156]

τmax (s) 2×10−8, 2×10−8 [63]

τmin (s) 0, 0 [63]

N0
(
cm−3) 1×1019, 1×1019 [63]

γ∗ 1, 1 [63]

AAug 3×10−30, 3×10−30 [158]
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Table 3.6: Material parameters at 300 K used for GaAs in MJSC simulations. Values for electrons and holes
are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 12.91 [156]

Refractive index nr, κ Tabulated [159]

Band structure

Eg (eV) 1.424 [4]

∆Eg (eV) See reference [160]

χ (eV) 4.07 [4]

mc/m0 0.06553 [161]

mv/m0 0.5236 [161]

Mobility

µmax
(
cm2/Vs

)
9400, 491.5 [62]

µmin
(
cm2/Vs

)
500, 20 [62]

N0
(
cm−3) 6.0×1016, 1.48×1017 [62]

A∗ 0.394, 0.38 [62]

Recombination

Brad
(
cm3/s

)
1×10−10 [156]

τmax (s) 1×10−6, 2×10−8 [63]

τmin (s) 0, 0 [63]

N0
(
cm−3) 1×1016, 2×1018 [63]

γ∗ 1, 3 [63]

AAug 5×10−30, 5×10−30 [161]
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Table 3.7: Material parameters at 300 K used for Ge in MJSC simulations. Values for electrons and holes
are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 15.8 [162]

Refractive index nr, κ Tabulated [163, 164]

Band structure

Eg (eV) 0.661 [161]

∆Eg (eV) See reference [156]

χ (eV) 3.96 [161]

mc/m0 0.5438 [156]

mv/m0 0.3406 [161]

Mobility

µmax
(
cm2/Vs

)
3800, 1800 [141]

µmin
(
cm2/Vs

)
850, 300 [141]

N0
(
cm−3) 2.6×1017, 1×1017 [141]

A∗ 0.56, 1 [141]

Recombination

Brad
(
cm3/s

)
6.4×10−14 [161]

τmax (s) 1×10−3, 1×10−3 [161]

τmin (s) 0, 0 [161]

N0
(
cm−3) 1×1016, 1×1016 [161]

γ∗ 1, 1 [161]

AAug 1×10−30, 1×10−30 [161]
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Table 3.8: Material parameters at 300 K used for Al0.5In0.5P in MJSC simulations. Values for electrons and
holes are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 11.355 [156]

Refractive index nr, κ Tabulated [157]

Band structure

Eg (eV) 2.382 [165]

∆Eg (eV) See reference [156]

χ (eV) 3.748 [165]

mc/m0 0.23 [165]

mv/m0 0.36 [165]

Mobility

µmax
(
cm2/Vs

)
150, 180 [63]

µmin
(
cm2/Vs

)
0, 0 [63]

N0
(
cm−3) 5×1017, 2.75×1017 [63]

A∗ 0.436, 0.397 [63]

Recombination

Brad
(
cm3/s

)
1×10−10 [158]

τmax (s) 2.5×10−8, 2.5×10−8 [158]

τmin (s) 5×10−10, 5×10−10 [158]

N0
(
cm−3) 1×1016, 1×1016 [158]

γ∗ 1, 1 [158]

AAug 3×10−30, 3×10−30 [158]
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Table 3.9: Material parameters used for AlxGa1−xAs in MJSC simulations. Temperature is 300 K unless
otherwise stated. Values apply to In53Ga47As unless binary parameters are given, in which case interpolation
is used. Values for electrons and holes are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0
AlAs: 10.06 [156]
GaAs: 12.91 [156]

Refractive index nr, κ Tabulated [166]

Band structure

Eg (eV)
x < 0.45: 1.422+1.25x [153]
x ≥ 0.45: 1.947+0.020x+0.143x2 [153]

∆Eg (eV) See reference [158]

χ (eV)
x < 0.45: 4.118−1.207x [153]
x ≥ 0.45: 3.587−0.027x [153]

mc/m0
x < 0.41: 0.063+0.083x [158]
x > 0.45: 0.85−0.14x [158]

mv/m0 0.51+0.25x [158]

Mobility

µmax
(
cm2/Vs

) x = 0.2: 5897, 308

[62]
x = 0.3: 3721, 240
x = 0.8: 400, 133

µmin
(
cm2/Vs

) x = 0.2: 314, 8.86

[62]
x = 0.3: 195, 5
x = 0.8: 10, 2.86

N0
(
cm−3) x = 0.2: 9.33×1016, 1.07×1017

[62]
x = 0.3: 1.16×1017, 1.00×1017

x = 0.8: 3.51×1017, 1.89×1017

A∗
x = 0.2: 0.515, 0.334

[62]
x = 0.3: 0.576, 0.324
x = 0.8: 0.879, 0.399

Recombination

Brad
(
cm3/s

)
1×10−10 [158]

τmax (s) 1×10−6, 1×10−8 [63]

τmin (s) 0, 0 [63]

N0
(
cm−3) 1×1016, 2×1018 [63]

γ∗ 1, 3 [63]

AAug 1×10−30, 1×10−30 [63]
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Table 3.10: Material parameters at 300 K used for Al0.25Ga0.25In0.5P in MJSC simulations. Values for
electrons and holes are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 11.84 [63]

Refractive index nr, κ Tabulated [157]

Band structure

Eg (eV) 1.984 [165]

∆Eg (eV) See reference [156]

χ (eV) 3.997 [165]

mc/m0 0.1214 [63]

mv/m0 0.6244 [156]

Mobility

µmax
(
cm2/Vs

)
4300, 150 [62]

µmin
(
cm2/Vs

)
400, 15 [62]

N0
(
cm−3) 2×1016, 1.5×1017 [62]

A∗ 0.7, 0.8 [62]

Recombination

Brad
(
cm3/s

)
1×10−10 [158]

τmax (s) 1×10−9, 1×10−9 [63]

τmin (s) 0, 0 [63]

N0
(
cm−3) 1×1019, 1×1019 [63]

γ∗ 1, 1 [63]

AAug 3×10−30, 3×10−30 [158]
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Table 3.11: Material parameters at 300 K used for Si in MJSC simulations. Values for electrons and holes
are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 11.7 [4]

Refractive index nr, κ Tabulated [167]

Band structure

Eg (eV) 1.125 [168]

∆Eg (eV) See reference [169]

χ (eV) 4.05 [168]

mc/m0 1.090 [168]

mv/m0 0.998 [168]

Mobility*

µmax
(
cm2/Vs

)
1417, 470.5 [152]

µmin1
(
cm2/Vs

)
52.2, 44.9 [152]

µmin2
(
cm2/Vs

)
52.2, 0 [152]

µ1
(
cm2/Vs

)
43.4, 29 [152]

Pc
(
cm−3) 0, 9.23×1016 [152]

Cr
(
cm−3) 9.68×1016, 2.23×1017 [152]

Cs
(
cm−3) 3.43×1020, 6.10×1020 [152]

αM 0.68, 0.719 [152]

βM 2, 2 [152]

Recombination**

Brad
(
cm3/s

)
4.73×10−15 [170]

τmax (s) 1.5×10−3 [170]

τmin (s) 0 [170]

N0
(
cm−3) 1×1018 [170]

γ∗ 1 [170]

A0,Aug*** 2.8×10−31 [170]

HAug*** 8 [170]

N0,Aug*** 2.5×1017 [170]

* Calculated using the Masetti model (see equation 3.20).
** Only p-type Si appears in the simulation, therefore recombination parameters are listed for minority

carrier electrons.
*** See equation 3.21 for expression to calculate Auger recombination coefficient.
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Table 3.12: Electrical transport parameters for voided Ge and Si used in MJSC simulations.

Category Parameter
Voided Ge Voided Si

Value Ref. Value Ref.

Permittivity εs/ε0 16.2 [4] 11.68 [4]

Band structure

Eg (eV) 0.661 [4] 1.12 [4]

Nv
(
cm−3) 5×1018 [4] 1.8×1019 [4]

Φ0 (eV) 0.220 [139] 0.373 [139]

Ns
(
cm−2) 5×1014 [6] 1×1011 [7]

Hole Mobility

µmax
(
cm2/Vs

)
1800 [141] 470.5 [152]

µmin
(
cm2/Vs

)
300 [141] 44.9 [152]

N0
(
cm−3) 1×1017 [141] 2.23×1017 [152]

A∗ 1 [141] 0.719 [152]

Recombination* τmax (s) ∼ 10−10 ∼ 10−10

* Minority carrier density is assumed to be negligible within the voided regions .

Table 3.13: Material parameters at 300 K used for MgF2 and TiOx in MJSC simulations.

Category Parameter
MgF2 TiOx

Value Ref. Value Ref.

Permittivity εs/ε0 6 [171] 6 [171]

Refractive index nr, κ Tabulated [171] Tabulated [171]

Table 3.14: Interface recombination parameters used for MJSC simulations. Values are the same for both
electrons and holes.

Parameter
TiOx/AlInP AlInP/GaInP GaAs/AlGaAs

Value Ref. Value Ref. Value Ref.

S0 (cm/s) 0 [63] 2×105 [63] 200 [63]
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Table 3.15: Tunneling parameters used for MJSC simulations. Values for electrons and holes are separated
by a comma.

Parameter
GaInP GaAs AlGaAs

Value Ref. Value Ref. Value Ref.

g 0.21, 0.4 [63] 0.21, 0.4 [63] 0.21, 0.4 [63]

mt/m0 0.24, 0.48 [63] 0.05, 0.14 0.05, 0.14



Chapter 4

InAlGaAs photonic power converters for

O-band operation

4.1 Photonic power converter design and characterization

4.1.1 PPC device fabrication

The O-band PPCs and tunnel diodes (TD) discussed in this chapter were grown by molecular beam epitaxy

(MBE) using the Veeco Gen10 system at the University of Waterloo. Quartered 3-inch InP substrates were

used as the growth template, secured with a sample holder in the growth chamber using an indium-free

mounting technique. For the PPC samples, Zn-doped (p-type) InP substrates were used while for the TD

samples the InP substrates were S-doped (n-type). For both substrate types, the concentration of ionized

dopant atoms was in the range of (1−8)×1018 cm−3.

The basic layer structures for a single-junction PPC, a dual-junction PPC, and a standalone TD are shown

in Figure 4.1. The epi-layers, which are all ternary and quaternary arsenide alloys lattice-matched to InP, are

doped with Si and Be atoms for the n- and p-type regions respectively. The first layer above the substrate

is the buffer, in which high-quality epitaxial growth is established. In all structures, the top layer is the cap,

a highly doped InGaAs layer that is used to establish an ohmic interface with the metal contacts that are

deposited in later fabrication steps. The cap doping concentrations are 5× 1018 cm−3 for the PPCs using

n-type InGaAs and 2× 1019 cm−3 for the standalone TD using p-type InGaAs. Beneath the cap is the etch

stop with a 10 nm thickness, used to control the wet-chemical etching process during fabrication.

94
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Figure 4.1: Layer schematics for (a) a single-junction PPC, (b) a standalone TD, and (c) a dual-junction PPC.

The temperature set-point was fixed at 510°C for the most of the growths, corresponding to a substrate

temperature between 465°C and 480°C. For the very highly doped p-type TD layers, the temperature set-

point was lowered to 490°C to reduce unwanted segregation of the Be acceptor atoms. The impact of the

growth temperature on TD performance is discussed in detail in Chapter 4.4.

After epitaxy, metallization of the PPC and TD samples was performed. Two processes were used for

the devices discussed in this thesis. The first process, an indium dot soldered contact method, was used for

preliminary testing of some PPC devices. The second process involved a contact mask fabrication procedure

to create good quality PPC devices for in-depth characterization under laser illumination. Both processes are

described in this section.

4.1.1.1 Indium dot soldered contacts

Indium dot soldered contacts are advantageous for preliminary testing because the process is straightforward

and takes only a few minutes to complete with very little equipment. It was found that measurements of PPC

devices fabricated using this method were reliable at short-circuit current, allowing for quantum efficiency

measurements to be performed on samples that had not undergone the mask fabrication process.

The first step in the quick-test contact procedure was to prepare an alumina carrier to support the sample.

A gold-plated copper chuck was heated to 238°C on a hot plate. A clean alumina carrier was then placed
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5 mm
(b)(a)

Figure 4.2: (a) Photograph and (b) microscope image of PPCs prepared using indium dot soldered contacts.

on the hot plate to heat for several minutes. After heating, the carrier was removed from the hot plate and a

short length of indium wire was placed on its surface and spread using a soldering iron set to 205°C.

A rectangular piece with dimensions around 5× 10 mm2 was then cleaved from the PPC wafer. The

piece was marked with a 1 mm scribe on the back side, preparing it to be cleaved in two. While still intact,

a small piece of indium wire was placed on the back side and smeared into a thin layer using the soldering

iron. The piece was then cleaved along the scribe line to create two 5×5 mm2 squares. Two to four squares

were arranged right-side up on the indium-coated alumina carrier.

A ½-mm length was then cut from the indium wire using a clean razor blade and divided in half to create

two very small indium dots, which were placed on the surface of each PPC square. The entire carrier was

then annealed on the hot plate at 238°C for 30 seconds. After annealing, the carrier was lifted off of the

hotplate and allowed to cool slowly in the air for 30 seconds before being set down. Images of PPC samples

prepared using indium dot soldered contacts are shown in Figure 4.2.

4.1.1.2 Contact mask fabrication

Mask-fabricated contacts were prepared primarily by the SUNLAB fabrication team, led by Marziyeh Za-

miri. The process began with blanket deposition of the back contact on the substrate. A layer of photoresist

was applied to the top side of the wafer using a WS-650-23 Laurell Spin Processor and baked on a hot plate

to protect the epi-layers. The sample was dipped in a 10% HCl solution to remove the native oxide layer

and then placed immediately into the evaporation chamber for metal deposition. Metallization for p-type

InP was done at the National Research Council, Canadian Photonics Fabrication Centre. For n-type InP, the

process was performed at the University of Ottawa using an Angstrom Nexdep Series thermal evaporator.

The multi-layer metallization recipes are given in Table 4.1.
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Table 4.1: Ohmic contact recipes and resistivities measured by TLM.

Semiconductor Metallization recipe ρc
(
Ωcm2)

±10−6Ωcm2

p-InP
Pd (10 nm) / Zn (8 nm) / Pd (20 nm) / Au (100 nm)

RTA: 400°C (2 minutes)
3×10−6

n-InP Ge (25 nm) / Ni (25 nm) / Au (50 nm) 3×10−6

p-InGaAs Pd (9 nm) / Ti (15 nm) / Pd (15 nm) / Au (50 nm) 6×10−6

n-InGaAs Pd (9 nm) / Ti (15 nm) / Pd (15 nm) / Au (50 nm) 2×10−6

After metallization, the photoresist was removed. To achieve ohmic behaviour for p-type InP, rapid

thermal annealing (RTA) was performed at the University of Ottawa using a Solaris 100, Surface Science In-

tegration system. The metallized samples were annealed for 2 minutes at 400°C. No annealing was required

for n-type InP. The epitaxy and back contact formation steps are depicted in Figure 4.3a-d.

After the back contact formation, the top contact was deposited and patterned at the University of Ottawa

for all samples. First the samples were cleaned using a 5-minute rinse in acetone followed by isopropyl

alcohol and finally deionized water. A nitrogen gun was used to dry the samples after the rinse, followed by

a 5-minute bake at 180°C on a hot plate. A layer of lift-off resist with a thickness of 180 nm was deposited

by spin-coating and baked followed by a ˜600 nm layer of photoresist. UV exposure through the fabrication

mask was performed using a OAI Model 204IR Mask Aligner. The exposed photoresist and lift-off resist

layers were then removed using the appropriate developer to create an undercut.

Following photolithography and development, a 10% HCl dip was performed to remove the native oxide

from the surface of the epi-layers and the sample was loaded into the evaporator. The multi-layer metalliza-

tion recipes are given in Table 4.1. After metallization, lift-off was performed by submerging the sample

in PG remover, an organic solvent that dissolves the lift-off resist and photoresist layers, leaving behind the

metal pattern on the surface. The top contact patterning steps are depicted in Figure 4.3e-j.

Contact resistivities were measured using the transmission line method (TLM) with a circular layout.

The TLM contact configuration is shown in Figure 4.4a. For each ring, current-voltage characteristics were

measured using the four-wire configuration with two probes on the outer contact pad and two probes on

the circular inner pad - one probe for conducting the current and the other to measure the voltage. The

total resistance (RT) was corrected to account for the circular geometry and plotted as a function of the gap
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Figure 4.3: Schematic depicting the fabrication process for PPC and TD samples.
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Figure 4.4: (a) Microscope image of TLM contact pads. Important dimensions are given in microns. (b)
Sample TLM measurements for ohmic contact to p-InGaAs. Both measured and corrected data are shown
along with the fit to (4.1).

spacing (dTLM). The corrected total resistance is given by [172]

RT
CTLM

=
Rsheet
2πL

(dTLM+2LT) =
Rsheet
2πL

dTLM+2Rc (4.1)

where Rsheet is the semiconductor sheet resistance, L is the radius of the circular pad, LT is the transfer length,

Rc is the contact resistance, and CTLM is the correction factor, which is given by

CTLM =
L

dTLM
ln

(
1+

dTLM
L

)
(4.2)

and the contact resistivity is given by

ρc = RsheetL2
T (4.3)

The correction factor CTLM is required to account for the circular geometry of the contact pads. In tradi-

tional TLM, rectangular contacts are arranged in a line with varying distance between them. The advantage

of the circular geometry compared to the linear pattern is that the current is confined to flow only between

the central and surrounding contact pads. In the linear configuration, the potential for lateral current flow

complicates the measurement.
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Figure 4.5: (a) Photograph and (b) microscope image of metallized and fabricated PPC wafer. The micro-
scope image shows one of the mid-size cells in the 2×2 configuration.

