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ABSTRACT

Sun Yubo Ph.D.,; Purdue University, May 2020. An Experimentally-validated Cou-
pled Opto-Thermal-Electrical Model for PV Performance and Reliability. = Major
Professor: Peter A. Bermel.

Photovoltaics (PV) are a renewable energy technology experiencing rapidly in-
creasing commercial adoption today. Nonetheless, many proposed PV applications
still require higher efficiencies, lower costs and comparable reliability to currently
available in commercial devices (typically made from silicon). To enable the rigor-
ous study of a much wider range of materials and novel design concepts, particularly
those based on compound thin films, Concentrated Photovoltaics (CPV), cells with
bifaciality, a comprehensive modeling framework is developed to couple photon ab-
sorption, carrier transport, photon recycling, and thermal transport in PV devices.
The universality of this framework manifest itself in approaching various PV related
problems as follows: 1) exploring the novel design of wide-E, GalnP solar cells as
an intermediate step to enhance the efficiency of multijunction PV devices; 2) char-
acterizing the open-circuit voltage (Voc) degradation in thin-film vapor liquid solid
(TF-VLS) grown InP solar cell through combined device and circuit model for inter-
preting photoluminescence (PL) image; 3) establishing optic-electric-thermal coupled
framework to assess and compare the passive cooling effect for Silicon CPV devices
that employ porous soda-lime glass radiative cooler and conventional copper cooler
respectively; 4) Investigating and formulating the analytic solution of the optimal
design that minimizes combined optical shadowing loss and electrical resistive loss
for two types of bifacial PV devices: a) interdigitated back contact (IBC) Silicon
heterojunction (SHJ) solar cells and b) Copper Indium Gallium DiSelenide (CIGSe)

solar cell with AlyO3 passivation; and 5) Constructing an Neural Network Autoen-
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coder (NNA) that compresses and reconstructs the J-V characteristics obtained from

TCAD simulation and literature for rapid screening and automated classification.



1. INTRODUCTION

1.1 Overview of PV technology

The steady growth of renewable energy is now significantly supplementing con-
ventional energy sources such as coals, natural gas and oil etc., and allows society
to address environmental issues that may arise from CO, emissions |1].Photovoltaics
(PV) is the fastest growing renewable energy generation technology based on capacity
added in 2017; it makes up 18% of total renewable generation capacity globally [2].
As PV become increasingly important, levelized cost of energy (LCOE) is acknowl-
edged to be a vital metric for wider adoption. Despite the fact that LCOE of utility
scale PV has been reduced substantially in recent years, the major obstacle prevent-
ing PV from becoming the dominant energy generation resource is still the relatively
high LCOE compared to other conventional energy resources [3]. Further reduction
of LCOE would require improvement of PV industry from three perspectives: 1).
decreasing the cost of solar panel manufacturing process (e.g. scalable roll-to-roll
printing technique replaces vacuum processed film growth recipe) [4]; 2). enhancing
the power output and/or solar power conversion efficiency for a fixed footprint of
solar module (e.g. bifacial PV allows sunlight to be absorbed at both sides of solar
module [5]); 3). expanding the lifespan of PV cells through developing reliable solar
devices with prolonged stability [6].

The topics covered in this thesis aim to address challenges and improvements of
PV from aforementioned three perspectives. 1). From the perspective of manufactur-
ing process cost reduction, a novel cost effective design approach for InP solar cells is
evaluated and open-circuit voltage (Vo) degradation is understood through rigorous
device and circuit level modeling; 2). To combat the challenge of efficiency/power

output enhancement, a novel design principle for high efficiency III-V compound



GalnP solar cell is assessed through analytical and numerical modeling efforts; op-
timization and development of bifacial Silicon (Si) and Copper Indium Gallium di-
Selenide (CIGS) solar cells are achieved by opto-electric coupled device model and
well-calibrated analytic formula; 3). For the sake of enhancing the reliability and
stability of PV cells, an opto-electro-thermal coupled framework with self-consistent
calculation of energy-balanced equation is implemented to investigate the novel ra-
diative cooling effect for Silicon Concentrating Photovoltaics (CPV). In addition, a
machine learning framework for data compression and clustering is developed to meet
the demand of rapid screening and automated detection of PV cell performance by

PV manufacturers.

1.2 Outline of thesis

In this thesis, we will be covering several absorber material systems of Photo-
voltaics from the aspects of device performance and reliability. We will be establish-
ing multi-physics based modeling framework that couple opto-thermal-electric com-
ponents to tackle various challenges for different type of solar cells. The framework
developed in this thesis is validated by the benchmark of the modeling results against
experiments. The breadth of topics covered in the thesis provides insights and solu-
tions to novel concepts/design proposed in the PV community. Essentially, four main

topics are deployed in details in this thesis:

1. III-V compound solar cells (chapter , and : By coupling the optical gen-
eration and electron transport within the multi-layered structure, the device
modeling can accurately capture the drift-diffusion process of generated car-
riers and predict the collection efficiency of 1II-V compound solar cells. The
framework lays a solid foundation for exploration of novel design concept, ex-
planation of performance degradation in the cost effective growth method, and

investigation of alternative structure for improvement.



2. Radiative cooling (chapter [5)): By coupling the temperature and illumination
intensity dependent efficiency of concentrator photovoltaics with convective,
conductive, and radiative heat transfer into an opto-electric-thermal coupled
energy balance equation, equilibrium operational temperature of CPV devices
can be obtained to help assess the effectiveness of different passive cooling tech-

niques.

3. Bifacial solar cells (chapter |§| and : By allowing front and rear side absorp-
tion of sunlight into the multi-layered solar cell structure, the established opto-
electric coupling framework can help identify the optimal design of manufac-

tured bifacial cells for maximum power output.

4. Machine Learning in PV (chapter [§)): We will build neural network autoencoder
that compress and reconstruct the J-V characteristics for clustering pattern gen-
eration and analysis. Our results pave the way for realization of rapid screening

and automated detection of manufactured cell performance.

Detailed outline of each chapter is given as follows:

In chapter [2] the goal of this chapter is to reproduce the experimentally measured
performance of wide-bandgap (E; = 2.1 eV) GalnP solar cells, and then to propose
an upgraded design of the multi-layered structure for efficiency enhancement. We will
frame a device model that captures essential physics of the wide-E; GalnP operation
and analyze the major source of efficiency loss. First, detailed absorption data for the
Ga-rich alloy is obtained by extrapolating literature values for InP and Gag 5IngsP.
We then combine these values with estimates of carrier lifetime (0.1 ns) and interface
recombination (9 x 10° cm/s) to construct detailed electro-optical models. They
are found to accurately reproduce the EQE, Jsc, and Voc observed in published
experimental devices. Small discrepancies of 0.1% are caused by slight differences
in optical constants and interface recombination. This modeling process illustrates
the major sources of loss, namely interface recombination between the emitter and

window layer and low bulk minority carrier lifetimes in the active region. An improved



design is also proposed and implemented in this framework, which involves adjusting
the doping and thickness of key layers. These findings will help define a path towards
increasing the performance of these wide E, cells to approach their theoretical limit
— approximately 16.5%.

In chapter 3| the goal of this chapter is to find out and quantify the efficiency
gap between front homojunction and rear heterojunction design of GalnP solar cells
that are lattice matched to GaAs. Achieving record efficiencies in multijunction and
spectrally split photovoltaics requires maximal performance in wide-E, top junctions.
GalnP is the prioritized material for top cells in multi-junction PV devices. Recent
advances in single-junction wide-E, GalnP photovoltaic devices have been driven by
a rear-junction design, in which the p-n junction is placed near the back contact. This
approach is the opposite of usual front-junction designs and is also counter-intuitive
since carriers are now generated further away from the space charge region. In this
chapter, we aim to understand the advantages and disadvantages of rearjunction de-
signs from both numerical and analytic perspectives. First, we develop an analytical
model for dark recombination current of two design configurations to address the dis-
crepancy and use TCAD drift-diffusion solver to find out cutoff points for switching
design configurations. This allows us to point out the tradeoffs between the two pho-
tovoltaic device configurations and to generically identify the parameters where the
optimal configuration flips. This understanding helps both to explain the historical
development of GalnP photovoltaic technology and to predict the most promising
paths toward further improvements. Our general approach may also aid in designing
other thin-film photovoltaic devices.

In chapter |4, the goal of this chapter is to identify the cause of performance
degradation of vapor-liquid-solid deposition, a cost effective deposition technique em-
ployed in fabricating InP solar cells. Two hypotheses are investigated to explain the
open-circuit voltage (Voc) degradation observed in thin-film vapor-liquid-solid (TF-
VLS) grown p-type InP photovoltaic cells: bandgap narrowing and local shunting.

To explore these ideas, we develop a comprehensive modeling approach that com-



bines TCAD device modeling and Spice circuit model to explain the physical origin
of degradation. First, a bandgap (E,) narrowing effect is hypothesized, based on the
surface inhomogeneity of VLS InP captured by the photoluminescence (PL) image.
The PL data was used to estimate a spatially-resolved active V¢ across surface of
the InP sample. Combining this data with the effective Jg¢ allowed an assessment
of the I-V characteristics of individual unit cells. Next, an HSPICE diode compact
model is utilized to reproduce the I-V characteristics of the whole sample. We find
a good fit to the I-V performance of TF-VLS grown InP solar cell. Second, a local
shunting effect was also considered as an alternative explanation of the Vo¢ degra-
dation effect. Again, PL image data was used, and small local shunt resistance was
added in arbitrary elementary unit cells to represent certain dark spots seen in the
PL image and dictate the Vo¢ degradation occurred in the sample.

In chapter [0 the goal of this chapter is to assess the radiative cooling effect on
concentrator photovoltaic devices. Radiative cooling, a unique and uncommon pas-
sive cooling method for devices operating outdoors, has recently been demonstrated
to be effective for photovoltaic thermal management. Here, we investigate the effect
of radiative cooling as a complement to existing passive cooling methods like convec-
tive cooling in a related system with much higher heat loads: a high-concentration
photovoltaic (HCPV) system. We start by establishing a rigorous physics-based de-
vice model for Silicon concentrator photovoltaic devices under various temperatures
and illumination intensities. We then couple convective, conductive and radiative
heat transfer with the device model to self-consistently identify the equilibrium op-
erational temperature of the CPV device. This framework provides platform for
comparing different passive cooling techniques for PV devices operated under high
heat load condition. A feasible radiative cooler design addressing the thermal man-
agement challenges here is proposed. It consists of low-iron soda-lime glass with a
porous layer on top as an anti-reflection coating and a diamond layer as heat spreader.
It is found that the proposed structure has strong mid-IR emittance as well as high

solar transmission, allowing radiative cooling under direct sunlight and low loss in the



concentrated solar irradiance. A systematic simulation with realistic considerations
is then performed. Compared with a conventional copper cooler, the lowest temper-
ature reached by the proposed radiative cooler is 14 K lower. Furthermore, less area
of the proposed cooler is needed to reach a standard target temperature (333.15 K)
for steady-state operation under high concentrations for the crystalline silicon PV
module. In order to compare the coolers quantitatively, a figure of merit — cooling
power per weight - is introduced. At the target temperature, the proposed cooler is
determined to have a cooling power per weight of 75 W /kg, around 3.7 times higher
than that of the conventional copper cooler.

In chapter [6] the goal of this chapter is to optimize the bifacial design of interdig-
itated back contact silicon heterojunction solar cell via TCAD device modeling and
develop a generalized formula that allows PV manufacturers to find the optimal rear
side design of bifacial devices without performing complicated device simulations.
One promising and highly feasible approach for increasing PV power generation is
to add bifaciality to existing monofacial PV devices, allowing more output power
from the additional reflection of sunlight from the ground (albedo «). For example,
bifaciality can be added to Silicon Heterojunction (SHJ) solar cell with Interdigitated
Back Contacts (IBC) by opening up the gaps between the back metal contacts, but
the optimum gap (w) that maximizes power output is unknown. In this thesis we
show that that the optimum gap (w = 1— (1+a)(a(a+c))~"/?) maximizes IBC-SHJ
bifacial power output (P oc (14 a)(1—24/a/c)), where c is the ratio of output power
density to power loss due to shadowing and Joule heating. We then validate these
results by applying a self-consistent finite-element TCAD device model in bifacial
cells by adding rear side absorption and then comparing to experiments. For a typi-
cal @ = 0.3, we find that an optimized bifacial IBC SHJ cell will produce 17% more
power output than state-of-the-art monofacial IBC SHJ cells. The results encourage
development of bifacial IBC solar cells as a next generation PV technology.

In chapter [7| the goal of this chapter is to develop a generalized analytical for-

mula to maximize the total power output of bifacial CIGS solar cells. Copper Indium



Gallium DiSelenide (CIGS) has been widely used as a thin-film absorber material
in photovoltaics (PV). Process improvements have pushed efficiencies to 22.8%, ap-
proaching the Shockley-Queisser limit. For further improvement, bifacial PV, which
couples light into the absorber from both sides, has emerged as a promising approach.
We will modify the previously developed equation from chapter [ based on TCAD
device modeling result of CIGS solar cells. Here, we present a generalized analytic
model to design the back contact pattern of bifacial CIGS solar cells for maximum
power output at any albedo. At the global average albedo of 30%, we find that addi-
tional 2.4 mW /cm? can be obtained by switching from monofacial to bifacial PERC
configuration. Our results can serve as potential design guidelines for manufacturers,
and to forecast the potential of bifacial CIGS through levelized cost of electricity
(LCOE) calculations.

In chapter [§] the goal of this chapter is to present a machine learning based ap-
proach for rapid screening and automated detection of PV cell performance. Rapid
screening and detection of photovoltaic device performance is an important but com-
plex quality control process for PV manufacturers. In this chapter, we propose an
automated process enabled by machine learning model to quickly evaluate and classify
PV performance. We start by utilizing TCAD device modeling framework to generate
training, testing and validation set. We then will invoke a neural network autoen-
coder to compress J-V characteristics and generate cluster patterns. The framework
will be validated by comparing the reconstructed J-V curves to input J-Vs. This ma-
chine learning model, implemented by a Neural Network Autoencoder trained with
J-V characteristics generated from TCAD solar simulator under various opto-electric
input parameters, is validated by reconstructing input J-V characteristics through
mirror Neural Network Decoder. Classification of the simulated and experimental
J-V characteristics is achieved by plotting the 2-D encoded data points clustered
by K-means Algorithm. The model not only benefits the manufacturers by helping

to establish a standard operating procedure for the rapid screening and detection



of manufactured cell performance, but also provides insights in connecting physical
input parameters to statistically classified J-V characteristics.
Finally, we will summarize the key takeaways from the thesis and forecast the

future direction of PV industries in chapter [9



2. WIDE BANDGAP GALLIUM INDIUM PHOSPHIDE
SOLAR CELLS

2.1 Introduction

For the past decades, photovoltaic systems have been designed and fabricated to
reach ultra-high efficiencies well above the single-junction Shockley-Queisser limit [7],
requiring wide bandgap solar cells. For example, if multiple PV cells are stacked
together in series, a wide bandgap cell (> 2.0 eV) is needed to achieve the most
efficient conversion of high energy photons [§]. Similarly, spectral splitting requires
a wide bandgap cell for maximally effective conversion |9]. Photovoltaics at elevated
temperatures also suffer from less degradation with a wide bandgap cell [10}/11].
Finally, for near-surface underwater PV applications of recent interest, there is a
need for wide bandgap cells for efficient collection of the high energy photons that
can penetrate water [12].

The state-of-the-art solution for accessing 2.1-2.2 eV bandgap range, while retain-
ing a direct bandgap, is to increase the Al content in quaternary (Al,Gaj_y)o.51In0.49P,
grown lattice-matched to GaAs [13]. However, it has been found that the oxygen in-
corporation associated with increased Al content decreases solar cell efficiency [14].
Further, a GaAs substrate is not transparent to light below the bandgap of the active
junction. Another wide bandgap option is GaP, with an indirect bandgap of 2.26
eV. GaP should be a natural choice, considering the availability of high-quality bulk
substrates and the commercial maturity of GaP-based light emitting diodes. How-

ever, GaP solar cells suffer from relatively poor absorption and current collection,

9The content of this chapter is primarily taken from a published conference proceeding: Y. Sun, K. H.
Montgomery, X. Wang, S. Tomasulo, M. L. Lee, and P. Bermel, ”"Modeling Wide Bandgap GalnP
Photovoltaic Cells For Conversion Efficiencies Up to 16.5%” IEEE 42nd Photovoltaic Specialist
Conference (PVSC), New Orleans, LA, (2015): pp. 1-6.
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with internal quantum efficiency (IQE) values typically peaking at 50% ,; as a
result, the highest efficiency for anti- reflection (AR)-coated cells in the literature is
2.9% [17].

