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Abstract

Multi-junction photovoltaic devices based on III-V semiconductors have applications in
space power systems and terrestrial concentrating photovoltaics, as well as in power-over-
fibre and optical power conversion systems. These devices have between two and twenty
junctions arranged in tandem, connected in series with optically transparent tunnel diodes.
In some cases, they may include as many as eight different materials, including ternary and
quaternary alloys, and >100 epitaxial layers in total.

A general method for simulating performance of these devices using drift-diffusion
based device simulation tools is reviewed. This includes discussion of the geometry,
discretization, and physical equations to be solved. A set of material parameters for some
important materials is listed, and solutions are shown for an example of a lattice-matched
four-junction GalnP / (In)AlGaAs / InGaAsN(Sb) / Ge solar cell including a dilute nitride-
based p-i-n junction with ~ 0.9 eV band gap.

A sample of this dilute nitride junction with a 650 nm absorber layer was grown
by molecular beam epitaxy and was shown to have short-circuit current density of 15.1
mA/cm?, sufficient for use in the 4-junction structure, while transmitting sufficient light
through to the bottom (germanium) junction. Open-circuit voltage was up to 0.186 V at
1-sun, increasing to 0.436 V under 1500 suns concentration.

The device simulation methodology was extended to include effects of luminescent

coupling and photon recycling. These effects are included by adding a term to the electron
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and hole continuity equations, and the resulting coupled system of equations is solved.
No external iterative loop is required, as has been the case in other efforts to model these
effects. A five-junction photonic power converter (PPC) is simulated and it is shown that the
quantum efficiency of the device is significantly broadened through luminescent coupling.
There is a 350 mV reduction in simulated open-circuit voltage (70 mV per junction) if
luminescent coupling is neglected. This work was later extended to a 12-junction PPC
device, where the simulation predicts a wavelength sensitivity of -1.1%/nm in the absence
of luminescent coupling; this is reduced to -0.4%/nm when luminescent coupling is included
in the calculation. The latter result, and the overall shape of the simulated quantum efficiency
curve agree closely with experimental measurements.

Finally, two specific applications of PPCs are demonstrated. The first is in a step-up
DC-to-DC converter, where a linear regulator combined with a laser/PPC pair can convert
a 3.3 V input (commonly available from a single lithium polymer battery cell) into 12 V.
Unlike conventional switching boost converters, this ‘photonic boost converter’ is not a
source of ripple. In testing, a >80 dB reduction in ripple was measured compared with an
equivalent switching boost converter, limited only by input noise of the instrument.

The second application is in a 60 kW, 650 V switching circuit such as might be found in
a hybrid or electric vehicle drivetrain. These circuits need several isolated power supplies
to power gate drivers for the IGBT or SiC MOSFET switching components. This isolation
is commonly provided by a small transformer, which inherently has a parasitic capacitance
between primary and secondary windings and creates a path for EMI currents to flow from
the high-power components to the power supply and control circuitry. By using a laser/PPC
pair to provide the needed isolation, this parasitic capacitance can be largely eliminated; a

20 dB reduction in EMI current reaching the control FPGA is demonstrated.
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CHAPTER 1

Introduction

Solar cells based on monocrystalline III-V materials hold overall records for power conver-
sion efficiency at one-sun conditions and under concentration [1,2], due to a combination of
properties: (1) materials are available with a variety of band gaps including in the range of
1.3-1.4 eV needed for maximum efficiency in a single junction [3,4]; (2) diffusion lengths
are long relative to absorption length; and (3) many different materials can be grown lattice
matched, allowing for engineered energy barriers within a device to contain generated carri-
ers. The highest efficiencies are achieved in multi-junction solar cells consisting of a series
of junctions operating in tandem. Recently these have been demonstrated with devices of
4, 5 or 6 junctions, each of a different material. The highest solar cell efficiency reported to
date is 46.0% under 508 suns concentration [5], for a four-junction wafer-bonded structure
employing GalnP, GaAs, GalnAsP and GalnAs junctions. The GalnP and GaAs junctions
are grown on one wafer, while GalnAsP and GalnAs are grown on a second wafer of a
different lattice constant. The wafers are bonded together to form a complete structure.
While concentrator photovoltaics (CPV) are now cost-effective in certain parts of the
world where the cumulative direct normal irradiance is >2000 kWh/mz/year [2,6] (in arid

desert regions for example), Richard King ef al. have argued that a cell-level efficiency
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approaching 50% is needed to make CPV cost-effective when compared with other available
energy sources in locations near major North American population centers [7]. King
estimated achievable efficiencies for a series of different multi-junction structures [8]; as
the number of junctions and the target efficiency increases, the material band gaps must
be finely tuned in order to achieve an equal distribution of photogenerated current in the
junctions [9, 10]. This leads to increasingly complicated designs which often include wafer
bonds, transparent metamorphic buffer layers and quaternary alloys [7]. There is a clear
need for new, high-quality materials to make these junctions, and also for simulation tools
which are capable of accurately representing the physical processes at work in these devices,
in order to be able to optimize designs for maximum energy conversion efficiency.

Alloys of InGaAs with dilute amounts of nitrogen (N) added have long been proposed
as a suitable material for ~1 eV photovoltaic junctions lattice matched to GaAs [11]. In
2007 the first InGaAsN junctions with adequate performance to be integrated into a multi-
junction device were reported [12], and in 2012 the overall record in solar cell efficiency
was claimed by a GalnP/GaAs/InGaAsN(Sb) cell at 43.5% under high concentration [13].

Development of this material system continues, and improved growth techniques are
leading to improved diffusion lengths [14—-16]. Meanwhile through the mid-2000s, re-
searchers at University of Ottawa and the National Research Council Institute for Mi-
crostructural Sciences (NRC-IMS) in Canada were successful in the development of In-
GaAsN dilute nitride materials for 1.3 to 1.55 um laser diodes [17-19]. Chapter 3 of this
thesis describes the application of these same materials developed at NRC to p-i-n junctions
for solar cells.

A spinoff of III-V solar cell technology is multi-junction photonic power converters
(PPCs), sometimes referred to as laser power converters (LPCs) or phototransducers. These
are designed for monochromatic illumination and have recently been demonstrated with

as many as 20 epitaxially grown GaAs junctions for an open-circuit voltage >23 V and
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power conversion efficiency of 60% [20-22]. They are used in power-over-fiber (PoF)
applications [23], and also with a direct coupling between laser and PPC.

Multi-junction solar cells, and even more importantly multi-junction PPCs, exhibit a
phenomenon called ‘luminescent coupling” where excess photocurrent in certain junctions
is re-emitted as light and propagates to other junctions, equalizing light absorption within
each of the junctions. Several articles published in 2012-2014 demonstrated that this effect
is important for the efficient operation of solar cells, helping to reduce sensitivity to changes
in the illuminating spectrum and also to process variations in thickness of the absorbing
layers [24-27]. It also has implications for the optimal design of solar cells [28-31].
A related phenomenon, ‘photon recycling’, is the process where a subcell emits photons
through radiative recombination, but they are re-absorbed in the same sub-cell before they
can escape the device. This can also lead to higher device efficiencies than would be
expected if the emissions due to radiative recombination escape from the device and are
lost.

Generally, physics-based device simulators do not include the capability to model the
effects of luminescent coupling and photon recycling within a drift-diffusion simulation.
One publication in 2006 demonstrated the modeling of photon recycling in a drift-diffusion
simulation of a single-junction solar cell [32], but the process required a time-consuming
iterative loop where the simulator was run hundreds of times with successive approximations
of the recycled photocurrent. More recently this technique has been applied to devices with
two GaAs junctions [33]. Other simulations of photon recycling and luminescent coupling
in photovoltaic cells have all been implemented with equivalent circuit models [34,35], using
circuit simulators such as SPICE which do not provide insight into the internal operation of
a device and do not allow for optimization of design parameters such as layer thicknesses.
Evidently, in order to be able to model these luminescent coupling and photon recycling

effects effectively in a device-level simulation, we require a method for incorporating the
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effects into a drift-diffusion based device simulator, and ideally without adding an additional
iterative loop to the simulation process. That development is a major focus of this thesis.

Concurrent with the development of this luminescent coupling modeling technique, the
state of the art in PPC technology has been significantly advanced through developments
led by Azastra Opto Inc. Until recently, multi-junction PPCs were typically designed as a
single, planar p-n junction divided into segments through microfabrication (etched isolation
trenches and conformal metallization to interconnect the junctions) [36-38]. Another
approach involves a number of silicon p-n junction bars stacked by wafer bonding and
illuminated from the side of the junctions [23]. This technology was demonstrated with a
peak efficiency of 43%, but required a highly uniform source of illumination (<1% variation
in intensity across the PPC).

Azastra Opto has developed a technology which it calls vertical epitaxial heterostructure
architecture (VEHSA), where optically thin junctions are epitaxially grown in tandem in a
manner similar to an MJSC. These results are reported in [20,21,39,40] and were supported
by the device simulation techniques described here. A 5-junction GaAs PPC with open-
circuit voltage of 6.2 V was demonstrated in 2014, followed by 6-, 12- and 20-junction
devices in 2015 and 2016. These devices all have an optical-to-electrical power conversion
efficiency of 60 to 65%, and can operate at much higher power densities than previous
generations of devices [22]. They are also insensitive to nonuniform illumination, unlike
the segmented and side-illuminated structures [38,41].

With these significant advances comes the possibility of applying PPCs in new applica-
tions. In particular, a laser diode coupled to a 12-junction PPC provides a step up in voltage
while operating at DC. It also has a minimal stray capacitance between input and output.
These qualities enable a floating, 12 V power supply with no ripple and high immunity to
electromagnetic interference (EMI).

This work is organized as a series of published articles relating to the development
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of advanced multi-junction photovoltaic devices. Chapter 2 provides background on the
operation of single- and multi-junction solar cells and widely accepted simulation techniques
used to study these devices. Based on simulations performed using those methods, Chapter
3 reports on the design and characterization of InGaAsN(Sb) dilute nitride solar cells,
which could be a component in a lattice-matched 4-junction solar cell. Chapter 4 extends
the simulation technique with the development of a method for incorporating luminescent
coupling and photon recycling effects into semiconductor device simulations. The method is
verified experimentally with 5-junction PPCs. In chapter 5 the luminescent coupling model
is applied to 12-junction PPCs and it is demonstrated that these effects can be quantitatively
predicted after calibrating to single-junction devices. Finally, chapter 6 proposes two

applications of the PPC devices in power electronics systems.



CHAPTER 2

Background: Modeling of multi-junction

solar cells

MATTHEW WILKINS

Some of the theory outlined here has been presented previously, though in a different form,
in a book chapter to be included in ‘Handbook of Optoelectronic Device Simulation’ edited
by Joachim Piprek and published by Taylor & Francis in 2017. In that chapter results for

a 3-junction GalnP / (In)GaAs / Ge cell are presented.

Traditional solar cells with a single p-n junction have two major loss mechanisms,
thermalization and transmission. Thermalization occurs as a photon is absorbed in a semi-
conductor and generates a free carrier with energy greater than the band gap E,. The excess
energy is quickly converted to heat and the carrier relaxes into thermal equilibrium with
the free carrier population. Transmission losses occur as photons with energy less than

E,; pass through the absorber material without being absorbed. These two competing loss
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mechanisms result in an optimal band gap of ~ 1.3 €V [3,4]. In his book ‘Third Generation
Photovoltaics’ in 2003 [42], Martin A. Green proposed that significant advancements in
photovoltaic efficiency must come through development of solar cell technologies capable
of avoiding these losses. These technologies include multi-junction (tandem) structures,
intermediate-band materials, multiple-exciton generation, and hot-carrier cells. All of
these have received significant research effort in the ensuing 14 years, however to date
only multi-junction devices have realized significant improvement over single p-n junctions
and have a demonstrated commercial market. Most devices which are commercially avail-
able today are lattice matched GalnP/(In)GaAs/Ge structures [43]. In space applications,
GalnP/GaAs/InGaAs structures with a metamorphic buffer layer and a lattice-mismatched
InGaAs junction are also well established. A three-junction lattice matched cell with a
GalnP/GaAs/InGaAsN(Sb) structure has been demonstrated with 44% under concentra-
tion [44].

Efforts to improve cell efficiencies above the 44% mark generally are focused on larger
numbers of junctions which further reduces thermalization and transmission losses, along
with a reduction in current density which leads to reduced ohmic losses in the cell and met-
allization. These many-junction devices are very complex and require careful optimization
to achieve their full potential efficiency. This chapter will outline some basic operating
principles of multi-junction photovoltaic devices. Simulation can be used to perform these
optimizations and study potential new designs. Simulation techniques based on the coupled
drift-diffusion and Poisson equations are also discussed. Throughout the chapter, a hypo-
thetical four-junction, lattice matched solar cell with a GalnP / Al(In)GaAs / InGaAsN(Sb)
/ Ge structure (Fig. 2.1) is used as an example. Some results from an earlier version of this
model have been published elsewhere [45,46], and were also used to inform the design of
the devices presented in Chapter 3.

When photons are absorbed in a semiconductor they excite electrons from the valence
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band into the conduction band, creating a population of minority carriers. These minority
carriers diffuse throughout the cell; carriers which reach the depletion region at the p/n
interface are collected by the built-in field of the junction and driven towards the contacts.
An efficient single junction can have nearly perfect internal quantum efficiency, meaning
that at short circuit every absorbed photon results in an electron collected at the contacts.
High quality solar cells have an open-circuit voltage ~ 0.4 V less than E,.

Under the low frequency conditions that are relevant for solar cells, a single p-n junction
can be modeled as a diode in parallel with a current source representing the generated
photocurrent Jy, ;. When several junctions are connected in series, the equivalent circuit is
as shown in Fig. 2.1b. The model can be made more accurate by adding a second diode in
parallel with each junction, as well as resistive elements [4]. For a given illumination, the

maximum power, Pn,x that can be extracted from the cell can be stated as

Pmax = Jsc Voc FF, (2.1)

where Jsc is the short-circuit current density, Voc is the open-circuit voltage, and FF is the
fill factor. The power conversion efficiency, 7 is

_ Prax _ Jsc Voc FF
XEl—sun XEl—sun

n , (2.2)

where E|_g,, is the reference intensity of illumination under 1-sun conditions, and X is the
concentration factor relative to 1-sun.
If we neglect resistive effects, each of the junctions, indicated with a subscript i, follows

the diode equation

qVi .
Ji = XJoni — Jo.i (ex ——1) Vi, (2.3)
ph 0 P nideal,ikT

where J; is the current density through the junction. Jp; is the saturation current density,
Nideal,; 1S the diode ideality factor, V; is the potential difference across the junction, k is

Boltzmann’s constant and T is the temperature of the junction.
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S S
~— —~~_ Thickness(nm) Doping(cm~3)
n+ AllnP FSF 30 6x10'8
n_ GalnP emitter 100 5x10'8
p GalnP base 650 8x10'6
p_AlGalnP BSF 50 3% 1019 (b)) _
p++ AlGaAs tunnel diode 30 2x10%°
n++ GalnP tunnel diode 30 6x 10"
n+ AlGaAs FSF 30 1x 10" Jon i Jo,1
n_ (In)AlGaAs emitter 100 3% 108 ph, Nideal, 1
p (In)AIGaAs base 2000 1% 10'7
7 Joa
p AlGaAs BSF 80 1% 10" ph,2 Hideal.2
p++ AlGaAs tunnel diode 30 1.2x% 102 ’
AlGaAs tunnel diode 30 6x 10"
n (In)GaAs emitter 50 1x10"
J Jo3
i InGaAsN(Sb) absorber 650 2% 103 ph.3 Mideal.3
p (In)GaAs emitter 50 1x 10"
p++ AlGaAs tunnel diode 30 1.2x 10% JO 4
n++ AlGaAs tunnel diode 30 6x10'° Jph,4 n‘(’j 14
n GalnP nucleation 50 7x 107 .
n+ Ge emitter 600 1% 1019 +
p+ Ge substrate 170 um 1%x10'8
p+ GeBSF 2000 1x 10"
anode

Figure 2.1: (a) Structure of the GalnP / Al(In)GaAs / InGaAsN(Sb) / Ge solar cell. (b)
Lumped equivalent circuit model for the 4-junction cell.

As concentration increases, Jsc increases proportionately while Voc increases as [8]

kT Joh,i
Voc = 7 Z Nideal,i ln( >

i ) +InX Z Pideal. | - (2.4)

i
The fill factor FF also tends to increase with concentration until the point where resistive
losses become important. The overall effect is that the cell’s power conversion efficiency
reaches a maximum; for multi-junction solar cells this is usually in the range of X=300 to
1200.
The four-junction example in this chapter, shown in 2.1a, could be grown epitaxially

starting from a slightly (~ 2°) miscut, p-doped Ge substrate. The thin, highly doped tunnel
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diode layers are best grown in a metal-organic chemical vapour deposition (MOCVD)
reactor, while the dilute nitride material InGaAsN(Sb) can only be grown with high quality
in a molecular-beam epitaxy (MBE) reactor. For this reason, a three-step growth process is
used for this structure.

In the first step, MOCVD is used to grow a lattice-matched GalnP layer on the Ge
substrate. During the growth, phosphorous diffuses in the Ge, creating an n-doped region
at the top of the substrate [47,48]. Careful control of growth conditions is important at this
stage to allow the III-V GalnP material to nucleate properly on the group-IV Ge material.
The first (bottom) tunnel diode, consisting of degenerately doped n- and p-type AlGaAs, is
also grown at this stage.

The second growth step involves use of an MBE reactor to grow the dilute nitride p-i-n
heterojunction. Emitter and base layers are composed of (In)GaAs lattice matched to the Ge
substrate; they provide the built-in voltage for the junction. The InGaAsN(Sb) dilute nitride
absorber layer itself is undoped, maximizing diffusion length while allowing an electric
field to form throughout the absorber. This electric field improves carrier collection, as
dilute nitride materials frequently have a diffusion length shorter than the absorption length.
As aresult, dilute nitride cells cannot rely on diffusion alone to transport absorbed carriers
to the space charge region of the junction. Besides providing built-in voltage, the base
and emitter layers also form barriers preventing minority carriers from diffusing out of the
absorber region. Effectively they serve the double duty of base/emitter and window layers.