Figure 4.4b shows the measured and corrected resistances as a function of dTLM for a contact to p-

InGaAs. In this case, the smallest gap spacings (5 µm and 10 µm) were not sufficiently well-resolved to

measure the resistance and only the largest four gaps were used. The fit to equation 4.1 is indicated by the

dashed line and the contact resistivity is found to be ρc = (1.9±0.6)×10−6 Ωcm2. The same method is used

to determine the values of ρc for contacts to n-InGaAs and to both n- and p-InP. The resulting values are

summarized in Table 4.1. The uncertainties for the values of ρc given in the table are taken to be 10−6 Ωcm2

to account for variations across the wafer.

After metallization, the next step in the fabrication process was the mesa definition in which indi-

vidual devices were separated from each other on the wafer. In this process, a layer of photoresist was

deposited by spin coating and ultraviolet light exposure was performed using the appropriate fabrication

mask. After development, in which the photoresist was removed in the bounding regions between devices,

wet chemical etching was performed to remove the epi-layers in these regions. The etching compound

H2O:CIT:H3PO4:H2O2[220:55:3:5] preferentially etches the arsenide epi-layers so that they are removed

without etching the entire InP substrate [173]. The remaining photoresist was removed after the etch. The

mesa definition steps are depicted in Figure 4.3k-o.

The final step in the PPC device fabrication process was to remove the cap layer from the sample surface,

except from beneath the contacts. This was done using a self-aligned wet etch in which the sample was

submerged in a solution of CIT:H2O2[1:2]. This solution etches the cap layer very quickly (∼ 80 nm/min)

but for the etch stop layer, comprised of In0.3Al0.7As, the etch rate is < 1 nm/min and etching effectively

stops when it reaches this layer and the cap can be removed without damaging the layers beneath [173]. The

cap etch is depicted in Figure 4.3p. Images of a mask-fabricated wafer are shown in Figure 4.5.
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4.1.2 Spectroscopic ellipsometry

Two undoped heterostructures grown by MBE with different quaternary compositions lattice matched to

InP were analyzed by spectroscopic ellipsometry to measure the optical properties of the InAlGaAs layers

used in the PPC designs. The layer structure consisted of 1 µm of InxAlyGa1−x−yAs capped with 10 nm of

In0.526Ga0.474As.

Ellipsometry measurements were performed using a Horiba Uvisel scanning spectroscopic phase modu-

lated spectrometer with a scanning range of 255 - 2100 nm. Measurements were performed at a 70º incidence

angle and with a step size of 5 nm. At each step, linearly polarized monochromatic light was incident on the

sample. The component of the s-polarized light (electric field parallel to the sample surface) was reflected

with a different magnitude than that of the p-polarized light (remaining component), resulting in an ellipti-

cally polarized reflection. By measuring the polarization of the reflected light, information about the sample

structure was obtained. The ratio of reflectivities for s- and p-polarized light is

Rp

Rs
= tanΨei∆ (4.4)

where tanΨ =
��Rp

��/|Rs | is the change in amplitude of the electric field and ∆ is the phase difference between

the s- and p-polarizations after reflection. The quantities measured directly by the ellipsometer are the

following functions of Ψ and ∆.

Is = sin2Ψ sin∆ (4.5)

Ic = sin2Ψcos∆ (4.6)

By fitting an appropriate model for the sample geometry and material type to Is and Ic, information

about the layer thicknesses and refractive indices for the sample can be obtained. The Horiba DeltaPsi2

software was used to analyze the measured ellipsometry data. The layer structure was input into the software

and reference index of refraction data was used for the InP substrate and the InGaAs cap layer. A thin

transparent oxide layer with a fixed index of n = 1.9 was included on top of the of the layer stack, as per

[174]. The optical properties of the quaternary layer were fit using a dispersion formula. The thicknesses of

each layer in the stack were calculated during the fitting process, starting from the expected layer thicknesses

summarized in Table 4.2.
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Table 4.2: Starting thicknesses and refractive indices used for analysis of ellipsometry data.

Layer Thickness nr, κ

Oxide dox (start value: 1 nm) nr = 1.9, κ = 0

InGaAs cap dcap (start value: 10 nm) Reference*

InAlGaAs dQ (start value: 1000 nm) Fit using dispersion

InP substrate - Reference*

*Reference data provided in Horiba DeltaPsi2 software.

Raw ellipsometry data is shown in 4.6a for the quaternary In0.532Al0.097Ga0.371As, which has a bandgap

between 0.8 and 1.24 eV. This quaternary composition was used for the absorber material within the emitter

and base layers of several PPC devices discussed in this chapter. The raw data was fit in this region using the

Adachi new Forouhi dispersion formula [175], which is frequently used to determine the optical properties of

crystalline semiconductors near the bandgap. Fitting was performed using the Horiba DeltaPsi2 commercial

software. The Adachi new Forouhi dispersion can be written in terms of the complex dielectric function as

ε̃ (E) = ε̃0 (E)+ ε̃1 (E) (4.7)

The real and imaginary components of ε̃0 are given by

ε0,r (E) = Re

[
A0

{
f (χ0)

E3/2
g
+

f (χso)

2
(
Eg+∆0

)3/2

}]
(4.8)

ε0,i (E) =



Im
[
A0

{
f (χ0)

E
3/2
g
+

f (χso)

2(Eg+∆0)
3/2

}]
E ≥ Eg(

1+ E−Eg
3Γ0

)
× Im

[
A0

{
f (χ0)

E
3/2
g
+

f (χso)

2(Eg+∆0)
3/2

}] (
Eg−3Γ0

)
< E < Eg

0 E <
(
Eg−3Γ0

) (4.9)

where

f (χi) =
2−

√
1+ χi −

√
1− χi

χ2
i

, χ0 =
E + iΓ0

Eg
, χso =

E + iΓ0
Eg+∆0

Eg is the bandgap, ∆0 is the separation of the transition energy by spin-orbit coupling, Γ0 is the associated
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broadening, and A0 is the transition probability. The function ε̃1 (E) is given by

ε̃1 = [n1 (E)+ iκ1 (E)]2 (4.10)

where

n1 (E) = n∞+
B1

(
E −ωj

)
+C1(

E −ωj

)2
+Γ2

j

, κ1 (E) =


fj(E−Eg)

2

(E−ω j)
2
+Γ2

j

, E > Eg

0, E ≤ Eg

B1 =
fj
Γj

[
Γ

2
j −

(
ωj −Eg

)2
]

C1 = 2 fjΓj
(
ωj −Eg

)
n∞ is the high frequency refractive index and fj , ωj , and Γj are respectively the strength, resonance angular

frequency, and broadening of the j th oscillator.

The relationship between the complex index of refraction and the complex dielectric function is given by

ε̃ = εr+ iεi = (ñ)2 = (nr+ iκ)2 (4.11)

where εr and εi are the real and imaginary components of ε̃. The real and imaginary components of the

refractive index are then

nr =

√ (
ε2

r + ε
2
i
)1/2
+ εr

2
, κ =

√ (
ε2

r + ε
2
i
)1/2
− εr

2
(4.12)

The fit to the Adachi new Forouhi dispersion for In0.532Al0.097Ga0.371As is shown in Figure 4.6a and

the corresponding complex refractive index is shown in Figure 4.6b. The associated fitting parameters are

given in Table 4.3, as well as the goodness of fit χ2. Fitting ellipsometry data for layered structures near

the semiconductor bandgap is especially challenging, and the value of χ2 = 0.409 is acceptable in this case.

Better fits with correspondingly smaller values of χ2 can be achieved away from the bandgap, particularly

for transparent materials.

Raw ellipsometry data is shown in 4.7a for the quaternary In0.527Al0.356Ga0.117As, which has a bandgap

> 1.24 eV and is therefore transparent within the energy range shown. This quaternary composition was
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Figure 4.6: (a) Ellipsometry data and corresponding fit to the Adachi new Forouhi dispersion formula for
In0.532Al0.097Ga0.371As. (b) Calculated nr, κ values.

Table 4.3: Fitting parameters and goodness of fit for In0.532Al0.097Ga0.371As heterostructure in the range
from 0.8 to 1.24 eV.

Parameter Value

dox

(
Å
)

30±3

dcap

(
Å
)

97±14

dQ

(
Å
)

10365±18

Eg (eV) 0.867±0.03

n∞ 3.19±0.05

fj 0.05±0.03

ωj (eV) 1.6±0.2

Γj (eV) 0.3±0.1

∆0 (eV) 0.00±0.09

Γ0 (eV) 0.008±0.008

A0

(
eV3/2

)
1.2±0.1

χ2 0.409



CHAPTER 4. InAlGaAs photonic power converters for O-band operation 105

0.30

0.25

0.20

0.15

I c

(a) data
fit

0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
Energy (eV)

3.20

3.25

3.30

3.35

n r

(b)
0.06

0.04

0.02

0.00

0.02

0.04

I s

0.10

0.05

0.00

0.05

Figure 4.7: (a) Ellipsometry data and corresponding fit to the Lorentz single oscillator dispersion formula
for In0.527Al0.356Ga0.117As. (b) Calculated nr, κ values.

used for the front and back surface fields of the PPCs discussed in this chapter. The raw data was fit using

the Lorentz single oscillator dispersion model for non-absorbing media [176]. Under this dispersion, the real

part of the dielectric function is given by

εr (E) = ε∞+
(εs− ε∞)ω

2
t

ω2
t −E2

(4.13)

where ε∞ is the high energy dielectric constant, εs is the static dielectric constant at E = 0, and ωt is the

resonant frequency of the oscillator. In simple cases, ε∞ = 1, however it is possible to have ε∞ > 1 in the

case where higher order oscillators are present but are not taken into account. For non-absorbing media,

εi = 0 and therefore κ = 0. The real part of the refractive index is then nr =
√
εr.

The fit to the Lorentz dispersion for In0.527Al0.356Ga0.117As is shown in 4.7a and the corresponding

complex refractive index is shown in 4.7b. The associated fitting parameters are given in Table 4.4, as well

as the goodness of fit χ2.
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Table 4.4: Fitting parameters and goodness of fit for In0.527Al0.356Ga0.117As heterostructure in the range
from 0.8 to 1.24 eV.

Parameter Value

dox

(
Å
)

15.0±0.6

dcap

(
Å
)

79±1

dQ

(
Å
)

10307±5

ε∞ 8.8±0.2

εs 9.99±0.03

ωt (eV) 1.65±0.04

χ2 0.0501

4.1.3 Quantum efficiency

Quantum efficiency measurements were performed on all of the PPC devices discussed in this thesis to

measure the absorber band edge and to evaluate the device performance. The measurements were performed

using a modified commercial Newport Oriel IQE 200 measurement system. A schematic of the experimental

apparatus is shown in Figure 4.8.

A 300 W xenon arc lamp is used as a broad-spectrum white light source enabling measurements in the

wavelength range from 300 - 1800 nm. The white light is filtered and a specific wavelength is selected using

an Oriel CS130 monochromator, which outputs nearly monochromatic light with a spectral full width at half

maximum of ∼ 5 nm. The monochromatic beam is divided using a beam splitter, with one path focused onto

the sample and the other path collected by the reference detector, which measures the input light intensity

(channel 1). Current from the device is collected in the external circuit (channel 2). Reflected light from the

sample is collected by the spectral reflectivity detector (channel 3).

The three data channels are collected by a multiplexer, which passes data to a Merlin 70101 lock-in

amplifier. The input light is modulated by an optical chopper, which allows the lock-in amplifier to isolate

the signals. Channels 1 and 2 are used to measure the external quantum efficiency (EQE), channels 1 and

3 are used to measure the specular reflectivity (R), and all three channels together can be used to measure

the quantity EQE/(1−R), which is equal to the internal quantum efficiency (IQE) in the case where the

transmission T = 0.
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Figure 4.8: Schematic of the quantum efficiency measurement system.

The scans were performed over a wavelength range from 500 - 1500 nm with a step size of 5 nm.

PPC samples prepared using either the indium dot soldered contact technique or contact mask fabrication

were connected in either a two- or four-wire configuration and measured under short-circuit. Results were

consistent for both wiring configurations. Measured data is shown for an optically thin PPC sample in

Figure 4.9. The absorber layers have a quaternary composition of In0.532Al0.097Ga0.371As with a thickness

of 0.7 µm. Curves are shown for the EQE, reflectivity R, and EQE/(1−R). The thickness of the absorber

layers is insufficient to absorb all of the input light and therefore EQE/(1−R) , IQE because some light is

transmitted through the device.

Quantum efficiency measurements are shown for optically thin PPCs with three different quaternary

absorber compositions in Figure 4.10. The compositions, lattice matched to InP are defined by the composi-

tional parameter z, which is the fraction of In0.52Al0.48As relative to In0.53Ga0.47As. z = 0.205 corresponds

to the quaternary composition In0.532Al0.097Ga0.371As and the quantum efficiency data shown in Figure 4.9.

All three samples have an absorber thickness of 0.7 µm. The variation of the quaternary bandgap with

composition is clearly observed.
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Figure 4.9: EQE, reflectance, and EQE/(1−R) for an optically thin In0.532Al0.097Ga0.371As PPC with an
absorber thickness of 0.7 µm.

Figure 4.10: EQE/(1−R) for optically thin (In0.52Al0.48As)z (In0.53Ga0.47As)1−z PPCs with a 0.7 µm ab-
sorber thickness.

The optical bandgap of the absorbers was extracted from the quantum efficiency data using a Tauc plot

[177]. This method relies on the assumption that the absorbance A ≈ EQE/(1−R), which generally holds

near the band edge. Under this assumption, the absorption coefficient was calculated according to Beer-

Lambert absorption such that

α =
− ln (1−A)

t
≈

− ln
(
1− EQE

1−R

)
t

(4.14)

where t is the absorber thickness. For a direct-gap semiconductor, the absorption coefficient varies near the
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Figure 4.11: Tauc plots for optically thin (In0.52Al0.48As)z (In0.53Ga0.47As)1−z PPCs with a 0.7 µm absorber
thickness. Each curve is fit to equation 4.16 using the marked data points that display a linear trend. The
dashed lines represent the fits. The compositional parameter z and the calculated Eg are indicated for each
PPC. The target laser energy for PPC operation (corresponding to 1310 nm wavelength) is indicated.

bandgap according to

α (E) ≈ β

√
E −Eg

E
(4.15)

where β is an constant. This can be rearranged as [177–179]

(αE)2 ≈ β2 (
E −Eg

)
(4.16)

Plotting (αE)2 as a function of E , the bandgap can be extracted with a straightforward linear fit. This

method is shown in Figure 4.11 for the three PPCs with varying quaternary compositions and an active layer

thickness of 0.7 µm.

It is essential that the PPC absorber bandgap be smaller than the laser energy to absorb light and gen-

erate electricity. Given the target laser wavelength of 1310 nm for PPC operation, which corresponds to an

energy of 0.947 eV, only one test device shown in Figure 4.11 had a sufficiently small bandgap (quaternary

composition z = 0.205 or In0.532Al0.097Ga0.371As). The majority of this chapter will focus on PPC devices

designed using z = 0.205 for the target absorber composition.

Fabrication of the devices using the metallization and fabrication method rather than the indium dot

soldered contacts results in some changes to the measured quantum efficiency and reflectivity. A comparison

between the quantum efficiency measurements for a PPC fabricated using indium dot soldered contacts
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Figure 4.12: Comparison between quantum efficiency measurements for an optically thin
In0.532Al0.097Ga0.371As PPC with an absorber thickness of 0.842 µm using indium dot soldered con-
tacts (In dot) and mask-fabricated contacts (Fab), not including the cap etch. EQE, reflectance, and
EQE/(1−R) curves are shown.

and using contact mask fabrication (not including the cap etch) is shown in Figure 4.12. The quaternary

composition of the absorber is In0.532Al0.097Ga0.371As (z = 0.205) and the absorber thickness is 0.842 µm.

The most important difference observed in Figure 4.12 when comparing the two fabrication techniques

is the change in reflectivity. The fabricated PPC has a reflectivity that is ∼ 9.8% (absolute) larger than that

of the In dot PPC across the entire wavelength range. This is because the fabricated PPC has metal gridlines

covering ∼ 8% of the surface that are highly reflective. The reflectivity for the In dot PPC, on the other hand,

is entirely due to reflections at the air/semiconductor interface. The discrepancy between the stated 8%

metal coverage and the measured 9.8% difference in reflectivity can be attributed to the measurement system

uncertainty, which is ∼ 2% (absolute), related to alignment. Gridline shading may be much less significant

in commercial devices with optimal contact configurations, depending on the illumination conditions for

which the device is designed to operate.The quantity EQE/(1−R), which takes into account the difference

in reflectivity, is very similar across the entire wavelength range, as expected.

Further changes were observed in the fabricated PPC quantum efficiency after etching the InGaAs cap

layer. A comparison of the measured curves before and after the cap etch is shown in Figure 4.13. Notable

changes were observed in the reflectivity spectrum, resulting from the removal of the cap. After accounting

for these changes in the quantity quantity EQE/(1−R), we see a wavelength-dependent improvement in the
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Figure 4.13: Comparison between quantum efficiency measurements for a mask-fabricated, optically thin
In0.532Al0.097Ga0.371As PPC with an absorber thickness of 0.842 µm before and after etching the cap layer.
EQE, reflectance, and EQE/(1−R) curves are shown.

PPC performance for the etched device. This is due to parasitic absorption within the InGaAs cap layer, an

effect that disappears when the cap is removed.

The n-type In0.53Ga0.47As cap layer used for the PPCs had a target doping concentration of 5×1018 cm−3

and a thickness of 100 nm. The transmittance of the cap
(
Tcap

)
was determined using

Tcap =
EQEcap/

(
1−Rcap

)
EQEetch/(1−Retch)

(4.17)

where EQEcap/
(
1−Rcap

)
corresponds to the PPC sample with the cap layer intact and EQEetch/(1−Retch)

corresponds to the PPC with the cap layer removed. The absorption coefficient
(
αcap

)
for the cap layer was

extracted assuming Beer-Lambert absorption where T = e−αt . Tcap and αcap are plotted in Figure 4.14 as

a function of wavelength. The transmittance data was fit using a cubic polynomial function. The expected

absorption coefficient for intrinsic In0.53Ga0.47As is shown in Figure 4.14 for reference.