As an alternative, direct bandgap Ga;_yIn,P (0.18 < y < 0.30) solar cells can
be grown by molecular beam epitaxy (MBE) using metamorphic (MM) buffers on
GaAs or GaP substrates. The direct bandgap enables stronger absorption and higher
short-circuit current density, Jgc, than has been conventionally possible in GaP solar
cells. However, the challenge in growing Ga;_,In,P (0.18 < y < 0.30) cells is that

they are lattice-mismatched to conventional substrates, as illustrated in Fig. [2.1

255 — 500
— AlP ¢~
- & 2.36 eV
23 - 2.33 eV, direct-indirect
- GaP crossover (A= 532nm) —1550
2 - Ga,Inj_,P :’— (Al,Gay_y) 5Ing 5P
= 21 iz ’ b (lattice-matched =600 ~
aD \
& | \  to GaAs) =
% 19k , 650 <
5 189 eV =
£ - . | =
= o i Aldn,_P =700 50
< F i —750 2
= | 1 ]
8 . ! 800 &
i s ] Direct gap :
“F | === Indirect gap LGaAs 1850
| 3 (ALGay_y)yIn;_,P ! Gadn|_P b mp —900
13F | —950
. | |  ER T 1 1
53 5.4 5.5 5.6 34 5.8 5.9 6.0

Lattice constant a;, (Angstroms)

Fig. 2.1.: Bandgap energy and corresponding wavelength versus lattice constant of
(Al Gay_x)yIn;_P at 300 K (adapted from ) Our study focuses on Gag 75Ing o5P
(Eg = 2.19 eV) (red dot)

The red dot highlights the bandgap energy and lattice constant of Gag 75Ing 95P mod-
eled in this work. To grow lattice-mismatched Ga;_yIn,P films with low thread-
ing dislocation densities (TDDs) and long minority carrier lifetimes, intermediate

GaAs,P;_ graded buffers can be used to engineer the lattice constant from that of
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the GaP substrate to that of the wide bandgap Ga;_,In,P solar cell. Prior work on
these devices has shown an open circuit voltage, Voc, of 1.42 V| Jsc of 3.11 mA /cm?
(without anti-reflection coating), and a fill factor (FF) of 0.71, yielding a cell efficiency
of 3.13% [19].

2.2 Modeling of Spectral Absorption Profile

Modeling the performance of such a cell design first requires an accurate model
of material absorption. Since no literature data is currently available, this can be
extrapolated from related III-V compounds. Fig. also illustrates the bandgap
energy transition from InP to GaP, where the black solid line shows direct bandgap
transitions, and the black dashed line describes the indirect bandgap transition. The
absorption data of Gag sIng 5P and InP were used to extrapolate the absorption data of
Gag.75Ing05P. In order to achieve this, the band edges of the three materials mentioned
above were identified. The extrapolation method employed was to horizontally shift
the absorption curves of GagsIngsP and InP towards shorter wavelengths, based on
the band edge ratios. The extrapolated absorption curve of Gag75IngosP is shown
in Fig. 2.2] Its implied band edge wavelength is 566 nm, which directly matches its
bandgap energy of 2.19 eV. This should be a reliable way to generate the absorption
data of Gag 75Ing25P, as all materials being considered in this extrapolation are direct
bandgap materials.

The simulation tool being used to model the wide-E,; GalnP cell is “A Device
Emulation Program and Tool” (ADEPT) on nanoHUB.org [20]. This tool solves
Poisson’s equation with hole and electron continuity equations in 1 spatial dimension
in compositionally non-uniform semiconductors. It was originally written to model
solar cells fabricated from a wide variety of materials including a-Si, CIGS, CdTe,

etc [20].
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Fig. 2.2.. Extrapolated absorption curve of Gag75Ingo5P, calculated from literature

data for the absorption of InP and GagsIngsP.

2.3 Results & Discussion

The external quantum efficiency (EQE) was calculated for a cell structure consist-
ing of a 20 nm n-AlInP window layer, 100 nm n-Gag 75Ing 25 P emitter (Np = 108 /cm?),
and 2 um of p-Gag.75Ing25P (Na = 3 x 1017 /cm?), as shown in Fig. .

Due to the fact that the window layer of this cell is made of AllnP, a hetero-
structure was formed at the interface between the window layer and the GalnP emit-
ter, and the density of defects is not negligible at the interface. Thus, interface
recombination also contributes to the degradation of the cell performance. The sim-
ulated EQE for various levels of recombination compared to the experimental EQE
is shown in Fig. The ideal case with high bulk lifetime (1 ms) and low window-
emitter recombination (< 1 cm/s) predicts exceedingly high EQE values. Degrading
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50 nm n*-GaAs:Si

20 nm n-InAIP:S5i window
100 nm n-In,Ga,.,P:Si emitter (Np=10"%cm-3)

2 ym p-In,Ga, ,P:Be base (N,=3%*10""cm3)

Fig. 2.3.: Cross-sectional schematic of Ga;_yInyP cell structure modeled in this work

(adapted from [19]).

just one of these values alone is also insufficient to account for the observed EQE.
Instead, it was found that both the emitter and base minority carrier lifetime (T, and
T,) must be reduced to 0.12 ns and 0.1 ns respectively, which shows some agreement
to the bulk minority carrier lifetime characterized and reported in the literature .
At the same time, the window-emitter interface recombination velocity must increase
to 9 x 10° cm/s to match the measured EQE curve (from [19]). This allows the Jso
from the simulation to agree closely with the Js¢ reported in the experiment.

In order to fully capture the I-V characteristics of the cell, Js¢ and Voo were
calculated as follows. First, eq.[2.I]was used to characterize the shape of the simulated

I-V curve:

< endl
Jsc = /0 dA[%ﬁEQE(A)] (2.1)

in which e is the unit charge; h is planck constant; A\ is wavelength; c is the speed
of light; and I is spectral intensity of AM 1.5G solar spectrum. Jgc is given as the
product of the AM 1.5G solar spectrum and the EQE integrated over all wavelengths.
The calculated Jgc is 3.16 mA /cm?, which is slightly higher than the measured Jsc.
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Fig. 2.4.: External quantum efficiency (EQE) versus wavelength from 300 nm to 600
nm. Experimental data (dashed red line) is from [19]. The model fit accounts for ideal

(red), interface recombination only (green) and both interface and bulk recombination

effects (blue).

This difference can be attributed to small deviations between simulated and measured
EQE around 400 nm shown in Fig. 4. The disagreement of EQE at this wavelength
range is mainly due to imperfections in the wide E,; material absorption modeling,
which could be improved by considering a piecewise mathematical model of the dis-
persion of the imaginary part of refractive index presented in literature [22]. The open
circuit voltage is obtained directly from ADEPT. The diode equation used to model
the experimental data, which incorporates ideality factor, series and shunt resistance
is given as Equation. 2.2}

V+JR,)—E;) V+JR,
nkT Rsh

J(V) = Jso — Jyexp [6( (2.2)
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in which J, is the reverse saturation current; n is the ideality factor; T is the tem-
perature; Rg and Ry, are series and shunt resistance respectively. The calculated
ideality factor is 1.61. Finally, reasonable values of the series and shunt resistance
(20 mQ — cm? and 2.7 kQ — cm?, respectively) were added to achieve the closest pos-
sible fit to experiment, as shown in Fig. an excellent match was achieved, with

an average difference between the two curves of 0.1%.
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Fig. 2.5.: A comparison between measured and simulated I-V characteristics of the

single junction Gag 75Ing 5P solar cell. Very strong agreement in Vo and fill factor

and Jsc is observed, derived from the EQE in Fig.

2.4 Improvement of Cell Structure

After reproducing the measured data successfully, we consider strategies to opti-

mize cell efficiency. Based on the extrapolated absorption curve of wide-E, GalnP in
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Fig.[2.2] it can be concluded that most photons are absorbed near the front surface.
Thus, the carrier collection efficiency at the contact is very sensitive to the doping
level and thickness of the emitter layer. Theoretically, low doping in the emitter leads
to high minority carrier lifetimes and long diffusion lengths, which could increase the
possibility of carriers reaching at the contact before recombining. However, it could
also hurt the built-in potential at the junction to reduce the V¢, offsetting the im-
provement in Jgc. Therefore, it is worth exploring this tradeoff to help maximize
the cell efficiency. There is also a similar tradeoff in terms of emitter thickness,
as it determines the location of the depletion region where a strong electric field is
formed to help dissociate electron-hole pairs and sweep electrons and holes towards
the metallic contact. Carrier collection is more efficient as the emitter thins out to
keep the space charge region close to the surface of the cell where the majority of
electron-hole pairs are generated. However, it is difficult to fabricate ultra-thin heav-
ily doped layers with typical fabrication techniques. The correlation of cell efficiency
with emitter thickness and emitter doping is depicted in Fig. Here, the base
doping and thickness are fixed to experimental values (Ny = 3 x 1017 /cm?; 2 um) to
create this contour plot. The carrier mobility was assumed to be constant with the
variation of doping concentration. The fill factor is corrected to include the increased
series resistance and reduced fill factor associated with low doping levels. As can be
seen from the plot, when Np = 3 x 10 /cm? and emitter thickness is 0.6 wm, the cell
efficiency reaches 5.16%, which is higher than measured 3.13%. These results differ
from previous work because of challenges in achieving the required doping profile in
experiments. Although it may be difficult to fabricate lightly-doped doped layers
with typical methods, improvements in both Vo and Js¢ have been identified with
reduced emitter doping in the literature [23,)24]. As an alternative method for im-
proving cell efficiency, we may consider adding an intrinsic GalnP layer between the
emitter and base layer to form an n-i-p structure [25]. Despite the fact that there is a
strong electric field at the depletion region of the modeled cell, the depletion width is

only 30 nm. Adding an intrinsic layer could greatly expand the space charge region to
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Fig. 2.6.: A contour plot optimizing the cell efficiency as a function of emitter layer

parameters, specifically doping and thickness.

improve the collection of carriers excited by the absorbed photons. It is expected that
the carrier collection efficiency and Jg¢ will both be improved with higher quantum
efficiency over the effective wavelength range after adding the intrinsic layer. With
emitter doping and thickness fixed at the experimental values (Np = 1 x 10'8/cm?;
0.1 um), cell efficiency as a function of intrinsic layer thickness and base doping is
plotted and illustrated in Fig. 2.7, The cell efficiency is more sensitive to the intrinsic
layer thickness than the base doping, within the region considered. With base doping
constrained to be smaller than emitter doping, the highest efficiency of 6.3% is ob-
tained at Ny = 9 x 10'7/cm? and the intrinsic layer thickness ¢; of 2 um, well above
the original 3.13%. Efficiency was doubled by greatly extending the space charge
region to collect a broader range of generated carriers at different wavelengths. Us-

ing these results, the typical external quantum efficiency is illustrated and compared
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Fig. 2.7.: A contour plot optimizing the cell efficiency as a function of the in-
trinsic layer thickness and base doping. The highest efficiency of 6.3% is for
Na =9 x 10'"/cm? and ¢; = 2 pm.

to our prior model result shown in Fig. 2.8] As expected, the quantum efficiency
of photons with energy near the band edge increases significantly from the previous
design. If this structure (shown in Fig.[2.9) were to be employed, the new Jsc would
be 5.44 mA /cm?, a 70% improvement over the previous design without requiring any
fundamental changes in the growth process. Ion implantation may be employed to

sandwich an intrinsic layer between two heavily doped layers in experiment.

2.5 Conclusion

In this work, we were able to precisely reproduce the EQE, Js¢ and V¢ associated

with a wide bandgap GalnP (E, = 2.19 eV) photovoltaics cell and found that the
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Fig. 2.8.: EQE versus wavelength from 300 nm to 600 nm before and after optimiza-
tion. Modeled data (dashed red line) is the best fit curve from measured EQE [19).
The EQE of proposed n-i-p structure with intrinsic layer thickness of 2 pm accounts

for all the loss mechanisms found in experiment (blue line).

emitter and base minority carrier lifetime (T, and 73) are in the order of 0.1 ns, while
the window-emitter interface recombination velocity is approximately 9 x 10° cm/s.
A potential improvement to the cell structure, consisting of adding an intrinsic layer
within the junction to form an n-i-p structure is proposed. With intrinsic layer
thickness of 2 um, and base doping of 9 x 10'7/cm?, this n-i-p single junction wide-
E, GalnP solar cell could achieve an efficiency of 6.3%), a 2x improvement over the n-p
design. In future work, we will consider a broader range of GalnP compositions and
some intermediate milestones for reduced recombination, as well as their projected
benefits. This will help define a path forward to improve the performance much closer

to its theoretical limits (approximately 16.5%) [26].
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50 nm n*-GaAs:Si

20 nm n-InAIP:S5i window
100 nm n-In,Ga,.,P:Si emitter (Np=10'%cm-)

2 ym n-In,Ga,_P:intrinsic

2 ym p-In,Ga, ,P:Be base (N,=9%10""cm)

Fig. 2.9.:  Cross-sectional schematic of the improved Ga;_,InyP n-i-p cell structure

proposed in this work.
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3. NUMERICAL AND ANALYTICAL MODELING OF
FRONT- AND REAR-JUNCTION GALLIUM INDIUM
PHOSPHIDE PHOTOVOLTAIC DEVICES

3.1 Introduction

Since the invention of the solar cell efficiency tables in the early 1990s [27], the
drive to achieve the highest possible photovoltaic cell efficiencies has often involved
multijunction III-V compound semiconductor materials. They have been used in
wide range of applications, including but not limited to space-based photovoltaics,
concentrating photovoltaics, and thermophotovoltaics [28-32].

Within the class of IT1I-V semiconductors, the ternary alloy Gag 5Ing 5P (GalnP for
short) with wide-E, (~ 1.8 eV) and lattice match to Gallium Arsenide (GaAs) has long
been a leading candidate for the top cell of multi-junction photovoltaics aiming for
world-record efficiencies [33]. Thus, it is worthwhile to explore the optimal design of
single-junction GalnP in multi-junction photovoltaics to push the device efficiency to-
wards the Shockley-Queisser limit. The original record-efficiency GalnP solar cell was
demonstrated by Takamoto et al. [34] decades ago. It employed a front-homojunction
(FHJ) design for a reported efficiency of 17.4%. In 2013, Geisz et al. [35] proposed a
counter-intuitive rear-heterojunction (RHJ) design, namely placing the p-n junction
near back contact to boost the device efficiency up to 20.8%. The current record ef-
ficiency of single-junction GalnP solar cell tested under AM1.5G solar spectrum also
utilizes a rear-heterojunction design. Manufactured by LG electronics [36], it adds

an Al-graded Al,Ga;_,InP layer between the emitter and base to raise the efficiency

9The content of this chapter is primarily taken from a published paper: Y. Sun, and A. Perna and
P. Bermel, ”Comparing Front- and Rear-Junction GalnP Photovoltaic Devices Through Detailed
Numerical and Analytical Modeling,” IEEE Journal of Photovoltaics, vol. 9, no. 2, pp. 437-445,
March 2019
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from the previous record by an absolute 0.6% to 21.4%. Though this record efficiency
device’s fabrication details have not been explicitly revealed, it has been confirmed in
the group’s conference proceeding publication that an emitter heterojunction with an
epitaxial lift-off process is employed in manufacturing. Although it has been claimed
that the RHJ design can suppress the Sah-Noyce-Shockley (SNS) recombination [37]
or equivalently the Shockley-Read-Hall (SRH) recombination in the space charge re-
gion (SCR) so as to boost cell efficiency, there is a lack of detailed explanations to
quantitatively demonstrate the advantage of employing RHJ over FHJ. Additionally,
the tradeoffs between traditional front-homojunction device and rear-heterojunction
device have not been addressed in a more general framework in prior work. It is im-
portant to investigate fundamental origins of efficiency enhancement switching from
FHJ to RHJ.

In this chapter, we investigate the fundamental origins of the efficiency boost
for single-junction GalnP solar cells by setting up a simple, physics-based analytical
model of the diode injection current for both FHJ and RHJ. Our model is validated
with thorough benchmark against experimental performance data. We then numer-
ically explore the tradeoff between the two junction configurations through TCAD
Sentaurus (Synopsys) [38], a coupled Poisson & drift-diffusion solver, by varying key
device parameters, such as the interface recombination velocity and the SRH minority
carrier lifetime.