The third growth step involves growth of the top two photovoltaic junctions, GalnP
and (In)AlGaAs, along with the top two tunnel diodes. These two junctions are simpler in
design, being made of materials with diffusion length greater than their respective absorption
lengths, and are each clad with larger-band gap front-surface field (FSF) and back-surface
field (BSF) layers.

Above the FSF of the top junction, a highly doped GaAs cap layer is grown, but etched
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away everywhere except where the top gridlines and busbars are to be deposited. An anti-
reflective coating (ARC) layer is deposited by chemical vapour deposition (CVD) in the
etched areas, and metallic contacts are deposited on the top (cathode) and bottom (anode)
of the wafer to form a complete cell. Finished solar cells for concentrating photovoltaic
(CPV) applications are typically on the order of 5 mm X 5 mm in size, with a total of ~
4 um of epitaxial material on a 170 pm substrate.

Several techniques have been used to simulate multi-junction photovoltaic devices,
including semi-analytic methods and equivalent-circuit models [4] as well as distributed-
parameter models [49, 50]. Where a more detailed analysis is needed including as many
physical processes as possible, and perhaps also two- and three-dimensional effects, a
numerical solution of the coupled Poisson and drift-diffusion equations is a useful technique
and can provide a great deal of insight into the operation of relatively complex devices.
One of the first reports of a numerical simulation of a diode using the drift-diffusion model
was by Scharfetter and Gummel with their analysis of an impact ionization avalanche
transit-time (IMPATT) diode in 1968 [51]. Since then, the technique has been extended
to include optical generation, Fermi-Dirac statistics, tunneling mechanisms, and a large
variety of other physical phenomena. Bank, Rose and Fichtner in 1983 showed how the
equations can be expressed robustly in three dimensions [52, 53] and that formulation is
widely used to this day including in the simulation software (Synopsys Sentaurus) used for
this work. Palankovski provides an overview of simulation of heterostructure devices [54].
Piprek’s handbook offers an overview of simulations of many different optoelectronic
devices [55, 56], and examples of solar cell simulations are avaiable from most of the

simulation software vendors [57-59].
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JV QE

1. Specify device geometry. 1. Specify device geometry.

2. Generate Mesh. 2. Generate Mesh.

3. Set material parameters in each 3. Set material parameters in each
region. region.

4.  Specify contact surfaces. 4.  Specify contact surfaces. Define
internal ‘virtual contacts’ between
subcells.

5. Solve Poisson equation at 5. Solve Poisson equation at

equilibrium. equilibrium.

6. Set zero bias; use Poisson solution 6. Set zero bias; use Poisson solution
for initial guess at electron & hole for initial guess at electron & hole
concentrations. concentrations.

7. Solve optical problem for 7. Solve optical problem for generation
generation rate profile. Repeat for rate profile at starting wavelength.
all wavelengths in spectrum and
sum contributions.

8. Solve coupled Poisson and 8. Solve coupled Poisson and
drift-diffusion equations. drift-diffusion equations.

9. Iterate step 8 with increasing bias. 9. Iterate steps 7 & 8 with increasing

wavelength.

10. Post-processing: Plot contact 10. Post-processing: plot QE as a

current as a function of bias voltage. function of wavelength.

Table 2.1: General process for calculating J-V characteristics and quantum efficiency of
multi-junction solar cells.

2.1 Device Geometry and Simulation Process

Multi-junction photovoltaics typically are a stack of thin, laterally uniform layers. The
only features in the lateral directions are at the edges of the device, as well as the metal
gridlines and busbars that are deposited on the top surface. The procedure needed to
perform a device simulation is outlined in Table 2.1, for both current-voltage and quantum
efficiency calculations. In both cases, the geometry of the simulation domain is defined,

and material parameters including doping density are specified for each material region.

The domain is discretized with a mesh density sufficient to accurately resolve all input and
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output fields. An initial solution of the Poisson equation under equilibrium conditions is
calculated, providing initial estimates of the electron and hole concentrations as a function
of position in the device.

At this point, the procedures diverge. For the current-density calculation, the incident
optical spectrum is used to calculate optical generation rate as a function of position,
and ohmic contacts are defined at the cathode and anode. Starting from equilibrium,
the coupled Poisson and drift-diffusion equations are solved repeatedly using the iterative
Newton-Raphson method, with generation gradually increasing to the required level. The
Newton-Raphson method requires an initial guess at the carrier concentrations, and works
best when the guess is close to the final result. Ramping the intensity gradually permits the
initial guesses for electron and hole concentrations and potential to be updated at each step
so that the problem converges strongly. Finally, the voltage bias at the contacts is ramped
to generate the data points of the J-V curve. Again, the initial guesses are updated at each
step.

In the quantum efficiency calculation, ohmic contacts are defined at points between each
subcell. All subcells are kept at short-circuit and the device is illuminated with a single
wavelength. Again, intensity is ramped up gradually at the initial wavelength, and then
wavelength is varied to cover the required range of wavelengths. The optical problem must

be re-calculated at each wavelength.

2.2 Simplification and Discretization of the Simulation
Domain

Rather than modeling the entire volume of a semiconductor device, the problem can usually

be reduced to a smaller, representative element by taking advantage of symmetry and
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periodicity in the structure. A typical solar cell with busbars along two edges and a series
of thin gridlines in the perpendicular direction can be accurately represented with a model
representing one quarter of the complete structure [60].

Further reductions in size of the problem can be made, at the expense of ability to model
certain aspects of cell performance (Table 2.2). A two-dimensional model representing half
of the device cross section will include most important phenomena, but cannot fully model
perimeter recombination, the resistivity of gridlines and busbars, and the dark junction area
under the busbar. An even smaller model representing just half of a single gridline and
the illuminated area next to it is often used and can be a good compromise of model size
and fidelity [32]. Finally, one-dimensional models are useful at early stages of design but
ignore some important effects including emitter sheet resistivity [61]. 1D models can also
overestimate recombination at the front contact, as its area is taken to cover 100% of the
surface rather than ~3%.

An example of the 2D, semi-gridline mesh generated for the four-junction device is
shown in Fig. 2.2. Mesh density is chosen such that the optical generation profile can be
accurately resolved at all wavelengths; this means that the top of each absorbing region
should have an element size less than the absorption length at the shortest wavelength
of interest. High mesh density is also needed at the p-n junctions and tunnel diodes in
order to resolve steep gradients in potential and carrier concentration. Towards the middle
of a material region, where the conduction and valence bands are flat and concentrations
are slowly varying, the mesh density may be driven by a need to resolve standing-wave
oscillations in the optical intensity. There are discontinuities in the band edges and quasi-
Fermi levels at heterointerfaces; consequently the mesh must include separate nodes for
each region at the heterointerface boundaries. Quantities on each side of the boundary will
be related with a boundary condition. Lastly, the areas at the edges of the top contact metal

should be resolved so that the optical generation is properly resolved in the lateral direction.
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Table 2.2: Limitations of reduced model geometries.

2D semi- 2D 3D
1D gridline one-quarter

Nonuniform illumination 4 4
Shading due to gridlines v v v
ARC/window interface 4 4 4
Grid ohmic losses 4
Busbar regions partial 4
Emitter sheet resistance v v 4
Nonuniform bias due 4
to grid resistance
p-n junctions and tunnel 4 4 4 4
diodes
Perimeter recombination partial 4

2.3 Optical Generation

Most simulations of solar cells neglect the effects of photon recycling and luminescent
coupling. In that case the rate of optical generation of carriers throughout the device is
independent of the drift-diffusion problem, and so it can be calculated in advance. At
longer wavelengths, multi-junction cells show significant etalon effects due to standing
waves resonating in cavities formed by the layers of the upper sub-cells. For this reason a
wave-based optical treatment is needed, rather than a simple Lambert-Beer law approach

or raytracing which may be applicable in thick single junctions. Options include finite-
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Figure 2.2: (a) A two dimensional, semi-gridline mesh for the four-junction solar cell. The
full simulation region extends to 60 X 170 um. (b) Detail of the area near the cathode.

difference time-domain simulation (FDTD) [60], rigorous coupled wave analysis (RCWA),
and the transfer matrix method (TMM).

The finite difference time domain method involves a three-dimensional simulation of
Maxwell’s equations, integrated over time to determine the electric field propagating through
space. Arbitrary geometries can be handled with this method, however it is a very expensive
technique from a computational point of view and is generally avoided if other techniques
are applicable. RCWA allows the treatment of layered structures which are patterned in the
lateral dimensions, making it interesting for some nanostructured designs. It also may be
suitable to model diffraction from gridlines and off-normal incidence illumination in planar
solar cells, though these are minor considerations. This technique uses a truncated Fourier
series approximation to represent the spatial variations in the lateral directions, while an
exact treatment is used for the vertical direction.

TMM offers a 1D treatment of the wave propagation through the device, and can be set
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up to illuminate only those areas not covered by the grid. It is well suited to the typical
multi-junction solar cell (MJSC) structure with uniform planar layers of different materials
and flat interfaces. The TMM is used throughout this work, and a full description of the

calculation is included in the appendix to chapter 4.

Optical Material Properties

A major challenge in setting up a simulation of this type is the collection of suitable material
properties. This is particularly true of the optical properties (i.e. complex refractive
index, n), which must be specified as a table of data points over a range of wavelengths,
approximately 300 to 2000 nm. While some materials such as GaAs and Si are very
well characterized, many more exotic materials are proposed in MJSC designs and their
properties may not be well known, or may be known only over a subset of the required
wavelength range [62]. For GaAs, doping is known to change the extinction coefficient at
wavelengths near the band edge [63] due to a combination of band gap narrowing and the
Burstein-Moss effect [64]. Band gap narrowing is a reduction in the band gap that results
from carrier-carrier interactions and carrier-dopant interactions, while the Burstein-Moss
effect causes an increase in the apparent band gap as carriers fill up the lowest-energy
states in the conduction and valence bands. Band gap narrowing prevails in heavily doped
p-type GaAs and causes a red-shift in the absorption edge [64], while the Burstein-Moss
effect prevails in n-type GaAs and causes a blue-shift in the absorption edge. Gag49Ings1P
lattice matched to Ge, which is often used as the top junction, can be grown with a variable
amount of disorder and this has a significant effect on the optical properties, changing the
absorption edge by as much as 0.1 eV.

Ternary and quaternary alloys with variable compositions can further complicate mat-

ters; one useful approach is to use empirical, parametric models for the variation of the
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dielectric function with composition [65—70]. These model dielectric functions (MDF)
are built up of a series of Lorentzian oscillators and other terms which are intended to
represent the contributions to the dielectric function from each of the possible band-to-band
transitions in the material. The parameters of these oscillators can be fitted as a function
of material composition, allowing the composition to be varied continuously rather than
using only those compositions where experimental data is available. A review of this work
is covered by DjuriSi¢ et al. in [71]. Experience shows that these MDFs always include
excessive absorption below the band gap and require some manual correction. Also, in
some published results the fitting has been done in a way that puts very little weight on the
quality of the fit near the absorption band edge. Any of these models should be evaluated
by comparison with experimental data before using them.

References to the sources of optical properties used in the four-junction cell model are

included in the appendix to this chapter.

Absorption and Carrier Generation Rate

With the optical problem solved using the TMM and the intensity as a function of position

known, the absorbed energy density is written

1
A=-V (§n2€0|E|2) , (2.5)

where €y is the vacuum permittivity and E is the local electric field amplitude.

For the I1I-V materials of interest here, we assume a unity quantum yield, meaning that
100% of absorbed photons yield free electron-hole pairs. This assumption could be invalid
for very thick, highly doped layers where free-carrier absorption becomes significant. The
generation rate is

A

_ Aol e
G = hcv(26|E|). 2.6)
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The result is an exponentially decaying generation rate through the thickness of each
absorbing layer. When the incident light has a broad spectrum, such as the solar spectrum
as defined by the ASTM G173 standard [72], the optical calculation is repeated for each
wavelength and the contributions are summed to find the broad-spectrum generation profile.
The profile for the four-junction device, illuminated by an AM1.5D spectrum is shown in
Fig. 2.3. As should be expected, the generation rate in each junction decays to nearly
zero, meaning that the majority of photons with energy greater than the bang gap of that
junction have been absorbed. The exception is the dilute nitride junction J3, which has been

designed to allow some transmission into the Ge junction below it.

2.4 Semiconductor Material Properties

Material Band Structures

The purpose of this section is to outline all of the material parameters needed as input for
device simulations of MJSCs including GalnP, AlGaAs, GaAs, InGaAsN and Ge junctions.
Tables of all parameters and their values are included at the end of the chapter.

It is interesting to note that, while the band gaps and effective masses of most relevant
materials are known to a high degree of accuracy, it wasn’t until the early 2000s that
the intrinsic carrier concentration, n; of silicon was known to two significant digits of
precision [73]. Altermatt argues that recombination rates are strongly dependent on the
effective intrinsic carrier concentration n; ¢, and that for solar cell simulations it is more
important to use a self-consistent set of parameters (a combination of band gap E,, effective
masses, my, and m,, a band gap narrowing model, and treatment of carrier statistics) that
yield an accurate value of n; ¢ than it is to have any one of these correct in itself [74].

The intention here is to outline the physical models and parameters as they are used
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in the device simulator, Synopsys Sentaurus Device, and so the information below closely
follows that presented in the manual although it is simplified to cover exactly the set of
physical models that were used in this work. Sentaurus Device derives nj g from several
other parameters [75]. First, the effective band gap is parameterized relative to the intrinsic
band gap E, . at a reference temperature Tref,

aT? aT?

+— _AE,. 2.7
T+ﬁ Tref"'ﬂ £ ( )

a and f are parameters for the Varshni temperature dependence of the band gap [76],

Eg,eﬂ = Eg,ref -

and AE, is the amount of band gap narrowing due to doping. The electron affinity, y is

parameterized in a similar way, as

) 2
aT aTref

T+ﬁ_Tref+ﬁ

where yrer is the electron affinity at a reference temperature and the parameter (AEg/A y)

X = Xref + + AE; - (A)(/AEg) , (2.8)

is the fraction of band gap narrowing that will be applied to the electron affinity. A value
of AE;/Ayx=0.5 implies that half of the band gap narrowing will appear as a shift in the
conduction band, and half will be applied to the valence band.

The conduction and valence band effective densities of states, Nc and Ny, respectively,

are written as

2m kT \>?

Ne =2 (%) , (2.9)
anka 3/2

Ny =2 =) (2.10)

where m,, and m,, are the density-of-states effective masses for the conduction and valence
bands, respectively. The valence band density-of-states effective mass m, combines contri-

butions from degenerate light- and heavy-hole subbands. In indirect-gap semiconductors,
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the effective mass for the conduction band m, lumps together the density of states due to
elliptical isopotential surfaces near the conduction band minima; in direct-gap semiconduc-
tors there is a single, spherical isopotential surface at the zone center.

The intrinsic carrier concentration can then be found from

nieft = VNcNy exp

_Eg eff
—. 2.11
2kT ( )

This is the concentration of carriers in the conduction and valence bands of intrinsic
material, due to thermal generation. Although we generally use Fermi-Dirac statistics to
find carrier concentrations, intrinsic semiconductors are nondegenerate by definition and

so eq. 2.11 applies.

Band Structures of Ternary and Quaternary Alloys

Multi-junction solar cells contain many alloys, including In,Ga;_,As, Al,Ga;_As and
(Al,Gaj_y)osIng sP. The properties of these alloys can generally be interpolated from the
binary compounds at the limits of the compositional range (i.e. at x=0 and x=1), using a

quadratic interpolation [76],

Eo(A1-xBy) = (1 = x)Eg(A) + xEg(B) — x(1 — x)C. (2.12)

Vurgaftman reviews the required parameters for a broad range of III-V compounds and
alloys. Typically, it is best to apply this interpolation separately to each of the subbands of
the conduction band (the valleys at the ', X and L points of the Brillouin zone) and find
the temperature-corrected energy of each valley. The band gap of the semiconductor at any
given composition is then the minimum of each of those valleys. The same formula can
also be used to interpolate other parameters of the band structure, such as electron affinity

and Varshni parameters.
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Quaternary alloys can be treated in a similar way; for the (Al,Ga;_y)o 5IngsP mate-
rial mentioned above we can simply use the ternary formula above with AlgsIngsP and
Gag 5Ing 5P as compositional endpoints. For more general quaternary alloys, Vurgaftman

offers several formulae depending on how the composition is stated [76].

Band Structure of Dilute Nitrides

The dilute nitride InGaAsN(Sb) alloy that is proposed here as the third absorber material
of the four-junction cell cannot be treated using the method above [77]. The introduction
of small concentrations of nitrogen (N), substituting for group-V atoms in a host InGaAs
alloy, creates a new subband located just above the conduction band minimum. Interaction
between this band and the conduction sub-bands of the host material has the effect of
splitting the original conduction band in two. One of the newly formed bands is distorted
and shifted downwards, making a smaller band gap for the material overall [78].

In his review of dilute nitride material band structures [79], Vurgaftman provides data
on the shift in the conduction band energy as a function of nitrogen concentration, expressed

using a band anticrossing model,

E. = % ([Ec(k) +EN] + \/ [EC(k) - EN]* + 4V2x) : (2.13)
The E_ root of this expression is the newly formed, downward-shifted subband which forms
the new conduction band minimum. E€(k) is the conduction band energy of the host
material (i.e. InGaAs in this case), EV is the energy of the nitrogen impurity level, and V is
the interaction potential between the two bands and x is the nitrogen concentration. These
last two parameters can be found in Table V of reference [79]. Although Sb is introduced in

very small concentrations in the growth of this material, it is not expected to be incorporated

into the material in any significant concentration. Instead, it remains on the surface of the
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growing crystal and acts as a surfactant, improving the quality of the resulting InGaAsN

material. For that reason, effects of Sb on the material properties are not considered.

Doping-Dependent Electron and Hole Mobilities

The doping dependence of electron and hole drift mobilities p, and p, are parameterized
using one of two models, depending on what provides the best fit to experimental data

and/or what can be found in the literature. The Masetti parameterization [80] has the form

¢
P, Hmax (ﬁ) — Hmin2 Hi
- - , 2.14
H = Hminl €XP (NA + ND) 1+ [NA+ND]a | . B ( )
Cl” + NA+ND

where Np and Ny are donor and acceptor concentrations, and the remaining symbols (fmin1,
HUmin2s Hmax»> H1s Pes Cry Cs, @, B, and ) are fitting parameters which can be found in the
literature for many materials.