A significant difference is observed between the absorption properties calculated from the data and the

reference values. This is most likely caused by the very high doping concentration in the cap, which can cause

a blue-shift in the optical bandgap, known as the Moss–Burstein shift [180–182]. The bandgap for intrinsic

In0.53Ga0.47As is 0.74 eV (1.675 µm) whereas the optical bandgap for the highly doped In0.53Ga0.47As cap

appears to be ∼ 0.84 eV (1.47 µm). High doping concentrations can also lead to a narrowing of the electrical
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Figure 4.14: (a) Transmittance and (b) absorption coefficient of the InGaAs cap layer determined from the
PPC quantum efficiency data shown in Figure 4.13. The reference data comes from the reference optical
properties for intrinsic In0.53Ga0.47As stored in the Horiba DeltaPsi2 software.

bandgap when the concentration of the impurity atoms is sufficiently high to create a continuum of donor

(n-type) or acceptor (p-type) states within the bandgap, effectively reducing the gap itself [8, 183].

4.1.4 Optical absorption of p-InP substrate

All of the PPCs discussed in this chapter were grown on p-type InP substrates. The bandgap of intrinsic InP

is 1.344 eV, corresponding to a wavelength of 923 nm. Incident light with wavelength > 923 nm will not have

sufficient energy to promote electrons from the valence band into the conduction band in InP. Absorption of

these longer wavelengths in the InP happens through free carrier absorption (FCA) when free carriers in the

conduction or valence bands are promoted to higher energy states after absorbing a long-wavelength incident

photon.

The strength of FCA depends on the density of free carriers within the material and is extremely weak

in intrinsic semiconductors that have very low free carrier densities. FCA can be much more important in
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doped semiconductors.

The importance of FCA in the p-type InP substrates used for the InAlGaAs PPCs was determined by mea-

suring the substrate transparency using the quantum efficiency measurement system depicted in Figure 4.8.

The bare substrate was positioned on a sample holder with a hole for light to pass through. A Ge photodiode

detector was positioned beneath the hole to collect the transmitted light. The EQE was measured first from

the detector by itself, for reference, and then again with the InP substrate between the detector and the light

source. Reflectance R from the InP substrate was also measured to determine the amount of light absorbed

in the substrate. The substrate used for the measurements came from the same batch as those used for the

PPC fabrication: p-InP with a Zn doping concentration of (1−8) ×1018 cm−3 and a thickness of ∼ 625 µm.

The measured thickness of the substrate used for these measurements was 616 µm.

The reference signal (EQEref) and the signal that measured from the detector beneath the InP substrate

EQEInP are shown in Figure 4.15a. The transmittance T was determined by taking the ratio EQEInP/EQEref .

T and 1−R are plotted together in Figure 4.15b, which depicts the relative intensities of transmitted, re-

flected, and absorbed light. Each region of the graph is labelled accordingly.

Calculations were done using the Python transfer matrix method (TMM) package [73] to determine the

absorption properties of the InP substrate. A simple geometry was used for the TMM calculations, with

616 µm of InP sandwiched between semi-infinite layers of air. The air was modelled with nr, air = 1, κair = 0.

For InP, reference data [163, 184] was used for the real part of the refractive index nr, InP, which is not

expected to change significantly with doping. A fitting routine was used to determine αInP, and by extension

κInP at each data point, minimizing the difference between the measured and calculated transmittance.

After obtaining the optimal value for αInP at each data point, a curve-fit was performed according to the

equation

αInP (E) = αBB (E)+αFCA (E) (4.18)

The band-to-band component is given by [3]

αBB (E) = a1eb1E (4.19)

accounting for absorption in the Urbach tail. The FCA component varies with wavelength according to [59]

αFCA (λ) = a2λ
b2 (4.20)
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Figure 4.15: (a) EQE measured from Ge photodiode, reference signal (EQEref) and for light transmitted
through InP substrate (EQEInP). (b) Relative intensities of light reflected from, absorbed within, and trans-
mitted through the InP substrate. Regions are determined by plotting T and 1−R. Fit to the measured data
is shown.

noting that λ = hc/E is the wavelength of light. a1, b1, a2, and b2 are fitting parameters. The resulting

fits to the absorption coefficient are shown in Figure 4.16. Fitting parameters and uncertainties are given in

Table 4.5.

The resultant data for the complex refractive index for the p-InP substrate, using the fit results for κInP,

were used along with the TMM to calculate the reflectance and transmittance of the suspended InP substrate.

These TMM calculations are represented by the dashed red lines in Figure 4.15.

At the target laser wavelength of 1310 nm, the p-InP substrate has an absorption coefficient of 33 cm−1

due to FCA. For a substrate with a thickness of 625 µm, 87.4% of incident 1310 nm light will be absorbed

on a single pass (neglecting the reflectance). If a perfectly reflecting surface was placed at the bottom of

the substrate, effectively doubling the path-length, 98.4% of the 1310 nm light would be absorbed and the

back-reflector would offer little or no benefit to the PPCs presented in this chapter. For design purposes, it

was assumed that any light transmitted into the substrate was lost.
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Figure 4.16: Absorption coefficient for p-InP substrate as a function wavelength on a log-log scale. αInP
data points were extracted point-by-point (p-b-p) from the data shown in Figure 4.15 using the TMM. Fits
are shown for the band-to-band (BB) and FCA components as well as for the entire curve, fit according to
equation 4.18.

Table 4.5: Fitting parameters and goodness of fit for In0.527Al0.356Ga0.117As heterostructure in the range
from 0.8 to 1.24 eV.

Mechanism Parameter Value

Band-to-band
(equation 4.19)

a1
(
cm−1) 2.4×10−46(

2.6×10−48,2.2×10−44)*
b1

(
eV−1) 85±4

FCA
(equation 4.20)

a2
(
cm−1) 15.95±0.03

b2 2.710±0.007

* 95% confidence interval
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Figure 4.17: Measurement system for electroluminescence (EL) and photoluminescence (PL).

4.1.5 Luminescence measurements

Luminescence measurements were performed on several samples to verify the bandgap and to gauge the

epitaxial material quality. The experimental setup, which was used for both electroluminescence (EL) and

photoluminescence (PL) measurements, is shown in Figure 4.17. The system was built through the combined

effort of several graduate students in the SUNLAB, including myself.

A Lasos TLD-XT 830 nm laser with a maximum output power of 220 mW was used as the excitation

source for the PL experiments. The beam power was modulated using a continuously variable neutral density

(ND) filter and directed toward the sample using a long-pass dichroic mirror at a 45°angle to the beam path.

The sample was mounted vertically on a copper chuck affixed to a cold finger inside of a Cryo Industries of

America 110-637-DND cryostat. The cryostat was cooled using liquid nitrogen and connected to a Varian

roughing pump and turbo pump to maintain a vacuum level of ∼ 10−4 mbar within the sample chamber

for temperature-controlled experiments. The temperature of the cold finger was regulated using a Cryocon

temperature controller. For EL measurements, a sample chuck with integrated electrical probes was used to

connect the sample to an external power supply. The for both PL and EL experiments, the samples were held
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in place on the copper chuck using Elmers rubber cement.

A UV-fused silica lens with a focal length of 10 cm was used both to focus the beam onto the sample

and to collimate the luminescence along the same trajectory. Reflected laser light was blocked using the

dichroic mirror and a long-pass filter and the luminescence was focused into an iHR 320 Horiba Jobin-

Yvon spectrometer using another UV-fused silica lens. Two liquid nitrogen-cooled detectors were used to

measure the luminescence spectra, a Horiba Symphony CCD detector with a detection range of ∼ 300-1000

nm (1.24-4.13 eV) and a Horiba Symphony InGaAs detector with a range of ∼ 1000-1600 nm (0.78-1.24

eV). Two Horiba Jobin-Yvon plane ruled diffraction gratings were used within the spectrometer to perform

luminescence measurements, one blazed at 1000 nm (510-15) and the other at 1500 nm (510-16), both with

a groove density of 600 lines/mm.

4.1.5.1 Electroluminescence

EL measurements were performed on a PPC with active layer quaternary composition In0.53Al0.15Ga0.32As

(z = 0.315). The PPC was fabricated using indium dot soldered contacts and connected to the external circuit

in a two-wire configuration. Measurements were performed at cold finger temperatures ranging from 78 to

300 K. Measurements were taken at short-circuit with current densities ranging up to ∼ 0.4 A/cm2. EL

spectra are shown for the sample at 78 K in Figure 4.18a and at 300 K in Figure 4.19a. Correction factors

were applied to the measured data to account for the grating efficiency and to correct stitching errors caused

by imperfect alignment of the InGaAs detector. The peaks were fit using a skew pseudo-Voigt distribution,

which is a linear combination of a skew Lorentzian and a skew Gaussian, having the form

IskewpV (E) = f IskewL (E)+ (1− f ) IskewG (E) (4.21)

where f is a fitting parameter and IskewL and IskewG are the skew Lorentzian and skew Gaussian distributions

respectively given by

IskewL (E) =
(

2B0
πwskew

)
1

1+4
(
E−Epeak
wskew

)2 (4.22)

IskewG (E) =
B0

wskew

√
4ln2
π

exp

[
−4ln2

(
E −Epeak

wskew

)2
]

(4.23)
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Figure 4.18: (a) EL spectra for a PPC with active layer composition In0.53Al0.15Ga0.32As (z = 0.315) at 78
K for various current densities. Fits to equation 4.21 are shown by the dashed lines. (b) Shift in the EL peak
energy as a function of current density, calculated relative to the peak for the largest current density (Eref).
(c) Full width at half maximum (FWHM) values as a function of current density. The dotted line gives the
average. (d) Intensity of the EL peak as a function of current density. The dotted line is the power law fit.
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Figure 4.19: (a) EL spectra for a PPC with active layer composition In0.53Al0.15Ga0.32As (z = 0.315) at 300
K for various current densities. Fits to equation 4.21 are shown by the dashed lines. (b) Shift in the EL peak
energy as a function of current density, calculated relative to the peak for the largest current density (Eref).
(c) Full width at half maximum (FWHM) values as a function of current density. The dotted line gives the
average. (d) Intensity of the EL peak as a function of current density. The dotted line is the power law fit.
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where B0 is a fitting parameter, Epeak is the EL peak, and

wskew =
2w0

1+ es(E−Epeak)

with fitting parameters w0 and s. The factor of 4ln2 in equation 4.23 comes about such that, for s = 0, the

full width at half maximum (FWHM) is equal to w0.

The small peak to the left of the main EL peak in Figure 4.18a is attributed to defect states. As the tem-

perature increases, increasing lattice vibrations enhance the electron-phonon interaction and non-radiative

recombination mechanisms become dominant, quenching the radiative transition between defect states [185].

At all measured temperatures between 78 K and 300 K, the EL peak remained constant with applied

current to within ∼ 3 meV or less. The shift relative to the peak at the highest measured current
(
∆Epeak

)
is plotted as a function of current density in Figures 4.18b and 4.19b for 78 K and 300 K respectively. The

FWHM of the EL peaks is also constant with current. This is shown in Figures 4.18c and 4.19c for 78 K and

300 K respectively. The peak intensity
(
Ipeak

)
varies with the current density (J) according to a power law

relationship.

The ideal shape of the luminescence peak for a bulk semiconductor is given by [70]

Ilum (E) ∝
√

E −Ege−E/kBT (4.24)

Based on this relation, the peak generally falls at an energy Epeak = Eg +
kT
2 . Comparing the measured

value at 300 K, Epeak, 300K ∼ 0.968 eV, to the bandgap obtained for this sample using the Tauc plot method,

Eg,Tauc = 0.9536 eV, the difference is 14 meV which is very close to the value kB (300 K)/2 = 13 meV, as

expected.

The semiconductor bandgap varies with temperature according to the Varshni relation [186, 187]

Eg (T) = Eg,0−
αgT2

T + βg
(4.25)

where Eg,0 is the bandgap at 0 K and αg and βg are fitting parameters. It follows that the luminescence peak

will vary according to

Epeak (T) = Eg,0−
αgT2

T + βg
+

kBT
2

(4.26)
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Figure 4.20: (a) EL peak as a function of temperature, fit using equation 4.26. Trends for GaAs, InAs, and
AlAs are shown for reference, shifted such the the curves overlap at 300 K. (b) Full width at half maximum
for the EL peaks as a function of temperature. The dotted line shows the expect trend of FMWH ∼ 1.8kBT .

Table 4.6: Varshni parameters for In0.53Al0.15Ga0.32As and for the component binaries.

Material Eg,0 (eV) αg (meV/K) βg (K) Reference

In0.53Al0.15Ga0.32As 1.039±0.001 0.54±0.07 280±80 Fit

InAs 0.417 0.276 93 [165]

AlAs 3.099 0.885 530 [165]

GaAs 1.519 0.5405 204 [165]

The measured values for Epeak are plotted as a function of temperature in Figure 4.20a and the fit to equation

4.26 is shown. For comparison, the relevant functions for the three binary compounds InAs, AlAs, and GaAs

are also plotted, with the values of Eg,0 scaled so that the curves overlap at 300 K. It can be seen that the

trend for the quaternary falls between the trends for the component binaries, as expected. The calculated

Varshni parameters for In0.53Al0.15Ga0.32As are shown in Table 4.6, along with the binary parameters for

comparison.

Based on equation 4.24, the expected FWHM for the luminescence peak of a bulk semiconductor is

1.8kBT . In Figure 4.20b, the measured FWHM is plotted as a function of temperature. The data falls very

close to the ideal 1.8kBT trend, indicating that the quaternary material is reasonably uniform, as significant

non-uniformities in the composition throughout the device would manifest as a broadening of the peak.
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4.1.5.2 Photoluminescence

PL spectroscopy was performed at room temperature for undoped In0.532Al0.097Ga0.371As (z = 0.205) on InP

capped with 10 nm of InGaAs. The PL spectrum is shown in Figure 4.21a. A correction factor was applied

to the measured data to account for the grating efficiency, a background spectra measured in the dark were

subtracted from the illuminated spectra, the data was smoothed using a Savitzgy-Golay filter, and stitching

errors caused by imperfect alignment of the detector were eliminated by measuring spectra at different start-

ing wavelengths and reconstructing the true spectrum from there. To the left of the In0.532Al0.097Ga0.371As

peak is a PL peak generated by the InGaAs cap layer (expected bandgap 0.74 eV). The InGaAs peak was not

resolved because it lies outside the range of the detector.

The PL peak occurs at 0.879 eV and the FWHM is ∼ 51 meV. Assuming ideal behaviour where FWHM =

1.8kBT , the estimated sample temperature is ∼ 329 K, which is larger than room temperature (∼ 300 K).

This discrepancy can be explained by localized heating from the laser, which may have increased the sample

temperature in the measurement area. Non-uniformities in the quaternary composition may also broaden the

luminescence peak.

Using the measured PL peak, an estimated temperature of 329 K, and assuming ideal behaviour where

Epeak = Eg+
kBT

2 , the estimated bandgap is Eg, est. = 0.865 eV. This estimation is ∼ 13 meV smaller than the

bandgap obtained for this quaternary composition using the Tauc plot method, Eg,Tauc = 0.8778 eV, which

Figure 4.21: Room temperature PL spectra for undoped (a) In0.532Al0.097Ga0.371As (z = 0.205) and (b)
In0.527Al0.356Ga0.117As (z = 0.748) on InP with a 10 nm InGaAs cap layer.
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was measured at room temperature. Assuming similar temperature-dependent behaviour to that summarized

in Figure 4.20a and Table 4.6 for In0.53Al0.15Ga0.32As, the 13 meV difference between Eg, est. and Eg,Tauc

can be explained by laser induced heating.

Additional PL spectroscopy was performed at room temperature for undoped In0.527Al0.356Ga0.117As

(z = 0.748) on InP capped with 10 nm of InGaAs. This quaternary composition was used for front and

back surface fields in PPC devices. The PL spectrum is shown in Figure 4.21b. The measured data was

corrected to account for the grating efficiency and smoothed using a Savitzgy-Golay filter. To the right of the

In0.527Al0.356Ga0.117As peak is a second peak generated by the InP substrate (expected bandgap 1.344 eV).

The measurement is cut off at 900 nm (1.378 eV) by the long-pass filter that was used to prevent the 830 nm

laser beam from entering the spectrometer.

The PL peak occurs at 1.304 eV, suggesting a bandgap of ∼ 1.29 eV. The FWHM is ∼ 55 meV. In addition

to temperature broadening caused by localized heating from the laser, the partially overlapping InP PL peak

makes it difficult to resolve the exact width of the quaternary PL signal.

4.1.6 Single- and multi-junction PPC designs

PPCs were designed with specific absorbance targets. The active layer thickness required to achieve these

targets were determined by assuming simple Beer-Lambert absorption (see equation 2.34) throughout the

active layer regions, neglecting reflections at layer interfaces. Assuming an absorption coefficient of 7144

cm−1 for In0.532Al0.097Ga0.371As (z = 0.205) at a wavelength of 1319 nm, a total absorber thickness of 5.476

µm is required to absorb 98% of the incident light. The absorption coefficient was measured by ellipsometry

(see Figure 4.6 and Table 4.3) and the wavelength was chosen to match the central wavelength of the laser

used for experimental measurements (see Section 4.1.7). Figure 4.22 shows how the absorbance can be

portioned to create a 4-junction structure, evenly dividing the incident light between the four subcells.

Several of the single-junction PPCs discussed in this thesis were designed to be optically thin, mimicking

the performance of the top junction in a multi-junction device. In all samples, an emitter thickness of 0.1 µm

was maintained and the base thickness was adjusted to achieve the target subcell thickness. The detailed

epitaxial layer structure for a two-junction PPC is given in Table 4.7. The n-type cap layer allows for top

contact formation and the n-type etch stop allows the cap to be removed by self-aligned wet chemical etching

(see Section 4.1.1). The front and back surface fields (FSF and BSF) improve carrier collection efficiency

by deflecting minority carriers towards the depletion region and away from interfaces where they have a
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Figure 4.22: Partitioned absorbance for a 4-junction InAlGaAs PPC with an active layer absorption coef-
ficient of 7144 cm−1 at 1319 nm illumination targeting a total absorbance of 98%. The thickness of each
subcell is indicated.

high probability of being lost to recombination. The top FSF layer, which is much thicker than the bottom

FSF, doubles as a lateral conduction layer, which helps to spread current across the PPC mesa area when

illuminated by a non-uniform light source such as a laser. An extra p-type cap layer was included at the

bottom of the layer stack for some samples to allow the rear-side contact to be deposited on the front side of

the wafer by etching down. This functionality was not used for the PPCs presented in this thesis.