The rest of this chapter is organized as follows. In section [3.2] we discuss the
layer-by-layer structure fabrication for both GalnP FHJs and RHJs. This is followed
by the development of a simple analytic model of diode injection current for GalnP
FHJ and RHJ photovoltaics in section to highlight the most important underly-
ing physical phenomena affecting the design configuration. Then in section [3.4] we
explore and identify the tradeoff between FHJ and RHJ by assessing the key metrics
of the photovoltaic device performance under various circumstances through rigorous

numerical modeling in Sentaurus TCAD. Potential efficiency improvements from ex-
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amining current will be discussed in Section [3.5] Finally, we present our conclusions

and future work in Section [3.6

3.2 Structure Details

Fabrication and assessment of the performance of wide-E, GalnP FHJ and RHJ
solar cells were previously performed at NREL and summarized in [35]. The FHJ
consists of a thin AlInP window layer on top (thickness not given, but typically 20
nm) [39], covered by a MgFy/ZnS anti-reflection coating (ARC) layer, a 100 nm
thin highly n-doped GalnP emitter layer, a 1-um-thick lightly p-doped GalnP base
layer, backed by a 100-nm-thick heavily p-doped Alg25GagosIngsP (AlGalnP) back-
surface field (BSF) layer, as shown in Fig. [3.1[a) The RHJ is comprised of a 20-nm-
thick AlInP window layer on top, coated by an identical ARC, a 1-pm-thick n-doped
GalnP emitter layer, and finally a 100-nm-thick heavily p-doped AlGalnP BSF layer,

as shown in Fig. B.1|(b).

MgF,/ZnS MgF,/ZnS
Thickness [ Gaas ARC Doping Thickness | GaAs [ARC Doping
20 nm n*-AllnP 10'8/cm3 | ~ 20nm n*-AlinP 10%8/cm3
100 nm n*InGaP 2x10'8/cm3
1pum n-InGaP 5x10'7/cm3
1pm p-InGaP 10%¢/cm? D

100 nm p*-AlGainP 10%8/cm3 100 nm p*-AlGalnP 10'8/cm?

AlGaAs ) AlGaAs

(A) FHJ (B) RHJ

Fig. 3.1.: Schematics of cross-sectional view of two different design configuration

of GagslngsP solar cells with doping level and layer thickness specified: (A) Front
Homo-junction, (B) Rear Hetero-junction. AlGaAs and GaAs are front and back

contacts, being excluded in numerical simulation.
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Using a RHJ design for GalnP may seem counter-intuitive. Solar photons inci-
dent from above with the correct range of energies will generate electron-hole pairs
predominantly near the top surface of the GalnP solar cells. The energy band dia-
grams (EBDs) of FHJ and RHJ cells under the short circuit condition are plotted in
Fig. 3.2l To facilitate electron-hole separation, p-n junctions are usually placed at
the front side of solar cell so that the strong electric field created can enhance charge
separation. The RHJ lacks an electric field at the front to facilitate charge separa-
tion, and it also removes the moderately doped p-type base layer, using a heavily

doped BSF layer as the base instead. To fully understand the conditions in which

. L
° e ° o
%. .% Q ;‘
-
i

[ W=
}qooO% o
(A) FHJ (B) RHJ

Fig. 3.2.: Schematic energy band diagrams under short circuit conditions, with solar
illumination input from left to right, and sketched electrons and holes transport paths

for the following structures: (A) Front Homo-junction. (B) Rear Hetero-junction.

a RHJ design would be advantageous compared to the FHJ, an analytical model of
the diode injection current for both FHJ and RHJ photovoltaic cells is derived in the

next section.
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3.3 Analytical Model
3.3.1 Assumptions for Modeling

Superposition Principle. The terminal current of a photovoltaic device Jiot
depends on both the carrier generation rate (G) and applied bias (V), and is given
by [40]:

Jtot<G7 V) - JphOtO(G7 V) - Jinj(G7 V>7 (31)

where Jphoto and Jiyj are photo-generated current and diode injection current respec-
tively, accounting for non-idealities such as the voltage-dependent photocurrent and
generation-dependent diode injection current commonly seen in thin-film chalcogenide
solar cells [41-44]. The superposition principle allows direct separation of Ji under
illumination and in the dark, assuming that Jyheto is voltage-independent and Jiy; is
independent of carrier generation. Thus, the general form of Ji,; can be rewritten as

follows:
Jt0t<G7 V) = Jphoto<G) - Jzn]<v) = JSC’ - Jdark(v)7 (32)

where J,hoto Only depends on carrier generation G and becomes constant short circuit
current Jgc under given illumination condition (i.e. the AM 1.5G solar spectrum).
The superposition principle often holds for high efficient, less defective solar absorbers
(e.g., ¢-Si, GaAs, etc.) [41,45]. The applicability of the superposition principle for
both FHJ and RHJ is validated by subtracting the dark IV from the light IV. If the
resulted current density remains constant from V = 0 to V = Vg, one can claim
that superposition holds for the device under consideration.

Radiative Recombination Coefficient B. Photon recycling is an important
aspect to precisely model the performance of III-V compounds based PV devices.
For various solar cell systems, the external radiative efficiency (ERE) [46-48] was
introduced to assess the gap between the thermodynamic limit and practical cell

performance. ERE is a figure of merit defined as the fraction of the total dark current
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recombination in the device that results in radiative emission from the device .
To precisely predict the radiative recombination that occurs inside the solar cell, one
must include the impact that photon recycling has on radiative recombination. The
intrinsic radiative recombination coefficient B is a material property that is defined

by the Roosbroeck-Shockley relation as follows :

2 00 2
B 8mn / Aa(N) 1d)\ (3.3)

n2c? ehe/ AT _

where a()) is the optical absorption coefficient as a function of wavelength A, n is
the refractive index, n; is the intrinsic carrier concentration of the absorber, k is the
Boltzmann constant, ¢ is the speed of light, and T denotes the device temperature.
When one accounts for photon recycling, the number of photons reemitted from the
device is no longer exclusively associated with intrinsic radiative recombination. This
relationship can be explained by Fig. [3.3, which shows that that extrinsic radiative

recombination can be significantly suppressed by photon recycling. More specifically,

Extrinsic Radiative
Recombination (B;) ~S< _~ Escape Cone

Direct Absorption —— _ _ Intrinsic Radiative

Recombination (B)

Photon Recycling Mirror Reflection

Fig. 3.3.: Schematics illustrating the relationship between intrinsic radiative recom-

bination and extrinsic radiative recombination through photon recycling.

the photon recycling process operates as follows. After sunlight penetrates the cell and

is absorbed, the associated photons can generate electron hole pairs that will either
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generate electricity by being collected by contacts, dissipate as heat loss through non-
radiative recombination, or radiatively recombine to generate more photons. These
photons can subsequently be reabsorbed and reemitted within the cell until the pho-
tons escape at the front through the escape cone [45], or are parasitically absorbed by
the substrate. This initial sequence is called photon recycling. In the end, a fraction
of radiative recombined photons are absorbed during the photon recycling process
and converted into electricity. Thus, photon recycling can be treated as a process
that suppresses the total radiative recombination coming out of the device, allowing
for replacement of the radiative recombination coefficient B by an effective radiative
recombination coefficient Beg corrected by photon recycling. The ratio ®, between B
and Beg is called the photon recycling factor or Asbeck coefficient [50]; and is defined
as: ®, = B/Beg. Unlike B, Beg is not only dependent of absorber material itself,
but also it is subject to the solar cell structure including absorber layer thickness,
front and back reflectivity etc. To fully address the physics of photon recycling in the
modeling, one has to consider a rigorous self-consistent photon recycling module cal-
culated by ray-tracing coupled to a drift-diffusion device simulation [45]. In our work,
photon recycling is not modeled explicitly, but instead it is incorporated by defining
a Beg, which can be estimated from the radiative J, ;.q given in literature [35], and is
later validated by comparing to B calculated by Eq.[3.3] Since we are not modifying
the optical property of structure (i.e. front & back reflectivity, layer thickness etc.)
in the numerical model for exploring tradeoffs between FHJ and RHJ, defining a Beg
to account for photon recycling effect is sufficient to address the questions raised in

this chapter.

3.3.2 Methodology

Since the superposition principle holds for both FHJ and RHJ GalnP solar cells,
we can develop an analytic model that can predict the diode injection current Jq..x

to explain device performance. Although a well-developed five-parameter compact
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model for solar cells may anticipate the I-V performance for both FHJ and RHJ, the
underlying physics for the two configurations is beyond its scope. Thus, a simple
physics based analytic model is more of necessity to help understand the superiority
of RHJ design over FHJ design. The diode injection current can be treated as the sum
of the radiative recombination current and the non-radiative recombination current,
in which the latter term can be split into two parts: the diffusion-limited current
that accounts for the SRH recombination in the quasi-neutral region and the SCR
recombination current that quantifies the SRH recombination in the space charge
region (SNS recombination). Hence, the diode injection current is expressed in Eq.
[51]:

Jinj(V) = Jaigs (V) + Jraa(V) + Jsor(V), (3.4)

To break down each term for the FHJ and RHJ structures, we first simplify by
removing their window layers and contacts. The details of the resulting structure are
illustrated in Fig. 3.4 For both configurations, x, and x, are defined as the SCR
region width along the donor and acceptor doped sides respectively; W, and W,
represent the total layer width on the donor and acceptor doped side respectively, T,
and T, are SRH minority electron and hole lifetimes respectively.

Front Homo-Junction. The FHJ structure is composed of two layers: the 0.1
um thick heavily n-doped GalnP emitter and the 1 pm thick lightly p-doped GalnP
base. The front surface recombination velocity St is defined to account for the interface
recombination loss between AllnP/GalnP. Likewise, the heavily p-doped BSF layer
at the back is also omitted, an effective back surface recombination velocity Sy, is
specified to monitor the rear surface recombination loss between GalnP/AlGalnP.
Note that both S and S}, should be less than 107 cm/s, since two boundaries are
passivated hetero-interfaces and differ from pure Ohmic contacts. The first term of
Eq. 3.4 Jar(V), can be derived from the electron and hole minority carrier diffusion
(MCDE) equation:
0*An, An,

0An,
— D _
ot " 022 Tn

+Gr; (3.5)
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Fig. 3.4.: Schematics of the simplified GagsIngsP p-n junction considered in the

analytic model. (A) Front Homo-Junction (B) Rear Hetero-Junction.

0Ap, ?Np, Ap,
=D - : 3.6
ot PR x| G (36)

in which D,, D, are electron and hole diffusivity and Gy, is the light generation

rate. Since the light is switched off and assuming that the minority carrier diffusion
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lengths L, and L, are much greater than W, and W,,, respectively, under steady state
conditions, Egs. and [3.6] can be simplified as follows:

0?An
0*Ap,,

To solve Egs. & 3.8 we apply boundary conditions for minority carriers at the
interface of quasi-neutral region and space charge region according to the law of the

junction, i.e.:

2
Ay = 2) = F-( —1); (3.9)
Apy(x = —x,) = N, (e’ —1); (3.10)

In the vicinity of the front and back selective contacts, minority carriers recombine
with majority carriers at the rate of Sy and Sy, respectively. Assuming negligible
electric field inside the quasi-neutral region, recombination current at the edge can

be written as follows:

dAn

Jn(z=W,) = anpr:Wp = ¢SpAn,(x = W,); (3.11)
dAp,

Tz = —W,) = _qud—f“:—W" = ¢S App(z = —W,); (3.12)

plugging Eqs. [3.9] 3.10] B.11] & [.12] into Egs. & [B.8], the diffusion limited recom-

bination current Jqg(V) is derived as shown:

Dn S + Dy S
Ny Sb<Wp—l’p)—|—Dn Np Sf(Wn—JZn)—i-Dp

Jaigs (V) = a( Jn2(efr —1); (3.13)

in which n; is the intrinsic carrier concentration of GalnP. Note that the solution here
is simplified from previous derivation [52,/53] by dropping out the recombination term

in Eqs. & [3.6 given the short-channel assumption described above. The second
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term, radiative recombination current J.,q(V) can be computed using the effective

radiative recombination coefficient Beg given as follows [51]:
Trad(V) = a(Wi + W,) Beggnd(efr — 1); (3.14)

the last term in Eq. can be approximated by Eq. according to [51]: [51]:

xn + X av_
Jscr(V) = Q%ni(e%‘; —1); (3.15)

where x, and x, in Eqgs. and are depletion widths in the n and p-doped

regions, respectively, and can be expressed as follows:

2¢e,.€, Ny
Ty = Vi — V) 3.16

%:;¢ZZQAMU€fLNb¢WW—v» (3.17)
in which q is the elementary charge; ¢, is the vacuum permittivity; e, is the relative
permittivity of GalnP; and Vi, is the built-in potential of the junction. Summing up
Eqgs. m - , we can now calculate the diode injection current Ji,;(V) for the FHJ.

Rear Hetero-Junction. The RHJ structure also consists of two crucial layers:
the 1.04 pm thick n-doped GalnP emitter, and the 0.1 wm thick heavily p-doped
AlGalnP BSF layer. S; is defined identically to FHJ, as the window layer is omitted
from both cases. Recall that the BSF layer is regarded as the “pseudo” base layer
for RHJ, only the back contact layer is supposed to be connected with the BSF,
thus S, = 107 em/s in RHJ at the BSF/contact surface, and S;,, depicts the interface
recombination loss between GalnP /AlGalnP which is equivalent to Sy, defined in FHJ.
Analogous to the derivation of Jgig(V) in FHJ, Jgg(V) in RHJ can also be obtained
according to simplified MCDE:

Dnnzzp Sb Dpn?n Sf
). + )
NA Sb(Wp—.Tp)+Dn ND Sf(Wn —Ilfn)—i-Dp

in which n; ;, is the intrinsic carrier concentration of AlGalnP, while n; ,, is the intrinsic

Juigs(V) = g )(efr —1)(3.18)

carrier concentration of GalnP. Likewise, Jyq(V) and Jscr (V) are given by:

Jraa(V) = qWpBegn?, (et — 1); (3.19)
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(xn, + ) v

m, /M n i p (€267 — 1); (3.20)
n,e p,e

Note that contribution to J.aq(V) from the BSF layer is omitted, because nf W, < nf, Wi,

Jscr(V) =q

For Jscr(V) of RHJ, minority carrier lifetime needs to be modified to account for ad-
ditional defect-assisted interface recombination in the SCR. According to [54,55], the
effective minority carrier lifetime is given as the summation of bulk SRH recombina-

tion and interface recombination activity:

L] + ! ; (3.21)
Tpeff  Tp Wﬁv—i + SI{ZZ ’ ‘

As can be understood intuitively, a higher S;; would result in more severe recombi-

nation at GalnP/AlGalnP interface and a smaller T.f¢. Thus, this effect increases

Jscr(V), in accordance with Eq. [3.20]

3.3.3 Results

The parameter values used in the analytical model for FHJ and RHJ photovoltaics

are summarized in Table. 3.1l below:

Table 3.1.: Summary of Parameter Values for Analytical Model

FHJ RHJ
T, /Ta(ns) 200,/200 100/2 [39] |
o /ua(em?/Vs) | 30/500 561 30/500 |
S, /Sy /St (cm/s) | 101/102/NA [56] | 10%/107 /102
Beg(cm?/s) 5x 10712 5x10712

Here the mobility and interface recombination velocities were obtained from previ-
ously published literature, while minority carrier lifetimes for the absorber of FHJ
and RHJ were determined by fitting to the experiment. The minority carrier life-

time for a FHJ is generally higher than that of a RHJ, according to the Scharfetter
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relation [57,58], since the absorber doping in a FHJ is one magnitude order lower,
and the minority electron lifetime T, in the heavily doped BSF layer for a RHJ is
even shorter. The electron mobility may not be very susceptible to the outcome as
long as the minority carrier diffusion length is longer than the quasi-neutral region
width, we assumed identical hole mobility in a RHJ compared to a FHJ by neglect-
ing the doping-dependent mobility degradation [59,60]. The Beg is determined by
solving Jo yaa = anBegnﬁn, using the experimental value of mathrmJy qq [35]. The

analytical model developed above is now calibrated to the experimental data adapted

from [35]. The results are shown in Fig. As can be seen in Fig[3.5 the ma-

10" 10"
10" A 10"
"’
£ 1o g s z2==""]
3] 10 ] 10 ‘*’,—’
3 — Jdark 3 — Jdark
= 10° = 10°
10'7 === Jscr 10'71 === Jscr
O  Expt. O  Expt.
1.2 1.4 1.6 1.2 1.4 1.6
V (V) V (V)

(A) FHJ (B) RHJ

Fig. 3.5.: Schematics to calibrate the analytic model Jgu, which is a sum of three
recombination current terms Jscr, Jaig and Jy.q against experimental data: (A) FHJ;
(B) RHJ. In both cases, good agreement between the total predicted and experimental

dark current are observed.

jor difference between Jqu of FHJ and RHJ at the vicinity of Voo (~1.4V) is the
considerable suppression of Jscr in RHJ. To fully understand the major discrepancy
between two configurations, we break down the expression of Jscr term-by-term near

Voc.
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Due to the high doping in emitter and base layer of the RHJ, the effective minority
carrier lifetime is much shorter, while the total depletion width x, + x, is slightly
suppressed. Still, the drop in the intrinsic carrier concentration will reduce Jscr
overall. For a RHJ cell, the high-E, AlGalnP BSF layer has a much smaller intrinsic

carrier concentration, given by:
_Eg
Nip = \/ N Nye 2T (3.22)

Thus, n; can be calculated through Eq.[3.22} n;, of GaInP is approximately 2 x 10°/cm?;
due to the high Eg, n;,, of AlGalnP is approximately 0.2/cm?®. As a result, the effec-
tive intrinsic carrier concentration |/ .0, is approximately two orders of magnitude
smaller than that of the FHJ. Given that the suppression of Jgcr is a result of the
high-E, BSF layer, the potential benefit of the RHJ design becomes much more clear.
To reduce the recombination loss at SCR, at least one side of the junction should
have high E,. If the high E, material is placed in front, the absorber layer will have
to give up a large fraction of absorption from the solar spectrum due to the shift of
band edge. Under the RHJ, the high E, layer is placed near the back contact so that
it does not absorb sunlight, since above-E, photons have already been absorbed in
the front thick emitter layer and therefore a hole-selective layer beyond AlGalnP is
not needed.