Alternatively the doping dependence of mobility can be fitted to the Arora model [81],

which has four temperature-dependent factors,

T o * T Xa

aq

T \™
Hmin = Amin (m) Hd = Ad (ﬁ) (2.16)

Again, Np and N are donor and acceptor concentrations and the remaining symbols
are parameters which are specified separately for electrons and holes. Mobility is then

calculated with
Hd
1 + [(Na + Np)/Nol*

H = Hmin T (2.17)
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Recombination Processes

With some basic material properties defined, we can now discuss recombination mecha-
nisms. Again, this discussion follows the nomenclature of Synopsys Sentaurus, but similar
theory can be found in [54] for example. The simplest mechanism is radiative recombi-
nation, where an electron recombines with a hole via photon emission. The rate of this
process is given by

Rrad = Braa(np = yaYph; ofp)- (2.18)

where B;,q is a radiative recombination coeflicient which can be derived from the joint
density of states of the conduction and valence bands and is tabulated in the appendix to

this chapter. y, and y, are correction factors, defined as

n EC - EFn

= —exp——2, 2.19
Yn NCeXp T (2.19)
= exp—— 2.20
Yp NVeXp T (2.20)

They represent the relative difference in free electron and hole concentrations under
Fermi-Dirac statistics, compared with the Boltzmann approximation. The —n%eﬁ term is
intended to account for thermal generation, allowing the net radiative recombination rate to
be zero at thermal equilibrium. Out of equilibrium however, if carrier concentrations reach
the level where Pauli blocking is significant, then thermal generation must be inhibited by
a reduction in available states; this is represented via the y, and y, factors.

Recombination via the Shockley-Read-Hall (SRH) mechanism has a characteristic life-
time which is dependent on the mean free path between interactions with impurities.
Lifetime decreases, and recombination rate increases, strongly at higher doping levels. The

lifetime is parameterized as

Tmax — Tmin
TSRH = Tmin + ———————— (2.21)

Ve
Na+Np
1+( Niret )
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The recombination rate via the SRH process is then

2
nP = Yn¥p™ et

Rsry = : (2.22)
SRi TsRH,p(1 + ¥an1) + TsREA(D + VpP1)
with
E
Ny = NjefeXp ( ]:;,p) , (2.23)
—E
P1 = Nicrexp ( k;ap) : (2.24)

Again, y, and y, are used to correct for degeneracy which must be considered when
using Fermi-Dirac statistics. Eyy,p is the energy level of the recombination centers relative
to the middle of the band gap, and is usually near zero. In some devices with steep gradients
at junctions, a more sophisticated recombination model using ‘trap-assisted tunneling’ may
be more appropriate than SRH. This process works in a very similar way, but allows for
some lateral motion (tunneling) of carriers as they transition between band edges and traps.
With this model for a given carrier lifetime, the recombination rate can be significantly
increased in regions where there is a strong electric field.

Auger recombination occurs where two carriers interact, with energy being transferred
from one carrier into the other. This change in energy can excite a free electron to a higher
potential within the conduction band, while the other loses enough energy to transition into
the valence band. Because it requires three carriers (either two electrons and a hole or two

holes and and electron), the Auger recombination rate is written

where C,, and C,, are capture coeflicients for electrons and holes, respectively.
Finally, recombination at a surface or an interface can be stated in a very similar way to

the SRH mechanism, with the lifetimes replaced with surface recombination velocities S,
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and S,. The resulting rate is

np = YaYphy o
(n+yan1)/Sp + (0 + ypp1)/Sn’

Rgurt = (2-26)

with n; and p; defined as for the SRH mechanism above. The resulting rate is defined only

35~1 as for the bulk recombination

at interfaces, and has units of cm~2s~!, rather than cm™
processes. Typical values for surface recombination velocities can be found in [82], or

specific to MJSCs in [83].

Tunnel Diodes

Each of the photovoltaic n-p junctions are interconnected with p + +/n + + tunnel diodes
which are intended to provide an ohmic conductive path from the p-type base of one junction
into the n-type emitter of the next junction [84]. Degenerate doping in the tunnel diode
layers ensures that carriers can tunnel directly from the conduction band on the n-type side
to the valence band on the p-type side with no change in energy [85]. In simulation, this is
represented as an additional recombination process which is active only in the tunnel diode

layers. More detail on simulating tunnel diodes can be found in [86—88].

2.5 Boundary Value Problem: Poisson and Continuity
Equations

As described in section 2.1, the simulation begins with a solution of Poisson’s equation under
equilibrium conditions, which will serve as an initial guess for the coupled Poisson/drift-
diffusion equations at non-equilibrium. Poisson’s equation relates local charge density with

variations in the electric field and potential [75]:

V- (eV+P) = —q(p — n— Na + Np), (2.27)
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where ¢ is the electrostatic potential, P is the ferroelectric polarization and e is static
permittivity. Pis generally zero for the materials considered here. In order to solve this
equation as a boundary-value problem, we must state the charge density p = g(p —n— Np +
Np) in terms of the potential ¢.

Relating the conduction and valence band energies Ec and Ey to the local potential,

Ec =-x—q(¢ — $rer)

Ey = X Eg,eﬂC - q(¢ - ¢ref)

(2.28)

where ¢ is an arbitrarily chosen reference potential. Typically this is chosen to be the
intrinsic Fermi potential of GaAs referenced to the vacuum level. Then using Fermi-Dirac
statistics for the electron and hole concentrations, the quasi-Fermi levels for the electron

and hole populations are

Eg, — E
n = Nc¥i)2 (Fk—TC) ,

By, (2.29)
p=NvFip T |

At equilibrium, the quasi-Fermi levels are uniform throughout the domain and are equal
to the Fermi level, Ep, = Ep, = Ep. We can arbitrarily set Eg to zero throughout the
device and substitute (2.28) into (2.29). Then substituting (2.29) into (2.27), we have a self-
consistent partial differential equation that can be solved numerically for the electrostatic
potential profile (and carrier concentrations) at equilibrium. A charge neutrality boundary
condition (n — p = Np — Np) is enforced in areas that are defined as ‘ohmic’ electrical
contacts, and a homogenous Neumann boundary condition (V¢ = 0) is enforced at non-
contact boundaries.

Having found initial values of the potential and the carrier concentrations, the next step
is to assemble a coupled set of equations describing electron and hole transport under non-

equilibrium conditions. The continuity equations ensure that charge carriers are properly
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accounted for,

\ ‘jn = qRpet + q%,
R op (2.30)
=V J, = qRpet + qE.
where fn and jp are the electron and hole current densities, respectively, and Ry is the
net recombination rate, including all recombination and generation processes. In steady-
state solutions which are usually of interest for solar cells, the time derivatives will be
zero. This includes recombination rates from radiative, Auger and SRH processes, minus
the optical generation rate obtained from the TMM calculation. Within the tunnel diodes

which connect each p-n junction, band-to-band tunneling is also included in Rye;.

In its most general form, the drift-diffusion model in Sentaurus defines the electron and

hole current densities as

-

3
Jn = ln (nVEc - EnkT Vlnm,,) + D, (Vn — nVlny,),
3 (2.31)
T =t (pVEV + EnkT Vlnmp) — D, (Vn — nVlny,)
where D, and D, signify the diffusivities of electrons and holes. The equations in this form

allow for drift currents due to variations in band gap and density of states. If the band gap

and effective masses are constant throughout a region, the equations simplify to

Jo = —nqu,V$ + D, (Vn — nVIny,),
(2.32)

Jp = =pap,Vé — D, (Vp — pViny,) .

For low electric fields and non-degenerate semiconductors, the diffusivities can be

related to the mobilities by the Einstein relation,
D=—-, (2.33)

however this does not hold under more general conditions. Lacking a more general model

for the diffusivity though, in this work (2.33) is applied in all conditions. Applying (2.32)
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with (2.30), we have a coupled set of three nonlinear partial differential equations in three

variables, the potential ¢ and the carrier concentrations n and p.

V-eVgp =—q(p—n—Np — Na), (2.34)

V - [-nqu,V¢$ + D, (Vn — nViny,)| = qRpet,
(2.35)

V- [~pgppVé — Dy (Vp — pVlny,) | = qRuet.

These equations apply within the bulk of each material region, however there are discon-
tinuities in the conduction and valence band energies at material interfaces. Consequently,
the values of n, p and ¢ on each side of the interfaces are related with interface boundary
conditions [82, 89].

The coupled set of equations can be discretized on the mesh, resulting in a set of
nonlinear equations relating charge and recombination terms, which are integrated over
a small volume, with flux terms crossing the volume boundaries. These equations can
be solved by applying Newton’s method using the initial guess which was found using the
equilibrium Poisson solution. Because Newton’s method is only expected to converge when
the initial guess is very close to the final solution, it is advantageous to start with boundary
conditions close to equilibrium and gradually increase them to the desired level, calculating
new solutions (and a new initial guess for the next iteration) at each step.

A cross-sectional band diagram of the four-junction cell calculated using the drift-
diffusion equations is shown in Fig. 2.3a, with the input optical generation in Fig. 2.3b.
The incident intensity was 1000 suns with an AM1.5D solar spectrum. The potential
boundary conditions at the contacts are set such that the device is biased at its maximum

power point.
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2.6 J-V Characteristics

The current-voltage characteristic (J-V curve) of a solar cell is calculated by solving the
drift-diffusion problem at a series of bias voltages. Currents at the contacts are found by
integrating the flux of electrons and holes across the contact surface. The net current is
then the difference between the hole and electron currents; for a well-designed device the
current of minority carriers reaching the contacts should be low.

It can also be useful to calculate J-V curves of individual subcells by defining ‘virtual’
ohmic contact boundary conditions at interfaces above and below the subcell of interest.
Typically these contacts would be placed just above the front surface field layer, or just
below the back surface field of the subcell in question. The solution is usually more stable
if contacts are still defined at the top and bottom of the device. The current through the
subcell in question is then the sum of currents at all of the contacts above it. J-V curves for
the four-junction device and each of the subcells at 1000 suns, AM1.5D are plotted in Fig.
24a.

Some of the recombination processes which limit a subcell’s open-circuit voltage Voc
have a distinctive voltage dependence [4]. For this reason, it can be useful to plot the dark
J-V curve on a log-current axis (a Gummel plot). This is shown for each of the subcells in
Fig. 2.4b. Additionally, the contributions to the J-V curve from individual processes can be
calculated by integrating the recombination rates over the volume of a particular junction.

For example the SRH recombination current density in junction i is

JisRH = %/RSRHdV- (2.36)

At steady state, the sum of all generation and recombination currents should equal the
contact currents. A breakdown of recombination processes contributing the dark current

density in the (In)AlGaAs subcell of the four-junction device is shown in Fig. 2.4c.
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Table 2.3: Extracted parameters of the J-V curves in Fig. 2.4.

J1 J2 I3 J4 Full Device
Jsc 12.6 13.05 13.3 12.67 12.5 Alcm?
Voc 1.73 1.23 0.55 0.45 3.97 \Y
FF 89.5 89.7 70.1 77.9 86.0 %o
n 19.5 14.4 5.1 4.43 42.6 %o

Finally, performance parameters can be calculated from the J-V curves: Jsc, Voc, FF,
Pmax and power conversion efficiency. Invariably there will not be a data point calculated
exactly at the maximum power point, so it must be interpolated using a fit to adjacent data

points.

2.7 Quantum Efficiency

Quantum efficiency is a measure of the fraction of incident photons at a given wavelength
which yield electrons collected at the device terminals. For a given incident photon rate

®(A), External quantum efficiency (EQE) is defined as

Jsc(R)

EQE(A) = o0

(2.37)

A related quantity is internal quantum efficiency (IQE). This latter term is usually

defined in one of two ways. The first is as the ratio of absorbed photons to electrons,

Jsc(A) 1

q®(1) 1 —R(A) - T(A)’ (2.38)

IQE()) =

where R(A) and T(A) are the reflectance and transmittance of the device. The quantity as
defined in (2.38) is readily measurable, making it a useful way to characterize solar cells and
compare with simulations while discounting losses due to reflectance and transmittance.

With this definition, absorption mechanisms which do not yield electron-hole pairs, such as
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absorption in an ARC layer or free-carrier absorption in the p-n junction layers, will result
in reduced internal quantum efficiency.
The second definition is as the ratio of generated electron-hole pairs in the p-n junction

to electrons

Jsc(d)
q [ G)dv

IQE as defined in (2.39) is not directly measurable, but can be estimated through a combi-

IQE(A) = (2.39)

nation of measurements of (2.38) and modeling of the other loss mechanisms. Because this
definition excludes many non-ideal loss mechanisms, IQE of real devices as estimated with
this definition can match predictions of semi-analytical p-n junction models such as in [4].

Quantum efficiency is also defined for individual subcells in a multi-junction device.
Experimentally, it is measured by applying bias lights of wavelengths such that they are
absorbed in all of the subcells except the one being measured [90]. This ensures that the
subcell in question is limiting the overall current through the device. A probe beam from a
monochromator is then scanned over all wavelengths of interest to produce the measurement.
Unfortunately this method is not practical in the case of PPCs with >2 junctions absorbing
in the same wavelength band, as it is impossible to bias the subcells independently.

In simulation, it is possible to replicate the conditions of the experiment as described
above, however a simpler method is to introduce ‘virtual contacts’ in between subcells
as described in section 2.6. This technique allows a single scan across the wavelengths
of interest to produce results for all subcells, and is fully applicable to PPCs with many
junctions.

Simulated subcell EQE and IQE for the four-junction device is shown in Fig. 2.5.
Evidently EQE of the InGaAsN(Sb) junction is low; this is because it is so thin that it
transmits a portion of the photons in its wavelength range through to the Ge junction. The

reasons for this are discussed in chapter 3.
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Quantum efficiency results as simulated using the method described here often show
large Fabry-Perot type oscillations at wavelengths longer than the substrate bandgap. These
oscillations do not appear in measurements, partly because the illuminating beam is not
perfectly collimated in the experiment and partly because the monochromator has a finite
wavelength resolution and is unable to resolve the <0.1 nm period of these oscillations.
In order to be able to compare experimental results with simulations, we can convolve the
simulated QE with a lineshape function w(A) representing the roughly triangular lineshape

of the instrument. w(A) should be centered at zero and integrate to unity:

[e9)

EQEe(A) = / EQE(A + Dyw(l)dL. (2.40)

—00

Along with the experimentally measurable quantities R, T, EQE and IQE, device sim-
ulations can be used to calculate spectrally-dependent quantities which are internal to the
device and cannot be directly measured. Each of the recombination rates can be integrated
over the volume of a junction to give the component of QE loss due to that mechanism. The
same can be done for parasitic absorption in non-active regions of the device. For example,

the loss of EQE due to SRH recombination in the ith junction is

1

Lsru,i(4) = A0

/ Rsru(A)dV. (2.41)
Vi

Similarly for interface recombination at the interfaces above and below subcell i,

1

Lsurf,i ()L) = m

. (2.42)

/ Rsurf dA + / Rsurf dA
Aem,i/fsf,i Abase,i/bsf,i

In this case the integration is done over the emitter/front surface field and base/back
surface field interfaces. The sum of all QE losses and all junction EQEs is unity. A
breakdown of all losses in the four-junction simulation is shown in Fig. 2.6. Accounting for

losses in this way makes it very clear where there may be room for improvement in a given
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Figure 2.5: External (solid) and internal (dashed) quantum efficiency (EQE and IQE) of
the four-junction solar cell. The normalized AM1.5D solar spectral irradiance is filled in
the background. IQE is calculated using (2.38).

design. Although there is a sharing of photocurrent between the InGaAsN(Sb) and Ge
junctions as noted earlier, the photons are collected efficiently overall; the only significant

loss in the 1 to 1.4 um range of wavelengths is reflectivity at <15%.

2.8 Summary

Current high-efficiency MJSC and PPC structures are often made up of six to ten different
materials, with as many as 100 layers (in the case of a 20-junction PPC) and a similar
number of heterointerfaces. Changes in the design of one junction can have impacts on the
performance of other junctions, and so a comprehensive simulation of the entire device is
important in order to maximize the efficiency of a given design.

Simulations are only as good as the input parameter set, and while a complete set of

parameters are presented here based on data reported in the literature, efforts to grow actual
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Figure 2.6: Quantum efficiency plot showing the breakdown of losses.

solar cells should be accompanied by calibration against as-grown material. This applies
particularly to the complex refractive index of ARC layers, whose porosity tends to vary
from lab to lab with significant effects on the optical properties, and to minority carrier
lifetimes which can be dependent on material quality.