The thicknesses of the top and bottom subcells are indicated in Table 4.7 by ttop and tbottom respectively.

Using an absorption coefficient of 7144 cm−1, these thicknesses would be ttop = 942 nm and tbottom = 4533

nm. The many optically thin PPC samples discussed in this thesis followed the same layer structure outlined

in Table 4.7 with the tunnel diode and bottom subcell layers removed.

4.1.7 Current-voltage characteristics

Current-voltage (I-V) characteristics were measured using a four-wire configuration and a Keithley 2420

series source-meter. Two probes were used to conduct current in the top of the mesa structure (one for each

busbar) and a third probe was used as the voltage sensor. From the backside of the PPC samples, current was

conducted through a gold-plated copper chuck. Two wires were connected to screws mounted in the chuck,

one wire for current and the other to measure voltage.
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Table 4.7: Detailed InAlGaAs/InP two-junction PPC epitaxial layer structure.

Region Layer Material Bandgap
(eV) Doping

(
cm−3) Thickness

(nm)

n cap In0.526Ga0.474As 0.74 Si: 5×1018 100

n etch stop* In0.3Al0.7As 1.93
(indirect)

Si: 2×1018 10

Subcell
(top)

n FSF In0.527Al0.356Ga0.117As 1.29 Si: 5×1018 400

n emitter In0.532Al0.097Ga0.371As 0.88 Si: 1×1018 100

p base In0.532Al0.097Ga0.371As 0.88 Be: 2×1016 ttop−100

p BSF In0.527Al0.356Ga0.117As 1.29 Be: 5×1018 50

Tunnel
diode

**

p cladding In0.523Al0.477As 1.44 Be: 5×1018 30

p++ TD In0.527Al0.330Ga0.143As 1.25 Be: 2.68×1019 15

n++ TD In0.527Al0.330Ga0.143As 1.25 Si: 5×1019 15

n cladding In0.523Al0.477As 1.44 Si: 1×1018 30

Subcell
(bottom)

**

n FSF In0.527Al0.356Ga0.117As 1.29 Si: 5×1018 50

n emitter In0.532Al0.097Ga0.371As 0.88 Si: 1×1018 100

p base In0.532Al0.097Ga0.371As 0.88 Be: 2×1016 tbottom−100

p BSF In0.527Al0.356Ga0.117As 1.29 Be: 5×1018 50

p cap* In0.526Ga0.474As 0.74 Be: 2×1019 200

p buffer In0.526Ga0.474As 0.74 Be: 2×1018 100

Substrate p substrate InP 1.34
Zn:

(1−8)×1018 ∼ 625 µm

* Layer omitted from early devices (Figures 4.9-4.11)
** Layers omitted from single-junction devices
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Figure 4.23: Dark I-V curve for InAlGaAs PPC. The low- and high-current measurement regimes are indi-
cated as well as the resultant curve for which the currents are averaged in the overlapping region.

4.1.7.1 Dark

Dark I-V characteristics were measured with blackout fabric enclosing the sample stage and with lights,

computer monitors, and electrical displays turned off or blocked. The I-V curves were collected in two

voltage ranges, the first from -0.12 - 0.2 V using a current limit of 9 µA to capture the low-current regime

close to 0 V and the second from 0.1 - 1 V using a current limit allowing up to 20 A/cm2 for the corresponding

mesa size. For both measurement regimes, the step size was 0.001 V. The data sets were then stitched

together and averaged in the overlapping region between 0.1 and 0.2 V. A sample dark I-V curve indicating

each measurement regime is shown in Figure 4.23. Further discussion of dark I-V characteristics can be

found in Section 4.2.2.2.

4.1.7.2 Illuminated

I-V characteristics for O-band PPCs were measured under the illumination of a Dilas M1F4S22-1310.20-

14C-SS5.2 fiber-coupled laser centred at 1319 nm with a spectral line-width of 8.9 nm. The spectrum shown

in Figure 4.24 was measured by the manufacturer at 25°C for an output power of 14.0 W. The multimode

optical fiber had a diameter of 400 µm and a numerical aperture of 0.22.

A schematic of the measurement apparatus, which I designed and assembled, is shown in Figure 4.25a.

A photo with the beam-path overlaid is shown in Figure 4.25b. The fiber output was collimated using a
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Figure 4.25: (a) Schematic of laser measurement setup showing beam path and optics. (b) Photograph of
experimental setup with beam path overlaid in red. f denotes the lens focal length and 2w is the beam
diameter.
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2” lens with a focal length of 75 mm and then passed through a focusing lens with a focal length of 60 mm

directly above the measurement stage. The entire apparatus was contained within a light-proof box that could

be closed to fully contain the laser beam. The size of the laser beam incident on the sample was controlled

by adjusting the lens-to-sample distance.

The output power of the laser was controlled by adjusting the current to the laser diode. Absorptive

neutral density (ND) filters were used to attenuate the output power to achieve measurements at lower illu-

mination powers. The output power was initially measured as a function of the laser current using a Newport

818P-020-12 thermopile detector, first without a filter and again using an ND2 filter to determine the de-

gree of attenuation. The measurement was repeated using a calibrated Newport 918D-IR-OD2 photodiode

detector with a maximum power rating of 130 mW using an ND2 filter and an ND1 filter to determine the

relationship between output power and the laser current and the degree of attenuation for the ND1 filter. Both

the thermopile and the photodiode detectors were paired with a Newport 842-PE optical power meter.

The measured data for each detector and filter combination is shown in Figure 4.26. The observed trends

in output power are nearly linear with the laser current; however, better agreement was obtained using a

quadratic fit, particularly near the threshold current of 9.6 A. A quadratic fit was performed using the ND2

data measured with the photodiode detector. Using the transmittance of the ND2 filter, which is found to be

TND2 = 1.373±0.004%, the resultant equation for power as a function of laser current (Ilaser) is

PFull (Ilaser) =
PND2 (Ilaser)

0.01373
= 0.0018I2

laser+0.255Ilaser−2.24 W (4.27)

The transmittance of the ND1 filter was found to be TND1 = 10.05± 0.04% and the corresponding current-

dependent power can be determined similarly. Note that the calibration of the thermopile detector was found

to be 11.5% above that of the properly calibrated photodiode detector.

The uncertainty in the laser power determined from the laser current can be estimated from the standard

deviation of residuals, which is calculated according to

σPND2 =

√∑
i (PND2i −PND2 (Ilaser))

2

Npts−1
= 0.00017 W (4.28)

where Npts is the number of data points. The corresponding uncertainty is estimated to be 2σPND2 = 0.0003 W

for the ND2 filter. For the ND1 filter and for full power, the uncertainty estimates are 2σPND1 = 0.003 W and
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Figure 4.26: Laser power as a function of laser current for (a) the ND2 filter, (b) the ND1 filter, and (c) full
power. Measurements are shown for both the thermopile and the calibrated photodiode detectors. Calcula-
tions are based off of the fit to the ND2 photodiode measurement.

2σPFull = 0.03 W respectively. This uncertainty analysis accounts for random error due to power fluctuations,

but does not account for systematic error that may be present in the measurements. When measuring the

laser power using the photodiode detector, it was difficult to ensure that the entire laser beam was captured

by the photodiode. To mitigate this potential source of systematic error, the position of the detector was

manually adjusted to maximize the reading on the power meter before fixing the detector position.

For small-diameter single-mode optical fibres, the output beam is typically Gaussian in shape. For a

larger diameter multi-mode fiber, the beam-shape can be represented by a super-Gaussian profile [188]. The

intensity of the beam as a function of position in the x-y plane is then

Ilight (x,y) = Ipeake−2 |x/wx |
βx

e−2|y/wy |
βy

(4.29)

where Ipeak is the peak intensity and wx and wy are the 1/e2 beam radii and βx and βy are the beam shape
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parameters in the x and y directions. The total power of the output beam is found by integrating the intensity

over all space

PTot = Ipeak

ˆ ∞
−∞

e−2 |x/wx |
βx

dx
ˆ ∞
−∞

e−2|y/wy |
βy

dy

= Ipeak
2(1−1/βx )Γ (1/βx)

βx
wx

2(1−1/βy)Γ
(
1/βy

)
βy

wy (4.30)

Assuming a symmetrical beam where wx =wy =w and βx = βy = β, the expressions simplify to the following

Ilight (x,y) = Ipeake−2( |x |β+ |y |β)/wβ
(4.31)

PTot = Ipeak
4(1−1/β)Γ2 (1/β)

β2 w2 (4.32)

In the case of a perfect Gaussian beam, where β = 2, the total power is Ipeak
π
2 w

2.

The uniformity of the irradiance across the sample can be quantified using the peak-to-average ratio

(PAR), which is defined as

PAR =
Ipeak

Iavg
=

Ipeak

0.99PTot/
(
πw2

99

) (4.33)

where Iavg is the average intensity and w99 is the beam radius that contains 99% of the incident power. This is

a metric for comparison to describe the uniformity of the laser beam and the exact values are not important.

The knife-edge profiling technique was used to measure the diameter of the laser beam incident on the

samples. A razor blade was moved incrementally across the beam in the x-direction, gradually blocking it,

and the power was measured at each position. The power as a function if the razor’s x-position is

P (x) = PTot− Ipeak

ˆ x

−∞

e−2 |x/w |β dx
ˆ ∞
−∞

e−2 |y/w |β dy

=
PTot

2
©­­«1− sign (x)

γ
(
1/β,2 (x/w)β

)
Γ (1/β)

ª®®¬ (4.34)

The razor blade was carefully positioned to be nearly level with the height of the PPC samples that were

measured on the apparatus. Knife-edge measurements and Gaussian profiles are shown in Figure 4.27 for

three different stage heights, corresponding to different beam sizes.
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Figure 4.27: (a-c) Knife-edge beam profile measurements with the curve-fit shown in red for three spot
sizes. (d-f) Super-Gaussian beam-shapes extracted from the fits. The 1/e2 diameter (2w) and the diameter
containing 99% of the incident power (2w99) are indicated. The profiles are normalized to a total power of 1.

Table 4.8: Laser beam parameters.

z (mm) 2w (mm) β 2w99 (mm) PAR

5 2.3±0.2 3.4±0.8 2.9±0.4 2.5

6 1.9±0.1 3.1±0.5 2.5±0.3 2.7

7 1.7±0.1 3.0±0.4 2.2±0.2 2.8

8 1.35±0.08 2.0±0.3 2.1±0.2 4.7

9 1.17±0.08 1.6±0.2 2.0±0.3 6.6

The lens-to-sample distance was adjusted in increments of 1 mm over a range of 5 mm to generate five

spot sizes used in this thesis. The micrometer position corresponding to each spot size is referred to as z.

The beam parameters summarized in Table 4.8. The beam diameters 2w and 2w99 are plotted against z in

Figure 4.28, with dashed lines indicating quadratic fits. The uncertainties in the beam diameters come from

the 95% confidence limits on the fitting parameters and an estimated error of ±0.2 mm in the lens-to-sample

distance. Henceforth, beam sizes will be referred to according to the 1/e2 diameter, 2w.

The I-V characteristics for PPCs were measured under laser illumination of various powers. The voltage

range was from −0.1 to 1.0 V. In general, the spot size was chosen to fit within the boundaries of the active

device area. When measuring I-V characteristics for a single PPC, different procedures were used depending

on the incident power. For powers < 0.1 W, the laser was allowed to illuminate the sample continuously and
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Figure 4.29: I-V characteristics for InAlGaAs PPC samples with mesa dimensions of 3.85× 3.85mm2 and
absorber thicknesses of (a) 4.1 µm and (b) 0.84 µm. The average irradiance is labelled and markers indicate
the maximum power points for each curve. The beam diameter was 2w = 1.9 mm.

a step size of 0.005 V was used. Between each measurement, the current to the laser diode was adjusted and

the laser was given a few seconds to stabilize at the new power. At incident powers > 0.1 W, a step size

of 0.02 V was used and a beam block was manually inserted between the ND filter and the mirror between

measurements to limit device heating.

I-V curves for two InAlGaAs PPC samples of different absorber thicknesses measured at illumination

powers ranging from 7 to 50 mW are shown in Figure 4.29. The incident intensity was determined by

averaging the illumination power over the device area.
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4.1.7.3 Limitations of the measurement apparatus

The most significant practical limitation of the experimental setup shown in Figure 4.25 is the fact that height

of the sample stage cannot be adjusted while maintaining electrical contact to the device via the probes. For

every adjustment of the vertical position to modify the beam size, it was necessary to lift the probes. This

could be remedied by using an x-y-z stage large enough to hold both the sample chuck and electrical probers.

Another potential improvement would involve the integration of a beam block that could be accurately

positioned without opening the top of the light-proof box.

4.2 Single- and dual-junction InAlGaAs photonic power converters

MEGHAN N. BEATTIE, MARZIYEH ZAMIRI, KAYDEN L. C. KALLER, MATTHEW M. WILKINS, CHRISTOPHER

E. VALDIVIA, DAIXI XIA, MAN CHUN TAM, HOSUNG KIM, JACOB J. KRICH, ZBIGNIEW R. WASILEWSKI, AND

KARIN HINZER

Scope and impact

The following is a reproduction of a conference proceeding that was presented virtually at the 47th IEEE

Photovoltaic Specialists Conference, June 2020, with the original title: “Two-Junction III-V Photonic Power

Converter Operating At Monochromatic Telecom Wavelengths” [189]. The publication describes my work

designing and characterizing a two-junction InAlGaAs PPC designed for O-band operation, including anal-

ysis of two optically thin single-junction PPCs and a brief discussion of the TD design. To our knowledge,

these are the first results published for a two-junction O-band PPC. The design approach for a multi-junction

PPC device is described and detailed experiments and analysis are presented that demonstrate the device

capabilities. Multi-junction detailed balance calculations are introduced to provide a benchmark for the ex-

perimental results. Loss mechanisms are discussed and potential areas for improvement in the design are

outlined.
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are presented to benchmark device performance. A transparent tunnel diode with peak tunneling current near

1000 A/cm2 provides a series connection between the subcells. Current-voltage measurements under laser

illumination at 1319 nm yield ideality factors near 1, with open-circuit voltages up to 0.38 V and 0.66 V for

the one- and two-junction devices, respectively, under intensities of up to 0.33 W/cm2. Quantum efficiency

measurements reveal that the two-junction device is current-matched near 1390 nm.

4.2.1 Introduction

Widespread deployment of communications equipment, sensors, and smart technology is driving a need

for reliable power supplies to electrically-isolated and extreme environments. Traditional copper cabling is

sensitive to electromagnetic interference and presents a risk of heating and sparking. Photonic power trans-

mission via optical fiber is immune to electromagnetic interference and presents minimal risk in hazardous

conditions. Electrical power can be converted to light using a laser or an LED, transmitted through fiber, and

converted back to electrical power using a photonic power converter (PPC) that, like a solar cell, converts

light to electricity through the photovoltaic effect.

Most commercially available PPCs are based on GaAs, operating in the 850 nm band. To increase the

output voltage, p-n junctions can be vertically stacked using design principles that are a direct extension of

multi-junction solar cell technology. Multi-junction PPCs differ from solar cells in that the absorbers in each

junction all have the same bandgap and achieve current matching using optically thin subcells, which can also

be used in multi-junction solar cells to improve current matching and boost voltage [190]. Monochromatic

conversion efficiencies exceeding 66% and output voltages exceeding 30 V have been obtained in state-of-

the-art PPC devices [50, 191]. Efficiencies of more than 50% have been demonstrated for GaAs PPCs even

at very high illumination intensities exceeding 150 W/cm2, averaged over the active area of the device [15].

Existing GaAs-based technologies are well suited to free-space power transfer, or short distances (< 1

km) over optical fiber. Light attenuation in fiber becomes a significant problem for longer distance power-

over-fiber transmission, with losses near 50% per kilometer in the 850 nm band. By designing for longer

wavelengths in the telecom regime where attenuation in fiber is minimized, longer-distance transmission (up

to 10 km) becomes practical.

In this paper, we present a two-junction vertically stacked PPC operating at 1319 nm. The lattice-

matched device, grown on InP, consists of InAlGaAs absorbing layers interconnected by a higher-bandgap

InAlGaAs tunnel diode, which is fully transparent at 1319 nm. Experimental current-voltage and quantum
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efficiency measurements for semi-transparent single-junction devices, high-performance tunnel diodes, and

for a two-junction device are shown. Multi-junction detailed balance calculations in the radiative limit are

also presented to benchmark device performance.

4.2.2 Results and discussion

4.2.2.1 Multi-junction detailed balance calculations

Detailed balance calculations, extended to include multi-junction architectures and luminescent coupling

(see [192]) are used to benchmark the performance of experimental devices. The current is fixed throughout

the device and in each junction is calculated by subtracting the number of photons lost from the number of

absorbed photons. Photons are lost by radiative emission using a modified Planck spectrum, assuming a step

function absorption coefficient with a value of 7143 cm-1 above the 0.867 eV bandgap, chosen to match our

experimental target at the operating wavelength. The calculations presented here are done in the radiative

limit, assuming an input laser spectrum centered at 1319 nm with an intensity of 1 W/cm2.

The modelled current-voltage characteristics for one to ten junctions are shown in Figure 4.30. For a

single-junction device, the open-circuit voltage (VOC) in the radiative limit is 0.65 V, at 1 W/cm2. For the

10-junction device, the VOC is 6.68 V, slightly more than a 10-fold increase compared to the single-junction.

Luminescent coupling leads to a slight voltage enhancement in the top subcells of a multi-junction device.

This effect is described in detail in [192, 193].