Combining Egs. and , we see that rising the E, of base will suppress Jscr
and plateau Voc until Jscgr is negligibly small compared to Jgi¢ near the vicinity of
Voc. In reality, increasing the Eq of the base layer will only theoretically increase
the Voc by 10 mV. This is because Jgogr is already smaller than Jg¢ at Vo in the
RHJ device, which indicates that Vo is dictated by Jair not Jscr. In fact, a good
RHJ base candidate should have two major requirements: First, the base should have
a relatively high E, as derived from analytic formula. To effectively block minority
electrons and transport majority holes, a wider E, has to be fully compensated by
lower electron affinity. Second, the hetero-interface formed between emitter and base
must be well-passivated to ensure the low S at the rear side as addressed in Eq. [3.21]

Another way to improve V¢ is to raise the emitter doping. However, we believe
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that Voc would quickly saturate with emitter doping. The reasons are as follows:
first, according to Scharfetter relation [57,[58], heavy doping would degrade minority
SRH lifetime of the absorber and enhance the bulk SRH recombination. On the
other hand, the doping-dependent mobility model [59,(60] suggests that increasing the
emitter doping would also decrease the carrier mobility. Both doping-dependent SRH
lifetime and doping-dependent mobility are not accounted for in the analytic model,
as the corresponding parameter values for GalnP have not been presented in the
literature. Moreover, doping-induced E, narrowing effect [61] was not incorporated
into the analytic expression, which also prevents V¢ from monotonically increasing
with emitter doping. Nonetheless, the precondition of utilizing a RHJ over a FHJ for
solar cell design is that minority carrier diffusion length should be longer than the
absorber width [34], so that generated electron-hole pairs will not suffer severe bulk
recombination in the absence of an electric field to assist in charge separation.

From the experimental perspective, it is important to decide in advance whether
to fabricate solar cell devices employing a RHJ or a FHJ design. However, the an-
alytical model is not sufficient to fully explore the tradeoffs between the two design
configurations for two reasons: (1) photocurrent cannot be extracted from the dark
current analytic model, which may require rigorous self-consistent device simulation
to compute. (2) The minority carrier diffusion length may not always be greater than
quasi-neutral region width, and superposition may fail under certain circumstances,
which will revoke the validity and applicability of the simple analytic model developed
above. Therefore, it is essential to set up a self-contained device simulation of both
RHJ and FHJ GalnP solar cells using a drift-diffusion solver to explore the tradeoffs
between the two configurations. In the next section, we will discuss how to develop

and utilize this simulation framework effectively.
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3.4 Numerical Model

In this section, we employ Sentaurus TCAD, which solves drift-diffusion equations
coupled with Poisson equation for semiconductor devices, to assess the performance
of FHJ and RHJ under various bulk and surface properties. The global temperature
is 300K in the simulation environment.

We set up our framework using the layer thickness and doping profile within the
simulation domain, as depicted in Fig.[3.1} In analogy with other III-V materials like
GaAs [45], GaInP absorbs light strongly, so ray tracing is a reasonable approximation
to compute the optical generation within the solar cell. With solar illumination
incident on the top, shadowing and front reflection loss of ARC are not modeled
explicitly, but instead a constant front side reflectivity of 7% for the GalnP solar cell
is defined at the optical interface, which is consistent with the reported experimental
Jsc. All the parameters associated with electrical transport property are summarized
in Table. below, and the SRH lifetime Tgry within the absorber is varied to explore

different bulk properties.

Table 3.2.: Summary of Parameter Values for Numerical Model

AllnP GalnP AlGalnP
8/60 11.8 11.88 11.8
Hn, Hp [em?/Vs] | 100,10 500,30 100,10

E,[eV] 2.3 1.81 2.39
Nefem™] | 102 |6.55 x 107 | 102
Ny [em™] 10 | 1.39x 109 | 10

x[eV] 3.78 1.12 3.43
Tsri|Us] 1073 Varied 1073

Beg(cm? /s) 0 5x 1012 0




37

Ohmic boundary condition holds at the front and rear surface, therefore surface re-
combination velocities are 107 cm/s respectively. Previous simulation work [56,/62]
have shown that the front interface properties between the AlInP window and GalnP
absorber layers do not substantially degrade the GalnP solar cell performance, un-
less the effective interface recombination velocity Sy > 10* cm/s. Thus, St is fixed to
10® ecm/s. Conversely, Vo is strongly correlated to the effective carrier recombina-
tion velocity Sy, at GalnP/AlGalnP hetero-interface near the back, as it serves as hole
selective contact for FHJ and the p-n junction for RHJ. The radiative recombination

model in Sentaurus TCAD is based on the following Eq. [3.23}
Rnet = Beff(np - n?), (323)

in which R, is net radiative recombination rate; B.g is the effective radiative re-
combination coefficient also described in Eqs. [3.14] & [3.19] Uniform doping profiles
with abrupt doping change (depletion approximation) were assumed at all interfaces.
The activated recombination models are Auger, radiative and SRH recombinations
for all bulk regions. Non-radiative interface recombination is also active for the
AllnP/GalnP and AlGalnP/GalnP interfaces. Constant mobilities of carriers are
also employed at 300K with fixed doping concentration. Effective intrinsic carrier
concentration that excludes E; narrowing effect is also specified in Sentaurus TCAD
command file.

We then consider one set of Tsgy and Sy, values for the FHJ and RHJ, respectively,
so that we can reproduce the measured I-V performance previously reported in ex-
periment [35,/63]. It is found that Tsgy = 200 ns and Sy, = 100 cm/s for both FHJ
and RHJ best describes the measured data [35], which is consistent with independent

measures of these values for high-quality GalnP layers and interfaces.
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Table 3.3.: Simulation Versus Experiment

FHJ RHJ
Expt. | Sim. | Expt. | Sim.
VoclV] 1.39 | 1.39 | 1.45 | 1.46
Jsc[mA/em?] | 158 | 15.8 | 15.8 | 15.6
FF 0.86 | 0.86 | 0.89 | 0.88
(%] 18.9 | 18.9 | 20.5 | 20.3

While performance variation exists among devices under test (DUT), our simu-
lation framework is accurate to within 1% on each device metric in predicting the
performance of both RHJ and FHJ cells with reasonable values of tsgy and Sy, (i.e.,
they are consistent with independent measurements in the literature).

We then aim to utilize the simulation framework to identify the performance trade-
offs between FHJ and RHJ under various Tsgy and Sy,. We do so by sweeping Tsry
from 0.1 ns to 10 us, and Sy, from 10 cm/s to 107 cm/s. As can be seen from Fig. ,
Voc is strongly dependent on both Tsgy and Sy,. The RHJ cell design achieves higher
Voc due to the suppression of SNS recombination, which has also been confirmed by
the analytical model derived above. A FHJ exhibits higher Jgc, especially when Tsry
is low, because the electric field inside SCR can help separate generated carriers, thus
reducing the time minority carriers have to recombine. Conversely, in the absence
of a SCR up front, a RHJ requires significantly longer diffusion lengths for minor-
ity carriers to avoid severe recombination losses before carrier collection. The Jg¢
generally has a very weak dependence on Sy, because under short circuit conditions,
electron hole pair generation due to photon absorption occurs mostly near the front;
it will rarely diffuse to the back surface and recombine. Both AJsc and An have
shown weak dependence on Sy, and as illustrated in Fig. [3.0, as we are considering
a wide range of SRH lifetime (0.1 ns to 10 pus) that strongly impact the Jg¢o of the

RHJ to an extent that outweighs the V¢ variation within that range. Therefore,
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Fig. 3.6.: Contour plot of open circuit voltage Vo, short circuit current Jgc, and
GalnP cell efficiency n with various absorber SRH lifetime tsgry and GalnP-AlGalnP
interface recombination velocity Sp. (A)-(C). FHJ. (D)-(F). RHJ. (G)-(I). Subtracting
FHJ values from RHJ values. Blue stars in (A)-(F) mark the tggg = 200 ns and

Sp, = 100 cm/s points.
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An is mainly dictated by AJsc with a low Sy, constraint. The performances of both
design cross one another around tsgg = 100 ns. This conclusion is not only consistent
with our earlier model, but also the historical path towards efficiency optimization of
wide-E; GalnP solar cells. This phenomenon can be understood as follows. In 1994,
Takamoto et al. [34] reported record efficiencies of wide-E, GalnP solar cells based on
FHJ designs, and reported SRH lifetimes barely exceeding 10 ns. Two decades later,
the reported SRH lifetime reached ~100 ns [39], and passed the efficiency tradeoff
line between FHJ and RHJ, allowing the RHJ design to become a higher-performing

choice for wide-E, GalnP solar cell.

3.5 Discussion

In this chapter, we have numerically and analytically demonstrated that the effi-
ciency of wide-E, GalnP solar cell can improve from traditional FHJ design by using
a counterintuitive RHJ design for high-quality bulk absorber (where Tsgy > 100 ns).
A front heterojunction could be an alternative, where a high-E, n-AlInP window layer
would be deposited on top of the p-GalnP absorber to separate photo-generated car-
riers and suppress SNS recombination, according to Eq. If we treat the top of
the AlInP window layer as an Ohmic contact with Sy = 107 cm/s , Jag will increase
according to Eq. [3.13] Unlike the rear heterojunction configuration, a large S¢ will
be much more detrimental than a large Sy, since most photon absorption occurs near
the front side of solar cell. In this case, a front heterojunction design may not be as
good as a rear heterojunction design. If we compare to the Shockley-Queisser limits
for solar cells with E; = 1.81 eV, as summarized in Table. , the biggest gap with
respect to state-of-the-art record wide-E, GalnP solar cells comes from non-idealities

in Jsc.
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Table 3.4.: Rear-Heterojunction GalnP Versus S-Q Limit

S-Q limit | RHJ GaInP | %max

Vocl[V] 1.54 1.45 94.2%
Jsc[mA/em?] | 19.6 15.8 80.6%
FF 0.93 0.89 95.5%
(%] 28.2 20.5 72.7%

On one hand, a fraction of the 19.4% total losses comes from an imperfect ARC

(roughly 7% reflective loss) combined with parasitic absorption in the AlInP window

layer. On the other hand, although GalnP is a direct bandgap semiconductor with

a sharp absorption rise near its band edge Ag,, a 1 pm-thick absorber is not suffi-

ciently thick to completely absorb the entire solar spectral range of interest (A < Ag, ).

As illustrated in Fig. 3.7, based on the optical dispersion (n-k) data for a 1.81 eV

= = )
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Fig. 3.7.: The current density converted by absorbed photon flux from AM1.5G solar

spectrum as a function of absorber layer thickness assuming unit quantum efficiency.
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wide-E, GalnP semiconductor and assuming a perfectly transmitting surface at the
front with unit quantum efficiency throughout the wavelength spectrum of interest,
a 1 um thick absorber can only yield a Jsc of 17.4 mA/cm?, which is approximately
2.2 mA /cm? below the S-Q limit. A lossless perfect planar reflector at the back (R
= 1) would double the mean path length of light propagation [64], but even with
this improvement, the absorber thickness is not sufficient for complete absorption
near the band edge. Simply fabricating the absorber with an order of magnitude
greater layer thickness (~ 10um) could absorb a photon flux equivalent to a Js¢ of
18.6 mA /cm?, but would rapidly degrade the carrier collection efficiency as the layer
thickness approaches the minority carrier diffusion length within the absorber and
induce a non-negligible bulk SRH recombination. Thus, we proposed a Lambertian
diffusive reflector [65] or photonic light-trapping structure at the back [66] to enhance
the light absorption while maintaining good electron transport properties in the ab-
sorber. These light trapping schemes have been previously investigated for absorption
enhancement in indirect-bandgap materials such as Si, with very weak absorption co-
efficients near the optical bandgap |[67H69]. It allows the incident light to scatter back
into the absorber in a random direction, where the average path length of propagation
can be increased by a factor up to 4n? [64}[70,[71] where n is the refractive index of
the absorber. In principle, certain wavelengths can be enhanced even more, but it is
difficult for this effect to span the whole solar spectrum [61]. For a GalnP absorber,
n? = 10 near the optical band edge. To assess the implementation of the Lambertian
diffusive reflector in a RHJ GalnP solar cell, we mimic the lossless diffusive reflec-
tor by modifying simulation framework as follows: (1) Absorber layer thickness was
extended from 1 pm to 10 wm to obtain an enhanced optical generation profile; (2)
The optical generation due to the absorption of low energy photons beyond 1 pm was
chopped off and uniformly distributed within 1 pum absorber to get an updated optical
generation profile to mimic the effect of a diffusive reflector; (3) The updated optical
generation profile was incorporated into the Poisson coupled drift-diffusion solver to

calculate the updated I-V characteristics of RHJ GalnP solar cell. We constrained the
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identical recombination parameter with Tsgy = 200 ns and S, = 100 ecm/s. With an
updated optical generation profile due to the diffusive reflector, Js¢ = 16.7 mA /cm?,
Voc = 1.47 V, FF = 0.89 and n = 21.7% can be achieved, which slightly exceeds both
the previously simulated n of 20.3%, as well as the state-of-the-art reported efficiency
of 21.4%.

3.6 Conclusion

Optimizing the design of wide-E, GalnP solar cell to allow their performance to
approach the Shockley-Queisser Limit is of great importance in the field of high ef-
ficiency multi-junction Photovoltaics. In this work, we addressed the significance of
employing RHJ and FHJ designs for wide-E,; GalnP solar cell by introducing a simple
physics-based analytic model to break down each recombination loss mechanism for
both RHJ and FHJ design configurations. The advantage of the RHJ design man-
ifested itself by moving the p-n junction to the back side and suppressing the SRH
recombination within depletion (SNS recombination) so as to raise its Voc. We also
explored the tradeoffs between RHJ and FHJ through rigorous self-consistent numer-
ical simulation and it was concluded that regardless of the rear interface condition, a
high-quality bulk property with Tsgy = 100 ns is the key requirement for RHJ designs
to prevail. This result is consistent with the historical switch from early FHJ devices
to the modern RHJ-based record GalnP photovoltaics reported in recent years. Fur-
thermore, these findings are extremely helpful to assist experimentalists in deciding
which design configuration to use, given the transport property of the absorbers they
can deposit, such as the bulk SRH lifetime characterized by time-resolved photolu-
minescence (TRPL). Finally, we propose adding a diffusive Lambertian or photonic
reflector to the back of the device to achieve optimal absorption of solar incident
photons above E,. Using a modified numerical simulation framework to mimic such
an effect, we have found that the efficiency can reach as high as 21.7% with no fur-

ther modifications. This prediction suggests a promising path for future optimization
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for wide-E; GalnP solar cells towards the S-Q limit. Future work may investigate
potential advantages and disadvantages of introducing Lambertian reflectors in the

top cell of ITII-V multi-junction photovoltaics devices.
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4. EXPLORATION OF VAPOR-LIQUID-SOLID GROWN
INDIUM PHOSPHIDE SOLAR CELLS

4.1 Introduction

Despite the fact that state-of-the-art record solar cells are made of III-V com-
pound (e.g. GaAs for single junction and InGaP/GaAs for tandem junction) [72],
c-Si remains the dominant PV material candidate in the solar cell market. High
capital expense and scaling challenges have prevented III-V materials from becom-
ing the predominant choice in the PV market. Thus, it is critical to explore more
cost-effective growth methods for III-V materials.