Ohmic losses in the top emitter and gridlines, and uneven bias across the surface of
the cell significantly impact efficiency. These effects are driving a trend towards smaller
cells in CPV applications, and cannot be studied using a standard diode model. In general,
simulations based on the drift-diffusion have no presupposition of diode-like behaviour, and
as such they are useful for exploring the performance of devices in extremes of operating

conditions, or in device designs where closed-form diode models are not supported.
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Table 2.4: Table of material parameters for the GalnP / (In)AlGaAs / InGaAsN(Sb) / Ge
solar cell example. Paired values in parentheses are specified for electrons and for holes

respectively.
Symbol Units Gag 49Ing 51 P Ing o1 Gag g9As Germanium
/e 12.005 12.91 16.0
ref. [55] ref. [55] ref. [54,85]
n, k ref. [69] ref. [91] ref. [92]
Ego eV 1.88 1.40 0.744
o a  eVIK 1.82x 107 5405 x 107 477 %1074
5, B K 81 204 235
2 Tref K 300 300 0
2 Yo eV 3.924 4.07 3.960
AEg4 eV ref. [55] ref. [64] ref. [55]
Ay/AE, 0.5 0.5 0.5
ref. [93] ref. [76] ref. [54]
o Mnlmo 0.08515 0.06553 0.5438
g %  Nczo cm™ 6.235 x 1017 4210 x 1017 1.0063 x 1019
EZ mp/mo 0.7125 0.5236 0.3406
° Nysg cm’ 1.5093 x 1019 9.509 x 1018 4.9883 x 1018
ref. [55,93] ref. [76,93] ref. [55,93]
fmax cm>/V.s (9400, 491.5)
e (2.1,22)
~  Hminl cm?/V.s (500.0, 20.0)
S8 Hmin cm?/V.s (500.0, 20.0)
= g u1 cm?/Vs (0, 0)
ks P.  cm> (0, 0)
= Z C,  cm3 (6% 1016, 1.48 x 1017)
2 ¢ em ©, 0)
a (0.394, 0.38)
B ©0,0)
ref. [94]
Amin cm?/Vs  (400.0, 15.0) (850.0, 300.0)
~ m (0, 0) (0, 0)
>3 Ag  cm?/Vs (3900, 135) (2950, 1500)
= E ag (0,0) (0,0)
S g Ay em™ (2x10'%,1.5%x10'7) (2.6 x10'7,1x 10'7)
Z an (1.955, 1.47) (0, 0)
~ Ay (0.7,0.8) (0.56, 1.0)
a (0, 0) (0, 0)
ref. [94] ref. [54]
Bd  cm3/s 1x10°10 2% 10710 6.4x 10714
- Tmax s (2x1078,2x107%) (1x107,2x107%)  (0.001,0.001)
g Tmin s (0, 0) (0, 0) (0, 0)
E Nef com™3  (1x109,1x10%) (1x10'%,2x10'8) (1x10!9,1x10!6)
£ Y (1.0, 1.0) (1.0, 3.0) (1.0, 1.0)
S Te K (0, 0) (0, 0) (0, 0)
& Teoeft (0, 0) (0, 0) (0,0)
Cn,Cp em®s™! (3x10739,3x 10730) (5x 10730, 5 x 10739) (1 x 10730, 1 x 10739)
ref. [93] ref. [93] ref. [93]
g 0.21,04) 0.21,0.4)
ggﬁi‘l’ﬁf‘; my/mg (0.24, 0.48) (0.085, 0.34)
ref. [87] ref. [86]
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Table 2.5: Table of material parameters for the GalnP / (In)AlGaAs / InGaAsN(Sb) / Ge
solar cell example. Paired values in parentheses are specified for electrons and for holes

respectively.
Symbol Units Alg 5Ingy sP Alp3Gag7As Alg,Gap gAs
e/eo 11.355 12.055 12.34
ref. [55] ref. [55] ref. [55]
n, k ref. [69] ref. [65] ref. [65]
Ego eV 2382 1.7976 1.6726
o a  eVIK 176 x 1074 498 x 107 5.12x 107
s i K 134.2 142.8 163.2
) Tref K 300 300 300
2 Xo eV 3.75 3.756 3.877
AEq eV ref. [55] ref. [64] ref. [64]
Ax/AEq 0.5 0.5 0.5
ref. [76] ref. [76,93] ref. [76,93]
— »  mn/mg 0.23 0.0879 0.0796
‘G § Ncsoo cm™ 2.768 x 1018 6.540 x 1017 5.636 x 1017
g 2 mp/mg 0.36 0.5842 0.5593
° Ny om> 5.4203 x 108 1.1206 x 109 1.0496 x 1019
ref. [76] ref. [76,93] ref. [76,93]
fmax cm>/V.s (150.0, 180.0) (3721.1, 240) (5896.6, 308.21)
e (1.0, 1.0) (1.74,1.83) (1.81,1.9)
~  Hminl cm?/V.s (0, 0) (195.09, 5.0) (313.6, 8.8571)
S8 Hmin cm?/V.s (0, 0) (195.09, 5.0) (313.6, 8.8571)
=g g em?/V.s (0, 0) (0,0 (0, 0)
S E P,  cm™ (0,0) (0,0) (0,0)
= G, em™? (5x10V7,2.75x10'7) (1.16 x 10'7, 1.00 x 10'7) (9.33 x 106, 1.07 x 1017)
2 Cs em™3 (0, 0) (0, 0) (0, 0)
a (0.436, 0.397) (0.5758, 0.324) (0.5152, 0.33425)
B (0,0) (0,0) (0, 0)
ref. [94] ref. [94] ref. [94]
Amin  cmZ/V.s
= *m
z,-uu; Aqg  cm?/Vs
E E adq
- s AN cm™3
=
< an
< Ay
Qa
Brd  cm3/s 1x 10710 1x 10710 1x 10710
- Tmax s (25%x1078,25%107%) (1x1079 1x107%) (1x107%,1x1078)
S Timin s (5x 10719, 5% 10710y (©, 0) (©, 0)
£ N cm™2  (1x10%,1x100) (1% 100, 2% 10!8) (1x10'0,2 % 10'8)
£ Y 1.0, 1.0) (1.0, 3.0) (1.0, 3.0)
S Ty K 0,0 0,0) 0,0
&2 Teoeft (0,0) (0,0) (0,0)
CnCp em®s™! 3x10730,3x1073%)  (1x107%,1x1073%)  (1x10739,1x1073)
ref. [93] ref. [93] ref. [93]
] g (021,04)
gggt‘l’ﬁ;‘; my/mo (0.09, 0.37)

ref. [86]
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Table 2.6: Table of material parameters for the GalnP / (In)AlGaAs / InGaAsN(Sb) / Ge
solar cell example. InGaAsN(Sb) parameters are specific to the alloy composition of 11%
In, 3.6% N. Some parameters are estimated from an InGaAs alloy with equal In composition.

Paired values in parentheses are specified for electrons and for holes respectively.

Symbol Units Alj 25Gag r5Ing 5P InGaAsN(Sb) MgF TiOx
e/eo 11.84 13.4 5.3 6
ref. [55] ref. [55] ref. [95] ref. [96]
n, k ref. [69] [11,55] ref. [97]  ref. [98,99]
Eg0 Y 1.984 0.9617
o a eV/K 1.76 x 107 5.05x 1074
s B K 134.2 189
2 Tref K 300 0
2 X0 eV 3.997 432
AEq4 eV ref. [55] 0
Ay/AE, 0.5 0.5
ref. [76] ref. [79]
P M [mo 0.1214 0.0391
28 Nc 300 cm™3 1.061 x 1018 1.968 x 1017
52 mp [ mg 0.6244 0.471
3 Nya  em™3 1.24% 101 8.23 x 1018
ref. [55,93] [79]
Hmax Cm2/V-S
{
= Hminl CmQ/V-S
> "08) Hmin2 sz/V~S
= E Uy cm?/V.s
2 '%‘ P, cm™3
= Z C, cm™3
\2/ Cs cm™3
(04
B
Amin  cm?/V.s (400.0, 15.0) (220,220)
~ m (0, 0) 1,1
»8 Aq em?/V.s (3900, 135) (0,0)
Ig = ad (0,0) (0,0)
S g AN cm™3 (2x 10, 1.5x 10!7) (1x10!8,1x1018)
z an (1.955, 1.47) (0,0
— Aa 0.7, 0.8) (0,0)
aa (0, 0) (0,0)
ref. [94] ref. [100]
Brad cm? /s 1x10°10 1x1078
- Tmax s (1x107,1x107%)  (0.5%107,0.5x107)
8 Tmin S 0, 0) 0,0)
E Nief em™3 (1% 10", 1 x 1019) (1% 106, 1 x 1016)
£ Y 1.0, 1.0) (1.0, 1.0)
S Ty K (0,0) (0,0)
Qqa) Tcoeff (07 0) (O’ 0)
CnCp  emOs™! 3x10739,3x1073)  (3x10730,3x 10739)
ref. [93] [12,93]
Nonlocal g
my/myg

tunneling
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Table 2.7: Table of interface parameters for the GalnP / (In)AlGaAs / InGaAsN(Sb) / Ge
solar cell example. Paired values in parentheses are specified for electrons and for holes
respectively.

Symbol Units TiOx/AlInP  AlInP/GalnP  GaAs/AlGaAs GalnP/Ge

Interface So  cmis 0 (2x105,2x10%)  (200,200) (1x10%,1x 10%)
recombination fitted ref. [83]/fit to data ref. [83] ref. [47]/fit to data
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This is a reproduction of an article published in SPIE Journal of Photonics for Energy in
a special section on tandem solar cells. It describes experiments with design, growth and

characterization of dilute nitride solar p-n junctions for use in multi-junction solar cells.

3.1 Introduction

Multi-junction solar cells achieve the highest power conversion efficiency of any solar power
technology as a result of their improved harvesting of the solar spectrum by absorbing
different wavelengths in different p-n junctions, called subcells. Three-junction lattice

matched solar cells grown by molecular beam epitaxy (MBE) and incorporating a ~1 eV

42
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dilute nitride subcell have shown excellent power conversion efficiency, including a result of
44.0% under 942 suns concentration [13,44] and 29% at 1 sun [101]. Non-lattice matched
approaches using wafer bonding, metamorphic composition-graded buffers and/or epitaxial
liftoff have shown the greatest efficiency overall with successful four-junction devices
reaching up to 46.0% under concentration using a wafer bonded architecture [1,5], and
45.7% using an inverted metamorphic architecture [30]. In contrast, a lattice matched four-
junction cell could yield near-record efficiency while avoiding the added costs associated
with those techniques.

Previous numerical modeling studies on lattice-matched four-junction Gag slng 5P/
Alp 05GaAs/InGaAsN(Sb)/Ge cells incorporating dilute nitrides highlighted the importance
of using photons efficiently, absorbing only those photons that have a high probability of
being collected [102]. Hence, photons at wavelengths that cannot be collected efficiently are
best used by transmitting through to the bottom germanium junction. In general, the lower
junctions should have a slightly higher Jsc than the upper junctions in order to preserve
the fill factor and efficiency of the multi-junction device [103]. Due to the short diffusion
length in InGaAsN(Sb), an n-i-p structure is commonly used to enhance carrier collec-
tion and provide an effective ‘collection length’ which is longer than the diffusion length;
furthermore, thick n-i-p InGaAsN(Sb) and InGaAsN(Bi) junctions are highly sensitive to
background doping levels, and those doping levels are strongly dependent on annealing
conditions [104, 105]. In some cases annealing can convert the background doping from
p-type to n-type, causing the p-n junction to be located at the back of the absorber and
reducing the quantum efficiency [104]. Consequently, these subcells with materials having
lower mobilities must be carefully considered within the context of operating characteristics
of the complete device.

In this article, we present an experimental study of dilute nitride InGaAsN(Sb) junction

designs to be incorporated in four-junction solar cells. To that end, the design of the
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Table 3.1: Layer structures of the three designs. Differences are in bold face.

DI D2 D3

Layer material doping thick.| doping thick.| doping thick.
(em™) (m)| (cm™3) (@Em)| (em™3) (um)

Cap GaAs n5x1018 0.05

Filter  AlyosGagosAs n1x10'% 2.00

Window  AlgsGag sAs n5x1018 0.05

n-Emitter GaAs n5x10'® 0.05

Absorber InGaAsN(Sb) i 100 i 065 |p1x10'% 0.65

p-Base GaAs p 1x10'7 0.05

Sacrif.  InGaAsN(Sb) [p 1x10'7 0.20 |p 1x10'7 0.20 | layer omitted

Buffer GaAs p 1x10'8 0.20

Substr. GaAs p 650

InGaAsN(Sb) subcell is optimized for concentrating photovoltaic applications, and the
surrounding layers are designed to replicate the optical environment of a GagsIngsP/
Al 05GaAs/InGaAsN(Sb)/Ge device. A filter layer is included to block light that would
be absorbed in the top two junctions, with its material and thickness chosen to match that
of the second junction of our hypothetical four-junction structure. We use a relatively thin
InGaAsN(Sb) junction to make it more robust with respect to varying material quality. This
thin junction avoids negatively impacting the performance of other junctions, is current-
matched to a fully lattice matched four-junction cell, and could be easily adapted for devices

of five junctions or more.

3.2 Method

Following the design study that was conducted in simulation [45,46], a nominal design
(D1) and two variants (D2 and D3) were prepared to cover the design space that would
provide adequate short-circuit current density with minimal collection losses. In the D1
design, a nominally intrinsic InGaAsN(Sb) absorber layer of 1.0 um thickness was used,
similar to many previous works on InGaAsN(Sb) cells [12,104]. D2 is identical except for

the use of a thinner absorber of 0.65 um thickness, as listed in Table 3.1. Both D1 and
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D2 include a 0.2 um sacrificial dilute nitride layer to incorporate any pre-existing surface
impurities, as suggested by Ptak [106]. As an added benefit, this layer helps to replicate
operating conditions in the middle of a 4-junction device with a germanium bottom junction
by absorbing some of the light which might otherwise be reflected from the back surface
of the wafer and be absorbed on a second pass through the InGaAsN(Sb) junction.

The D3 design also included a thin 0.65 pm absorber, which was intentionally p-doped
to 1 x 10'% cm™3, but the sacrificial layer was omitted. Given that InGaAsN(Sb) material
can often have n-type background doping, this ensures that we have a p-type cell, with the
junction near the front, to compare against. For each design, a simulated cross-sectional
band diagram is shown in Fig. 3.1. These are calculated using drift-diffusion based
simulations which have been described in references [45,46].

Three wafers (one wafer of each design) were grown by molecular beam epitaxy (MBE)
in a custom V90 system containing valved cracker sources for As; and Sb, and conventional
effusion cells for the group-III elements and dopants. Active nitrogen was provided by a
radio frequency plasma source using No/Ar dynamic gas switching. Details of the growth
method can be found in references [17, 18]. Biased deflector plates such as those used in
reference [12] were not employed here. The growths were performed on 76 mm diameter,
single-side polished Zn-doped GaAs substrates with (100)+0.1° orientation.

We prepared samples of each design, using a complete fabrication process®, including
grid deposition and rapid thermal anneal. The GaAs cap layer was removed by etching, but

no anti-reflective coating was applied.

*Photolithography was used to define the contact patterns with a positive resist. The grid lines and
busbar regions were protected by the photoresist and the GaAs cap layer was etched selectively relative
to the window layer in a NH4OH:H,0,:H,O solution. The photoresist was stripped and the sample was
cleaned. The surface was deoxidized using a BHF solution and the samples were immediately introduced into
a PECVD reactor. A second photolithography process using double resist layers was performed, followed by
a standard deposition/lift-off process to define the ohmic contact (a Ni/Ge/Au/Ni metal structure prepared by
e-beam evaporation). The backside contact was obtained by e-beam evaporation of Ti/Pt/Au. The contacts
were annealed for one minute at 430 °C in a forming gas atmosphere. A thick contact layer of Ti/Au
(20 nm/4000 nm) was evaporated on the back side.
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Figure 3.1: Simulated energy band diagrams of (a) D1, (b) D2, and (c) D3 at short circuit
with 1000 suns illumination, AM1.5D spectrum. In (b), the scanning probe microscope
tip-sample resistance, as measured with scanning spreading resistance microscopy (SSRM),
is also shown as a function of position; brighter color indicates higher resistance. Scanning
probe measurements were done with all device layers grounded via a layer of indium solder
applied to the edge of the device.

3.3 Results

Carrier collection

A study of an un-annealed D2 wafer sample using cross-sectional scanning capacitance
microscopy (SCM) indicated that the undoped material in these devices is n-type. This
was confirmed by scanning spreading resistance microscopy (SSRM). SSRM results are

incorporated in Fig. 3.1 (b), with brighter colors indicating higher resistance, and show
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Figure 3.2: IQE of the full-process and fast-process samples.

that the material resistivity increases toward the back side of the InGaAsN(Sb) layer, hence
the material is most depleted of carriers near that interface. The presence of a gradient
in resistivity throughout the width of the InGaAsN(Sb) absorber indicates that there is
significant depletion resulting from a strong built-in electric field over the full thickness of
the absorber. Our device simulations show a similar gradient in resistivity when an n-type

background doping of 2x10' cm™3 is used.
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External quantum efficiency (EQE) of the devices were measured with a Newport IQE-
200 system. Specular and diffuse reflectivity, Ry and Ry, were also measured and used to
calculate internal quantum efficiency (IQE) according to IQF = EQE/(1 — Ry — Ry).

In Fig. 3.2, all samples show a steady reduction in IQE for longer wavelengths, which
is expected due to the optically thin absorber. The samples show an absorption edge at
1400 nm, consistent with an effective InGaAsN(Sb) band gap of 0.90 eV. Although the
AM1.5D solar spectrum provides little photon flux in the 1300 to 1400 nm range due to
a water absorption line, there is still an advantage to this low band gap material in that its
absorption coeflicient at the relevant wavelengths of 830 - 1300 nm is increased as compared
to a 1.0 eV design, for example. Data on the near-bandgap absorption coeflicient of dilute
nitride materials was reported by Kurtz et al. [107]

All of the IQE measurements show a small tail extending to photon energies well above
the Alg 05Gag.9sAs band gap at 830 nm. This could be a result of luminescent coupling from
the AlGaAs filter into the InGaAsN(Sb) absorber [45], and will not necessarily contribute
photocurrent in an operating 4-junction device, unless the junctions with larger band gap
are producing an excess of photocurrent [108].

To characterize the InGaAsN(Sb) junctions in a nearly as-grown condition with minimal
annealing, a set of ‘fast-process’ samples were prepared from 5 mm X 5 mm dies cleaved
from the as-grown wafer. These samples were prepared with ohmic indium contacts to
the top and bottom faces and are sufficient for quantum efficiency measurements, but the
contacts are not adequate for operation at high currents. The advantage of this process is
that the contacts are formed with only a 30 s anneal at 200 °C, which we consider to be
negligible in terms of its effect on the dilute nitride material.