Modelled efficiencies are shown as a function of the number of junctions in the inset of Figure 4.30. The

Figure 4.30: Theoretical current-voltage characteristics for PPCs with 1 to 10 junctions. The inset shows the
efficiency as a function of the number of junctions. Calculations are done using an extended detailed balance
model in the radiative limit. Incident illumination is centered at 1319 nm with an intensity of 1 W/cm2. The
active layer bandgap is 0.867 eV.
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Figure 4.31: Design schematic for one-junction PPC (not to scale). Materials and target bandgaps are indi-
cated.

slight increase in efficiency from 56.9% for the single-junction to 58.5% for the 10-junction can be explained

by the voltage enhancement. Due to the logarithmic relationship between VOC and the illumination intensity,

the efficiency is strongly intensity-dependent. By increasing the intensity to 10 W/cm2, the modelled effi-

ciencies increase to 62.8% and 64.5% for one- and 10-junction PPCs respectively. At 100 W/cm2, modelled

efficiencies are 68.8% and 70.4% respectively.

4.2.2.2 Single-junction photonic power converters

Molecular beam epitaxy (MBE) is used to grow single-junction PPC test devices of various thicknesses. The

quaternary material InAlGaAs, lattice-matched to InP, is used for the emitter and base absorbing layers as

well as for transparent front and back surface fields (FSF, BSF) to improve carrier collection, as shown in

Figure 4.31. By varying the quaternary composition, the bandgap can be tuned from 0.72 to 1.44 eV while

lattice-matched to InP. The devices presented in this paper were designed to operate in the telecommunica-

tions O-band with wavelengths near 1310 nm, or photon energies near 0.95 eV. Ohmic contacts are made

to the p-doped InP substrates and to a highly n-doped InGaAs cap layer, the latter of which is removed by

self-aligned wet etch after fabrication of the contact gridlines.

Current-voltage (J-V) characteristics for semi-transparent single-junction PPCs under laser illumination

at 1319±2 nm are shown in Figure 4.32a and b. The absorber bandgap is 0.867 eV and absorber thicknesses

are (a) 4.1 µm and (b) 0.84 µm. Expected absorbance values are 95% and 45% respectively, based on an

absorption coefficient of 7143 cm-1, determined by spectroscopic ellipsometry of undoped InAlGaAs, fit

using the Adachi-New Forouhi dispersion model [175].
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(c)

Figure 4.32: (a,b) Current-voltage characteristics for semi-transparent 1-junction PPCs under 1319 nm laser
illumination at intensities between 0.05 and 0.33 W/cm2. Absorber thicknesses are (a) 4.1 µm and (b)
0.84 µm. (c) Open-circuit voltage as a function of illumination intensity for the PPCs in (a) and (b). Solid
lines show fits according to (1). See Table 4.9 for fit parameters.

Table 4.9: Figures of merit for 1-junction PPCs in Figure 4.32.

Thickness (µm) R (A/W) nideal J0
(

A/cm2)

4.1 0.623 1.02 2.87×10−7

0.84 0.323 1.16 2.32×10−7

Open-circuit voltage (VOC) scales with intensity
(
Ilight

)
as in:

VOC =
nideal kB T

q
ln

(
JSC
J0
+1

)
(4.35)

JSC = R Ilight A (4.36)

where nideal is the ideality factor, k is the Boltzmann constant, T is the absolute temperature (298 K), J0 is the

dark saturation current, JSC is the short-circuit current, R is the responsivity at the laser wavelength and A is

the active area. The VOC is shown as a function of intensity for both single-junction PPCs in Figure 4.32c.
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Fits are performed using equation 4.35 for the first six data points (up to 0.18 W/cm2) and fitting parameters

are given in Table 4.9. Ideality factors near 1 are obtained, suggesting that recombination outside of the

depletion region dominates between 0.3 and 0.4 V. At higher intensities, deviations from the trend are likely

caused by localized heating effects.

The measured VOC is low compared to the limiting values determined by detailed balance calculations.

At an intensity of 0.1 W/cm2, the maximum VOC for a 1-junction device in the radiative limit is 0.59 V.

Measured values at 0.1 W/cm2 are 0.32 V and 0.35 V for the thick and thin PPCs respectively. A reduction

in non-radiative recombination may lead to a significant improvement in the VOC .

Measured external quantum efficiency (EQE) and specular reflectance
(
Rspec

)
for the 1-junction PPCs

are shown in Figure 4.33. Rspec is close to 35% at the laser wavelength for both PPCs. This loss will be

virtually eliminated by the application of an anti-reflection coating on future devices. In an ideal device with

only specular reflection and transmission losses, the Rspec adjusted QE, corresponding to the dashed lines

in Figure 4.33, would be equivalent to absorbance. Table 4.10 shows a comparison between the expected

absorbance and the Rspec-adjusted QE at the laser wavelength for each device. For the 4.1 µm PPC, the ∼ 6%

(abs.) difference between the expected absorbance and the Rspec adjusted QE indicates that the minority

carrier diffusion length is insufficient for complete carrier collection in such a thick device. For the 0.84 µm
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Figure 4.33: Quantum efficiency and specular reflectance for semi-transparent 1-junction PPCs. The laser
wavelength used for the J-V measurements is indicated. Absorber thicknesses are (a) 4.1 µm and (b)
0.84 µm.
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Table 4.10: Expected absorbance and Rspec-adjusted QE at laser wavelength for 1-junction PPCs in Figure
4.33.

Thickness (µm) Expected absorbance Rspec-adjusted QE

4.1 95% 89±2%
0.84 45% 44±2%

PPC, the expected absorbance and the Rspec-adjusted QE fall within uncertainty of each other, indicating

that the minority carrier diffusion length is sufficiently long to have minimal impact on carrier collection

for devices of this thickness. These results suggest that a multi-junction PPC with several thinner absorbing

subcells is likely to perform better than a single-junction PPC of the same total absorber thickness due to

improved carrier collection within the subcells.

Dark J-V curves were measured for a series of square diodes of varying sizes fabricated on the thick

single-junction PPC with a 4.1 µm absorber. The top contact for these diodes consisted of a single square

pad covering the active area of the device, set back 25 µm from the mesa edge. The measurements are

shown in Figure 4.34. The J-V curves corresponding to the smallest two diodes are set apart from the three

larger diodes, which very nearly overlap. This near overlap signifies that edge effects such as reduced shunt

resistance at the perimeter strongly impact only very small diodes with side length < 250 µm. Edge effects

are negligible in square diodes larger than 250 µm.

Figure 4.34: Dark current-voltage characteristics for 1-junction PPC square diodes with 4.1 µm. absorber
thickness. The side length for each square diode is shown in the legend. The inset shows the non-ideal diode
equation 4.37 fit to the 125 µm. diode dark J −V curve. See Table 4.11 for fit parameters.
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Table 4.11: Fitting parameters for dark J −V curves in Figure 4.34.

Side length
(µm)

P/A ratio
(

cm−1)
nideal J0

(

A/cm2) Rs
(

Ω cm2) Rsh
(

Ω cm2)

125 320 1.5 6.61×10−6 4.42×10−2 2.24×103

200 200 1.35 2.90×10−6 3.32×10−2 5.19×104

250 160 1.24 1.29×10−6 3.82×10−2 8.47×1010

450 89 1.24 1.51×10−6 3.53×10−2 9.91×1010

700 57 1.26 1.64×10−6 4.48×10−2 8.54×1010

The curves in Figure 4.34 are fit with the non-ideal diode equation:

J = J0

{
exp

[
q (V − J Rs)

nideal kB T

]
−1

}
+

V − J Rs
Rsh

(4.37)

where Rs is the series resistance and Rsh is the shunt resistance. The fit for the smallest diode can be seen in

the Figure 4.34 inset. The fitting parameters for each of the curves are shown in Table 4.11. We see a clear

increase in shunt resistance with decreasing perimeter to area ratio (P/A). For the largest three diodes with

P/A ≤ 160 cm−1, shunt resistance has a negligible impact on the fit. Both ideality factor, nideal, and dark

saturation current J0 initially decrease with increasing side length before levelling off.

The PPCs for which illuminated measurements are presented in Figure 4.32 and Figure 4.33 have a

side length of 3.85 mm, corresponding to a P/A ratio of 10.4 cm−1, which is much less than the 160 cm−1

threshold. We conclude that edge effects have negligible impact on their performance.

The difference between the ideality factors and dark saturation currents presented in Table 4.11 and the

analysis presented in Table 4.9 can be attributed to a change in ideality factor that occurs between 0.3 and

0.4 V, which is masked by the series resistance in the square diodes.

4.2.2.3 Tunnel diodes

To develop a multi-junction device, tunnel diodes are required to create series connections between adjacent

p-n junctions. To this end, fully transparent tunnel diodes are grown by MBE. The structure is similar to a

design proposed by Lumb et al. [194, 195] and consists of highly doped InAlGaAs layers with a bandgap near

1.25 eV surrounded by wide-bandgap InAlAs cladding, as shown in Figure 4.35. Peak tunneling currents(
Jpk

)
on the order of 1000 A/cm2 are measured, which is more than sufficient for operating a multi-junction



CHAPTER 4. InAlGaAs photonic power converters for O-band operation 142

Substrate

Buffer
BSF

Base

Emitter
FSF
Cladding
n++
p++
Cladding
BSF

Base

Emitter
FSF
Etch stop
Cap

1.34 eV

0.74 eV
1.29 eV

0.87 eV

0.87 eV
1.29 eV
1.45 eV
1.25 eV
1.25 eV
1.45 eV
1.29 eV

0.87 eV

0.87 eV
1.29 eV
1.93 eV
0.74 eV

p - InP

p - InGaAs
p - InAlGaAs

p - InAlGaAs

n - InAlGaAs
n - InAlGaAs
n - InAlAs
n - InAlGaAs
p - InAlGaAs
p - InAlAs
p - InAlGaAs

p - InAlGaAs

n - InAlGaAs
n - InAlGaAs
n - InAlAs
n - InGaAs

Subcell 1
Tunnel diode

Substra
te

0.75 μm

4.1 μm

Subcell 2

(top)

(bottom)

Figure 4.35: Design schematic for two-junction PPC (not to scale). Materials and target bandgaps are
indicated. The cap is not etched for this work.
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Figure 4.36: J-V behaviour for InAlGaAs tunnel diode lattice-matched to InP, fully transparent up to 1.2 eV
(including telecommunications O-band and C-band). The device operation range (currents up to 100 A/cm2)
is indicated.

PPC at currents up to 100 A/cm2. A sample J-V curve is shown in Figure 4.36. The peak-to-valley ratio

(PVR) is 2.7 and the resistance at 0 V (R0) is 3.5×10−4 Ω cm2.

4.2.2.4 Two-junction photonic power converter

A two-junction PPC is grown by MBE following the design in Figure 4.35. The bottom subcell has an

absorber thickness of 4.1 µm while the top absorber thickness is 0.75 µm. The thickness of the top subcell

was chosen for 49% absorption at 1319 nm, assuming an absorption coefficient of 9000 cm-1. Subsequent
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(b) (c)

(a)

Figure 4.37: (a) Measured EQE and Rspec for the 2-junction PPC. Adjusted QEs account for Rspec and
for absorbance in the InGaAs cap

(
Acap

)
. (b) J-V characteristics for the 2-junction PPC under 1319 nm

illumination (not current-matched). (c) WOC for 1-junction PPCs and average WOC for the 2-junction PPC.
Intensities are adjusted for the 2-junction and 0.84 µm PPCs to account for 4% absorption in the cap. Solid
lines show fits done using (1) and (4) for 1- and 2-junction PPCs respectively.

analysis of the single-junction PPCs revealed this was an over-estimate. Future multi-junction devices will

be designed using an absorption coefficient of 7143 cm-1.

Measured quantum efficiency and specular reflectance for the two-junction device are shown in Figure

4.37a. In addition to the Rspec-adjusted QE, a second adjusted curve is shown that accounts for a small

amount of absorption in the InGaAs cap
(
Acap

)
, which has not been etched. Comparing Figure 4.37a to

Figure 4.33, a shift in the absorber bandgap is observed from 0.867 eV to 0.845 eV for the 2-junction device.

Analysis of X-ray diffraction spectra and Nomarski images indicate compressive strain and partial relaxation

in the epitaxial layers, suggesting that the In composition is slightly higher than expected in the quaternary

layers, resulting in the reduced bandgap.

At short wavelengths, most incident light is absorbed in the top subcell and the current is limited by the

bottom subcell, leading to a low QE. Moving to longer wavelengths, a larger portion of light is transmitted

through the top subcell to the bottom and the QE increases. At the target wavelength of 1319 nm, the top
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subcell is still over-producing while the bottom is limiting, resulting in slight current mismatch. The QE is

maximized near 1390 nm, where the absorption in each subcell is equal. The adjusted QE of 40% at the peak

is less than the ideal 49%, suggesting that minority carrier recombination is impacting carrier collection.

This can be explained by the above-target In composition that induces strain and relaxation via generation of

misfit and threading dislocations with high density of recombination centers.

J-V measurements for the two-junction device are shown in Figure 4.37b under illumination at 1319 nm,

yielding a responsivity R = 0.231 A/W. VOC scales with intensity as in [68]:

VOC = VOCref +nsum
kB T

q
ln

(
Ilight

Iref

)
(4.38)

where Iref = 0.05 W/cm2 and VOCref is the VOC when illuminated by Iref . nsum is the sum of the ideality factors

for each subcell. Fitting to the VOC values up to an intensity of 0.18 W/cm2 yields nsum = 2.04.

Due to the difference in bandgap, VOC cannot be directly compared for the 1- and 2-junction devices.

Instead, we compare the bandgap-voltage offset, WOC =
(
Eg/q

)
−VOC. For the 2 junction device, we use

the average VOC per subcell. The results are plotted in Figure 4.37c as a function of power. WOC for the

2-junction device agrees very well with the 4.1 µm 1 junction device. WOC is smaller for the 0.84 µm

device, but still substantial when compared to the theoretical WOC in the radiative limit, which is 0.275 V

at 0.1 W/cm2 for a 1-junction PPC. The large WOC values observed are likely the result of significant non-

radiative recombination outside of the depletion regions. Bandgap narrowing due to doping in the active

layers may be another contributing factor. Design optimization will bring the VOC closer to the bandgap.

4.2.3 Conclusion

Experimental measurements for 1-junction PPCs operating in the telecom wavelength regime demonstrate

VOC up to 0.38 V and ideality factors near 1. A tunnel diode with peak tunneling current near 1000 A/cm2

is presented, which is fully transparent in the O-band. First results for a fully functioning 2-junction device

are shown, with VOC up to 0.66 V. Further optimization of the 2-junction design is underway. This design

approach is applicable to higher numbers of junctions for the generation of higher voltages suitable to power

electronic devices directly.
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4.3 Analysis of loss mechanisms

4.3.1 TCAD Sentaurus simulations

Loss mechanisms for the InAlGaAs O-band PPCs were analyzed by comparing experimental results for the

4.1 µm thick PPC to a comparable device simulated using TCAD Sentaurus. A comparison between the

experimental and simulated quantum efficiency curves is shown in Figure 4.38. To achieve agreement in the

reflectance spectrum, it was necessary to reduce the thickness of the FSF used in the simulation from the

target thickness of 0.4 µm to 0.388 µm. The material parameters used to generate the simulation are given

in Section 4.3.2. The one-dimensional nature of the TCAD simulation does not natively account for shading

from gridlines. As such, the simulated EQE and reflectance were modified to include perfect reflectivity

across 8% of the surface, which agrees with the 8% metal coverage for the experimental PPC sample.

Agreement is found between the simulation and experiment, except for the region near the band edge.

This discrepancy is attributed to the complex index of refraction data used for the simulation, which was

obtained by spectroscopic ellipsometry and is less reliable close to the band edge (see Section 4.1.2). Agree-

ment between simulation and experiment at the laser wavelength of 1319 nm is very good. Accounting for

reflection and transmission losses, recombination processes were found to be responsible for ∼ 4% absolute

loss in quantum efficiency for wavelengths ranging from 1.0−1.36 µm. The losses are shown in Figure 4.39.

In Figure 4.40, simulated J−V curves for the 4.1 µm PPC are compared to one measured experimentally
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Figure 4.38: Comparison between experimentally measured and simulated QE and reflectivity for the 4.1 µm
thick PPC.
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Figure 4.39: Breakdown of simulated EQE and loss mechanisms for the 4.1 µm thick PPC.
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Figure 4.40: Simulated and experimentally measured J −V curves for PPC with 4.1 µm absorber thickness
under 1319 nm illumination with an intensity of 100 mW/cm2.

under 1319 nm laser illumination at an incident power of 100 mW/cm2. To reproduce the experimental

VOC of ∼ 0.32 V, it was necessary to include the effects of bandgap narrowing as well as very short SRH

lifetimes in the emitter and the base (5×10−11 s and 2.5×10−9 s). This simulation result corresponds to the

“short lifetime” case shown in Figure 4.40. Bandgap narrowing was approximated using the Bennet-Wilson

formulation [196]:
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∆Eg (Na+Nd) =


Eref

[
ln

(
Na+Nd
N0

)]2
N ≥ N0

0 N < N0

(4.39)

where Eref and N0 are empirical fitting parameters. For this simulation, the model was applied to the InAl-

GaAs material using the parameters Eref = 4.5 meV and N0 = 1015 cm−3. These parameters were selected by

trial and error in combination with adjustments to the SRH lifetimes in an attempt to recreate the measured

data.The bandgap narrowing is show in Figure 4.41 as a function of doping concentration. The simulated

bandgap narrowing values corresponding to the emitter and the base are indicated. For comparison, bandgap

narrowing trends are shown for n- and p-type GaAs, calculated using the Jain and Roulson model [8]. The

simulated values for InAlGaAs are larger than those for both n- and p-type GaAs at doping concentrations

< 1019 cm−3, suggesting that the quaternary bandgap narrowing is likely overestimated in this simulation.

The short SRH lifetimes of 5× 10−11 s and 2.5× 10−9 s for the emitter and the base indicate that non-

radiative processes dominate the recombination behaviour and limit the VOC of the PPC devices. This sug-

gests that significant performance improvements may be achievable with improved minority carrier lifetimes

in the absorber material. For comparison, the simulation was repeated with longer SRH lifetimes of 1×10−8 s

for both emitter and base. The result was a significant improvement in the simulated PPC performance with

a ∼ 30% increase in the VOC.
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Figure 4.41: Simulated bandgap narrowing as a function of doping concentration for InAlGaAs according to
equation 4.39. Values for GaAs are shown for comparison [8].
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Figure 4.42: Simulated and experimentally measured VOC as a function of input intensity averaged over the
entire PPC.