The Vapor-Liquid-Solid (VLS) was brought to attention and has become a domi-
nant option for nanostructure growth due to its simplicity, flexibility, and controlla-
bility [73]. The recently developed Thin-Film Vapor-Liquid-Solid (TF-VLS) growth
platform presents a way of growing high quality material at significantly reduced
module cost and was successfully demonstrated for InP [74-77]. InP has a E, of
1.34 eV, which is near-optimal for a single junction solar cell |7§]. However, it was
identified from the I-V characteristics that VLS-grown InP solar cells show a lower
Voc than champion InP cells grown by traditional metal organic chemical vapor
deposition technique on epitaxial substrates [79]. Hence, understanding the perfor-
mance degradation of InP solar cell fabricated using VLS growth recipe is an essential
intermediate step towards optimization of this cost effective growth method.

In this chapter, we consider the V¢ degradation from two different perspectives:

(1) E; narrowing and (2) local shunting. During TF-VLS growth, an Indium film is

9The content of this chapter is primarily taken from a published conference proceeding: Y. Sun, X.
Sun, S. Johnston, C. M. Sutter-Fella, M. Hettick, A. Javey and P. Bermel, "Voc Degradation in
TF-VLS Grown InP Solar Cell” IEEFE 43rd Photovoltaic Specialists Conference (PVSC), Portland,
OR, (2016): pp. 1934-1937.
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heated in PH3 gas and transformed to InP by diffusion of Phosphorus into the liquid
Indium followed by nucleation of InP and rapid dendritic growth of thin film InP
exhibiting grains (> 100 wm) much larger than the film thickness (~ 3 pum) |74}/75].
High optoelectronic quality TF-VLS InP has been demonstrated [75]. n-InP layers
are doped p-type with Zinc by an ex-situ doping process before the electron selective
TiO, contact is deposited, followed by ITO as the transparent front electrode and
individual cell patterning by lithography [76].

4.2 Methodology

To fully understand and quantify the Vo degradation seen in TF-VLS grown InP
solar cell, we document two hypotheses from different aspects based on the charac-

terization outcome.

4.2.1 Bandgap Narrowing

The photoluminescence (PL) image of TF-VLS InP exhibits some lateral variation
in PL intensity over an area of 1.3 mmx1.3 mm as visualized in Fig. 1.1l Grain
boundaries and dendritic growth pattern can be clearly seen in the millimeter scale
image. In order to correlate the observed PL inhomogeneity and cell performance,
a lateral 2D spatially-resolved V¢ distribution graph was generated, based on the
PL image. It is assumed that the luminance (a.u.) is proportional to exp(qVoc/kT),
with the Voo obtained from single-crystal hetero-junction InP solar cell used as an
upper limit (0.78 V) [81], and VLS-grown cell voltages as a lower limit (0.69 V).
The Vo distribution color map is generated as shown in Fig. [f.1 Since the sample
is divided into m x n elementary unit cells, an H-SPICE based compact model of
InP network is constructed to combine I-V characteristics of elementary unit cells to
reproduce the [-V characteristics of the TF-VLS grown sample.

To implement the compact model, all of the elementary unit cells are divided into

two types: (1) good unit cells that have identical I-V performance with hetero-junction
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(b) L.

10.77

410.76

10.75

Fig. 4.1.: (a). Photoluminescence image of TF-VLS grown InP solar cell (area:
1.3 mmx1.3 mm) [80]. (b) Color map of the Voc at each unit cell. Units in both

lateral directions are in mm.

wafer based InP cell, and (2) bad unit cells that have degraded I-V performance, due
to the E; narrowing effect.

The E, narrowing effect assumes some Indium rich areas caused by phosphorus
deficiency on the sample so that InX(InP)l_X forms presumably at the surface and

along grain boundaries. Because Indium element is a metal with E; of 0 eV, the E,

of In, - (InP);_y can be modeled as (1 —x) - 1.34 eV, where 1.34 eV is the nominal
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E, of InP at room temperature (T = 300 K) and x is the compositional ratio of
Indium element in local Indium rich area. The PL image suggests that some regions
may have an effective E,; smaller than the expected E, of single crystal InP at the
surface of our VLS-grown InP sample. There are at least several possible explana-
tions: (1) deviation from perfect stoichiometry; (2) laterally inhomogeneous doping
distributions profile or electron affinities; or (3) deep-level defects approximately 0.3
eV above the valence band maximum (VBM). PL spectra of the Zn-doped TF-VLS
grown InP sample taken at T = 8 K [76] are used to quantify the effective E, of those
degraded cells. Besides the dominant band-to-band (BB) and band-to-acceptor (BA)
photoluminescence, an extra peak (BA-LO) was also identified, which is strongly cor-
related with E, narrowing. The effective E, therefore, can be extracted from our PL
spectra. We expect that temperature-dependent E, will follow the Varshni relation

of for a semiconductor, which is given by [82]:

ol?
- T
where o and ( are fitting parameters varied with different semiconductor materials.

For InP, a = 3.63 x 107! eV/K and 8 = 162 K. Because the BA-LO energy is 1.27

Ey(T) = E4(0) (4.1)

eV as indicated in [76], the phosphorous content may be reduced roughly 5% from a
1:1 ratio in this sample. To set up the H-SPICE compact model simulation framework
for the InP network, threshold voltage of 0.75 V is used to split elementary unit cells
in two categories. Those unit cells with local Vg¢ greater than 0.75 V are labeled
as “good cells” whereas remainder unit cells are treated as “degraded cells”. I-V
characteristics of wafer-based hetero InP cell is modeled through Sentaurus TCAD
as depicted in Fig. and implemented as local I-V data for “good cells”. The I-V
characteristics of InP g5 degraded cells are generated by reducing the E, from 1.34 eV
to 1.27 eV and shifting the absorption spectra accordingly while maintaining the same
recombination parameter values. Two sets of I-V data are combined in the H-SPICE
compact model to reproduce the overall I-V characteristics of a TF-VLS grown InP
solar cell. The energy band diagram at Voc condition is also plotted in Fig. [£.2]

showing that using TiO as the electron selective buffer layer in the structure creates
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Fig. 4.2.: (a). TCAD Sentaurus simulated I-V characteristics of wafer-based InP

solar cell. (b). I-V characteristics of wafer-based InP implemented as local I-V data
for non-degraded unit cells and I-V characteristics incorporating E, narrowing effects
applied as local I-V data for degraded unit cells. (c). and (d). are overall and zoomed-
in energy band diagrams of wafer-based InP solar cell plotted under V¢ condition

with AM1.5G illumination.

a large valence band offset to block minority holes from reaching the electron contact,
mitigating large SRH recombination in the space charge region of the ITO layer. The

H-SPICE diode compact model of InP network presumes that m x n elementary unit
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cells are connected in parallel to each other; sheet resistors (10 ©2/0) are placed at
the interconnects between any two adjacent cells. Each elementary unit cell consists
of a light-generated current source and a diode. The total current I in the unit cell
is given by:

1%
I = Ise — Lexp(Z

W> (4.2)

where Igc is the light generated current with no applied voltage, 1, is the reverse

saturation current; n is the ideality factor.

4.2.2 Local Shunting

Besides the E; narrowing effect discussed above, elementary unit cell performance
might also be degraded by low shunt resistance [83] connected in parallel with light
generated current source and diode as depicted in Fig. [4.3] Temperature dependent
dark I-V measurements of TF-VLS grown sample clearly exhibit shunting-dominated
behavior under reverse and low forward bias condition. Note that due to some elec-
trostatic charging and discharging effect, the dark I-V minima do not occur at the
zero bias condition. The new diode equation, with shunt resistance included, is as

follows:

qv V
I = Iso — Lexp(—+—) —
5 eXp(nkT) R.,

(4.3)

Putting the shunt resistance in the ideal diode model would result in degradation of
[-V performance, especially in the fill factor (FF) and Voc. The degradation would
not be observable unless the shunt resistance were less than 1 kQ — cm?. In order
to model local shunt effects quantitatively, it was assumed that shunt resistance is
added to unit cells that are categorized as ”degraded cells”. The H-SPICE compact

model of InP network is also constructed to produce the overall I-V performance of

the TF-VLS grown sample.
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Fig. 4.3.: (a). Internal circuit structure of elementary unit cell includes shunt resis-

tance connected in parallel. (b). Dark I-V characteristics of TF-VLS grown InP cell
measured at 280 K, 300 K and 320 K.

4.3 Results & Discussion

Incorporating E, narrowing effect in the simulation with reasonable external shunt
resistance added, the resulted I-V has shown good agreement in Voc, Js¢ and FF
with good curve fit to measured I-V characteristics of VLS-grown sample. The power
consumptions of total unit cells are plotted under Voe condition. Since unit cells
are distinguished as good and degraded cells based on threshold voltage we set, while

good cells are generating powers under V¢ condition, degraded cells start to consume
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power which can be clearly seen in Fig. [£.4l The power consumption of degraded
cells offsets the power generation of good cells at open circuit. The plots due to
local shunting have shown that adding a shunt resistance in the elementary unit
cell could be more harmful to current collections at small voltage bias than to the
Voc. And it turns out that E, narrowing achieve much better fitting. The FF
discrepancy in the E, narrowing hypothesis might be as a result of the absence of
shunting resistance. Therefore, adding shunt resistance to some local dark unit cells
while assuming E, narrowing for all degraded cells could optimize the I-V fitting.
Local shunting in TF-VLS p-InP might arise from dopant inhomogeneities and dopant
clustering of non-activated Zn atoms. A dopant activation of about 10% was extracted
from comparative SIMS and C-V measurements [76]. As indicated in Fig.|4.5(a), non-
ideal shunts have higher impact on voltage-dependent current density at small bias
than on the reduction of Voc. The observation implies that local shunting is not the
primary cause of Vo¢ degradation but might be a secondary factor that contributed

to it.

4.4 Conclusion

In this chapter, we considered two hypotheses to explain the Vo¢ degradation of
TF-VLS grown InP solar cells. First, the E, narrowing effect assumes slight deviations
from 1:1 In:P stoichiometry may exist in the InP sample. Extracting information from
various characterization results (e.g. PL image and PL spectra) and establishing H-
SPICE diode compact model based InP network can then be used to predict the
[-V performance of the sample. This result achieves a good match to the measured
[-V of VLS sample. Second, local shunting effect was also considered by adding
shunt resistance to the individual degraded cells. It is predicted that combining two
hypotheses together, optimized fitting -V curves could be produced to establish a
comprehensive physics based theory to explain the Vo¢ degradation in the TF-VLS

grown InP solar cell. Future work should consider modeling of the random fractal
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Fig. 4.4.: (a). I-V characteristics of the InP network due to E, narrowing shows
reasonable fit to measured I-V of the VLS-grown sample. (b). Power consumption
and generation of good and degraded cells in the sample at Vo condition under E,

narrowing.

network to mimic lateral dendritic polycrystalline growth pattern observed in TF-VLS
growth process and explain the small uncertainty of measured Voc. Furthermore,
from the experimental perspective, an in-situ doping process is currently explored to

control the doping profile better and increase the dopant activation which possibly
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helps eliminate local shunting in TF-VLS p-InP. Further improvement could be made
by fabricating VLS-grown single crystal n-InP deposited on Molybdenum substrate

to mitigate surface inhomogeneity.
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5. RADIATIVE COOLING FOR SILICON
CONCENTRATING PHOTOVOLTAIC SYSTEMS

5.1 Introduction

Radiative cooling is a passive cooling mechanism that dissipates heat via thermal
radiation. For outdoor applications, the cold universe at 3 K can be accessed through
the sky as the heat sink if the cooler has thermal emission within the wavelength range
of 8-13 um [84-86]. In this range, known as the atmospheric window, the atmosphere
has high transmission allowing transmission of the radiation from the ground. The
existence of the atmospheric window makes outdoor radiative cooling a unique passive
cooling method that in principle can reach below-ambient temperature. The challenge
is therefore to find cooler materials that have strong thermal emittance within 8-13
um, and much lower thermal emittance outside this window. Fortunately, early works
showed that natural bulk materials such as polyvinyl fluoride [85,87], silicon monoxide
(Si0) [86] and silicon nitride (SizNy) [88] are suitable for radiative cooling. Composite
materials such as SiOy and SiC nanoparticles in polyethylene binder [89] were later
proposed as alternative cooler materials. Recent progress in nanophotonics allows
the emittance spectra of bulk materials to be tailored by photonic crystal structures
[90,91]. Tt has recently been demonstrated experimentally that nanophotonic coolers
can reach below ambient temperatures, even under direct sunlight [92]. When placed
in vacuum, such nanophotonic coolers have been shown to reach sub-freezing cooling
[93]. More recently, a high-performance metamaterial based radiative cooler has been

demonstrated; the researchers conducting the experiment believe that it may be a

9The content of this chapter is primarily taken from a published conference proceeding: Y. Sun*,
Z. Zhou*, X. Jin, X. Sun, M. A. Alam, and P. Bermel, ”"Radiative cooling for concentrating photo-
voltaic systems” Thermal Radiation Management for Energy Applications, Vol.10369, p. 103690D,
International Society for Optics and Photonics, 2017.
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candidate for mass production [94]. Radiative cooling can potentially be applied
to address the increasing demands of electronic device cooling. For instance, it has
recently been demonstrated that a 2D photonic crystal silica cooler can effectively cool
down the bare solar cell underneath [95]. For an optoelectronic device with higher heat
loads, known as thermophotovoltaics, radiative cooling with low-iron soda lime 2D
photonic crystal cooler was shown to be effective [96]. There are many other outdoor
electronics that could benefit from radiative cooling. Thus, it is important to explore
the possibility of using radiative cooling as either a major or a complementary cooling
method for these applications.

In this chapter, we investigate the application of radiative cooling on high concen-
tration photovoltaic (HCPV) systems. Due to the highly concentrated solar irradiance
and strongly temperature dependent photovoltaic (PV) performance, cooling is one of
the major challenges in HCPV research [97]. Operating at high temperatures not only
reduces the initial solar-to-electricity conversion efficiency, but can also significantly
reduce the long-term reliability, which plays a major role in determining the lev-
elized cost of energy for these systems [98]. Most works focus on engineering the heat
sink design to enhance convection cooling [99-101]. Although radiative heat transfer
has been brought to increased attention recently [97], radiative cooling through the
atmospheric window has not been investigated much in the context of HCPV. In
this chapter, we consider HCPV systems with parabolic reflectors concentrating the
sunlight, with the PV module facing toward the ground. We show that a transpar-
ent dielectric radiative cooler, referred to as the multi-layer low-iron soda lime glass
cooler, on the backside of the PV module can have effective cooling without using
more area than the PV module and the concentrator optics. The performance of the
HCPYV system with radiative cooling is assessed by a realistic calculation framework.
Details of the framework will be introduced in Section 5.2} In Section the radia-
tive cooler design will be discussed, followed by the calculation results. The proposed

cooler will then be compared with a conventional flat copper cooler. To compare the
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two coolers quantitatively, we introduce a figure of merit, cooling power per weight,

which captures both the capability of heat dissipation and the weight of the cooler.