The cap layer was not etched away for these experiments; we estimate that the cap
parasitically absorbs 0.14 mA/cm? of the available 1-sun photocurrent, based on simulated

IQE with and without the cap layer.
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EQE and IQE of these samples was measured using a 4-wire connection to the device
under test. The illuminating 2 mmx0.5 mm beam was positioned such that it was not
incident on the top contacts. The ‘fast-process’ D1 samples with the 1.0 pm absorber
have the lowest peak IQE, at 60%, and short-circuit current density, Jsc of 13.4 mA/cm?,
calculated using the IQE with reference to the AM1.5D spectrum at 100 mW/cm? (1 sun).
These are the only samples which show significant improvement under reverse bias, where
the peak IQE increases by 17% absolute at -1 V; minimal further improvement was found
for larger bias. The D2 and D3 samples with the 0.65 um thick absorber reach a peak IQE
of 75% and 81%, respectively, with Jsc of 15.0 mA/cm? and 16.6 mA/cm? respectively.
Despite the thinner absorber, these samples show higher IQE overall, and the absence of
any un-collected absorption is a benefit for integration in a multi-junction device where any
transmitted light may be absorbed in the next junction. The difference between the 0.65 um
and 1.0 um absorbers is most pronounced at short wavelengths which are absorbed toward
the top of the junction. Given that the absorber is most heavily depleted toward the bottom
of the layer due to n-type background doping, it is likely that the built-in electric field
is insufficient to collect carriers from the front of the thick 1.0 um, fast-process absorber
(Figure 3.1 a).

The InGaAsN(Sb) subcell was designed based on the results of simulations of complete
4-junction structures, with the intention of having an overall Jsc of 12.5 mA/cm? for the
4-junction device. Both the InGaAsN(Sb) junction and the Ge junction are intended to have
Jsc exceeding 12.5 mA/cm? in order to maintain a high fill factor [103]. We have achieved
this in the InGaAsN(Sb) junction, and the measured QE is consistent with our simulations
which indicate ~ 13 mA/cm? in the Ge subcell when the 0.65 um absorber is used. The
1 um absorber would absorb too much and so in that case the 4J device would be limited
by the bottom germanium subcell with a Jsc of ~ 8.3 mA/cm?.

Comparing the ‘fast process’ and fully fabricated D1 samples, we observed a change in
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Table 3.2: Measured parameters of the fully fabricated devices. Jsc is calculated by
integrating the measured IQE with the AM1.5D spectrum scaled to 100 mW/cm?.

]SC 1-sun Voc 1000-sun VOC
Device (mA/cm?) V) V)
D1 18.5 0.166 0.428
D2 15.1 0.164 0.422
D3 144 0.186 0.436

peak IQE from 60% to 90%, yielding a 35% improvement in Jsc. The thinner D2 and D3
samples showed no change with processing, and IQE is consistent with full collection of
generated carriers. These observations are consistent with a collection length (combining
the effects of drift and diffusion) of at least 0.65 um in all of the fast-processed samples,
which improved to >1 um in the fully fabricated samples. The increased collection length
could be caused by either an improved diffusion length, a change in background doping
type, or a wider depletion region within the dilute nitride absorber. SSRM measurements
of the full-process D1 sample show no significant changes in the resistivity profile through
the sample as would be expected for the latter two possibilities, and so a change in diffusion
length is indicated. We find good agreement between simulations and measurement with a

diffusion length of 0.3 um before annealing and >1.0 um after annealing.

Current-voltage characterization

When integrated in a four-junction solar cell, we estimate that the complete cell would
operate with Jsc ~ 12.5 mA/cm? and maximum-power current density Jypp ~ 11.5 mA/cm?
under 1-sun, AM1.5D conditions, based on our previous study of photocurrent sharing
between the four junctions [46]. Therefore it is important that similar current density is
available from the InGaAsN(Sb) subcell; in fact it is advantageous for the InGaAsN(Sb) cell
to over-produce somewhat relative to the higher junctions so that it will not have a negative

impact on fill factor of the multi-junction device [46, 103]. Current densities (J) were
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Figure 3.3: J-V curves of the fabricated devices at concentrations of (a) 1, (b) 6, and
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mismatch correction has been applied. Maximum power points are indicated with black
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Figure 3.4: Open-circuit voltage as a function of concentration for the three designs under
a xenon flash solar simulator, where 1 sun = 100 mW/cm?.

measured across a range of bias voltages (V') at concentrations of 1, 6 and 100 suns using
an Alpha-Omega Power Technologies xenon flash solar simulator. This solar simulator
uses a xenon arc flash lamp to illuminate devices under test with a peak intensity which is
variable between 0.5 and 4000 suns. Intensity is varied by changing the focusing optics

and/or adjusting the voltage applied to the arc lamp. Optical filters provide control over the
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spectrum. Flash pulses have a duration of approximately 10 ps, with a complete J-V curve
being measured over a 0.5 us window as the flash is at its peak. During each flash, both the
device under test and a calibrated reference solar cell are illuminated and monitored. This
enables corrections for variations in pulse intensity from flash to flash and also variations
in intensity during the 0.5 us measurement window.

The results are shown in Fig. 3.3. For the 0.65 um designs D2 and D3, we find little
difference in performance despite D3 being intentionally doped and having minimal electric
field in the absorber (see Fig. 3.1 c), indicating that the drift-aided collection may not be
important at this absorber thickness. All three designs show a significant reduction in the
slope near Voc which we consider to be a parasitic resistance.

We next consider the performance of the cells under high concentration. n-i-p junctions
rely on the built-in electric field to drive carriers across the junction, but this field is
reduced when the cell is operating under voltage bias. Therefore many n-i-p structures
show a reduction in collected photocurrent as bias increases [4, 11, 109], and hence a
reduction in fill factor and Vpc. This is evident as a small slope in the J-V curves near Jsc
which is present at all concentrations. In contrast, a shunt conductance would lead to a
similar slope but would have reduced impact as concentration increases.

We also see significant effects due to series resistance which reduce fill factor and
efficiency at 100 suns, Fig. 3.3 (c). Consequently we find that 6X is the maximum practical
concentration for these samples. We expect that the impact of series resistance, and to a
lesser extent the bias-dependent carrier collection, can be reduced in an optimized device
as has been demonstrated in the literature [44].

For the lower concentration measurements described above, Voc values were extracted
from the individual J-V curves. The top contacts were not optimized for large currents and
so for the higher concentrations, on the order of 1000 suns, Voc values were determined

explicitly by testing at open circuit. All of the measured Voc values are plotted in Fig. 3.4
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against concentration, which has been corrected for spectral mismatch to AM1.5D [90],
in order to extract the diode ideality factors n for the various designs. The Ge isotype
demonstrates n = 1 behavior, but the three n-i-p designs show n = 1.4 behavior up to the
maximum measured intensity of 1500 suns, indicating that Voc is significantly influenced
by recombination in the wide space charge region, at least up to the maximum measured
bias of 0.45 V.

Table 3.2 summarizes Jsc and Voc of the fully fabricated devices for reference. To
illustrate what may be achieved with finished devices, which would have appropriate anti-
reflection coatings, Jsc values are reported as the integral of device IQE with the reference
spectrum, rather than extracted from the J-V curves. All of the Jsc values are adequate to
exceed the expected 4-junction Jsc of 12.5 mA/cm?. Simulations show that these results
are consistent with ~ 100% collection of carriers that are generated in the InGaAsN(Sb)
absorber. D1 somewhat exceeds the needed current density and if this material quality can
be achieved consistently the design could be adapted to use a larger band gap of 0.95 eV.
At this point though, we do not have consistent results from sample to sample with the D1
design whereas D2 and D3 are more robust to changes in processing.

Using the 1-sun Voc, the band gap-voltage offsets Woc = gEg; — Voc,1—sun are 0.76,
0.74 and 0.71 V for the D1, D2 and D3 designs, respectively. For reference, an offset of
0.4 V is usually considered to be an indication of ‘good quality’ material. These values are,
however, in line with some other reported InGaAsN(Sb) devices [110] and InGaAsN(Bi)
devices [105]. More recently, Miyashita et al. have shown InGaAsN(Sb) solar cells with
Woc as low as 0.58 V [16]. As concentration increases, Voc of the InGaAsN(Sb) devices
surpasses that of our 0.67 eV Ge isotype at ~300 - 1000 suns. The D3 sample which had the
lowest Jsc has the greatest Voc. Voc and fill factor will need to be improved further in order
for a 4-junction device to reach a competitive level of efficiency. In particular, the apparent

series resistance of these samples prevents them from being used at high concentration.
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If we take our previous simulations of 4-junction cells and substitute in InGaAsN(Sb)
junctions with the measured Jsc, Voc and ideality factor as listed in 3.2 (but with no series
resistance), we find efficiencies of 29.7%, 42.9% and 43.1% for D1, D2 and D3 respectively.
The D1 efficiency is low, as expected, due to its optically thick absorber layer which passes

insufficient light through to the bottom junction.

3.4 Conclusion

In summary, we have presented results of InGaAsN(Sb) cells which exceed the 12.5 mA/cm?
at 1-sun needed for current matching in a four-junction, GalnP/(Al)GaAs/InGaAsN(Sb)/Ge
solar cell. The cells have minimal collection losses; photons that are not collected as carriers
will be transmitted through to the next lower subcell rather than being lost. The 0.65 um
design is robust against changes in background doping and annealing condition which is
promising for integration into a full multijunction device. A similar design approach may
be applicable to other devices such as lattice matched, InGaAsN(Sb)-based multi-band

photodetectors.
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Luminescent Coupling
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SimoN FAFARD AND KARIN HINZER

This is a reproduction of an article published in Journal of Applied Physics in 2015 [111].
It extends the simulation method described in Chapter 2 to include effects of luminescent
coupling. The computational algorithm is described in detail and the results are compared

with experimental measurements of 5-junction PPCs.

In recent years as the quality of III-V photovoltaic materials such as GaAs and Gag sIng sP
have improved, the effects of photon recycling and luminescent coupling have become
increasingly significant in the design of very-high efficiency photovoltaic devices. Photon
recycling refers to emission and re-absorption, typically within a single material layer or
junction, and can yield an increase in open-circuit voltage of single- and multi-junction

devices [112]. Luminescent coupling refers to emissions of photons from one location in a

56
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device which are re-absorbed, possibly in a different device region, and has been shown to
reduce spectral sensitivity of multi-junction solar cells [29].

Techniques have been developed to quantify the degree of coupling between junctions
in a multi-junction solar cell [113], and to model the effects using lumped- or distributed-
parameter models [34]. Létay et al. have also modelled photon recycling effects in single
junctions within a drift-diffusion simulator, using an iterative approach which involves
running the simulator repeatedly with successive approximations of the coupled photocur-
rent [32,33,114,115]. Luminescent coupling has also been incorporated into simulations
of light-emitting diodes [116].

In this work, we present a device with five monolithically integrated GaAs junctions
displaying strong effects attributed to luminescent coupling. In typical multi-junction solar
cells, each junction has a different band gap, and therefore coupling proceeds in only one
direction (from high to low band gap materials). However, in this device, coupling must be
considered over all junction permutations. We analyze the device using a newly developed,
two-step technique which incorporates the modeling of luminescent coupling [45,46] into
drift-diffusion based simulations [55, 117] in a more direct way than that used by previous
methods. The details of the modeling theory are outlined in the appendix.

The device studied here is a phototransducer designed and manufactured by Azastra
Opto Inc. for use as a receiver in a power-over-fiber application. These devices have a
structure similar to multi-junction solar cells, but all junctions are composed of GaAs of
varying thicknesses (Fig. 4.1 a). They are intended to be coupled with a laser of up to
5 W at a single wavelength, 835 nm. To date, we have measured a power conversion
efficiency of 61.6 + 3% and open-circuit voltage of 5.92 V under ~ 1.3 W single-wavelength
illumination [118]. In the absence of luminescent coupling the overall device current is
limited by the lowest photocurrent in any of the five junctions, and so the device is sensitive

to the incident wavelength and to any variations in layer thicknesses. At shorter-than-
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Figure 4.1: (a) General structure of the 5-junction phototransducer device. Photons are
shown being emitted from junction 4 and propagating into junction 5 (luminescent coupling,
LC) and being emitted from junction 4 and re-absorbed in the same junction (photon
recycling, PR). (b) Simulated internal quantum efficiency bandwidth (at 90% of peak)
for 1- to 5- junction phototransducer devices. Solid blue bars have luminescent coupling
neglected, while hatched orange bars have luminescent coupling included in the model.

nominal wavelengths, light is absorbed strongly in the upper junctions (due to the higher
absorptivity) and the lower junctions become limiting, while at longer wavelengths the
upper junctions are limiting the overall device current.

In junctions able to produce higher photocurrent than the limiting one, excess photogen-
erated carriers will recombine either through a non-radiative or a radiative mechanism. The
radiated photons may thereafter be re-absorbed within the same junction (photon recycling),
a different junction (luminescent coupling), or exit the device (photoluminescence). For
good-quality materials with sufficiently high internal radiative efficiency (fraction of radia-
tive to total recombination), photon recycling leads to an accumulation of carriers and an
increase in photovoltage, while luminescent coupling can help to redistribute photocurrent
between the junctions more optimally, reducing the wavelength sensitivity.

The multi-junction photovoltaic device discussed here provides an excellent demon-

stration of photon recycling and luminescent coupling due to its limited set of relatively
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well-known and characterized GaAs-based materials (enabling accurate models), and its
five optically inter-coupled junctions exhibiting high internal radiative efficiency. For ex-
ample, if we consider simulations of a series of devices with one to five junctions, we find
that the devices become increasingly sensitive to the illuminating wavelength (Fig. 4.1
b). However, the inclusion of luminescent coupling significantly impacts the computed
performance, greatly extending the range of usable wavelengths, and demonstrating the

importance of including it in the numerical model.

4.1 Materials and Methods

The devices discussed here were grown by metal-organic chemical vapour deposition
(MOCVD) in an Aixtron 2600 reactor, on 150 mm (100) oriented p-type GaAs substrates.
The devices are 2.4 mm X 2.4 mm and have a circular aperture of 2.1 mm diameter (Fig.
4.2 a). They were fabricated with a pattern of 5 um wide silver gridlines forming the top
contact, and a two-layer anti-reflective coating optimized for transmission at 835 nm.

Efficiency of the fabricated devices was determined from current-voltage (I-V) curves
measured while the device was illuminated by a fiber-coupled JDSU L4-2486 laser temperature-
tuned to operate at 835 nm, using a Keithley 2420 source-measure unit, Fig. 4.2 (b). The
fiber was multimode, with a 62.5 um core diameter. Measurements were made under
steady-state conditions. Device temperature was regulated at 25° C and power output from
the laser was calibrated using a Thorlabs S121C silicon photodiode power sensor. Uncer-
tainty in the measured efficiency was estimated at +5% (relative) and was primarily limited
by modal instability of the illuminating laser.

Internal quantum efficiency of the samples was measured using a Newport IQE-200
system including a chopper with digital lock-in amplifier at 87 Hz and independent mea-

surement of specular and diffuse reflectivity. The system is calibrated using NIST traceable
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Figure 4.2: (a) Top view of a phototransducer die, including the circular aperture with
5 um wide gridlines. (b) Four-wire I-V measurements were completed by contacting the top
of the device by two current probes and one voltage-sense probe. The bottom of the device
was contacted by the temperature-controlled, gold-plated stage. Illumination is provided
by a multimode fiber-coupled laser held at a controlled height above the device.

calibration standards.

The phototransducer devices were simulated using a 2D finite-volume model in the
drift-diffusion based device simulator Synopsys Sentaurus using published material param-
eters, and including realistic parameters for doping-dependent SRH (Shockley-Read-Hall)
recombination, Auger recombination and surface recombination. Radiative recombination
parameters are selected with care, as lifetimes derived from typical double heterostructure
measurements may be artifically enhanced by photon recycling. Maximum SRH lifetime in
GaAs was set at Ty = 107 s except where otherwise noted, with the lifetime in all layers
being reduced as a function of doping according to the Scharfetter relation [119]. A small
interface recombination velocity of 100 cm/s was also included at all interfaces between
GaAs and the adjacent layers.

The effects of photon recycling and luminescent coupling are modeled using a two-
stage process. Prior to running the device simulator, coupling coefficients are calculated
relating the radiative recombination rate at each mesh vertex with generation rates at all

other vertices. This calculation is discussed in detail in the appendix. Then, the coupled
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Figure 4.3: (a) Example of a TMM calculation for emission at a selected position internal
to the structure (indicated by the vertical dashed line) for a single wavelength, angle of
propagation, and polarization. The real parts of the forward and backward propagating field
components, E* and E~ are shown, along with the magnitude of the total field |[E* + E7|.
GaAs material layers are indicated with blue shading. The remaining layers, which have a
larger band gap, are shaded in red. (b) Re-absorbed energy density as a function of position
within the device for the same conditions. (c¢) Map of the optical coupling matrix, K for
a 5-junction phototransducer device. Boxes along the diagonal indicate the strength of
photon recycling, as in region I. Off-diagonal boxes indicate the strength of luminescent
coupling between different layers, as in region II.

generation is added as an additional term in the continuity equation via the nonlocal
recombination ‘Physical Model Interface’ (PMI) in Sentaurus Device. The PMI is a plug-in
mechanism which enables custom code to be used in combination with the standard device

solver.
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4.2 Results

In cases where luminescent coupling is neglected in the analysis of multi-junction photo-
voltaic devices, the device short-circuit current density is often treated as being limited by
the minimum of the junction current densities, Jsc = min(Jsc, ) for m = 1 to M, where M
is the number of junctions. For the phototransducer devices presented here, this approach
leads to a significant underestimation of quantum efficiency away from the design wave-
length. In order to model the behavior more precisely, we modify the continuity equation
to incorporate a coupled generation term, Geoupled, Which is then solved by the device simu-
lator. We now have relations for the divergence of electron and hole carrier concentrations,

n and p,

Vn = Gex + Gcoupled — Rsru — RAuger — Rrad,
4.1)

VP = Gext + Gcoupled — Rsru — RAuger — Rrad,

where Gy is the generation rate due to external illumination, and Rsry, Rauger and Rrag
refer to rates for SRH, Auger, and radiative recombination rates, respectively. The coupled

generation term at a position B is defined with

Gcoupled = / KBARrad,A dA, 4.2)
\4

where Kp4 is a coupling factor relating the generation rate at any location B in the device
with the radiative recombination rate at a location A. This factor is calculated using a
transfer matrix method (TMM) where an interface is added at the point of emission within
the structure and an internal source term is added as described in the appendix. The coupled
generation is integrated over all locations A within the device volume V.