Table 4.12: Figures of merit obtained from fitting VOC for 4.1 µm PPC simulation and experiment.

Source nideal J0
(

A/cm2)

Experiment 1.02 2.59×10−7

Simulation
(short lifetime)

1.47 1.42×10−5

Simulation
(long lifetime)

1.11 4.03×10−8

Figure 4.42 shows the simulated and measured VOC as a function of the illumination intensity, averaged

over the device area. Table 4.12 lists the parameters extracted by fitting the VOC to equation 4.35. A signifi-

cantly different trend is observed for simulation and experiment. The ideality factor obtained experimentally

is close to 1, signifying that the PPC behaviour is dominated be recombination outside of the space-charge

region. In contrast, the ideality factor extracted from the short lifetime simulation results is closer to 1.5,

indicating that recombination within the space-charge region is predicted to be more significant. The dark

saturation current, J0, on the other hand, is larger than the experimental value for the short lifetime simula-

tion. For the long lifetime simulation, the ideality factor is closer to 1; however, J0 is much smaller than the

experimental value. From this comparison, it is clear that the simulation does not fully capture the physics
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happening within the PPC. Other effects that may be contributing to the device performance include surface

recombination, dopant diffusion, and measurement effects including spreading and contact resistance. This

should be the object of further study.

4.3.2 Material parameters used for PPC simulations

The material parameters used to generate the InAlGaAs PPC simulations in this thesis are summarized in

Tables 4.13 to 4.16.

Table 4.13: Material parameters at 300 K used for InP in PPC simulations. Values for electrons and holes
are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 12.5 [161]

Refractive index nr, κ Tabulated [163, 184]

Band structure

Eg (eV) 1.344 [161]

χ (eV) 4.38 [161]

mc/m0 0.079 [156]

mv/m0 0.56 [156]

Mobility

µmax
(
cm2/Vs

)
5200, 170 [62]

µmin
(
cm2/Vs

)
400, 10 [62]

N0
(
cm−3) 3.0×1017, 4.97×1017 [62]

A∗ 0.47, 0.62 [62]

Recombination

Brad
(
cm3/s

)
1×10−10 [156]

τmax (s) 2×10−9, 3×10−6 [161]

τmin (s) 0, 0 [161]

N0
(
cm−3) 1×1015, 1×1014 [161]

γ∗ 1, 1 [161]

AAug 9×10−31, 9×10−31 [161]
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Table 4.14: Material parameters used for InxGa1−xAs in PPC simulations. Temperature is 300 K unless
otherwise stated. Values apply to In53Ga47As unless binary parameters are given, in which case interpolation
is used. Values for electrons and holes are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 13.9 [4]

Refractive index nr, κ Tabulated [197]

Band structure

Eg,0 (eV)
InAs: 0.417 [156]
GaAs: 1.519 [156]

KEg,0 (eV) 0.477 [156]

α
(
eVK−1) InAs: 2.76×10−4 [156]

GaAs: 5.405×10−4 [156]

β (K)
InAs: 93.0 [156]
GaAs: 204.0 [156]

χ (eV)
InAs: 4.9 [156]
GaAs: 4.07 [156]

mc/m0 0.041 [4]

mv/m0 0.45 [4]

Mobility

µmax
(
cm2/Vs

)
14000, 320 [62]

µmin
(
cm2/Vs

)
300, 10 [62]

N0
(
cm−3) 1.3×1017, 4.9×1017 [62]

A∗ 0.48, 0.403 [62]

Recombination

Brad
(
cm3/s

)
1×10−10 [156]

τmax (s) 1×10−7, 1×10−8 [158]

τmin (s) 0, 0 [158]

N0
(
cm−3) 1×1018, 1×1018 [158]

γ∗ 1, 1 [158]

AAug 7×10−29, 7×10−29 [158]
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Table 4.15: Material parameters used for InxAl1−xAs in PPC simulations. Temperature is 300 K unless
otherwise stated. Values apply to In52Al48As unless binary parameters are given, in which case interpolation
is used. Values for electrons and holes are separated by a comma.

Category Parameter Value Ref.

Permittivity εs/ε0 12.3 [5]

Refractive index nr, κ Tabulated [174]

Band structure

x ≥ 0.37 (direct): Eg,Γ (eV)
InAs: 0.359 [65]
AlAs: 3.01 [65]

x ≥ 0.37 (direct): KEg,Γ (eV) 0.720 [65]

x < 0.37 (indirect): Eg,X (eV)
InAs: 1.37 [65]
AlAs: 2.15 [65]

x < 0.37 (indirect): KEg,X (eV) 0 [65]

χ (eV)
InAs: 4.9 [156]
AlAs: 2.97 [4]

mc/m0 0.071 [65]

mv/m0 0.607 [4]

Mobility

µmax
(
cm2/Vs

)
1532, 39.8 [181]

µmin
(
cm2/Vs

)
0, 0 [181]

N0
(
cm−3) 9.9×1017,1.6×1018 [181]

A∗ 0.38, 0.16 [181]

Recombination

Brad
(
cm3/s

)
1×10−10 -

τmax (s) 1×10−8, 1×10−8 -

τmin (s) 0, 0 -

N0
(
cm−3) 1×1018, 1×1018 -

γ∗ 1, 1 -

AAug 1×10−30, 1×10−30 -
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Table 4.16: Material parameters at 300 K used for (In0.52Al0.48)z (In0.53Ga0.47)1−z As in PPC simulations.
Values for electrons and holes are separated by a comma. Interpolations are between In0.53Ga0.47As and
In0.52Al0.48As.

Category Parameter Value Ref.

Permittivity εs/ε0 Linear interpolation -

Refractive index nr, κ Experimentally measured Section 4.1.2

Band structure

Eg (eV)
z = 0.205: 0.878 Section 4.1.3
z = 0.748: 1.29 Section 4.1.5.2

Eref (eV) 4.5×10−3 -

N0
(
cm−3) 1×1015 -

χ (eV)
In0.53Ga0.47As: 4.51 [4]
In0.52Al0.48As: 3.98 [4]

mc/m0 Linear interpolation -

mv/m0 Linear interpolation -

Mobility µ (N)
(
cm2/Vs

)
Linear interpolation -

Recombination

Brad
(
cm3/s

)
1×10−10 -

τSRH (s)
Optimistic: 1×10−8, 1×10−8 -
Realistic: 2.5×10−9, 5×10−11 -

AAug 1×10−30, 1×10−30 -
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4.4 High current density tunnel diodes

MEGHAN N. BEATTIE, CHRISTOPHER E. VALDIVIA, MATTHEW M. WILKINS, MARZIYEH ZAMIRI, KAYDEN

L. C. KALLER, MAN CHUN TAM, HOSUNG KIM, JACOB J. KRICH, ZBIGNIEW R. WASILEWSKI, AND KARIN

HINZER

Scope and impact

The following is a reproduction of an article that was published in Applied Physics Letters in 2021, with the

original title: “High current density tunnel diodes for multi-junction photovoltaic devices on InP substrates”

[198]. The publication describes my work developing and characterizing a high-performance tunnel diode

for use within a multi-junction InAlGaAs PPC designed for O-band operation. A comprehensive analysis of

tunnel diode current-voltage characteristics at a range of positions across the growth substrate is provided.

The discussion highlights the advantages of the proposed design, namely a very high tunneling current

density, and the associated challenges including acute sensitivity to the MBE growth temperature.

With tunneling current densities exceeding 1200 A/cm2, the best tunnel diodes presented in our pa-

per have achieved tunneling current densities an order of magnitude higher than what has previously been

demonstrated in similar devices [194, 199]. Our work represents an important step forward in the develop-

ment of InP-based multi-junction photovoltaics for very high illumination intensities in the near-infrared and

highlights the importance of minimizing unwanted dopant segregation, illustrating a path toward significant

performance improvements through optimization of the growth temperature.
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Abstract

InAlGaAs tunnel diodes, lattice-matched to InP and grown by molecular beam epitaxy, are demonstrated

with peak tunnelling current densities exceeding 1200 A/cm2. This was achieved by a 20°C reduction in

growth temperature for the p-type tunnel diode layers resulting in up to two orders of magnitude improve-

ment in the peak tunneling current density. Secondary ion mass spectrometry measurements reveal that

the lower growth temperature reduces unwanted segregation of p-type Be dopants, improving dopant incor-

poration within the active tunnel diode layers. The diodes are transparent to wavelengths above 1000 nm

and are compatible with the bottom junctions of InP-based multi-junction solar cells and with InP-based

photonic power converters operating in the telecommunications O- and C-bands. When incorporated into

a dual-junction photonic power converter test structure, measurements under 1319-nm laser illumination

demonstrate successful tunnel diode operation, enabling a halving of the short-circuit current and doubling

of the open-circuit voltage as compared to a single junction reference device.

Main text

Multi-junction (MJ) photovoltaic (PV) devices offer many advantages over single-junction designs, from

record-setting efficiencies in MJ solar cells (MJSCs) [200, 201] to high output voltages in MJ photonic power

converters (PPCs) [50] that convert monochromatic light from a laser or an LED to electricity (also called

optical or laser power converters). MJ PV devices vertically stack multiple epitaxial layers of absorbing

series-connected p-n junctions which require interconnection via transparent tunnel diodes (TDs). These

TDs must provide high peak tunneling current and low differential resistance without introducing parasitic

absorption or impeding current flow between adjacent junctions.

The open-circuit voltage of a PV device is related to the bandgap of the absorbing material. In a MJ de-

vice, the total voltage is the sum of the voltages of each absorbing junction. For a typical MJSC, each junction

is made from a different material that absorbs a different portion of the solar spectrum [201, 202]. In con-

https://doi.org/10.1063/5.0036053


CHAPTER 4. InAlGaAs photonic power converters for O-band operation 156

trast, the absorbing junctions of a MJ PPC are all made from the same material [50, 71]. The PPC operating

voltage scales linearly with the number of junctions while the current drops proportionally. Given the series-

connection of the MJ design, the same current flows through each junction. To prevent any one junction

from limiting current flow through the entire MJ structure, the thickness of each junction can be optimized

to absorb an equal number of photons. PPC junctions are grown optically thin to partition monochromatic

illumination.

Under concentrated solar illumination or high intensity input from a laser or LED, irradiance of 100 W/cm2

generates current densities in the tens of A/cm2 range in both MJSCs and PPCs [201, 203–205]. To operate

at such high current densities, TDs must have peak tunneling current densities
(
Jpk

)
that are even higher

to avoid limitation of the current flow and minimize resistive power losses and reduced voltage output.

TDs with Jpk on the order of 1000 A/cm2 are routinely used in PV devices based on Ge and GaAs sub-

strates [203, 205, 206]. TD designs for emerging MJ photovoltaics based on InP substrates are still under

development, with an emphasis on arsenide and antimonide semiconductor alloys in the tunneling layers

[194, 195, 199, 207–210].

MJSCs based on InP substrates show great promise as a high efficiency alternative to GaAs-based devices

due to the availability of lattice-matched materials with ideal bandgaps for a triple-junction structure [195,

201, 211–213]. Several TD designs have been proposed by Lumb et al. for this structure [194, 195, 199,

207]. TDs designed to link the bottom two junctions (bandgaps of 1.18 eV and 0.74 eV respectively) have

been demonstrated with Jpk exceeding 100 A/cm2. They are also compatible with MJ PPCs based on InP

substrates designed for operation in the telecommunications O- and C-bands (near 1310 nm and 1550 nm

respectively) [48, 55, 57, 189].

In this work, we investigate the effect of growth temperature during molecular beam epitaxy (MBE) on

the performance of an InAlGaAs TD grown on InP. We demonstrate a 10- to 100-fold improvement in Jpk

resulting from a 20°C reduction in growth temperature, achieving current densities in excess of 1200 A/cm2.

We also present a dual-junction PPC designed for operation in the telecommunications O-band, showing that

the TD can survive the growth of subsequent junctions.

The TDs developed in our experimental work are composed of InAlGaAs lattice-matched to InP, grown

by MBE using a Veeco Gen10 system on quarter InP 3”-wafers. An indium-free mounting technique was

used. The TDs are designed for full transparency at wavelengths exceeding 1000 nm and for integration

between the lower junctions of InP-based MJSCs [195, 199, 201] or into InP-based PPCs operating in the
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telecommunications O-band or C-band (demonstrated in this work). The design, shown in Figure 4.43a and

adapted from work by Lumb et al. [194, 195], uses a p++/n++ junction architecture that enables vertical inter-

connection of multiple n/p absorbing junctions on a p-type InP substrate. Lattice-matched InAlAs cladding

layers on both sides of the TD improve carrier confinement and reduce unwanted dopant diffusion [195].

The TD test structures were grown on n-type InP wafers to maintain the layer growth order in the absence of

the absorbing n/p junctions.

The TD structures were grown at different MBE temperatures. For the first device, referred to as HT

for “high temperature”, the substrate heater was fixed at 510°C throughout the growth corresponding to
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Figure 4.43: (a) TD target structure schematics (d represents the layer thickness). InGaAs and InAlAs layers,
except for the etch stop, are lattice-matched to InP. (b) Top view microscope images of tunnel diode samples
HT and LT respectively. Relative positions on InP quarter 3”-wafers are shown. The magnified image shows
the square diode test pads used for measurements. Side lengths for each diode are given in microns. Note:
The orientation of the test pads is upside-down for HT compared to LT.
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an estimated substrate temperature between 465°C and 480°C, as measured by pyrometer and band edge

thermometry systems, respectively. For the second device, referred to as LT for “low temperature”, the

substrate heater was initially set to 510°C for the entire n-type region. Before starting growth of the first

p-type layer, the substrate heater was ramped down to 490°C and then held constant for the entire p-type

region. This corresponded to an estimated substrate temperature between 445°C and 460°C, which was an

equivalent 20°C reduction in substrate temperature for the p-type epi-layers in sample LT compared to HT.

Epitaxial wafers were processed with a blanket Ni/Ge/Au contact to the n-InP substrate back surface.

On the front p-InGaAs cap, lithography and wet chemical etching were used to fabricate square mesas with

Pd/Ti/Pd/Au contact pads set back 25 µm from the mesa edge. Figure 4.43b shows the metallized TD

samples and their positions on the quarter 3”-wafer on which they were processed. The side lengths of

the square mesas shown in the inset of Figure 4.43b range from 125 to 700 µm. Current-voltage (J-V)

characteristics were measured using the four-point probe method, with the sample held in place by vacuum

on a gold-plated copper chuck. The top contact pads were probed directly while current at the rear side was

conducted through the chuck.

Measured J-V characteristics are shown for several of the TDs in Figure 4.44. The operational region

of a typical TD J-V curve is characterized by a quasi-linear relationship between the tunneling current

density and voltage passing through the origin, exhibiting a small differential resistance (R0). At higher

voltage, the current density reaches a maximum known as the peak tunneling current density
(
Jpk

)
which

limits the highest practical operational intensity. Beyond the peak, the curve enters the negative resistance

region where the current density decreases with increasing bias voltage creating a valley before the thermal

diffusion current, responsible for conventional diode behaviour, dominates and the current density again

increases with bias voltage. The negative resistance region of the graph is typically unresolved in time-

averaged experimental measurements such as those in Figure 4.44.

Figure 4.44a shows the J-V characteristics for TDs with a side length of 200 µm on a semi-logarithmic

scale. Two curves are shown for each nominal growth temperature, corresponding to J-V measurements

performed at different positions on their respective quarter wafers, to show the range of performance for

each sample. LT significantly outperforms HT, with Jpk 1-2 orders of magnitude larger.

Figure 4.44b and c show the J-V characteristics on a linear scale for the LT-4 and HT-1 diodes. For diode

HT-1, Jpk consistently increases with increasing diode size, suggesting that edge effects such as perimeter

recombination may have an impact on the device performance. A similar effect is observed for LT-4, although
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Figure 4.44: (a) TD J-V curves are compared on a semi-logarithmic scale for diodes with a 200 µm side
length. The position on the wafer is indicated for each curve. (b), (c) J-V curves on a linear scale for the
LT-4 and HT-1 diodes respectively. All diodes shown are from the bottom row. Diodes with side lengths of
up to 200 µm are shown for LT-4 in (b) and all sizes are shown for HT-1 in (c). See Figure 4.43b for diode
locations. A marker indicates Jpk in all sub-figures.

the peak current density is less well resolved due to series resistance effects that impact the shape of the curve

[203, 206]. The larger diodes were not measured for sample LT because the high measurement currents

exceeded the damage threshold of our fabricated devices.

Jpk is shown as a function of diode side length for HT and LT in Figure 4.45a and b, respectively. For

sample HT, the diodes closest to the wafer edge have higher Jpk, increasing by a factor of 4 from HT-1

to HT-3. Considering the larger Jpk for the lower temperature growth, LT, the positional dependence for

sample HT indicates a temperature gradient across the wafer during growth, with lower temperature near the

substrate edges resulting in higher tunneling currents. A similar trend is observed for LT, with the notable

exception of the LT-1 diodes, which have the lowest Jpk values despite being closer to the wafer edge than

LT-2 and LT-3. This implies that the substrate temperature profile may be influenced by multiple factors

[214].

The results in Figure 4.45a and b also confirm that Jpk generally increases with diode size. This trend is

observed for all of the measured diodes, including HT-1 and HT-2. Mesa edge effects including trap states

or fixed charges that counteract tunneling near the perimeter may be impacting the device performance,

changing the effective area for current flow through the mesa structure. Another important factor is the

spatial variation that results from non-uniform substrate temperature during growth. This positional effect



CHAPTER 4. InAlGaAs photonic power converters for O-band operation 160

Figure 4.45: (a), (b) Jpk as a function of diode side length for HT and LT respectively. (c), (d) differential
resistance R0 as a function of diode side length for HT and LT respectively. The diode positions on each
wafer are indicated. Solid symbols correspond to the top row of diodes and open symbols to the bottom row
(see Figure 4.43b).

influences the electrical response of diodes along a single row (see Figure 4.43b), likely enhancing the

observed increase in current density with diode size due to the spatial orientation of the diodes on each wafer

in some cases.