5.2 Calculation Framework

To fully assess the radiative cooling effect on HCPV systems, we establish an
optical-thermal-electrical coupled simulation framework based on power balance to
self-consistently find the equilibrium temperature of the HCPV system. As depicted
in Fig. the entire HCPV setup consists of three major parts: a radiative cooler on
top facing towards the sky, a parabolic reflector at the bottom near the ground that
reflects and concentrates sunlight, and a silicon-based PV module underneath the ra-
diative cooler that absorbs concentrated sunlight. Compared to III-V multi-junction
PV modules, silicon-based PV modules may not be as efficient at high concentrations
(>100 suns) because of Auger recombination [102]; thus, using models developed for
the former may undervalue the value of radiative cooling. In future work, the PV
model will be adjusted to predict electric output power and the resulting radiative
cooling more precisely at high concentrations. Nonetheless, if we consider the radia-
tive cooler and PV module as a whole, a power balance equation governs the heat

transfer inflow and outflow of the system in steady state, which is as follows:

Py + Pt = P + Poit + P (5.1)

U out non—rad’

where PEV is the total absorbed radiative power by the PV module; P is the total

absorbed radiative power by the radiative cooler; PLY is the radiative and electrical

output power from the PV module; P is the total power radiated out from the

PPV, cool

o raq denotes non-radiative heat transfer. The power balance equation,

cooler and
Eq. p.1] is similar to the one used in [96], but is modified to include double-side
radiation from the cooler and a realistic silicon-based PV module.

The total absorbed radiative power by the PV module has three contributions:
(1) the solar power absorbed by the PV module PV (2) the multiple bounces of

sun?

thermal radiation from PV module and back onto PV module again PLY ., and (3)
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Fig. 5.1.: (A). Schematic of a high-concentration photovoltaic (HCPV) system with
radiative cooling. The HCPV has a parabolic reflector as the concentrator. The
radiative cooler is on the back side of the PV module and has thermal radiation
on both sides. The high solar spectrum transmission of the multi-layer low-iron
soda lime glass cooler allows the concentrator right beneath the cooler to collect
the AM1.5D sunlight (dashed yellow lines) with little loss. The cooler and the PV
module are assumed to be away from the concentrator so that the view factor from
the cooler to the concentrator is 0.1. Dominant heat transfer terms are labeled and
their explanations can be found in the text. (B). Overall flowchart to explain how
the optical-electrical-thermal coupled simulation framework can find the equilibrium

temperature of PV module precisely and self-consistently.

the emission from the parabolic reflector absorbed by the PV module P{Y. Thus,

the expression of P’V is given as follows:

PyY = Pi + Prog_py + PR (5:2)

sun
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Since the thermal radiation of PV module under the range of temperature considered
in this work is low and the view factor from the reflector to the module is close to

zero, the latter two terms in Eq. are negligible. While PPV can be expressed as:

sun

Acool - APV
Ag — Apy

(1

Tcool()\a O) + ...

Acool - APV
Ar — Apy

Phy =Cpr-Apy - /d)\epv()\)[
Nlarsp(N); (5.3)

in which C is the nominal concentration factor determined by the area ratio of
the concentrator footprint and the module; Iayg sp(A) is the AM1.5D spectrum; The

actual concentration factor can be derived as Cyepyar = C' - pr - [’L;“’I:L;Aifv‘/’rcool()\, 0) +

(1— %)L pr = 0.9 is the reflectivity of the parabolic reflector; A, is the

surface area of the radiative cooler; Apy = 1 cm? is the PV module area; Ag is the
footprint area of the parabolic reflector; epy(\) is the spectral dependent PV mod-
ule emittance and T (A, 0) represents the transmittance spectrum of the radiative

cooler at normal incident angle.

The power output from the PV module PFY is comprised of two terms PFV and

U ele
PPV as Eq:

Pot = Paé + Praas (5-4)
Acoo - A
Pe]ljev = 1(Cactuat; T) - C' - pr - Apv - /dA[#Tcool(Aa 0)+...
R — 4PV
Acoo —A
(1= ﬁ)]hm.w@\); (5.5)
PTIZX = APV : /dQ COSH/CZ)\EP\/IBB()\, Tpv); (56)

The electrical power output is calculated by Eq. , where 7)(Cactuar, T) 18 temper-
ature and concentration factor dependent PV module efficiency. The radiative power

output term P2V is calculated by Eq. , where Igg(\, T') = (2hc¢?) /[N (exp(hc/ KT )—
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1)] is the Planck’s blackbody radiation function, and Ty is the temperature of the
PV module.

However, it is not trivial to accurately predict N(Cjeuar, T) for a wide range of con-
centration factor (< 900 suns) and temperature (< 550 K). Despite that temperature
coefficient of ¢-Si solar module has been previously reported [98] as —0.45%/K, the
linear relation between 1n and T cannot hold across all temperatures. As depicted in
Fig. the n addressed by the temperature coefficient based empirical formula falls
linearly with elevated temperature and becomes 1 < 0% beyond T = 520 K. In reality,
at high temperature region (T > 500 K), 1 saturates with the rise of temperature and

never falls beyond 0%. To capture the essential physics, N(Cactuar, T) is attained by

30
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Efficiency (%)
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a1 o
”
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Fig. 5.2.:  Schematic of n — T relation addressed by empirical relation with the as-
sumption of constant temperature coefficient —0.45% /K, and by rigorous device sim-

ulation framework
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establishing multi-layered device model of Silicon heterojunction with intrinsic thin
layer (HIT) solar cell in physics-based drift-diffusion solver TCAD Sentaurus. The
simulation framework is calibrated against the record efficiency of HIT solar cells at
one sun under room temperature (i.e. n(1 sun, 300 K) = 24.7%) [103], and then pre-
dicts N(Chuetuar, T) by varying device operating temperature and concentration factor.
Results are shown in Fig. [5.3, For the radiative cooler, the total absorbed power P

can be expanded into four terms, as follows:

Pt = popeitb 4 peoot 4 peoel 4 peoal (5.7)
peoelu _ g / 40 cos 0 / Aot 8)am(N, )TN, To); (5.8)
P;qul - Acool : /d)\gcool<)\7 O)IAM1.5G(/\); (59)

P& = (Avoot — Apv) - Fuooi—ci - €6 - / A cos 6 / dM s\, T))e,,. (N 0); (5.10)

where P2 calculated by Eq. , is the atmospheric radiation absorbed by the top
surface of the cooler, in which €.,0(A,0) and €44, (A, 0) are spectral and angular de-
pendent emittance of the top surface of radiative cooler and atmosphere, respectively.
Eatm(A, 0) is calculated by MODTRAN (Mid-latitude winter) atmospheric transmit-
tance data Ty (A, 0) with angular modulation: €44 (A, 60) = 1 — Taun (X, 0)Y/ <5 [86];
T, = 293.15 K is the ambient temperature [97]. P calculated by Eq. is the
solar power absorption by the radiative cooler. It should be noted that the solar
irradiance used for this term should be the AM1.5G spectrum. P& calculated by
Eq. [5.10] is the ground emission absorbed by the bottom surface of the radiative
cooler, in which F,,,_¢ is the view factor from the radiative cooler to ground and
is assumed to be 0.9; e is the ground emissivity, calculated from a diffusive ground

albedo presumed to be 0.1, a common value for soil [104]; €., (), 6) is the emittance of

the bottom surface of the radiative cooler. The last term in Eq. can be neglected,
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since the PV module and the cooler are close to thermal equilibrium.

The thermal radiation outflow from the cooler P is composed of two terms,

namely the upward and downward thermal radiation P%5" up and Peodt s given

below:

Pcool __ pcool + Pcool . (5 1 1)

out rad—up rad—down

Pfggl,up = Aol - /dQ COSH/d)\ecool()\,H)IBB()\,TCO()Z); (5.12)

Pfggl—down = (Acool — Apv) . Fcool—G CEG /dQ COSQ/d)@ICOOl()\, G)IBB()\,TCOOl][5.13)

In both equations above, T, is the cooler temperature.

PP V,cool

The aforementioned non-radiative heat transfer term of the system P, " .

simply the convective heat transfer at the top and bottom surfaces, with uniform

temperature assumed between the cooler and PV modules (i.e., Teoor = Try):

prVeodl — 9 b Avool(Tpy — Th); (5.14)

non—rad ~

where the convection coefficient h =5 W/m?K [97].

The overall scheme of the simulation framework is illustrated in Fig. [5.1] To
solve the equilibrium temperature of the PV module, we begin by guessing the initial
temperature of the PV module (Tpy) and calculating the power flow of each corre-
sponding heat transfer terms to validate the power balanced equation Eq. [5.1] If not
satisfied, a new Tpy will be assigned and tested until it self-consistently concurred
with power balanced equation. The calculation framework has been benchmarked
against the calculation method in [97], which is also consistent with the experiments
presented in [105]. Further validation by an experiment closer to the HCPV system

modeled here would be warranted.
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5.3 Cooler Design & Results
5.3.1 Cooler Design

Soda lime glass has been proposed as a good radiative cooler material for different
applications due to its high mid-IR emittance [96,/106]. A subclass, known as low-
iron soda lime glass, has the additional benefit of high solar transmission, allowing
daytime radiative cooling even with direct sunlight. However, its emittance spectrum
dips near 10 pm. As shown by the green curve in Fig. [5.4] this dip in emittance
overlaps with the range of the main atmospheric window from 8 — 13 pum (shaded
blue), making the heat transfer between the cooler and the cold universe suboptimal.
To fully utilize the main atmospheric window, the emittance of the low-iron soda
lime glass in this range should be enhanced. It has been proposed that 2D photonic
crystal structures can substantially enhance the emittance within the atmospheric
window close to unity [96]. In this work, similar enhancement has been achieved via
a different approach. Since the dip in emittance is caused by high reflection near
10 pm, an anti-reflection (AR) coating applied on top of the low-iron soda lime glass
may reduce the reflection. As shown in Fig.[5.4] a 2.28 um thick porous low-iron soda
lime glass on top serves as a broadband AR coating. The dielectric constant € of the
porous glass is modeled by Bruggeman approximation [107] as:

€g— € €q — €
v +(1—-vy)——— =
geg+26 ( g)€2+26

0; (5.15)

where v, and €, are the volume fraction and the dielectric constant for a spectral
range of 0.31 — 300 um [108] of low-iron soda lime glass, respectively; ¢, = 1 is the
dielectric constant of the air. In this work, the volume fraction of glass was optimized
to be v, = 0.25. Compared with photonic crystal structures, porous AR coating is
more feasible for large scale production, using fabrication techniques such as chemical

etching and the sol-gel method [109].
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Fig. 5.4.: (A). Cross-sectional schematics of the multi-layer low-iron soda lime glass
cooler. The 500 um thick low-iron soda lime glass serves as the major cooling emit-
ter. The 2.28 pum thick porous layer is a broadband anti-reflection (AR) coating
that enhance the mid-IR emittance of the glass. The porous layer has an optimized
glass volume faction of 25%. The 3 mm thick diamond layer is the transparent heat
spreader that ensures both low non-uniformity in cooler temperature and high solar
transmission. The two layers at the bottom is added to further increase the solar
transmission of the cooler. The glass volume fraction of the bottom layer is the same
as the top layer. (B). The simulated emittance spectrum of the multi-layer low-iron
soda lime glass cooler (red) and the cooler without the porous layer (green). The
porous low-iron soda lime glass layer can effectively enhance the emittance of the

cooler within the 8 — 13 pm atmospheric window (shaded blue).

Cooling with a high heat load often requires a larger cooler area than the heat
source area (the PV module in HCPV). The geometry depicted in Fig. could cre-
ate non-uniform cooler temperatures over large areas. Thus, the one major assump-
tion made in the calculation framework, 7.,,, = Tpy, may not be valid in all cases.

Therefore, a 3D steady state thermal simulation using COMSOL Multiphysics was
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performed to evaluate the temperature gradient of the PV module + cooler structure.

As shown in Fig. [5.5] the temperature gradient between the cooler and the PV mod-
vV _ pPV

ule (Tpy — Tiooi—ave) Was calculated for different heat loads (P o

) and cooler
areas (Aeoo). Tpy was directly acquired from the simulation results, and Teoo;—ave Was
derived from the radiative power from the cooler surface by Stefan-Boltzmann law.
Across the full range of heat loads and cooler areas considered in this work (i.e. below

the dashed line in Fig. [5.5]), a 3 mm thick diamond layer has a maximum temperature

gradient less than 7 K, and usually much less.

Based on this result, a 3 mm thick diamond heat spreader was added at the bot-
tom of the 500 um-thick low-iron soda lime glass layer. The diamond layer performs
two functions: (1) decreasing the radial temperature gradient of the cooler; and (2)
maintaining the high solar transmission of the cooler, so that even the concentrator
right below the cooler can collect sunlight. The dielectric constant of diamond in the
spectral range of 0.31 — 20 um is from [110,/111] and was extrapolated as a constant
between 20 — 300 um to match the spectral range of low iron soda lime glass. The
extrapolation may lead to an error of a few percent in the net cooling power from the
cooler. It is likely that a 3 mm thick diamond layer is unrealistic for mass production.
However, it could be replaced by a thicker layer of other transparent thermal conduc-
tors, such as transparent conductive oxides, which can be deposited using roll-to-roll
methods, such as knife-over-edge coating, slot-die coating and screen printing |112].
Other materials, such as an optical transmissive and thermally conductive network of
metallic nanowires [113], may also be good candidates. To further enhance the solar
transmission, two thin layers of low-iron soda lime glass and its porous layer with

thicknesses labeled in Fig. [5.4 were also added at the bottom.

The angular-dependent emittance spectra of the multi-layer low-iron soda lime
glass cooler was simulated using S4 [114] across a broad range of wavelengths from

0.31 um to 300 pm. The normal emittance spectrum of the multi-layer low-iron
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soda lime glass cooler is shown in Fig. in red. Compared with the bare low-iron
soda lime cooler (green curve), the multi-layer low-iron soda lime glass cooler exhibits
enhanced mid-IR emittance, especially in the atmospheric window. In tandem, the
solar absorptance is designed to reach a low level, to allow radiative cooling in direct

sunlight.

Temperature Gradient (K)

Ldiamond = 3 mm

6
4
2
0

200 400 600 800 1000
Area of cooler [cmz]

Fig. 5.5.: Steady state temperature gradient between the cooler and the PV module.
The cooler temperature is the averaged value calculated from the radiated power
by Stefan-Boltzmann law. For a 3 mm thick diamond heat spreader, the maximum
temperature gradient is less than 7 K in the range of heat load and cooler area
considered in this work (the contour below the black dashed line). Therefore, the
approximation of Tpy = T,,, is valid when a diamond heat spreader of 3 mm thick

is used.
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5.3.2 Results & Discussion

The performance of the proposed radiative cooler is examined by the calculation
framework introduced in Section. |5.2] Fig. 5.6 shows the PV module temperatures
are evaluated for different combinations of radiative cooler area A.,, and actual con-
centration factors Cyeuq;. Two cases are considered for comparison: (1). a multi-layer
low-iron soda lime glass cooler and (2). a conventional copper cooler with its pol-
ished highly reflective top surface (p = 0.95) facing towards the sky, with its emissive
oxidized back surface (¢ = 0.7814) facing the ground. The front surface of the copper
cooler should not be oxidized because its strong solar absorption will more than offset
the radiative cooling effect at the target temperature of 60 °C (333.15 K) [97,/115].
For any concentration factor used in the calculation, the radiative cooler is set to be
smaller than the concentrator. Therefore, only the lower half of the contour in Fig. 5.6
is calculated. When multi-layer low-iron soda lime glass cooler is used, as shown in
Fig. [5.6(A), the PV module temperature Ty goes up as the concentration factor
increases, especially when the radiative cooler area is small. However, for larger ra-
diative cooler areas, Tpy can reach well below the target temperature — as low as 308
K in the best case. As shown in Fig. [5.6(B), the copper cooler has a higher tempera-
ture for the same cooler area and actual concentration factor. The lowest temperature
is 322 K, 14 K higher than the multi-layer low-iron soda lime glass cooler. Consider-
ing the highest temperature reached by either cooler (indicated by the arrow towards
the bottom-right corner of each contour), the multi-layer low-iron soda lime glass
cooler performs better as well; the maximum Tpy is 73 K lower. In both cases, the
target temperature of 333.15 K is highlighted by a dashed line. The better cooling
effect of the multi-layer low-iron soda lime glass cooler is also reflected in the more
gradual slope of the dashed line, indicating more cooling power per unit area. For
concentrating photovoltaics (CPV) applications, especially HCPV, the weight of the
cooler is a critical quantity, because a solar tracking system is generally needed [116].