Fig. 4.3 (a) shows an example of the solution of the TMM for a single wavelength,
angle of emission and polarization, with emissions occurring at a selected depth near the
top of the fifth GaAs n-p junction. The real parts of the forward-and backward-propagating

components of the electric field are shown, along with the magnitude of the total field. In
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(b), the resulting re-absorbed energy density (fraction of emitted power re-absorbed per unit
distance in the z direction) is shown, with a majority of the emissions being re-absorbed in
the fifth junction and significant amounts also being coupled into the other junctions. The
re-absorbed energy density drops to zero in the window and tunnel junction layers which
are composed of higher band gap materials.

The overall coupling coefficient between any given source point and absorption point is
a weighted integral of the re-absorbed energy density over all wavelengths, emission angles
and polarizations.

Fig. 4.3 (c) presents the complete coupling matrix K, relating the coupling between a
point of emission z and a point of re-absorption zg. The squares along the main diagonal
indicate the strength of photon recycling (re-absorption of emitted photons within the same
material layer where they were emitted). In all cases the photon recycling efficiency is
strong, as indicated by the brightest parts of the map. There is also significant re-absorption
in some boxes which lie off of the main diagonal; these represent coupling between different
GaAs junctions. It should be noted that Fig. 4.3 (b) and (c) refer only to the rate with
which emitted photons are re-absorbed; in order to obtain strong luminescent coupling,
there must also be strong radiative emission. If carriers are being collected much faster
than their recombination lifetime or if non-radiative processes dominate, then there will be
little coupling even if the coupling coeflicient is high.

In order to give a sense of the relative strength of coupling, a simplifying assumption
can be made that the radiative recombination rate is constant throughout each junction. In
this case, a coupling coefficient linking any two junctions can be calculated by integrating
over the depth of the source and destination junctions, shown in Table 4.1. This assumption
of uniform emission is not made for the full device simulations which are described below
because the solution is handled more exactly. Having calculated the coupling matrix K,

we proceed with a complete device simulation with the coupled generation included in
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Table 4.1: Coupling coeflicients indicate the coupled carrier generation rate in each junction
as a fraction of radiative recombination rate in an emitting junction. The last column gives
the total coupling efficiency (probability that emitted photons will be re-absorbed in any
of the junctions). The highlighted diagonal values represent emission and re-absorption
within the same junction.

Junction-to-junction coupling coefficients

Re-Absorbing Junction
J1 2 I3 J4 J5 | Total
J1/0.513 0.253 0.119 0.059 0.021 |0.965
J210.200 0.447 0.212 0.083 0.027 | 0.969
J310.067 0.151 0.503 0.205 0.049 | 0.975
J410.020 0.035 0.124 0.616 0.185|0.980
J5/0.002 0.003 0.006 0.041 0.882|0.934

Emitting Junction

the continuity equations, as in Eq. 4.1. Fig. 4.4 (a) shows the calculated cross-sectional
energy band diagram for the 5-junction phototransducer while illuminated with light at
its design wavelength (835 nm) and operating at the maximum-power bias voltage. The
conduction band and valence band energies Ec and Ey are shown, along with the electron
and hole quasi-Fermi levels Eg, and Epp, respectively. In Fig. 4.4 (b), the generation
and recombination terms of the continuity equation are plotted as a function of depth
within the device. In this case, photogenerated carriers are generated equally and collected
efficiently from all junctions so there is minimal recombination, however the radiative
process is dominant compared with the Shockley-Read-Hall (SRH) and Auger processes.
The radiative emissions are nearly balanced by coupled generation, leading to an increase
in carrier concentrations and increased separation of the quasi-Fermi levels in each of the
junctions.

In Fig. 4.4 (c), the same quantities are plotted for 750 nm illumination, which is away
from the design wavelength of the device. In that case, the external photogenerated current

in the bottom junction (J5) is much less than in the other junctions, leading to uncollected
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Figure 4.5: (a) Simulated and measured IQE of a five-junction phototransducer device.
Photocurrent is divided over five junctions, yielding a maximum possible IQE of 0.2.
(b) Simulated IQE of designs with one to five junctions. Dashed blue curves neglect
luminescent coupling; solid black lines include luminescent coupling. The circles and
squares indicate where each curve falls to 90% of peak. The measured IQE of Sample 2 is
shown again here for reference.

photocurrent and large radiative emissions from the top four junctions. There is a net
transfer of generated carriers from the top junctions into the bottom one, as evidenced by
the J5 coupled generation that is much greater than the radiative emissions and comparable
to the external generation in that region. From examining Fig. 4.3 (c), we can see that it is
unlikely that any photon emitted from J1 or J2 would propagate all the way into J5 without
being re-absorbed in one of the other GaAs regions, so this transfer relies on a very high
internal radiative efficiency and good confinement of photons inside the structure to enable
multiple successive re-emission and re-absorption events.

We have measured internal quantum efficiency (IQE) of two device samples from differ-

ent fabrication runs (Fig. 4.5 a). The two have similar peaks in their quantum efficiencies
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at 835 nm, but remarkably different IQE away from the peak despite having nominally the
same layer structure. In fact, both samples have a broader IQE than would be expected
if current were limited by the junction with lowest externally-generated photocurrent (i.e.
without luminescent coupling, LC). Fig. 4.5 (a) also shows results of device simulations
with two different values for the SRH lifetime, as well as a case where luminescent coupling
has been neglected entirely. With luminescent coupling neglected, the IQE is dictated by
the collected photocurrent of the bottom junction for wavelengths shorter than 835 nm, and
by the collected photocurrent of the top junction for longer wavelengths. This result is inde-
pendent of lifetime for 7, > 1077 s. When luminescent coupling is included in the device
simulation, we see a broadening of the IQE peak which closely resembles the broadening
of the experimental device measurements. The minor discrepancy in the simulation over
the wavelength range of 680-750 nm may be lessened by incorporating data from optical
measurements of the as-grown epitaxial materials (e.g. absorption in the tunnel junctions)
and as-deposited antireflection coating layers. Samples 1 and 2 are matched for values of
Tmax = 1070 s and 7 = 1074 s, respectively. In the latter condition, SRH and Auger
recombination mechanisms have similar magnitudes, so further increases in SRH lifetime
will not significantly improve performance.

As a metric to discuss the reduction in spectral sensitivity due to luminescent coupling,
we consider the spectral width where the IQE exceeds 90% of its maximum (FW90M). In
Fig. 4.5 (a), the FW90M of 31 nm in the simulation neglecting LC is broadened to 104 nm
and 238 nm in the measurements of Samples 1 and 2, respectively.

In addition to the effect on QE, there is also a benefit to voltage of the device due to
photon recycling. As was shown in Table 4.1, there is a > 40% probability that photons
emitted from any of the junctions will be re-absorbed in the same junction, and > 90%
probability that they are re-absorbed in one of the junctions. Combined with high internal

radiative efficiency where 7y = 10~* s, this leads to an overall increase in Voc of 350 mV
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for the device (70 mV per junction) under 1 W illumination compared with the case where
luminescent coupling is neglected. Where 7,x = 107% s, the increase is 90 mV (18 mV
per junction).

In the context of multi-junction solar cells, Friedman has found that the effects of photon
recycling are relatively small as the coupling is uni-directional: emissions can only proceed
from higher to lower band gap junctions and so there is minimal accumulation of carriers
(and minimal benefit in terms of voltage) in the high-band-gap junctions [24]. Here, there is
free coupling between all junctions with minimal losses, and so we find a significant voltage
increase across all junctions. The fifth junction (J5) has a lower total coupling efficiency
than the others, at 0.934. This is primarily because photons emitted from J5 can couple
into the substrate where carriers can diffuse far from the active device layers and be ‘lost’.
A back reflecting structure could be helpful to prevent this, but was not included in this
design.

Some researchers have used internal radiative efficiency as an input parameter to their
models [27,120]; here, the internal radiative recombination is allowed to vary freely within
each layer as a function of material parameters and operating conditions, but Fig. 4.4 shows
that it was typically > 90% in all GaAs layers for the SRH lifetime of 7,,x = 10~ s which
matched the IQE of our Sample 1.

Applying the same analysis to simulated devices with increasing numbers of junctions
we find increased spectral sensitivity, but luminescent coupling tends to mitigate this
significantly, as shown in Fig. 4.5 (b) and summarized in Fig. 4.1 (b). In each case,
the structure is designed to split the external optical generation evenly across all junctions at
the specified illumination wavelength. The same broadening of IQE that was observed in the
five-junction case is also apparent in two-, three- and four-junction designs. In the single-
junction design, the thick (3.85 um) base region and a high base doping of 9 x 10'7cm™3

leads to ~ 5% loss of quantum efficiency via radiative recombination in the simulation with
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luminescent coupling neglected. These losses are eliminated when LC is included in the

simulation.

4.3 Conclusions

We have developed a new method for incorporating luminescent coupling and photon
recycling phenomena into device simulations by adding a term to the continuity equation.
This approach integrates very cleanly into the simulation process, making it possible to
study these effects with no additional work required in the setup of the simulation. With the
inclusion of luminescent coupling, we find very good agreement with measured five-junction
devices in terms of IQE and spectral sensitivity. In general, we find that the simulation
method described here is a convenient way of incorporating quantitative modeling of
luminescent coupling effects into device simulations. This approach, unlike other published
methods [24], avoids presupposing how these effects will manifest themselves for example
in lumped parameter models as a current source term added to a particular junction. These
LC effects can significantly impact the operation of photovoltaic devices through increased
photovoltage, broadened quantum efficiency, and reduced sensitivity to current matching.
In addition to photovoltaics, this technique can be applied to light emitting diodes, lasers

and integrated photonic systems.
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4.A Angle of propagation in an absorbing medium

Consider a plane wave within an absorbing layer of a multi-layer stack, propagating at some
angle to the normal. Since the magnitude of the electromagnetic wave must be uniform in
the lateral direction, the planes of constant phase and of constant magnitude are in different
directions, i.e. we are dealing with a non-uniform plane wave.

We’ll assume here that the interface normals are oriented in the Z direction, and the
direction of propagation is in the x-z plane, though the same argument will hold for other
azimuthal angles. Following a similar line of argument as Orfanidis [121], a non-uniform

plane wave can be expressed as
E(r, t) = Ege/*Te /",

where the complex wave vector k is defined in terms of two real vectors as k = k; + jko.

For consistency, the wave equation requires

27n,)>
k-k = (ki + jko)(ki + jko) = ( P ) :
) A 2 2 .
ki -k — ko 'k2+2jk1 -ko = 7(7’1 —K +2]n1<),

where n. = n + jk is the complex index of refraction, and A is the wavelength in vacuum.

Equating real and imaginary parts,

4
lkaf? = [kol” = —(n* 5%, (4.3)
472
k] : k2 = 77’”(. (44)

The time-independent part of the plane wave then expands to

E(r) = Ege/kiTe7reT,
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In an absorbing medium, k; and k; may be oriented in different directions, resulting
in different normals for the planes of constant phase and planes of constant magnitude. In
particular, in a problem which is uniform in the X direction, the k, vector which defines the
attenuation of the wave must be oriented in the direction of the interface normal (assumed
to be 2): ky - X = 0. For waves propagating in a direction 6 with respect to the z axis, (4.3)

can be re-arranged as

472
ki|* = 5 2 — 1) + ko | (4.5)

Squaring (4.4) and substituting (4.5),

42\’
Ik, [2[ka|2cos26 = (A—ch) , (4.6)

472 4r? 2
7(“2 - KZ)] |k2|2 - (A2 COSZ enK) = 09

2 2
4n 472 472
—Tr i) £ \/[%("2 - KZ)] +4 (mw)

2

|k, | must be real and positive. The vector k; is then |k;|2. |k;| is given by (4.5) or (4.6), and
the vector is in the direction 6. Finally, we note that the complex-valued angle of incidence

of a wave with wave vector k is found from

k-2 =1k|cos,

k-2
-1

{ =cos —-.
IS

For materials with extinction coefficient equal to zero, { will be the same as the angle of
propagation 6. But where emissions originate from a material with non-zero extinction

coefficient the complex-valued angle ¢ must be used as the angle of incidence in Snell’s

law and to calculate Fresnel’s reflectivity and transmissivity coefficients r and ¢.



CHAPTER 4. LUMINESCENT COUPLING 72

4.B Transfer matrix method (TMM) for an internal
source

As noted above, we avoid problems which can arise from interfacing regions of ray optics
and regions of wave optics by treating the entire structure, including the emitting layer, with
a self-consistent wave optics approach. In order to do this, we adapt the TMM for the case
of emissions from a position within a planar layer stack. In the usual TMM approach, the
phasors representing the magnitude of forward- and backward-propagating electric fields
at the interfaces of a multi-layer stack are related using matrices (Fig. 4.6). We refer to
propagation from left to right as ‘forward’ and right to left as ‘backward’. The fields at the

left and right edges of a layer i are related by a propagation matrix P;,

+ —jkzidi +
Eil € 0 Eir
- Jkzid; -
E; 0 etz E;

+ +

Eil Eir

= Pi
E> E-
il

The subscript i refers to the layer number, and | and r refer to the left and right edges of
the layer. Hence E; is the phasor representing the forward-propagating z-component of the
field at the left side of layer i, k,; is the z-component of the wave vector in layer i, and d; is

the thickness of layer i. The fields on the left and right of an interface are related by

+ +
Eli L rienif | By
=1/t
Ei_—lr Fi-1i 1 Ei_l
+ +
Ei—lr Eil
=Dj_1,; ,
E- E>

il
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where r;_1 ; and t;_1 ; are the Fresnel reflection and transmission coefficients between layers
i—1andi[l121]. As an example, consider the layer stack in Fig. 4.6. The fields at the far

left and right edges of the stack are related by

+
E—lr

= D_1oPoDo,1P1D;2P2D73P3D3 4

Ezlr

Ey
Now let us look at a case where a wave is being emitted from a position z4 within layer i=1
(Fig. 4.7). We split the propagation matrix P; into matrices for the left and right side of za,

and relate fields immediately to the left and right side of the newly created source interface

as i i i i .
E* E* E
Al A S
- | M- , 0<0<x/2 4.7)
_EAI_ _E;;r_ | 0 ]
E* E* 0
Al A
| M= , m/2<0< (4.8)
En]  |Bar] |

where Ej is the strength of the field source at za, and 1 and r refer to the left and right sides
of the source interface, respectively. We can solve for the fields emitted from the left and

right sides of the stack, and then use those values to find the field at an arbitrary location in

Et —» — E
—1r 41
n_l nO nl n2 l’l3 n4
E~ < <+ E,

Figure 4.6: Example of terminology for the conventional TMM calculation, in the case of
a 4-layer material stack.



CHAPTER 4. LUMINESCENT COUPLING 74

the stack. For the portion to the left of the source we write

E*,. eTkviza ) Ey
=D_10PoDo,1
- jkziZA -
E_1r 0 e E N
E+
Al
- L ,
Ex

where we have defined L to contain all of the matrices to the left of the source interface.

With no wave incident on the left side of the stack, Eflr =0:

0 Liy Lo |Ey
E, Lz Lxn||Ey

0= LUE/:l + leEgl’

Ef.  -L
o= (4.9)
E, Lu
Similarly for the right side,
—jkzi(di—
EZr e Jkzi(di=za) 0 EII
= D12P2D23P3D3 4
- jkzi(di— -
Exr 0 e/taildi=zn) Ey
E+
4
=N
Ey
+ A +
E—lr_> EZI_’_’E/L — E41
n_l nO nl nl I’lz n3 n4
B i En e -

Figure 4.7: Nomenclature for the internal-source TMM calculation, with emissions from a
depth za within layer 1.
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And with £, = 0,

EL| [N N |Ej
E/_Xr Nip Nx»|| O
Et N
Ao L (4.10)
EAr N2
Applying (4.7) for a forward-propagating wave,
Ny
Ef +E,= —E
ALT s = Al
and then substituting (4.9),
—Lip Ny
—FE,+E = —FE,,
Lll Al S N21 Al
Lo Nip
—E, + —E,, = E;,
Lll Al N21 Al S
(L12N21 + L11N11)Ey; = L11 Ny E;.
Finally we arrive at
LN,
Ej = W2 E, and .11
LiaNpy + LNy
—L1sN:
E} = 22l g (4.12)

LioNyi + LNy
These last expressions (4.11) and (4.12) can be computed directly by assuming a value
of unity for Eg, and from there the forward and backward field components on left and
right sides of the source can be found readily. The P; and D; matrices can then be used to
determine the electric field components at arbitrary positions throughout the stack. Similarly

for a backward propagating wave we can find that

o= —L1 1N
Al =
L11N11 + L12Ny
Li»N
EY = 12N11

L11N11 + L12Nog
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It should be noted that the transfer matrix method can suffer from issues with numerical
precision in problems with highly absorbing layers. These result in matrix elements with
very large and small magnitudes. Often, this problem can be addressed by recognizing that
a particular layer will (in effect) completely absorb the wave entering it from the source.
This layer can then be treated as a ‘semi-infinite’ layer bounding the stack on that side, and
so the P; matrix representing propagation through that layer (and others beyond it) can be
omitted from the process of assembling the L. and N matrices. Typically this decision must
be made separately for every wavelength and emission angle. The TMM calculation has
also been implemented using 256-bit complex floating-point numbers, i.e. each complex
number is represented by a 128-bit real part and a 128-bit imaginary part. However, this
on its own is not sufficient to provide an accurate solution in the case of a thick absorbing

substrate.

4.C Re-absorbed energy density at a given position

In order to find the re-absorbed energy density (fraction of the emitted energy absorbed
per unit distance) at a given position zg, we first find a solution of the TMM as described
in Appendix 4.B and evaluate the forward and backward components of the electric field,
E* and E™ at zg. The Poynting vector, S can also be evaluated at zg, and the negative
derivative of the Poynting vector gives the re-absorbed energy density. We use the same

method described by Byrnes [122].

TE polarization.
Following Byrnes, we begin by writing out the electric and magnetic fields E and H at
the position of interest,

E=E"9+E ¥



CHAPTER 4. LUMINESCENT COUPLING 77

Hocne Ef(—cos { & +sin { 2) + nc E~(cos { % + sin { 2)

S-7= %Re [2- (B x H)] « Re [(E™ + E™)(E* — E7) ne cos { |

We evaluate the power emitted from the source using the Z component of the Poynting
vector, S - Z, evaluated immediately to the left and right of the source interface. The power

density emitted by the source is
Sin = (Sar — Sal) - 2. (4.13)

This result will be used to scale each of the left-and right-propagating solutions to the
required emitted power.
The negative derivative of S - Z is the absorbed power per unit distance in the z direction.