R0 is shown as a function of diode side length for both samples in Figure 4.45c and d. For sample HT,

the resistance ranges from 0.8 to 2.8 mW cm2 and is smallest for the diodes closest to the wafer edge, where

we expect that the growth temperature is lower. R0 is a factor of 4 smaller for sample LT, ranging from 0.2

to 0.7 mW cm2 for all diode sizes and positions.

The top contact resistivity for sample LT was measured as ∼ 0.002 mW cm2. For HT, a much larger

top contact resistivity of ∼ 0.36 mW cm2 was found. Given the 25 µm gap between the contact pad and the

mesa edge, the contribution of the top contact to R0 = J/V is proportional to L2
mesa/(Lmesa −25µm)2 where

Lmesa is the mesa side length. We therefore expect a decrease in R0 with diode size, as observed in Figure

4.45c. R0 begins to stabilize as the ratio L2
mesa/(Lmesa − 25µm)2→ 1. The contribution of the top contact

to R0 is clearly observed for sample HT. For sample LT, the top contact resistivity is small enough that its

contribution to R0 is negligible.

High doping concentrations
(
> 1019 cm−3) in a thin, abrupt junction are essential characteristics of a

high-performance tunnel diode, but this is challenging to achieve due to unwanted dopant diffusion and
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segregation during growth. Precise placement of very high Be doping levels can be particularly challenging

to achieve [215]. Therefore, secondary ion mass spectrometry (SIMS) was performed on unprocessed wafers

by EAG Laboratories using a Dynamic-SIMS PHI ADEPT-1010 system to measure the Si and Be doping

profiles through the active layers of the TDs.

Comparisons between the Si and Be doping profiles for HT and LT measured by SIMS are shown in

Figure 4.46a. Positions are measured relative to the centre of the TD, with the substrate towards the positive

side of the position axis. The target doping profile is indicated by the shaded region and refers to the desired

active dopant concentration, whereas SIMS measures the total dopant atomic concentration, both active and

inactive. Si incorporation is consistent between the two samples as the substrate heater temperature was

510°C for both samples in the n-doped region. Be, on the other hand, tends to segregate during growth

leading to the dopant distributing through subsequent growth layers rather than fully incorporating in the

region where it was deposited. The 20°C lower growth temperature reduces the unwanted Be segregation,

thereby improving the Be incorporation in the TD layers of the LT sample. The striking difference in Be

segregation for the two samples coupled with the observed variability in tunnelling performance between the

two samples and across a single substrate highlight the sensitivity of these Be-containing TDs to the growth

temperature.

Figure 4.46b applies a linear scale for the doping profiles in the immediate vicinity of the active layers,

highlighting the difference in the Be doping concentration within the TD for the two samples. Due to

the resolution of the SIMS measurements across the narrow Be peaks, direct comparison of the Be peaks

is somewhat uncertain. Per the SIMS measurements, the maximum Be concentrations are ∼ 5× 1019 and

∼ 7× 1019 cm−3 for HT and LT, respectively. Integrating the Be concentration within the central p TD

and n TD layers yields integrated Be concentrations of ∼ 5.0× 1013 and ∼ 6.7× 1013 cm−2 for HT and LT

respectively. Higher p-type doping will result in a more abrupt junction with a narrower depletion region,

increasing Jpk.

To demonstrate the functionality of the LT TDs within a functional device, we compared single- and

dual-junction PPCs, the latter of which required one TD to interconnect each absorbing junction. The

In0.53Al0.33Ga0.14As absorbing layers with a 0.88 eV bandgap were grown by MBE on p-type InP wafers.

The PPCs were designed for monochromatic power conversion from a laser source in the telecommunica-

tions O-band. The single-junction PPC has an absorber thickness of 4.1 µm, while the dual-junction PPC

consists of a 0.76-µm absorber atop a TD and a 4.1-µm absorber (schematic shown in Figure 4.47a). For the
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Figure 4.46: SIMS measurements of Be and Si concentrations in HT and LT. Position zero aligns with
the centre of the tunnel diode. Doping concentrations are shown on a logarithmic scale across a 300 nm
range surrounding the TD in (a), where the active TD and InAlAs cladding region is bounded by the solid
black lines. In (b), the central TD region is shown with concentrations on a linear scale. Target doping
concentrations are indicated by the shaded regions. Peak Be concentrations are indicated by the large markers
in (b).

single-junction PPC, the substrate heater was held at 510°C for the entire growth. For the dual-junction PPC,

the heater temperature was ramped down from 510°C to 490°C between the highly doped tunneling layers,

as for the LT TDs, and held at the lower temperature for the remainder of the epitaxy.

PPC devices were processed with a blanket Pd/Zn/Pd/Au contact to p-InP on the rear face, followed by

rapid thermal annealing at 400°C for 2 minutes to achieve ohmic behaviour. Pd/Ti/Pd/Au contacts were

patterned on the top face and wet chemical etching was used to define mesas with dimensions of of 1.65 mm

× 1.85 mm. Two 200-µm wide busbars are connected by 6-µm wide gridlines on a 114-µm pitch, resulting
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Figure 4.47: (a) PPC target structure schematic (d represents the layer thickness). InGaAs and InAlAs
layers, except for the etch stop, are lattice-matched to InP. (b) 1- and 2-junction InAlGaAs operating J-V
characteristics under 1319 nm laser illumination at an intensity of 0.22 W/cm2. The inset shows the average
WOC per junction as a function of illumination intensity, up to 1.6 W/cm2. The open symbols correspond to
the J-V curves shown.
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in a shading factor of 5%. The metallization is set back by 25 µm from the mesa edge. The n-type InGaAs

cap was removed between the contacts using a wet chemical etch.

PPC J-V characteristics were measured under 1319-nm illumination from a Dilas conduction-cooled

single bar fiber-coupled laser. Two probes were used to conduct current from the top busbars with the rear-

side current being conducted through a gold-plated copper chuck maintained at 25°C using a thermoelectric

cooler. The J-V characteristics are shown in Figure 4.47b for both devices measured under monochro-

matic 1319 nm illumination with an intensity of 0.22 W/cm2, averaged over the 0.0305 cm2 mesa area.

As expected, the dual-junction VOC is nearly double the single-junction VOC due to the successful series-

connection of two junctions, each producing similar voltage. The single-junction device was designed to

absorb 95% of the incident light. When current-matched, a dual-junction device should produce close to half

the short-circuit current density of the single-junction at the laser wavelength [189].

Due to a slightly In-rich quaternary composition in the dual-junction device, its bandgap energy was red-

shifted by ∼ 30 meV compared to the perfectly lattice-matched single-junction structure. Therefore, rather

than a direct comparison of the VOC, we can instead compare the bandgap-voltage offset, WOC =
(
Eg/q

)
−VOC,

where the bandgap energies
(
Eg

)
are 0.88 eV and 0.85 eV for the single- and dual-junction PPCs, respec-

tively. The average WOC per junction is shown as a function of illumination intensity up to 1.6 W/cm2 in

the Figure 4.47b inset. The WOC values are similar for both devices across the intensity range indicating

that the TD is providing an effective series connection between the junctions with minimal voltage loss. The

WOC/junction is slightly lower for the dual-junction device because the thinner top junction is expected to

have a larger VOC compared to the thick bottom junction and the single-junction PPC, as discussed in Ref.

[189], due to its higher photo-generated carrier concentration.

In summary, we have developed an InP-based TD composed of lattice-matched InAlGaAs that is trans-

parent for wavelengths >1000 nm. The peak tunneling current density >1200 A/cm2 makes it suitable for MJ

device operation at illumination intensities up to and exceeding 100 W/cm2. We show a one to two order of

magnitude improvement in the peak tunneling current density following a 20°C reduction in nominal growth

temperature during Be incorporation due to reduced Be segregation. The results demonstrate that this TD

design is viable for use and is a worthwhile platform for further study. Finally, we demonstrate the function-

ality of the TD embedded in a dual-junction PPC, generating the expected doubling of VOC compared to a

single-junction reference device. The sensitivity of the Be-containing tunnel diodes to growth temperature

that we observe in this work highlights the importance of keeping tight tolerances for temperature-uniformity
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across the wafer during growth to achieve device reproducibility.
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Chapter 5

InGaAsP and GaInAs PPCs for O-band

operation

In addition to the quaternary compound InAlGaAs that was discussed in Chapter 4, several alternative mate-

rial systems exist that are compatible with the development of a PPC for O-band operation around 1310 nm.

Two such examples will be discussed in this chapter, namely InGaAsP lattice matched to InP and lattice-

mismatched GaInAs grown on GaAs using a metamorphic (MM) compositionally graded buffer.

The bandgaps of the ternary alloys comprising the quaternary InGaAsP are shown as a function of lattice

constant in Figure 5.1. Using an InP substrate, lattice-matched InGaAsP can be used to access bandgaps

that absorb O-band wavelengths of light. Alternatively, it’s possible to design an O-band PPC using a GaAs

substrate when lattice-mismatched GaInAs is used for the absorber. Compared to InP, GaAs is less expensive,

less brittle, and available in larger wafer sizes [55]. On the other hand, lattice-mismatched materials present

considerable challenges for achieving high-quality epitaxial growth.

The PPCs discussed in this chapter were designed and fabricated at the Fraunhofer Institute for Solar

Energy Systems (ISE) in Freiburg, Germany. For both designs, the layer structure was grown by metal-

organic vapour phase epitaxy (MOVPE) using an Aixtron G4 2800TM reactor. InGaAsP with a bandgap of

0.890 eV was used for the absorber material in the lattice-matched design, grown on a 4” p-type InP substrate.

The thickness of the InGaAsP absorber was 2.625 µm. For the lattice-mismatched design, GaInAs with a

bandgap of 0.855 eV was used for the absorber, grown on a 4” n-type GaAs substrate using an n-type GaInP-

based step-graded metamorphic buffer [20, 55, 69]. The thickness of the GaInAs absorber was 2.8 µm. A

166
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Figure 5.2: Layer schematics for (a) InGaAsP/InP and (b) MM-GaInAs/GaAs PPCs.

tunnel diode (TD) was incorporated beneath the active layers to connect the n-type buffer layers with the

p-type base. For both PPCs, the n-p junction that forms the active region of the device was sandwiched

between wider-bandgap front and back surface fields. Ohmic contact formation and anti-reflection coating

deposition followed epitaxial growth, and wet-chemical mesa etching was used to separate individual PPC

devices, each with an active area of 2.2× 2.2 mm2 between the busbars and a nominal designated area of

0.054 cm2, calculated by subtracting the area of the busbars from the total device area. Schematics of the

layer structure are shown in Figure 5.2.
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5.1 Quantum efficiency analysis

The quantum efficiencies and reflectivities for the InGaAsP/InP and MM-GaInAs/GaAs PPCs, measured

at the University of Ottawa, are shown as a function of wavelength in Figure 5.3. Unlike the InAlGaAs

PPCs discussed in Chapter 4, these PPCs were both processed with an anti-reflection coating, reducing the

reflectance at the laser wavelength to < 1%.

The absorber bandgap was extracted from the QE measurements using the Tauc method described in

Section 4.1.3. The resulting plot is shown in Figure 5.4. The Tauc method, which is derived from the joint

density of states for direct-gap transitions, predicts that the absorption coefficient near the band edge varies

according to

α (E) ≈ β

√
E −Eg

E
(5.1)

for constant β, and requires that α = 0 for E < Eg.

In real semiconductor materials, phonon-assisted absorption and potential fluctuations caused by ran-

domly distributed dopant atoms and local compositional variations result in sub-gap absorption [3, 67, 216].

This results in the formation of an Urbach tail, with can be described by the relation [3, 66, 67, 216]

α (E) = αEg exp
[

sUrb.
kBT

(
E −Eg

) ]
(5.2)
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Figure 5.3: EQE, reflectance, and EQE/(1−R) for InGaAsP/InP and MM-GaInAs/GaAs PPCs. The 1319
nm laser wavelength is highlighted for reference.
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where αEg is the absorption coefficient at Eg and sUrb. is a dimensionless steepness parameter. At room

temperature, kBT ∼ 25.7 meV. When sUrb. ∼ 1, the sub-gap absorption behaviour is primarily driven by

phonon interactions. Values of sUrb. > 1 signify the importance of impurity and alloy effects [67].

Figure 5.5 shows the absorption coefficient as a function of photon energy for the two PPCs with fits to

equations 5.1 and 5.2. The value for Eg obtained using the Tauc plot method is used in equation 5.2 to fit the

Urbach tail. Fitting parameters for both regions are given in Table 5.1 as well as the energy corresponding

the the point of closest approach between the two fits (ECA), which corresponds to the energy below which

the Urbach tail dominates the absorption behaviour.

Several alternative methods have been proposed in the literature to determine the bandgap from quantum

efficiency measurements. In 2013, Helmers et al. proposed a strategy that defines the bandgap as the energy

at which the QE transitions from exponential growth in the Urbach tail region to saturation near unity [9].

This technique relies on the assumptions that QE ∝ α near the band edge and that QE→ 1 for E > Eg, which

holds true for devices that have thick enough absorber layers to absorb most of the incident light and that are

not diffusion-limited. Fits are performed on the QE within the Urbach tail and within the saturation regime

to the equation

QE (E) = aebE (5.3)
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Figure 5.5: Absorption coefficient as a function of energy for InGaAsP/InP and MM-GaInAs/GaAs PPCs.
Fits to equation 5.1 (Tauc) and equation 5.2 (Urbach) are shown as well as the point of closest approach
between the fits (ECA).

Table 5.1: Tauc and Urbach fitting parameters for InGaAsP/InP and MM-GaInAs/GaAs PPCs.

PPC
Tauc Urbach

ECA (eV)
Eg (eV) β

(

µm−1) αEg

(

µm−1) sUrb.

InGaAsP/InP 0.890 3.08 0.165 3.24 0.893

MM-GaInAs/GaAs 0.855 3.24 0.097 2.54 0.859

where a and b are fitting parameters. The bandgap is taken to be the intersection between the two exponential

fits. The procedure is shown in Figure 5.6 along with the resultant bandgap values for the two PPCs.

In 2017, Rau et al. proposed a detailed-balance-based approach that allows the bandgap to be determined

from the derivative of the quantum efficiency graph [10]. They define the photovoltaic bandgap to be the

mean peak energy at the band edge for the QE derivative QE ′ (E), defined according to

Eg =

´ E2
E1

E ×QE ′ (E)dE´ E2
E1

QE ′ (E)dE
(5.4)

where E1 and E2 correspond to the upper and lower energy bounds between which QE ′ (E) ≥max [QE ′ (E)]/2.

Rau et al. emphasize that their proposed approach “aims at a consistent analysis of losses for a solar cell

entirely from its external properties,” rather than “internal semiconductor properties” [10]. The EQE and its
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Table 5.2: Bandgaps obtained using Tauc, Helmers, and Rau methods for InGaAsP/InP and MM-
GaInAs/GaAs PPCs.

PPC Tauc Eg (eV) Helmers Eg (eV) Rau Eg (eV)

InGaAsP/InP 0.890 0.898 0.891

MM-GaInAs/GaAs 0.855 0.865 0.855

derivative is shown in Figure 5.7 for both PPCs along with the bandgaps calculated from equation 5.4.

A summary of the bandgaps calculated using each of the methods described above is given in Table 5.2.

Given that each method relies on different physical phenomena, it is expected that the resultant bandgap

values will vary to a certain extent [10]. We see that the values obtained using the Tauc and Rau methods are

very similar, which isn’t unexpected for direct-gap semiconductors [10]. Those obtained using the Helmers

method are larger by ∼ 10 meV. For the remainder of this thesis, the bandgap will be defined according to

the values obtained using the Tauc method.

5.2 Current-voltage characteristics and beam size dependence

Current-voltage characteristics for the PPCs were measured under 1319 nm laser illumination at a variety of

incident powers and laser spot sizes. An example of the laser beam profile overlaid on a PPC cell is shown

in Figure 5.8a and b with the 1/e2 beam diameter (2w) and the diameter containing 99% of the incident light

(2w99) indicated. The beam diameters corresponding to I −V measurements presented in this section are

listed in Figure 5.8c along with the peak-to-average ratios (PAR), which is a measure of the beam uniformity.

PAR is used as a means to quantify the spatial uniformity of the beam on the PPC device. The beam profile

depends on the configuration of the system and can be adjusted through beam shaping techniques [188].

A perfectly uniform illumination profile will have a PAR of 1 whereas increasing PAR signifies declining

uniformity. A photograph of the red pointer laser illuminating a PPC sample is shown in Figure 5.8d.

The short-circuit current is shown as a function of incident laser power in Figure 5.9a for the InGaAsP/InP

and MM-GaInAs/GaAs PPCs, measured using a 1/e2 beam diameter of 2w = 1.3 mm. For this beam size,

> 99% of the laser power is contained within the active area of the PPC (2w99 = 2.1 mm). The responsivity
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Figure 5.8: (a) Sample beam profile with 2w = 1.3 mm. (b) Schematic showing beam profile overlaid on
PPC chip with diameters 2w and 2w99 indicated. (c) Relevant beam diameters and peak-to-average ratios
(PAR). (d) Photograph of pointer laser illuminating PPC chip.
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Figure 5.10: I −V characteristics measured at various incident powers under 1319 nm laser illumination for
(a) InGaAsP/InP and (b) MM-GaInAs/GaAs PPCs. Curves are shown for 1/e2 beam diameters of 1.9 and
1.3 mm. The incident power is given in W for each curve.

(R) is extracted from the data in Figure 5.9a by fitting to the equation

ISC (P) = R×P (5.5)

where P is the laser power. The extracted responsivities, shown as a function of 2w in Figure 5.9b, deviate

from each other by < 3 mA/W except for the value at 2w = 2.3 mm, where 2w exceeds the width of the

PPC active area. In this case, there is sufficient spillover of the laser light to impact the measured short-

circuit current, and by extension the calculated responsivity. To correct for the spillover, a correction factor

is applied to the effective incident power for the 2w = 2.3 mm case going forward such that its responsivity is

equal to the average responsivity calculated from the values with 2w < 2.2 mm. The calculated averages are

0.912 and 0.957 A/W respectively for the InGaAsP/InP and MM-GaInAs/GaAs PPCs. Note that the devices

have identical contact configurations.