Therefore, we proposed a figure of merit, the cooling power per weight [W/kg], by
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Fig. 5.6.: The simulated contour map of PV module temperature as a function of
cooler area and actual concentration factor. The cooler area is always smaller than
the concentrator area. (A). Multi-layer low-iron soda lime glass cooler. The minimum
temperature it can reach is 308 K and the maximum 459 K. The dashed line shows the
cooler area required for the target temperature of 333.15 K at different concentrations.
(B). Conventional copper cooler. The minimum temperature it can reach is 322 K
and the maximum 532 K. The dashed line shows the cooler area required for the
target temperature of 333.15 K at different concentrations. It is obvious that the
multi-layer low-iron soda lime glass cooler outperforms the copper cooler. For the
same target temperature, less area of multi-layer low-iron soda lime glass cooler is

required.

which different coolers can be compared quantitatively. The cooling power is the net

PPV,cool

oot — Peeotincluding radiation and con-

output power from the cooler, P +

vection. For the weight calculation, we assume that the copper cooler has the same
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thickness (3 mm) as the diamond heat spreader. The densities of the materials are

listed in Table. (.11

Table 5.1.: Densities of the Cooler Materials

Material Density [kg/m?]

Multi-layer low-iron soda lime glass cooler | Conventional Copper Cooler

Porous low-iron soda lime glass 633
Low-iron soda lime glass 2530 | Copper 896
Diamond 3510

For the two different coolers investigated, their weight and cooling power per
weight are calculated at different actual concentration factors and PV module tem-
perature of 333.15 K. From Fig. [5.7] it is obvious that the weight of the conventional
copper cooler (orange dashed line with triangle symbol) increases faster than the
multi-layer low-iron soda lime glass cooler (orange solid line with square symbol).
The derived cooling power per weight of each cooler is shown by blue line in Fig. [5.7]
The introduced figure of merit clearly has a weak dependence on concentration factors,
allowing it to be used as a cooler index applicable for a broad range of concentra-
tion. From Fig. the cooling power per weight of the multi-layer low-iron soda
lime glass cooler (blue solid line with square symbol) is around 3.7 times higher than
that of the copper cooler (blue dashed line with triangle symbol), greater than the
density ratio of copper to the diamond, due to the capability of radiative cooling
under direct sunlight. Therefore, for the same actual concentration factor and target
temperature, less weight of the cooler will be added to the solar tracking system if the
multi-layer low-iron soda lime glass cooler is used. Aluminum, as another popular
material used for HCPV coolers, is in many cases more favorable due to its lower
density (2700 kg/m?) compared with copper. However, the thermal conductivity of
aluminum (205 W/mK) is lower than copper as well. Therefore, a thicker aluminum

cooler should be used for a flat heat sink to achieve similar temperature uniformity.
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Fig. 5.7.: The figure of merit (blue lines) and cooler weight (orange lines) comparison
between the multi-layer low-iron soda lime glass cooler and the conventional copper
cooler. The cooling power is the net cooling power (radiation + convection) from the
cooler. For copper cooler, the thickness is assumed to be 3 mm thick to match with
the diamond heat spreader. The figure of merit is evaluated at the target temperature
of 333.15 K . The advantage of the multi-layer low-iron soda lime glass cooler
(solid blue line with square symbol) is significant: the cooling power per weight is
around 3.7 times higher than that of the copper cooler (dashed blue line with triangle
symbol), greater than the density ratio between copper and diamond. Furthermore,
much less concentrator area is needed when multi-layer low-iron soda lime glass cooler

is used, because of its high solar transmission.
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Considering both factors, the cooling power per weight of aluminum cooler should be
higher than the copper cooler, but not as high as the multi-layer low-iron soda lime
glass cooler when evaluated using the framework introduced in section. [5.2l It should
be noted as well that the area of the concentrator is not considered in the figure of
merit yet. The fact that copper or aluminum, unlike the multi-layer low-iron soda
lime glass cooler, is not transparent to sunlight results in a larger concentrator area to
achieve the same amount of actual concentration. This may lead to an even heavier
HCPV system to be mounted on the solar tracker. For this work, the focus is on the
cooler design. So the quantitative comparison was restricted to the cooler only. But
it will be an interesting assessment if the entire HCPV system can be considered in

future works.

5.4 Conclusions

The application of radiative cooling within the atmospheric window in the infrared
to high-concentration photovoltaic (HCPV) systems has been investigated. Using a
realistic, self-consistent simulation framework, a multi-layer low-iron soda lime glass
cooler has been designed. Its porous AR coating enhances the mid-IR emittance,
allowing radiative cooling under direct sunlight. Furthermore, the proposed cooler is
mostly transparent, with high solar transmission. Even a large cooler area blocks very
little solar irradiance for concentration. It is shown that a PV module temperature
as low as 308 K (about 15 K above ambient) can be reached when the multi-layer
low-iron soda lime glass cooler is used, assuming the cooler is no larger than the
concentrator. When compared with a conventional copper cooler, it is found that
a much smaller area of multi-layer low-iron soda lime glass cooler is now needed
to reach the standard HCPV module target temperature of 333.15 K. To account
for the weight of the cooler that may affect the solar tracking system, a figure of
merit, cooling power per weight, is introduced to evaluate each cooler quantitatively.

For all the concentration factors considered (200 to 900 suns) while operating at
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the temperature of 333.15 K, the cooling power per weight of the multi-layer low-
iron soda lime glass cooler is found to be around 3.7 times higher than that of the
conventional copper cooler, and is also expected to be higher than an aluminum
cooler. While the initial design uses diamond, there is also potential to shift to lower-
cost transparent, thermally-conductive materials. Therefore, radiative cooling has a
potential of being applied as a major or complementary cooling method for HCPV
systems. Experimental verification would be warranted to help fully confirm the

feasibility of low-cost, high performance radiative cooling enabled HCPV systems.
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6. OPTIMIZATION OF HIGH-PERFORMANCE
BIFACIAL INTERDIGITATED BACK CONTACT
SILICON HETEROJUNCTION SOLAR CELLS

6.1 Introduction

The energy output of a solar cell depends on both the solar irradiance absorbed
via the photovoltaic effect, as well as its efficiency in converting photo-generated car-
riers into electricity. Traditional monofacial cells accept light only from the front
surface; therefore, reflection from index mismatch and/or a front-contact metallic
grid reduces light coupling into cells. Texturing the front surface and/or including an
anti-reflection coating addresses the challenge of index mismatch, while interdigitated
back-contact cells (IBC) move both n- and p-type contacts to the back to minimize
front-grid light reflection. This improved light coupling allows IBC cells to achieve
particularly high power output under typical illumination. By inserting high bandgap
(Eg) material between absorber and highly recombination active metal contacts, Sili-
con heterojunction solar cells (SHJ) [117] can provide higher efficiency (n > 25%) and
lower temperature coefficients |[103] than traditional p-n junction solar cells. Today,
despite the fact that recent market forecasts predict the rapid increase in monofacial
Passivated Emitter and Rear Contact (PERC) cell production [118}|119] monofacial
IBC-SHJ cells ranks among the very best high-performance cells, with efficiencies
exceeding 26% in experiments [120].

A new solar cell architecture, called bifacial PV, has recently emerged as a promis-
ing technological pathway to higher output yields and lower costs [119,[121-124]. The

bifacial design accepts light from both surfaces, therefore it allows absorption of

9The content of this chapter is primarily taken from a published paper: Y. Sun, Z. Zhou, R. Asad-
pour, M. A. Alam, and P. Bermel, ”Tailoring Interdigitated Back Contacts for High-performance
bifacial Silicon Solar Cells” Applied Physics Letters, 114(10), 2019: 103901
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ground reflected sunlight (albedo) at the rear side of solar cell. The sum of the
direct sunlight and the albedo illumination increases photo-current within the cell.
Unfortunately, the benefits of bifacial operation of an IBC-SHJ cell are not easily
quantified — after all, the dense interdigitated grid in the back may only allow a
fraction of the albedo («) light to reach the cell and the excess photo-current may
be lost as Joule heating in the fingers and busbars. Very little previous work has
focused on assessing bifacial IBC-SHJ cells, which are expected to be optically supe-
rior to bifacial front and back contact PERC cells at any a. This work is the first
to present an experimentally-verified numerical model that precisely quantifies the
tradeoff between optical transmission and electrical performance in an improved bifa-
cial IBC-SHJ architecture. The compact analytic formula developed in this work and
validated against experiment is general enough to encompass the whole class of bifa-
cial modules, projected to account of 38% of global installations by 2028 according
to ITRPV [118]. Tt will guide experimentalists and a rapidly growing industry in ex-
ploring tradeoffs and design choices such as finger metals, and contact patterns across
a range of environmental conditions. Specifically, we show that IBC-SHJ cells benefit
from bifacial operation provided that: (a) the albedo exceeds a critical intensity, and

(b) the gaps between the metal fingers are optimized.

6.2 IBC-SHJ cell Structure

To tackle the back contact design of bifacial IBC-SHJ cell, we begin by specifying
the details of the device structure. As a reference, we consider a high-efficiency
monofacial IBC-SHJ cell reported by Yoshikawa et al. [120] with Aluminum (Al)
metal grids. Although transparent conducting oxides (TCO) are a theoretically ideal
replacement, they are not considered here, since there is not yet an ideal p-type TCO
electrode for solar cells [125]. Fig. [6.1(a) shows that our device has a 165 pm n-
type ¢-Si absorber sandwiched between 10 & 20 nm thick intrinsic a-Si passivation

layers at front and rear, respectively. Interdigitated p* a-Si emitter and n™ a-Si back-
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surface field (BSF) layers are embedded in the rear a-Si passivation layer. The BSF
width Wggr and emitter width W,,;; are taken as 100 um and 250 um respectively
because: (a). although a wide range of emitter/BSF width ratios yield acceptable
power conversion efficiencies , monofacial IBC cells are typically optimized at
Wemit ~ 2 —3 X Wggp; [127-129] and (b). the lateral transport path (center-to-
center distance between p* and n' regions) must be comparable to the absorber
thicknesses to avoid excessive bulk recombination. Their spacing is set to Wg = 5 pm,
because Nichiprouk et al. has emphasized that proximity between the emitter
and BSF layers improves device efficiencies. Therefore, the half pitch width Wp (the
lateral distance between centers of adjacent metal grids), as labeled in Fig. b), is
180 wm. Finally, Al metal grids (thickness of ta;, width of Wy, and length of Ly, as
labeled in Fig. [6.1)(a) are pasted to the p* emitter and n* BSF to form the electrodes.

Wa

(a) (b)

Fig. 6.1.: (a). 3D schematics of the bifacial IBC-SHJ solar cell design studied in this
work. Key length scales are defined here. (b) Current crowding is induced near the

contacts by the narrow overlap between the emitter/BSF and the Al metal grid.
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The spacing (gap) between Al metal grids (W) is the key variable controlling
efficiencies, see Fig. [6.1{(b). Once albedo photons transmit through the gap in the
metallic back-contact, they generate electron-hole pairs within the device. These
photo-generated carriers first transport through emitter /BSF layer to reach the metal
contact (intrinsic resistance) and then have to travel through metal fingers and/or
busbars to reach the electrode (extrinsic resistance). As a result, thicker gridlines (i.e.
narrower W,) block albedo and reduce photo-current, but thinner lines (i.e. wider
W,) increase series resistance and reduce output power. Specifically, thinner grids
(wider W) reduce the grid shadowing loss Pghadow, but increase the series resistance
loss Pregist, since Wa; = Wp — W,. The resulting output power (Poyr) of a bifacial

IBC-SHJ cell is given by:

POUT(wa O-/) = Pideal(a) - Presist(wa O-/) - Pshadow(w> a); (61)

Here, the idealized intrinsic power-output P4, of the IBC-SHJ cell is reduced by
the counter-balancing resistive and shadowing losses defined by the normalized gap
width: w = W,/Wp. Our goal in this chapter will be to calculate the normalized gap

width w,y; that maximizes Poyr(w, ).

6.3 Numerical Model

Light absorption in a bifacial IBC-SHJ cell involves a complex interplay of ab-
sorption in the bulk and multiple reflection by the randomly textured surface. Light
absorption in a bifacial IBC-SHJ cell is calculated first to determine the spatial pro-
file of photo-generated carriers. With texturing on both sides of the cell, ray-tracing
calculation may involve complicated 3D simulations [130]. Fortunately, the fact that
carrier generation has only weak lateral spatial variation allows us to simplify the op-
tical model to 1D. The effect of a Lambertian light trapping due to random textured
surface [131] can be quantified by modifying the spectral dependent optical constant
of ¢-Si based on the empirical formula [132]. In this model, a perfect anti-reflection

coating (ARC) layer is assumed. Ray tracing is utilized to compute the absorption
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spectrum and spatial optical generation profile within the layered structure. Based
on the spatially-resolved light absorption profile, the transport of the photo-generated
electrons and holes are solved in a 2D coupled Poisson-drift-diffusion solver Sentaurus
TCAD [133]. The electrical properties of the interfaces and bulk layers are adapted
from previous work [40]. Finally, Sentaurus automatically accounts for the intrinsic
resistance related to current crowding between the metal and heavily doped regions
as illustrated in Fig. |6.1(b). For the extrinsic resistance, the schematic of the IBC
back-contacts described by Desa et al. [134] can be used to calculate the correspond-
ing finger and busbar resistances [135,136]: In practice, busbar resistance is negligible

compared to finger resistance given by:

p- L Wp
Rfinger = T .

2-Way-ta’

where p is the Al resistivity. This extrinsic series resistance associated with Al back-

(6.2)

contact is added to the 2D Sentaurus device model as an external series resistance.

Our simulation framework is validated by benchmarking against experimental
results of a state-of-the-art monofacial IBC-SHJ cell [120]. Fig. shows that it
closely agrees with experimentally observed J-V curves and external quantum effi-
ciency (EQE) spectra. Two non-idealities explain the remaining, small deviations
observed: our non-inclusion of the imperfect ARC explains slightly higher EQE be-
tween the wavelengths of 300-400 nm, and our neglect of the series resistance explains
the slightly higher fill factor (FF). The corrections are small (especially because the
back-contact grids can be much wider in their monofacial counterparts): the overall
discrepancy (in terms of power production) is below 0.5%.

Our simulation framework can now be used to optimize the design of the bifacial
IBC-SHJ cell shown in Fig.[6.1} Several IBC-SHJ solar cells with a range of W, values
are created in Sentaurus and illuminated by various spectral independent albedo «.
In general, albedo is wavelength dependent [137]. Nonetheless, in the spectral range
where silicon solar cells absorb, a constant value of 0.3 is a good approximation for
common surfaces on the earth, such as green grass and construction concrete. Next,

following the optoelectronic procedure described above, the output power Poyr(w, a)
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Fig. 6.2.: Our 2-D simulation framework for IBC-SHJ cells incorporating analytic
Lambertian light trapping shows strong agreement with (a). spectral dependent EQE
results (except for A < 400 nm) and (b). measured I-V characteristics adapted from

Yoshikawa et al. [120] (dots: experiment; line: simulation).

is calculated. Here, we assume typical finger parameters ty; = 40 um thick [138,|139]
and La; = 10 cm long [1204/134]; Wa; = Wp — W, = Wp - (1 — w) is our parameter
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for performance optimization of bifacial IBC-SHJ solar cells. To quantify shadowing
and resistive losses, the results are post-processed, such that the resistive losses due
to Al fingers can be extracted from the difference between power output with and
without the extrinsic resistance. By definition [51], the power output Pyt of solar

cell is given by:
POUT:VOC'JSC'FF; (63)

where Jgc is the short circuit current; Ve is the open circuit voltage; and FF is the
fill factor. These four key metrics (Voc, Jso, FF and Poyr) for assessing solar cell
performance are plotted as a function of w in Fig.[6.3] Jsc is dictated by total amount
of sunlight received from front and rear side. It increases linearly with increasing w
(see Fig. m(a)), as the gap between the electrodes allows larger fraction of the albedo
light to enter the cell and contribute to photo-generation. The loss of FF in Fig.[6.3(b)
is a consequence of increasing series resistance with increment of w. Increasing w
impacts the series resistance by (1.) reducing the overlap region between metal and
emitter/BSF layer to aggravate the current crowding effect; (2). narrowing Wy, to
increase Renger according to Eq. Since Ve scales logarithmically [51] with Jgc,
the increase in Voc in Fig. [6.3{(c) is easily explained. V¢ is relatively insensitive to
the variation of w, because V¢, as a metric that measures how good carrier transport
is within the absorber, is driven by the diffusion length of minority carriers, length
of quasi-neutral region and surface defect density etc. [140], none of which is directly
correlated to w between Al fingers. Since Js¢ and FF respond inversely to w, Poyr
as a function of w shows a concave downward curve, as shown in Fig. |6.3(d). For
increased «, the optimum w that delivers the maximum Pyt shifts to larger values,

as summarized in Table 6.1k
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Fig. 6.3.: Performance of the bifacial IBC-SHJ cell structure as a function of reduced

gap width w between Al metal contacts under various . (a). short circuit current;

(b). fill factor; (c). open circuit voltage; (d). power output. (dots: numerical results;

dashed line: trend lines).