Again following Byrnes, we normalize this for unit input power density,

(S-2)=|E" + E")? Im(nc k, cos {)/Sin.

We refer to this quantity a as the ‘absorbed energy density’, with units of inverse distance.

TM polarization.

Similarly for TM polarization,

S-2o«Re[(E"+E)E™ —E™") nc cos {*]

and

a=1m[nccos {* (k, |E* — E"]* = K;|E* + E"|)] /Sin.
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4.D Generation due to coupling

Consider a photon emission from point A in layer i, at position z4. Assuming isotropic
emission, the rate of photon emission in a direction (8, ¢), where 0 is the polar angle relative
to the surface normal and ¢ is the azimuthal angle, will be 1 /47 R4 per steradian, and will be
evenly split between TE and TM polarizations. Ra is the radiative recombination rate, which
can be calculated from the electron and hole densities n and p, with R = Bpq(np — nieﬁ).
niefr is the effective intrinsic carrier concentration in the emitting layer. The normalized
energy distribution of the emissions is [27]

a(E) n2(E) E? exp(—E/kT)

S(E) = I a(E) n(E) E? exp(—E/kT) dE’

Let’s consider the coupled generation at a point of absorption, B. In order to avoid treating
the full complexity of a 2D mesh, we’ll assume photons are redistributed and re-absorbed
uniformly in the lateral direction; this is reasonable if a device’s gridlines are small compared
with either the carrier diffusion lengths or with the optical absorption lengths, and if the
device is uniformly illuminated. We have already shown the absorbed energy density
a(9, ¢, E) giving the fraction of emissions from a location z, that will be re-absorbed per

unit thickness in a thin layer at zg. Then we can write
Gg(0, ¢, E\W = a(0, ¢, E) SA(E) Ra Va

to represent the optical generation rate at B originating from recombination in a small
volume (i.e. a mesh element) V at position A. The variable W refers to the surface area of
the device being simulated. This will be integrated over 0, ¢, and E and summed over TE

and TM polarizations to get the total optical coupling factor Kgs between mesh vertices at
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A and B:

—A=—W/oo/”] aTE(9¢E)
0 0 0

+ arm(0, 4, E)] SA(E) Vi dé sin 0 d6 dE

1 (SR
Kga = = [ [ |ew@. 0.
m=r =g [ [ las@.00
0

0

+ arm(0, 4, E)] sin 0 d6 $x(E) dE.

Here the limits of integration in energy are given as (0,00), but in fact S (E) only holds a
significant value over a range of a few kT above and below the emitting band gap and this
can be used to reduce the limits of integration in E. Prior to running the device simulator,
we calculate the square optical coupling matrix, K containing coupling coeflicients Kga for
all combinations of A and B. In theory, for a mesh with N vertices the matrix would be
of size N X N, but we can omit coupling coefficients for layer combinations with minimal

coupling, for example emissions from a layer i to a layer j with

/ ) ai(E) Si(E) dE << 1/d,,
0

With a; being the absorption coefficient in layer j, d; the thickness of layer j, and Si(E) the
luminescent emission spectrum in layer i. It is likely that many coefficients will be very
small, and so it should be possible to omit many coefficients with minimal effect on the

accuracy of the calculation.

4.E Integration with the device simulator

The model is integrated into Senaturus using the ‘nonlocal generation-recombination’ phys-

ical model interface (PMI) [75]. This is implemented as a C++ class which is compiled



CHAPTER 4. LUMINESCENT COUPLING 80

into a shared object file and loaded by Senaturus when needed. The PMI code defines a
class which performs several functions: As noted earlier, the radiative recombination rate

at vertex B is given by:
2
Rp = Bragg(np — ni’eﬁ‘)'

The optical generation rate at B due to optical coupling is

N

2
Gcoupled = Z Kga Brad,A(nAPA - ni,eff,A) Va.
A=0

And so the net recombination current due to radiative recombination and optically coupled

generation is

Relec,B = Rhole,B = Rrad,B - Gcoupled,B-

The optical coupling PMI must also provide Jacobian matrices for the dependencies of the
electron and hole recombination rates. In this model, the dependencies are the electron and

hole densities, so four Jacobian matrices can be provided:

dRelec,B dRhole,B

N
dnn dnn A,B Drad,B PB ; BA Drad A PA VA

dReiecB dRnhole B S
2 = 2 = S5aBBrad BB — Z KBA Brad.A na Va.
dpa dpa i=0

The method described above can significantly increase the computational cost of a simula-
tion. In the implementation discussed here, several steps can be taken to minimize this cost:
(1) the coupling coeflicients are calculated only once for any given combination of z4 and
zB, which is particularly efficient if the mesh is well structured; (2) the calculation of cou-
pling coeflicients is done in parallel, using all available processors; (3) the Sentaurus device
simulation is also executed in parallel, with each device region being handled by a separate
thread; and (4) in the case of steady-state simulations, the off-diagonal elements of the

Jacobians are omitted. This last measure vastly reduces memory requirements and the size
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of the matrices which must be handled by the non-linear solver. The off-diagonal elements

of the Jacobians cannot be omitted in the case of transient (time-dependent) simulations.
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This is a reproduction of an article presented at SPIE Photonics West in San Francisco,
February 2016, describing the extension of the luminescent coupling model to 12-junction
devices. In the process, some improvements were made to our device modeling process
which made the model much more predictive. In particular, in the previous chapter an unex-
pectedly long minority carrier lifetime was required to achieve agreement between simulated
and modeled quantum efficiency. After revising our optical properties of the AlGaAs layers
used in this work, we were able to use lifetimes derived from measurements of single-junction
devices to predict the quantum efficiency of 12-junction devices. The model including lumi-

nescent coupling provided a close match to measured performance with no fitting required.
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5.1 Introduction

Monolithic, multi-junction phototransducers are used to provide optical-to-electrical power
conversion with output voltages of several volts from a single device [39]. They have
applications in power-over-fiber systems and for optically isolated power supplies [118].
A specific example of this is the switching power converter using modern SiC MOSFETs.
These converters operate most efficiently with a higher gate voltage slew rate (dV /dt) than
more conventional Si insulated gate bipolar transistors (IGBTs) [123]. In order to achieve
this high slew rate, and also to minimize electromagnetic interference (EMI), isolated power
supplies with minimal capacitive coupling are needed for each of the high-side transistor
gate drivers. This requirement could be met with a high-power optocoupler incorporating
a 12 V phototransducer.

We are reporting on a phototransducer device from Azastra Opto Inc. using their Vertical
Epitaxial HeteroStructure Architecture (VEHSA) technology [124], containing 12 partially
absorbing GaAs junctions and providing over 14 V at open circuit [20]. Given that we have
12 junctions of the same material but different thicknesses, itis interesting to consider photon
recycling and luminescent coupling phenomena. Where GaAs junctions are producing more
photocurrent than the limiting junction, the excess current recombines primarily through
radiative recombination, leading to the emission of photons at or above the GaAs band gap
energy. These emitted photons can be re-absorbed in the same junction where they were
emitted (photon recycling) leading to increased carrier densities and voltage. Alternatively,
they can be absorbed in another junction (luminescent coupling) which may help to equalize
photocurrent between junctions and reduce wavelength sensitivity.

These effects have been studied previously in single junction [27,114,115,120,125] and
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Figure 5.1: (a) General structure of the 12-junction VEHSA phototransducer (PT12). (b)
Simulated quantum efficiency in the absence of any luminescent coupling. The heavy black
line is the overall device quantum efficiency, and the thinner lines show photogenerated
currents in each junction.

multi-junction [24,26,29,34,108,113] solar cells, but in those cases the coupling is usually
limited to one direction (from a higher-bandgap to a lower-bandgap subcell) and emissions
from any subcell are coupled only to the next lower bandgap. By contrast, in the devices
studied here emissions can be coupled into all other junctions due to the equal bandgaps

and the fact that most junctions are optically thin (semi-transparent).

5.2 12-junction phototransducer

The device structure is illustrated in Figure 5.1 (b), with individual junctions labeled J1,
J2, etc. It resembles a multi-junction solar cell, except that it is designed to operate with

monochromatic illumination at a wavelength of 850 nm. For that reason, all junctions are
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of the same material (GaAs), and sharing of photocurrent between junctions is achieved
by varying the thickness of each junction. An ideal device, then, should have a quantum
efficiency of 1/12 at 850 nm. At wavelengths other than the design point, we can expect
that the junction photocurrents will be unequal with current being limited to the lowest
photocurrent. This would lead to reduced short-circuit current and power conversion
efficiency (Figure 5.1 b). The devices have an aperture of 2.1 mm diameter and are
optimized for 1to 5 W incident optical power. They have been shown to have 14.5 V open-
circuit voltage and have demonstrated >60% power conversion efficiency when measured

up to 3 W of optical input at a wavelength of ~ 850 nm [20, 21].

5.3 Luminescent coupling

We have developed a method for incorporating the modeling of photon recycling and
luminescent coupling phenomena into a drift-diffusion based device simulation [45,46,111].
Prior to running the simulation, a coupling coefficient Kpp is calculated to determine the
fraction of luminescent emissions emitted from a depth A within the device which will be
re-absorbed at any other point B. The calculation is done using a transfer matrix method
technique allowing for emissions from locations within the layer stack [111].

The coupling factor Kga is plotted in Figure 5.2. As might be expected, the strongest cou-
pling is found in the squares along the diagonal indicating photon recycling (re-absorption
in the same layer as the emission). Light-coloured rectangles above the main diagonal
indicate coupling in the downward direction, from J1 into J3 for example. For conve-
nience, this coupling matrix is approximated with per-junction coefficients, giving the ratio
of generation current to radiative recombination current in any combination of junctions,
presented in Table 5.1. The rightmost column gives the sum of the coefficients for a given

emitting junction. These totals are all less than 1, indicating that some emitted light escapes
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the device entirely or is absorbed in layers other than the photovoltaic junctions. It should
be noted that the coupling factor Kga refers only to efficiency with which emitted light is
coupled; some layers may have a large Kga, but will not emit light at all due to having low
internal radiative efficiency or low carrier concentrations. These factors are accounted for
in the next step, the device simulation. The simulations are run in Synopsys Sentaurus,
using a custom plug-in module which adds an extra generation term to the electron and
hole continuity equations to account for the coupled generation. Complete details of the
luminescent coupling model are presented in reference [111]. Sentaurus includes several
non-radiative recombination mechanisms, and so the non-linearity of coupling due to com-
petition between radiative and non-radiative mechanisms [26, 35] is implicitly included,
and is accounted for on an element-by-element basis. The ‘maximum’ lifetime for the
Shockley-Read-Hall (SRH) process was calibrated against samples of individual subcells
at 200 ns. This value is reduced using a doping-dependent model according to the doping

in each layer.

5.4 Results

Measured quantum efficiency of the 12-junction phototransducer devices is much broader
than predicted by simulations that neglect luminescent coupling (Figure 5.3), with a signif-
icant response extending all the way to the absorption band edge of the window layer at ~
650 nm. At 90% of the peak value, the width of the QE response is 84 nm, 4.0 times the
width that we calculate without luminescent coupling. The QE measurements were done
with a relatively low beam intensity yielding only 1.8 V of open-circuit voltage on the full
device, while individual junctions were found to break down at >6 V of reverse bias, so we
discard the possibility that some junctions are in reverse breakdown in the measurement.

When luminescent coupling is included in the simulation we also see a significant
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point of emission (photon recycling). Light colored boxes away from the diagonal indicate
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Table 5.1: Coupling coeflicients indicate the coupled carrier generation rate in each junction
as a fraction of radiative recombination rate in an emitting junction. The last column gives
the total coupling efficiency (probability that emitted photons will be re-absorbed in any
of the junctions). The highlighted diagonal values represent emission and re-absorption
within the same junction.

Junction-to-junction coupling coefficients

Re-Absorbing Junction
J. J2 )33 J4 J5 Jo J7 18 J9 J10 JI1 JI2 |Total

J1 1033 0.20 0.12 0.08 0.06 0.05 0.03 0.03 0.02 0.01 0.01 0.00 | 0.94
J2 10.15 0.31 0.16 0.10 0.07 0.05 0.04 0.03 0.02 0.01 0.01 0.00 | 0.94
J3 10.08 0.15 0.28 0.15 0.09 0.06 0.04 0.03 0.02 0.01 0.01 0.00 | 0.94
J4 10.06 0.08 0.13 0.28 0.15 0.09 0.06 0.04 0.03 0.02 0.01 0.00| 0.95
J5 10.04 0.05 0.07 0.13 0.30 0.15 0.08 0.05 0.03 0.02 0.01 0.00| 0.95
J6 10.02 0.03 0.04 0.07 0.13 0.32 0.16 0.08 0.05 0.03 0.02 0.01] 0.95
J7 10.02 0.02 0.03 0.04 0.06 0.13 0.34 0.17 0.08 0.04 0.02 0.01 | 0.96
J8 10.01 0.01 0.01 0.02 0.03 0.06 0.14 0.38 0.18 0.08 0.04 0.01 | 0.96
J9 10.01 0.01 0.01 0.01 0.02 0.03 0.05 0.14 0.43 0.19 0.07 0.02| 0.97
J1010.00 0.00 0.00 0.01 0.01 0.01 0.02 0.04 0.13 0.51 0.19 0.04 | 0.97
J1110.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.12 0.63 0.18 | 0.98
J1210.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.89 | 0.95

Emitting Junction

broadening in the QE response, which shows good agreement with the measured QE as
shown in Figure 5.3. No parameter fitting was needed to obtain this agreement; all material
parameter values were obtained from the literature except the SRH lifetime which was
determined from individual subcell devices. There remains a small discrepancy between
measured and simulated data between 650 and 750 nm though, which seems to indicate
that our model has an excess of absorption in the AlGaAs interconnecting layers. In J-V
curve calculations, open-circuit voltage is increased by 580 mV (48 mV per junction) when

luminescent coupling and photon recycling are included in the limit of high internal radiative
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Figure 5.3: Internal quantum efficiency of the full device from measurements (blue), plus
simulations without luminescent coupling (solid black), and with luminescent coupling
(dashed black).

efficiency. This is consistent with results from very high quality GaAs single junctions.
Using the 200 ns SRH lifetime which was found for the single junctions, photon recycling
yields a 240 mV increase in open-circuit voltage (20 mV per junction), contributing 1.7%

of the total V.
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This article discusses the application of 12- and 20-junction photonic power converters
in power electronic circuits. The PPCs are coupled to a vertical-cavity surface emitting
laser (VCSEL) array where they can provide a ripple-free power supply as well as galvanic

isolation and high immunity to EMI. It has not yet been accepted for publication.

Recent advances in multi-junction photonic power converters (PPCs) have enabled mono-
lithic GaAs photovoltaic (PV) devices with 5, 12 or 20 p-n junctions vertically stacked for
an open-circuit voltage up to 23 V [22], and tenfold higher power densities compared to
previous designs. Power conversion efficiency demonstrated by these PPCs reaches >60-
65% [20,22,118] under single-wavelength illumination, at average power densities [22]
up to 150 W/cm?. Here, we couple such a device with a diode laser to yield a step-up

DC voltage converter with very high impedance to conducted electromagnetic interference

90
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(EMI) and without ripple. We demonstrate the use of this laser/PPC pair as a regulated
photonic boost converter producing a regulated 12 V output from 3.3 V input, and find
no measurable ripple. For a second application, we use the laser/PPC to power a 650 V
MOSFET gate driver requiring high galvanic isolation. In that case we measure a 20 dB
reduction in EMI current conducted from the power circuit into the low-voltage control
systems.

Photonic power converters are photovoltaic devices designed for producing power under
illumination by a laser or a light-emitting diode. They have been proposed in the past for
power-over-fiber and other systems needing extreme galvanic isolation, but they could also
be used in much more ubiquitous applications for DC power supplies in instrumentation,
power electronics and other systems. Since most power supply requirements call for a
voltage of several volts, it is advantageous to connect several PV junctions in series to
produce the desired output. In some cases this has been done by segmenting a single planar
junction into pie-shaped mesas which are isolated and connected in series via microfab-
rication [38, 126, 127]. More recently, vertically-stacked PPCs with a structure similar to
that of multi-junction solar cells have been demonstrated, with two [36,37], 5, 12 and 20
junctions [20,21]. This vertical structure enables high conversion efficiencies and high

power densities.

Coupling of laser and PPC

Since the absorption coefficient is wavelength dependent, PPCs with the vertical architecture
must be designed for optimal operation at a specific wavelength. Photocurrent is generated
equally in each of the N series junctions through a careful choice of layer thicknesses.
Starting from the top, each optically-thin junction is designed to absorb (1 — t)/N of the

incident light. A small fraction, ¢ <1%, passes through all junctions without being absorbed.
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Figure 6.1: Wavelength-matching of the laser diode and PPC. (a) Measured internal quan-
tum efficiency of the N=12 junction PPC (blue dots), compared to simulations including
(dashed) and excluding (solid) the effects of luminescent coupling. Measured laser emis-
sion spectra are shown at two temperatures. (b) Coupling factors Kj; indicate the fraction of
emissions from a junction i that will be absorbed in junction [. The main diagonal gives the
probability that emissions are re-absorbed in the junction where they were emitted (photon
recycling). This probability is highest in the junctions near the bottom which are thickest,
and also rises near the top where there is an internal reflection from the top surface of the
PPC. (c) Laser wavelength and peak intensity for varying temperature and applied current.
(d) Top-view images of the laser array and PPC.

Measured internal quantum efficiency for the N=12 PPC is shown in Fig. 6.1a, along with
emission spectra from a matching laser diode.

We might expect that this wavelength sensitivity would increase for increasing N,
however experiments have shown essentially no change in wavelength response for 5, 6,
12 or 20-junction devices [22]. This is explained through the phenomenon of luminescent
coupling [27, 31, 33]: where one junction is absorbing more than its share of incident

photons, the excess is re-emitted as photons with energy near the material band gap.