Current-voltage characteristics for the two PPCs are shown in Figure 5.10 measured with 1/e2 beam

diameters of 2w = 1.9 mm and 2w = 1.3 mm for a variety of incident laser powers ranging up to 0.529 W. For

the lattice-matched InGaAsP-InP PPC (Figure 5.10a), a reduction in the fill factor is observed when the spot

size is reduced from 1.9 mm to 1.3 mm. This effect becomes more significant with increasing incident power.

The impact of the spot size on the shape of the I −V curve is more pronounced for the lattice-mismatched
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W under 1319 nm laser illumination for the MM-GaInAs/GaAs PPC. Curves are shown for 1/e2 beam
diameters from 1.2 to 1.9 mm. The peak irradiance at the centre of the illumination profile is indicated for
each curve.

MM-GaInAs/GaAs PPC. A dip in the total current is observed for bias voltages > 0.1 V at higher incident

powers, an effect that is much more significant for the smaller spot size. This effect occurs when the local

current density exceeds the peak tunneling current density of the tunnel diode embedded beneath the active

layers of the PPC. When this happens, the electrical transport mechanism within the tunnel diode switches

from tunneling to thermal diffusion, which is associated with a much larger resistance [217–220].

The influence of the illumination profile on the tunnel diode is shown more clearly in Figure 5.11, where

I −V curves are shown for spot sizes ranging from 1.2 to 1.9 mm at three different incident powers. As the

spot size decreases, the peak-to-average ratio associated with the illumination profile increases, meaning that

the peak irradiance
(
Ipeak

)
also increases for the same total power (P). The values for Ipeak are shown for

each curve in Figure 5.11, calculated according to the expression

Ipeak =
PAR
πw2

99
(0.99P) (5.6)

Table 5.3 lists the maximum incident power and corresponding peak irradiance that were measured

for each spot size before the tunnel diode’s peak tunneling current density was exceeded. This maximum

value was defined as the largest incident power for which the difference between the short-circuit current

and the current measured at V = 0.3 V was < 0.5%. In general, the current started to drop when Ipeak &
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Table 5.3: Maximum illumination power and irradiance before TD peak tunneling current density was ex-
ceeded for MM-GaInAs/GaAs PPC.

2w (mm) PAR Pmax,TD (W) Ipeak,max,TD
(

A/cm2)

1.2 6.6 0.109 22.6

1.3 4.7 0.139 18.6

1.7 2.8 0.232 16.9

1.9 2.7 0.360 19.6

2.3 2.5 - -

20 W/cm2, indicating that the tunnel diode switched from tunneling to thermal diffusion near this irradiance.

Some variation was observed due to the changes in the shape of the illumination profile for each spot size.

The PPC’s tolerance for non-uniform illumination profiles could be improved through optimization of the

tunnel diode design to increase its peak tunneling current density. Improved lateral conductivity within the

device could also improve the tolerance by reducing the local current density at the centre of the beam

[217, 219]. This could be achieved by adjusting doping concentrations within the device or by introducing

lateral conduction layers above and below the tunnel diode to spread the current.

The bandgap-voltage offset
(
WOC = Eg/q−VOC

)
is plotted in Figure 5.12 as a function of the short-

circuit current density, using bandgap values calculated with the Tauc method. Data sets are shown for all

beam sizes and fits are performed for data with ISC < 0.1 A using the non-ideal diode equation:

VOC (ISC) =
nidealkBT

q
ln

(
ISC
I0
+1

)
(5.7)

where T = 298 K. Associated fitting parameters are given in Table 5.4. The InGaAsP/InP PPC exhibits

behaviour that is very close to ideal, with an average ideality factor of 1.03. The corresponding average dark

saturation current is 8.9×10−13 A. Using the nominal sample area of 0.054 cm2, this corresponds to a dark

saturation current density of 1.7×10−11 A/cm2. Less ideal behaviour is observed for the MM-GaInAs/GaAs

PPC, with an average ideality factor of 1.34. The average dark saturation current is 1.8×10−9 A, or nominally

3.3×10−8 A/cm2, more than three orders of magnitude larger than the lattice-matched device, indicating that

non-radiative recombination processes are significant for the metamorphic PPC.
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Figure 5.12: Bandgap-voltage offset as a function of short-circuit current density for InGaAsP/InP and MM-
GaInAs/GaAs PPCs measured under various illumination profiles. The 1/e2 beam diameters are indicated
for each data set measured under 1319 laser light. The uniform illumination data was measured under the
AM1.5d solar spectrum. Dashed lines are fits to equation 5.7.

Table 5.4: Non-ideal diode equation parameters from fits to equation 5.7.

InGaAsP/InP MM-GaInAs/GaAs

2w (mm) nideal I0 (A) nideal I0 (A)

1.2 1.02 6.66×10−13 1.33 1.53×10−9

1.3 1.02 7.23×10−13 1.35 1.89×10−9

1.7 1.04 1.05×10−12 1.35 1.99×10−9

1.9 1.04 9.52×10−13 1.34 1.84×10−9

2.3 1.04 1.06×10−12 1.34 1.79×10−9

Average 1.03 8.9×10−13 1.34 1.8×10−9
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For reference, data measured at Fraunhofer ISE under uniform AM1.5d illumination is included in Fig-

ure 5.12, measured for the same lattice-matched InGaAsP/InP chip and for a substantially similar MM-

GaInAs/GaAs chip. The uniform illumination data tends to follow the logarithmic trends, whereas values

for WOC measured under non-uniform laser illumination begin to deviate from the trend for short-circuit

currents > 0.1 A. The amount of deviation increases with decreasing spot size as the beam profile becomes

less uniform, which increases the PAR.

This trend is shown clearly in Figure 5.13, where the reduction in VOC relative to the expected value at

298 K from the non-ideal diode equation is plotted for increasing beam size at an incident power of 0.232

W. As the beam uniformity improves, the reduction in VOC declines.

There are two physical processes responsible for the observed reduction in VOC induced by non-uniform

illumination. First, despite the appearance from equation 5.7, VOC decreases linearly with increasing tem-

perature as the temperature-dependent parameter I0 increases [221, 222]. As such, localized heating in the

PPC devices, which becomes more significant with increasing non-uniformity in the illumination, causes a

reduction in the VOC.

The second mechanism responsible for the reduced VOC under non-uniform illumination relates to series

resistance within the PPC. Although there is no external current flow under open-circuit conditions, lateral

current flow from regions of high irradiance to those of lower irradiance can cause a voltage drop at open-

circuit, reducing the VOC [223, 224]. Given that series resistance losses scale with current, this effect is

more significant for larger incident laser power and PAR. In Figure 5.13, we see that the MM-GaInAs/GaAs
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Figure 5.13: Reduction in the VOC relative to expected logarithmic trend as a function of 2w for InGaAsP/InP
and MM-GaInAs/GaAs PPCs. Incident illumination power is 0.232 W,
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Dashed lines indicate the average fill-factor calculated for ISC < 0.1 A.

PPC is more sensitive to the spot size than the lattice-matched InGaAsP/InP PPC, with a larger reduction

in VOC. This suggests that the metamorphic sample has a higher series resistance than the lattice-matched

device, with correspondingly larger resistive losses. Improved lateral conductivity within the PV device

could significantly mitigate the voltage loss [224].

The fill-factor is plotted as a function of short-circuit current in Figure 5.14. Its value is relatively constant

for ISC < 0.1 A, with average values of 0.822 and 0.788 for the InGaAsP/InP and MM-GaInAs/GaAs PPCs

respectively. At higher currents, the fill factor begins to drop off. The combined effects of localized heating

within the device and series resistance losses are responsible, with larger reductions observed for the smaller,

less uniform spot sizes. The roll-off is much more pronounced for the metamorphic PPC for which the

performance is limited by the embedded tunnel diode.

The efficiency is plotted as a function of incident 1319 nm laser power in Figure 5.15 for all 1/e2 beam

sizes. The maximum efficiency for the InGaAsP/InP PPC was 52.9%, measured at P = 0.353 W. For the

MM-GaInAs/GaAs PPC, the maximum was 48.8%, measured at P = 0.413 W. For both PPCs, the maximum

efficiency was obtained with the largest beam size of 2w = 2.3 mm.

The reported trends indicate that better efficiencies could be obtained under laser illumination by engi-

neering a more uniform illumination profile across the active device area. Further performance improvements

could be realized through enhanced lateral conductivities, which could potentially be achieved through the
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Figure 5.15: Efficiency as a function of incident 1319 nm laser power for InGaAsP/InP and MM-
GaInAs/GaAs PPCs measured under various illumination profiles. The 1/e2 beam diameters are indicated
for each data set.

inclusion of lateral conduction layers [217]. Finally, the adoption of a multi-junction architecture for the

PPC devices described in this chapter would reduce the current flow through the device, enhancing the out-

put voltage while diminishing the impact of series-resistance losses and improving the device tolerance for

non-uniform illumination at higher input powers.



Chapter 6

Summary and outlook

Advanced photovoltaic devices including high-efficiency multi-junction solar cells and photonic power con-

verters have considerable potential to supply energy in remote locations and extreme environments. For

multi-junction solar cells, a key barrier to widespread implementation is the high cost and limited production

capacity for state-of-the-art high devices. In the case of photonic power converters, which are suited to more

niche power transmission applications, one key area for improvement is the practical transmission distance

over optical fiber. The work presented in this thesis moves toward addressing the above issues through the

exploration of innovative semiconductor materials and device design.

Chapter 3 investigated the possibility of growing high-performance MJSCs on silicon substrates using

a voided Ge/Si compliant interface layer to accommodate the lattice-mismatch, which could reduce the

threading dislocation density within the devices from 108 cm−2 for native GaAs on silicon to 104 cm−2.

Integration of MJSCs on silicon would reduce the cost associated with the substrate material and help to scale

up production volume by using larger substrates and by making use of the silicon-PV supply chain. To predict

the impact of the compliant interface on MJSC performance, the conductivity of mesoporous germanium was

measured experimentally and found to vary between 0.6 and 33
(
×10−3) Ω−1 cm−1 depending on the thermal

annealing temperature and associated morphology. An electrostatic model was developed to relate the carrier

concentrations and mobility in the porous material to its nanostructure, predicting electrical conductivity that

could be tuned over four orders of magnitude.

Applying the electrostatic model to the relevant morphologies voided germanium and silicon layers, it

was estimated that the compliant interface would add ∼ 0.01 Ω cm2 to the total series resistance of a lattice-

mismatched III-V triple-junction solar cell on a silicon substrate. This additional resistance is small enough
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to be suitable for concentrated illumination. Optoelectronic modeling revealed that triple-junction solar cells

grown on voided Ge/Si compliant interfaces with a threading dislocation density of 104 cm−2 could achieve

93% of the efficiency of comparable defect-free devices. Given that the majority of the losses were predicted

to come from the Ge subcell, alternative designs neglecting the Ge subcell could improve the performance.

It’s also possible that the theoretical model used to predict the influence of threading dislocations on the

minority carrier lifetimes is overestimating the impact on Ge. Further experimental investigation of the

impacts of threading dislocations on various semiconductor materials should be undertaken.

The sensitivity of the voided morphology to elevated temperatures presents a potential challenge for the

realization of III-V epitaxy on these substrates, given that epitaxial processes usually involve temperatures

exceeding 400ºC. Differences in thermal expansion coefficients between Ge and Si could pose an additional

challenge. As such, the integration of III-V PV devices on Si substrates using voided Ge and Si materials is

the subject of ongoing work at the Université de Sherbrooke.

Chapters 4 and 5 investigated PPCs optimized for O-band operation that will enable photonic power

transmission over extended distances through optical fiber, up to several kilometres. Three potential material

systems were explored in this thesis to access the O-band: lattice-matched InAlGaAs and InGaAsP on InP

substrates and lattice-mismatched GaInAs grown on GaAs using a metamorphic buffer layer.

Chapter 4 explored the design and characterization of lattice-matched InAlGaAs/InP PPCs grown by

molecular beam epitaxy. Quaternary materials with various compositions were analyzed and an alloy with

a bandgap of ∼ 0.88 eV was selected for the O-band device. Single- and dual-junction devices were mea-

sured under 1319-nm laser illumination with an intensity of 0.33 W/cm2 and found to have output voltages

of 0.38 V and 0.66 V respectively. Devices were found to have relatively large bandgap-voltage offsets of

∼ 0.5 V/junction, indicating that non-radiative recombination was limiting the output voltage. The open-

circuit voltage of a thinner PPC with 0.84 µm absorber thickness was observed to be ∼ 30 mV larger com-

pared to a single-junction PPC with an absorber thickness of 4.1 µm, suggesting that thinner devices are less

impacted by non-radiative recombination.

The PPC output voltages may be improved by increasing the minority carrier lifetimes through the opti-

mization of molecular beam epitaxy growth conditions. From a design perspective, the adoption of ultra-thin

device architectures employing textured back reflectors to increase the effective optical path length could

reduce the impact of diffusion limiting by reducing layer thicknesses without sacrificing the amount of ab-

sorption.
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Measurements of InAlGaAs tunnel diode J −V characteristics revealed the sensitivity of tunnel diode

performance to the MBE growth temperature, brought about by unwanted segregation of the Be dopants. A

20°C reduction in the growth temperature caused up to two order of magnitude improvement in the peak

tunneling current. The best tunneling current exceeded 1200 A/cm2, which would be more than sufficient

for operation within a multi-junction PPC under high irradiance
(
up to 100 W/cm2) . Considerable variation

in tunnel diode performance across a single wafer demonstrated the importance of minimizing temperature

fluctuations across the wafer during growth. Optimization of the growth conditions could potentially result in

further improvements to the tunneling current densities. Additionally, transitioning from Be doping to a less-

mobile p-type dopant such as carbon may reduce unwanted dopant segregation and improve the performance

variations induced by temperature non-uniformities across a single substrate.

Chapter 5 studied the performance of InGaAsP/InP and MM-GaInAs/GaAs PPCs grown by MOVPE,

which is a more commercially viable epitaxial process compared to research-focussed MBE. Fabricated

using well-established methods developed for high-concentration photovoltaic cells in the state-of-the-art

clean room facilities at Fraunhofer ISE, these devices were well suited to investigating the impact of non-

uniform illumination profiles at higher 1319-nm laser irradiance (exceeding 10 W/cm2 over the nominal

device area). The detrimental impact of non-uniform illumination on the performance became apparent at

a short-circuit current density of ∼ 0.1 A for both devices. The impact was most significant for the MM-

GaInAs/GaAs device when the device current exceeded the peak tunneling current of the buried tunnel diode

at peak illumination intensities of ∼ 20 W/cm2. Illumination with a flat top laser beam, which can be

achieved through beam-shaping, would produce the best performance at high illumination powers compared

to more standard super-Gaussian beams. Distributed circuit modelling would be a particularly useful next

step to develop a more detailed understanding of the impacts of non-uniform illumination profiles, lateral

current flow, and series resistance throughout the devices.

Overall peak efficiencies were measured to be 52.9% and 48.8% respectively for the InGaAsP/InP and

MM-GaInAs/GaAs PPCs. Performance enhancements could be achieved in three ways. These are by im-

proving the uniformity of the illumination profile, by increasing lateral conductivities within the device to

distribute current more evenly, or by adopting a multi-junction architecture that would reduce the total current

flowing through the device and associated series resistance losses. Considering that the peak efficiency of the

lattice-mismatched MM-GaInAs/GaAs PPC fell only ∼ 4% short of the lattice-matched device, it represents

an attractive lower-cost alternative. Further cost reductions could potentially be achieved for this PPC by
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replacing the GaAs substrate with silicon using a voided Ge/Si compliant interface, although the significant

number of fabrication steps involved with integrating both the voided Ge/Si interface and the MM graded

buffer may reduce the cost-benefits associated with the less expensive substrate.

Further research into the design of PPCs for extended-reach power-over-fiber systems will involve tran-

sitioning to operation in the telecommunications C-band near 1550 nm, where attenuation in optical fiber is

minimized. 1550 nm is also considered to be “eye-safe,” meaning that C-band PPCs could also be used for

free-space power transmission.
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[207] M. P. Lumb, M. K. Yakes, M. González, M. F. Bennett, K. J. Schmieder, C. A. Affouda, M. Herrera,

F. J. Delgado, S. I. Molina, and R. J. Walters, “Wide bandgap, strain-balanced quantum well tunnel

junctions on InP substrates”, Journal of Applied Physics, 119, 194503, 2016, doi:10.1063/1.4948958.

[208] B. Romanczyk, P. Thomas, D. Pawlik, S. L. Rommel, W. Y. Loh, M. H. Wong, K. Ma-

jumdar, W. E. Wang, and P. D. Kirsch, “Benchmarking current density in staggered gap

In0.53Ga0.47As/GaAs0.5Sb0.5 heterojunction Esaki tunnel diodes”, Applied Physics Letters, 102,

213504, 2013, doi:10.1063/1.4808362.

[209] I. Garcı́a, J. F. Geisz, R. M. France, J. Kang, S. H. Wei, M. Ochoa, and D. J. Friedman, “Metamorphic

Ga0.76In0.24As/GaAs0.75Sb0.25 tunnel junctions grown on GaAs substrates”, Journal of Applied

Physics, 116(7), 074508, 2014, doi:10.1063/1.4892773.

[210] P. Thomas, M. Filmer, A. Gaur, D. J. Pawlik, B. Romanczyk, E. Marini, S. L. Rommel, K. Ma-

jumdar, W. Y. Loh, M. H. Wong, C. Hobbs, K. Bhatnagar, R. Contreras-Guerrero, and R. Droopad,

“Performance evaluation of In0.53Ga0.47As Esaki tunnel diodes on silicon and InP substrates”, IEEE

Transactions on Electron Devices, 62(8), 2450–2456, 2015, doi:10.1109/TED.2015.2445731.
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