CHAPTER 6. APPLICATIONS OF PPCS 93

These photons are re-absorbed in the other junctions, leading to an efficient re-distribution
of photocurrent between the junctions [40, 111, 128]. A coupling coefficient K;; can be
calculated, giving the fraction of emitted photon flux from a given junction i which will be
re-absorbed in another junction /. These coefficients are plotted for the 12-junction device
in Fig. 6.1b. The total photocurrent density in junction [ is then Jon; + 3; KjjJrad,i» Where
Jph,1 is the photocurrent density in junction [ due to light incident on the PPC, and J;aq,; is the
recombination current density via radiative processes in junction i. Although the coupling
is strongest between junctions near the diagonal (i.e. between junctions that are located
close together), there can be a significant transfer of photocurrent between distant junctions
through multi-step processes. Photons emitted from any junction have a >94% probability
of being re-absorbed rather than escaping the device.

This redistribution of light and resultant photogeneration yields a broadened internal
quantum efficiency, shown for a 12-junction PPC in Fig. 6.1a. With luminescent coupling
excluded from the simulation, the device’s short-circuit current is limited by the p-n junction
with the lowest photogenerated current, leading to a strong sensitivity to wavelength (-
1.1%/nm) near the design point of 850 nm. When the effects of luminescent coupling are
included, this sensitivity is reduced to -0.4%/nm and closely follows experiment. In Fig.
6.1a we also show measured spectra of a laser diode array at temperatures of 25°C and
65°C. The current- and temperature-dependence of the emission peak are in Fig. 6.1c.
Although the laser is nominally well-matched to the PPC, the laser shifts by 1.4 nm/A and
0.08 nm/°C. Consequently, reduced wavelength sensitivity due to luminescent coupling
is important to maintain high efficiency of operation without temperature stabilization of
either the laser or the PPC.

The laser and the PPC are separated by an air gap of 3 mm. The laser diode emits with a
peak electrical-to-optical efficiency of 42%. Current-voltage and efficiency characteristics

are shown in Fig. 6.2a and b. The photovoltaic power converter used here has 12 GaAs
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junctions and provides a voltage of 14.5 V under open-circuit conditions and 12.4 V at
maximum power. At 25°C, optical-to-electrical power conversion efficiency is 55% with
1 W of optical power, and is >50% over a wide range of optical power up to at least
150 W/cm? (Fig. 6.2c).

Combined, the laser diode array and PPC provide a step-up in voltage from 2.5 V to
14 V. The laser can be operated at DC (Fig. 6.3a), producing no high-frequency switching
and hence no internally generated EMI. Alternatively, it can be regulated in a pulse mode
such that it operates at its maximum efficiency independent of the load at the output. Overall

the coupled laser/PPC pair has an efficiency of 23%.

Ripple-free boost converter

Conventional technology for step-up DC/DC conversion requires a ‘boost converter’ circuit
as shown in Fig. 6.3b where a voltage is applied to an inductor to establish a current, and
the current is then switched to charge a capacitor. This leads to a characteristic ‘ripple’ in
the output voltage as the regulator switches on and off. Additionally, there is a ‘ringing’ of
the circuit at its resonant frequency, forced by the switching impulses.

As our baseline for comparison, we assembled a switching boost converter with this
topology, described in greater detail in the Methods section. Noise and ripple of this circuit
are shown in Fig. 6.3c and d. When the L-C filter is bypassed, we measure a root-mean-
square (RMS) ripple of 2.48 mV (35.9 mV peak to peak), tabulated in Fig. 6.1. The ripple
is reduced to 0.49 mV RMS (7.76 mV peak to peak) with the L-C filter active.

For our photonics-based topology, a diode laser was coupled to a 12 V photonic power
converter and connected to the output of a linear regulator to produce a step-up converter
(Fig. 6.3a) that is free of ripple, ringing and EMI emissions. It converts the 3.3 to 3.7 V

commonly available from a single lithium polymer (Li-Po) battery cell to a regulated 12 V
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Power Draw (W) Ripple (mV)
No load With load RMS pP-p
Switching, filter bypassed 0.044 0.56 2.48 359
Switching, filter active 0.044 0.56 0.49 7.76
Photonic 0.92 34 <0.045 <0.33

Table 6.1: Power draw and output ripple of the two boost converter designs.

output. Feedback from the output allows the regulator to control current to the laser diode
and maintain the required output voltage. With no load, the converter draws 280 mA which
is just below lasing threshold; with a 330 Q resistive load the current draw is 986 mA. Using
an oscilloscope sampling at 2x10° samples/s and limited to 20 MHz analog bandwidth,
we were unable to detect any ripple above the 0.33 mV peak-peak (0.045 mV RMS)
background noise of our instrument. This data is shown in Fig. 6.3c (time domain) and
Fig. 6.3d (frequency domain).

In the frequency domain (Fig. 6.3d), the switching circuit produces harmonics at
multiples of the switching frequency, 100 kHz. In contrast, the photonic boost converter

shows no significant frequency content over the 50 kHz - 20 MHz range.

Photonically isolated gate drive power supply

Next we consider a second application in power electronics. Wide bandgap transistors,
and particularly SiC metal-oxide-semiconductor field-effect transistors (MOSFETs), are
increasingly available and are being integrated into power electronics systems [129-133].
The small gate capacitance and the majority-carrier nature of SIC MOSFETSs promises fast
switching times and reduced switching losses when compared with established technology
based on silicon transistors. These increases in switching speed come with increased EMI

and gate instability [134].
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The power supply to the gate driver typically is isolated using a transformer which has
a larger stray capacitance and offers a path for conducted EMI. To investigate the impact of
a photonic power supply to the gate driver on switching performance and EMI, we used a
double-pulse test setup [134—136] (Fig. 6.4a-c). The setup simulates one leg of a three-leg
power inverter, comparable to what is used in hybrid-electric vehicle drive systems. We
establish a 90 A current in the load inductor and then measure waveforms during a single
on/off pulse lasting 0.67 us. The gate drive power supply is used to provide an isolated 13 V
to the MOSFET gate driver.

As the MOSFET Q; switches as in Fig. 6.5a, its source and drain terminals undergo
rapid changes in potential. The output sides of the gate drive optoisolator and its power
supply are also subjected to these potential swings. Both devices have a finite capacitance
between the input and output Ceq and Cps, and so in a simplistic analysis any switching
event must lead to a common-mode EMI current from the outputs back to the low-voltage

control circuitry at the inputs,
icM = (ng + Cps) dVps/dt. (6.1)

For the photonic power supply, the stray capacitance between laser and PPC chips is
only 60 fF; the capacitance between heatsinks on the laser and PPC sides is larger for a
total Cps=0.4 pF. As a benchmark, we also tested a more conventional supply with a DC/DC
converter integrated circuit where isolation is provided by a transformer. This solution has
a larger capacitance Cps of 40 pF, due to primary and secondary winding of the transformer
being wound in close proximity on a magnetic core.

Switching behavior is shown in Fig. 6.5a-c. The drain-source voltage across the SiC
MOSFET, Vps is plotted in (d). Large switching transients are produced at turn-off and settle
out after 0.3 us. In Fig. 6.5b we show a common-mode EMI current measured on the power

supply cable leading to the digital control electronics which generate switching signals for
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the MOSFET. With the transformer-based power supply the EMI current reaches a peak of
0.64 A, while the photonic circuit reaches 0.25 A peak. A third measurement with the current
probe removed from the wires shows a peak of 0.1 A, indicating that the measurements are
partly obscured by EMI picked up directly by the instrument. However, the background
signal is consistent, and smaller than either of the EMI current measurements.

A frequency analysis of the EMI currents is shown in Fig. 6.5c. The photonic-based
gate drive power supply reduces EMI by 20 to 30 dBuA over the 0 to 10 MHz range. The
largest peak in the EMI from the transformer-based power supply, 96 dBuA at 5.3 MHz,
is reduced by 38 dBuA with the photonic power supply (a factor of 80 reduction). With
both the transformer-based and photonic power supplies, we find peaks at 45 MHz and
65 MHz; these peaks are largely unaffected by the choice of power supply and may be
coupled through the optoisolator, Coq. Hence the gate drive power supply capacitance Cps
is no longer the most significant path for conducted EMI in the photonic configuration.

In summary, PPCs enable the creation of a unique class of step-up voltage converters
which have practical output voltage in the range of 5, 12, or 24 V while causing no ripple,
ringing or EMI. We have demonstrated a photonic boost converter with no measurable
ripple. When compared with a switching boost converter, we found a 60 to 80 dB reduction
in harmonic content over a broad frequency range. We also demonstrated an isolated
DC supply applicable to electric vehicle applications which reduces EMI conducted to
the signal-level electronics. It provides a 20 dB improvement, again limited primarily by
measurement noise. These emerging applications leverage the significant advances in laser
diode and multi-junction solar cell technology developed in recent years, and are a potential

new market for photonic devices.
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Figure 6.4: (a) Double-pulse switching circuit used to test the effects of different gate drive
power supplies. Parasitic capacitances which provide a path for EMI currents are shown
in red. (b) Optically isolated power supply, which provides a floating power supply for the
gate drive optoisolator, and (c) conventional DC/DC converter with transformer isolation.
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Frequency-domain representation of the EMI current.
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Methods

Laser and PPC devices The laser used is a commercially available vertical-cavity surface-
emitting laser (VCSEL) array emitting nominally 1 W at 850 nm. The PPCs are designed
and manufactured by Azastra Opto Inc. based on the vertical epitaxial heterostructure
architecture (VEHSA). A schematic of their layer structure is shown in Fig. 6.6. An
anti-reflective coating tuned to the laser wavelength is applied.

Quantum efficiency External quantum efficiency (EQE) of the PPC was measured using
a Newport IQE-200 system with a 300 W xenon lamp. Specular and diffuse reflectance,
R and Ry respectively, were measured using the same instrument and internal quantum
efficiency was calculated as IQE = EQE/(1 — Ry — Ry). In this case specular reflectance is
nearly zero at the laser wavelength. EQE and IQEF are nearly identical except for the small
amount of diffuse reflectance due to gridlines.

Simulation of PPCs The simulated IQE results and the coupling factors in Fig. 6.1
were calculated using a drift-diffusion based solver as described in reference [128]. Details
of the luminescent coupling calculations are given in reference [111]. An overview of our
process for device simulations can be found in reference [56].

Photonic boost converter circuit The circuit uses a RichTek RT9183 linear regulator.
It was designed based on recommendations of the manufacturer, with the exception that
feedback was provided from the 12 V output of the photonic power converter. Measurements
of this circuit and the switching boost converter circuit were made with an Agilent 6014A
oscilloscope at 2x 10° samples/s, with boxcar averaging for improved vertical resolution.
Some specific frequencies were identified which were present at consistent levels in all
three measurements, as well as in a reference measurement taken with the boost converter
powered off. These noise sources are presumed to be internal to the oscilloscope or

supporting equipment and the corresponding frequencies are removed from Fig. 6.3d for
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clarity.

Switching boost converter circuit The switching boost converter is based on a Linear
Technologies LT1171 regulator, and again was designed following manufacturer’s guide-
lines for boost converter applications. Switching frequency is 100 kHz. The circuit includes
an output L-C filter with a cutoff frequency of 5 kHz.

Gate drive circuit The gate drive application was tested using the half-bridge circuit
shown in Fig. 6.4a, with the gate drive signal optocoupler powered using either a conven-
tional DC/DC converter or a photonic power converter (Fig. 6.4b and c respectively.) No
gate resistors are used to limit the switching slew rate, which is desirable for high efficiency
in power electronic circuits, but leads to harsh switching transients and potential problems
with EML

The MOSFET is a Cree SiC device with breakdown voltage of 1200 V and 120 A
current capability. When the MOSFET Q) is turned on for an initial 60 ps, the DC voltage
is applied to the load inductor L; and the inductor current increases linearly to ~ 90 A. At
this point the gate is switched off, on and off again providing switching events to be studied.
As Qg is switched off, the inductor current freewheels through the diode D,. The MOSFET
is controlled by an optoisolated gate driver with a CMOS totem pole output stage. The
optoisolator, in turn, requires an isolated power supply of >13 V.

The transformer-based gate drive power supply (Fig. 6.4b) is based on the Delta
SAO01ISO0515A DC/DC converter. For supply voltages Vpc >75 V, the stray capacitance
of this device is sufficient to cause the SiC MOSFET to fail to turn off because the gate
potential cannot rise quickly enough to maintain a positive potential relative to the source
terminal. This is addressed by adding a common mode filter F; with 200 Q impedance to

common-mode currents at 1 MHz.



CHAPTER

Discussion and Conclusions

The solar power industry has grown dramatically in recent years, from 2.6 GW of installed
capacity worldwide in 2007 to 65 GW in 2016 [137]. This has been accompanied by
an ongoing drop in the price of traditional non-concentrating silicon photovoltaics and
a consolidation of the industry towards that technology. There has been a significant
restructuring within the CPV industry, with two of the largest CPV manufacturers, Soitec
and Suncore, ceasing production in 2015.

Despite this, CPV projects can be economical in the right circumstances [2]. A single
CPV plant with 100 MW capacity has reportedly been completed in Datong, China in
2016 [138] at a cost of US$1.05/W, making it competitive with the US$1.77/W benchmark
reported by the National Renewable Energy Laboratory (NREL) [6] for utility-scale PV
plants. Interestingly, two Canadian companies, STACE [139] and Morgan Solar [140],
have recently announced plans for new CPV production totalling >20 MW per year. This
means that a large part of the worldwide CPV module production capacity could soon be
based in Canada. In order for CPV technology to remain competitive, and possibly gain
a larger share of the market for solar energy systems, efficiency must continue to improve

towards a target of 50% at the cell level and 40% at the CPV module level [7, 141].
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Efforts to develop multi-junction photovoltaics of any type can benefit greatly from the
ability to perform accurate device simulations and to compare the performance of prototype
devices against those simulations. The simulation process outlined in chapter 2 enables
many different measurable quantities to be compared with experiment, as well as the ex-
traction of many quantities which cannot be directly measured on a solar cell. This chapter
should be an excellent starting point for researchers needing to simulate multijunction pho-
tovoltaic devices. The technique of plotting all losses in quantum efficiency is particularly
useful and can help to identify deficiencies in a particular design.

One of the avenues towards 50% efficient cells that has been identified in the past
is the use of dilute nitride materials such as InGaAsN(Sb) to make a 4-junction MJSC
[7]. The simulation techniques of chapter 2 were used to design a set of single junction
InGaAsN(Sb)cells, as described in chapter 3. Based on this we were able to estimate the
material parameters (background doping and diffusion length) present in the dilute nitride
material, as well as the performance of a 4-junction structure using these cell designs.
Work is continuing on this effort; a set of 4-junction solar cell wafers have been grown by
a MOCVD/MBE/MOCYVD process and are now in fabrication prior to testing. In order to
achieve high performance devices though, there will need to be more optimization of the
growth of dilute nitride material specifically for this application, both to maintain crystal
quality on a germanium substrate and to achieve the longest possible diffusion lengths.

Several publications in 2012-2014 [24,25,27,120] highlighted the significance of photon
recycling and luminescent coupling in the performance of III-V solar cells and the ways
in which devices can be optimized if these effects are taken into consideration. However,
they also highlighted the fact that virtually all existing tools for drift-diffusion based device
simulations neglect these effects. Synopsys Sentaurus does include an option to include
photon recycling in LED models, but it is not applicable to solar cells. One effort had been

reported previously to include photon recycling in single-junction solar cell simulations, but
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the algorithm was not published in detail and the effects were not integrated into the device
solver; instead the simulation had to be run numerous times with successive estimates of
the coupled optical generation rate.

The methodology detailed in chapter 4 enables these effects to be modeled directly in
a commercial device simulator, without any need to for iterative runs of the simulator. It
was initially tested with 3- and 4-junction solar cell models as well as single junction cell
models. All of the theory needed to implement the model is presented, and there are some
improvements in the theory over prior work. The coupling calculations are treated with a
modified transfer matrix method which allows for emissions from arbitrary positions within
the device. Previous analytical and numerical models had used a mix of ray optics in the
emitting region and wave optics in the remaining regions, causing some inaccuracies at the
region boundaries.

While the model was very successful, initially no devices were available to us where an
experimentally measurable effect could be unequivocally attributed to luminescent coupling.
This changed when the first five-junction PPCs were produced by Azastra Opto Inc. in
2014; with five GaAs junctions generating different amounts of photocurrent depending
on wavelength, these were an ideal test for the model. The first simulations as shown in
chapter 4 were able to reproduce the measured quantum efficiency characteristic, as well
as the change in shape depending on material quality. This fit was achieved by varying the
internal radiative efficiency of the device (the fraction of radiative vs. total recombination).

We were later able to improve on this result significantly in chapter 5 by using sample
devices representing each of the five individual junctions of the 5-junction PPC, to calibrate
parameters for each of the recombination processes present in the GaAs material. With this
calibration done, we were able to run the simulation and achieve an excellent agreement
with experimentally measured quantum efficiency of newly available 12-junction devices,

with no fitting required at all and with a much more realistic set of material parameters
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compared with what was used in chapter 4. This ability to produce accurate results without
fitting is a very important point, as it is an indication of how reliable the simulation can
be as predictive and quantitative tool. One further step would be to improve simulations
in order to accurately model the ‘stepped’ shape of some measured PPC J-V curves under
mismatched illumination. This is due to some junctions being under heavy reverse bias and
would require a careful calibration of the reverse breakdown mechanisms in GaAs.

Finally in chapter 6, we studied two applications where PPCs can be used. The new
generation of vertically stacked PPCs have 40% (relative) higher efficiency, ten times more
optical power density, and up to twice the output voltage of the previous ‘pie architecture’
technology. In step-up DC/DC conversion, we showed a simple method to provide a step
up in voltage from 3 V DC to 12 V while producing no ripple or EMI. We also used a
laser/PPC pair to provide the power needed to switch a SiC MOSFET controlling a 650 V,
90 A circuit of the type that is used in hybrid and electric vehicles. Again, this yields a
significant reduction in EMI conducted from the high-voltage electronics into the vehicle’s
signal level analog and digital subsystems.

As the leading technology for high-efficiency photovoltaics, there has been a very large
amount of effort devoted to research on multi-junction solar cells over the past 20 years.
The new interest in CPV evidenced by projects completed and announced this year is very

encouraging, as is the opportunity to put the technology to use in new applications.
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