Table 6.1.: Optimum w to maximum power output with given «a

01 03 05 07 09

0.67 0.72 0.78 0.78 0.78

Max. Poyr(mW /cm?)

2717 313 35.0 38.8 423
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At a = 0.3, total resistive loss and the optical loss of shadowing limit the realistic
maximum Poyr at 31.3 mW /cm? with a Wopt 0f 0.72, which exceeds Poyr of monofa-
cial IBC-SHJ cell by 4.5 mW /cm? (17% relative increase). Although the self-shading
effect in the monolithic module [141] has not been explicitly accounted for in this

work, it can be captured by reducing «. In this case, the improvement of Poyr from

monofacial IBC-SHJ cell to bifacial IBC-SHJ cells is still substantial.

6.4 Analytical Model

The numerical optimization above was performed for a particular IBC-SHJ Al-
interconnected cell. Different groups may design bifacial IBC cells variously, with
different grid periodicity, contact and metal resistances, etc. Therefore a general
solution for w,, () is desired. To develop this generalization, we first carefully assess
the performance of bifacial IBC-SHJ cell with o = 0.3 by breaking down the loss
mechanisms as depicted in Fig. [6.4

Optical loss of shadowing increased linearly with the decrease of w as it reflects the
fact that total amount of absorbed photons scaled linearly with unshaded area. The
effective contact resistive loss due to current crowding effect outweighs the finger re-
sistive loss, regardless of w. Remarkably, a generalized analytical expression captures
these essential features of power output by realizing Jsc(w, a) = Jsc(a = 0)-(14+a-w).

Therefore, Eq. can be rewritten as:

POUT(UJ> :POUT,mono'(1+a'w)_§'Lil"]?wpvmono‘(l_’_a.wy.m'“
Pe
= P rpmone - (14 - w)?- R

in which Pour mono is the standard output power of a monofacial IBC-SHJ solar cell;
JMP mono 15 the operating current of monofacial IBC-SHJ cell at maximum power

point; and p, is the contact resistivity between Al grids and heavily doped regions.
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Fig. 6.4.: (a). Illustration of different loss mechanisms (optical loss of shadowing,
effective contact resistance loss, finger resistance loss) under various w. (b). Our

analytical model (lines) shows strong agreement with simulations (circles) for o = 0.3.

To find the normalized gap width w that maximizes Poyr, we set de@—’fM:wom = 0;
the result for w,y; is given by:

W

ﬁi:1—u+@@pm+@ri (6.5)

Wopt =
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P mono
OUT, (6.6)

2
2 Lare
JMP,mono . (Q'tAl + pC)

o
Il

where ¢ captures the ratio of the output power density for the monofacial IBC-SHJ
cell to the total resistive power loss density. Typically, this should greatly exceed unity
in a good cell. At o = 0.3, the analytic solution is benchmarked against simulation
results. Strong agreement is observed in Fig. [6.4(b). For various «, the analytically-
calculated w matches with the numerical simulation within discretization error. By
inserting Eq. & into Eq. [6.4] the benefit of bifacial cell over monofacial cell
can be quantified as a function of @ and ¢, and further simplified for (o < ¢) as

follows:

Pour :1"“(1,[0_’_20[_2 a(oH_c)]g(l—i—a)(l—?\/%) (6.7)

POUT,mono &

The optimum power scales linearly with albedo (i.e. 1+ «), although the geometric
mean of albedo and the relative loss coefficient (i.e. \/a_/c) suppresses some optical
gain. The generalized analytic expression allows one to simply estimate the optimum
w and resulting benefit of a bifacial cell over a monofacial cell in the best case. Inter-
estingly, Eq. also offers an insight not immediately apparent from our numerical
simulations. By definition, w > 0, therefore Eq. suggests that the albedo must
exceed a critical value (o > «.) to ensure that bifacial operation actually produced
more power than its monofacial counterpart. By replacing a by «., and setting
Wepr = 0, we find that a, = 1/(c—2). Recall that for high quality solar cells, resistive
power loss is a small fraction of the total power output, therefore ¢ is much greater
than 2 and a, turns out to be very close to zero. For this specific numerical example,
Wept = 0 is reached when the critical albedo . < 0.01, implying that this bifacial cell

only outperforms its monofacial counterparts when albedo a > a. = 0.01.

6.5 Conclusions

In summary, we have explored the optimization of back contacted design for bi-

facial IBC-SHJ solar cell which theoretically outperforms the fast growing PERC
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technique as a pathway towards low cost of PV technologies. By incorporating a re-
alistic series resistance model that reflects both extrinsic and intrinsic resistive losses
into our well-calibrated 2D electro-optically coupled device simulation framework, we
have identified the w,,; between Al back contacts for bifacial IBC-SHJ solar cell under
various «. For a practical « of 0.3, we find that a bifacial IBC-SHJ cell outperforms
monofacial IBC-SHJ cell by 4.5 mW /cm? in the best case. Furthermore, a generalized
analytical expression addressing the balance of resistive loss and optical loss of shad-
owing was also derived, which shows that bifacial IBC solar cells offer a significant
advantage in power production across a broad range of albedos and materials. As a

result, this study may serve as a general guideline for the design and optimization of

future bifacial IBC-SHJ solar cells.
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7. TAILORING BACK CONTACT DESIGN OF
BIFACIAL PERC-TYPE CIGS SOLAR CELLS

7.1 Introduction

From chapter [0 we have developed a well-calibrated analytical formula to grasp
the optimum design of bifacial IBC-SHJ solar cell under various albedo. We now
look into generalization the formula to a wide variety of solar absorbers, (i.e. thin-
film solar cells). Copper Indium Gallium DiSelenide (CIGS) has been utilized to reach
a world-record efficiency of 22.9% as a single junction thin-film PV absorber by Solar
Frontier [142] employing a Cd-free buffer layer. Decent mini-module efficiency (18.6%)
with massive power production (2 GWp) has already been achieved [143]. Combined,
these results indicate that this chalcopyrite compound-based PV technology is highly
efficient and scalable. However, the ultimate performance is limited by the Shockley-
Queisser limit in this architecture, which is approximately 31% for the AM1.5G solar
spectrum. The convergence between realized and theoretical efficiencies in traditional
architectures has recently increased interest in new approaches.

To this end, bifacial PV recently has emerged as a promising technological path-
way towards higher energy yields |[119}/121-124,|143] by allowing additional rear ab-
sorption of sunlight scattered from ground (albedo). According to the International
Technology Roadmap for Photovoltaics (ITRPV) [11§], bifacial PV will gain 60% PV
market share by 2029. There has been some recent research exploring bifacial CIGS
solar cells. For the sake of allowing rear side absorption, it was initially proposed that

conventional Molybdenum (Mo) back contacts should be substituted by transparent

9The content of this chapter is primarily taken from a published conference proceeding: Y. Sun, M.
A. Alam, and P. Bermel, " A Generalized Analytic Model to Tailor Back Contact Design of bifacial
PERC-type Cu(In, Ga)Ses solar cells” 2019 IEEE 46th Photovoltaic Specialists Conference (PVSC),
Chicago, IL, USA, 2019, pp.3024-3027
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conducting oxides (TCO) to enhance the contact transparency. Rostan et al. [144]
proposed an AZO/MoSe, double layer structure as a semi-transparent conducting
oxide back contact for CIGS solar cell. Nakada et al. [145] presented comparable de-
vice performance between conventional CIGS/Mo and novel CIGS/FTO, CIGS/ITO
back contacts. Mazzer et al. [146] optimized deposition of CIGS/FTO and CIGS/ITO
back contacts by introducing a single-stage low-temperature pulsed electron deposi-
tion (LTPED). Cavallari et al. |[147] reported 11.6% efficient bifacial CIGS/AZO solar
cells. However, extremely low (<0.4) external quantum efficiency (EQE) has been
observed in the short wavelength range (400 nm - 700 nm) of measured EQE spec-
tra under rear side illumination for the aforementioned design (CIGS/TCO). Such
poor electrical transport behavior can be attributed to poor rear passivation. For
conventional monofacial CIGS solar cells, rear surface passivation is not of great im-
portance, since the majority of photon absorption occurs near the front side with
charge separation assisted by the p-n junction-induced electric field. However, un-
der rear illumination, majority electron-hole pairs will be generated toward the back,
causing nearly immediate recombination near a poorly passivated rear surface. To
mitigate this effect, a passivated emitter and rear cell (PERC) design that already
presents high efficiency and low cost for silicon solar cells is introduced. With the
presence of negative fixed charge at interface [148] and an observed reduction of in-
terfacial defects, Aluminum Oxide (Al;O3) has been extensively studied by different
research groups to demonstrate reduced surface recombination velocity and good pas-
sivation effect for p-type Silicon [149] and CIGS [150] absorber. Vermang et. al. [151]
studied the application of (Al,O3) rear surface passivation layer with nano-scale lo-
calized Molybdenum (Mo) point contact in ultra-thin (~240 nm) monofacial CIGS
solar cells and quantified performance improvement.

In contrast with the conventional CIGS/TCO designs for bifacial CIGS, opening
up gaps between Mo back contacts to allow albedo sunlight absorption from the rear
side of PERC CIGS solar cell is an alternative approach. However, there has not been

any previously published research modeling a bifacial PERC-type CIGS solar cell. In
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this chapter, we aim to modify a previously-developed analytical model calibrated
to TCAD electric transport solver by the present authors for back contact
design of bifacial IBC-SHJ PV to optimize and forecast the performance of bifacial
PERC CIGS solar cells.

Front Al | Simulation Domain | A| 1 Normalized AM 1.5G spectrum
| 200 nm n*-ZnO:Al 0.8
| |
I 50 nm n-CdS ; .‘? Bare CIGS
- .2 06 AZO
"g FTO
[-'4 o
0.2
0 —_ —a
400 600 800 1000

Wavelength (nm)

(B)

Fig. 7.1.: (A). Cross-section view of bifacial PERC CIGS solar cell with pitch width

Wp and gap width W, between Mo back contacts. Red dashed box labels the device
simulation domain. (B). S4 optical simulation shows reduced spectral reflectivity in
the solar spectrum that CIGS absorbs, by inserting Al,O3 passivation layer between
CIGS absorber and air.

7.2 Methodology

The cross-sectional view of the standard multi-layered structure of PERC CIGS
solar cell architecture is illustrated in Fig. A 3000 nm-thick p-CIGS absorber
layer is sandwiched between 50 nm n-CdS buffer layer and nano-sized Mo local point
contacts surrounded by Al,O3/MgFy double layer anti-reflective coating stack. A
200 nm n™-AZO window layer is deposited on top of the CdS buffer and serves as
n-type TCO for the cell. At the bottom side of the cell, periodic Mo point contacts
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are scaled up to cover larger area of the rear surface to reduce resistive losses. The
distance between centers of the Mo point contacts are defined as the pitch width Wp,
while the distance between the nearest edge of the Mo contacts are labeled as gap
width W, and the ratio of these two quantities are defined as normalized gap width:
w = W, /Wp. For bifacial PV, the presence of reflective Mo at the rear surface will
reflect albedo photons, whereas the shrinkage of Mo-covered area results in higher
series resistance. Therefore, there exists an optimum w that minimizes the combined
opto-electric losses, which has yet to be fully explored.

In Chapter. [6] we developed a generalized analytic expression of w for bifacial

IBC SHJ solar cell under various albedo condition [152], which is given as follows:

1
Pour(w) = Povtmons (1+010) = 5+ By Bypugne (14 - w)? - oL

o= Bapmono - (L4 - w)? - =L (7.0)

where Pout mono 18 the output power for monofacial device; a is the albedo factor;
JMP,mono 18 the operating current of monofacial device at maximum power point;
p is the resistivity of metallic contact; ty; is the metallic finger thickness; Ly is the
metallic finger length and p, is the contact resistivity at the absorber/metal interface.
Unlike IBC SHJ solar cell, this analytic expression of w cannot be simply extended
to study bifacial PERC CIGS solar cell with following reasons: (1). the efficiency
of IBC-SHJ cell under front and rear illumination scales linearly with illumination
intensity (albedo factor) with identical scaling factor. Owing to the fact that IBC-
SHJ solar cell has highly symmetric structure by utilizing ultrathin a-Si:H as the
passivation layer for both front and rear surface, whereas the optical structure of
PERC CIGS is completely asymmetric with AZO and Al,O3 attached to the front and
rear surface respectively; (2). carrier collection in IBC SHJ cell is not very sensitive to
the location of p-n junction since the minority carrier diffusion length in crystalline
Silicon absorber is magnitude orders greater than the absorber thickness. On the
contrary, minority electron diffusion length in p-CIGS is typically very comparable

to the CIGS layer thickness. It implies that carrier collection under rear illumination
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is not as efficient as that of under front illumination due to the fact that p-n junction
is usually placed near the front side. Essentially, Eq. has to account for the
two aforementioned factors before it can be used to assess bifacial PERC CIGS cell
performance. We introduced a normalized albedo factor o/ to substitute the nominal
« that appears in Eq. to quantify additional optical and electrical losses arising

from rear illumination:

o =a- Telec - Topt (72)

in which np describes the additional optical loss for light beams entering the AlyOg
passivation layer; neec depicts the electrical loss associated with presence of p-n junc-
tion far away from the location where majority optical generation occurs under rear
illumination.

Extraction of optical loss parameter 1,,;. We extract the spectral dispersion
relation of CIGS from [153] and establish air/MgFy/Al,O3/CIGS triplet stack in
rigorous coupled wave solver S4 [114] to generate spectral reflectivity of this multi-
layer structure. Bare CIGS is also studied to show that inclusion of Al,O3 layer
not only electrically serves as surface passivation layer but also optically superior to
common TCOs (i.e. ITO, AZO, FTO etc.) in suppressing the reflection loss, see
Fig. [7.1(B).

Extraction of electrical loss parameter ne.. The extraction of 1., requires
detailed 1-D device level simulation that can be performed by TCAD drift-diffusion
electron transport solver Sentaurus TCAD [38] under front and rear illumination
condition. As highlighted in red dashed box of Fig. (A), the electrical simulation
domain excludes the MgF,/Al,O3 stack while its passivation effect can be reflected
by setting the electron rear surface recombination velocity to a smaller value (i.e.
Sy, = 10° cm/s). The electrical properties of AZO/CdS/CIGS within the simulation
domain are adapted from [154]. Grain boundary effect [155] in poly-crystalline CIGS
solar cell is not considered here. To decouple optical loss quantity nep, from the
electrical loss quantity meee in the optic-electric coupled simulation, front and rear

surface are enforced to be perfectly anti-reflective (Ry, = Ry = 0%).
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7.3 Results & Discussion

The optical loss parameter mo, can be extracted by calculating the spectral
weighted average reflectivity (SWR) of CIGS/Al,O3/MgF,/Air multilayer stack from
Fig. [7.1(B) over the solar spectrum CIGS solar cell absorbs, given by Eq.
Jo =t Lan sa (M) R(A\) dA

Jo & Laarsa(\)dA
in which Ag, is the wavelength corresponds to the band edge of CIGS absorber;

R()) is the spectral reflectivity of the CIGS/Al,O3/MgF5/Air multi-layer stack. It

SWR = (7.3)

is found that 4.6% of incoming light is reflected; thus, nept is 0.954. On the other
hand, extracting the electrical loss parameter Mg is slightly complicated. With
aforementioned electrical properties and optical boundary condition, we calculated a
20% efficient CIGS solar cell could be achieved under front side 1-sun illumination.
Various illumination intensities were tweaked from 0.1 suns to 1 sun under both front
and rear illumination to ensure mMee. is independent of illumination condition, see
Fig. [7.2(A)-(B).

Finally, Nelec is found to be approximately 0.83. Plugging nepe and mMeiec back into
Eq. [7.2] we are able to calculate respective o/ for nominal a between 0 and 1. Sub-
stituting o by o/ in Eq. and assuming high quality monofacial cell performance
with efficiency of 22.3% [156], we can project the bifacial Pour(w) for any arbitrary
nominal albedo « as shown in Fig. [7.3(A):

We find that the bifacial cell efficiency plateaus at a specific w and quickly di-
minishes as w increases. We find that for a common a = 0.3 (i.e. green grass
or construction concrete [137]) bifacial cell produces 2.4 mW /cm? more (relatively
11%) power output than its monofacial counterpart when w = 0.72. On the other
hand, we also investigate the variation of contact resistivity p. that reflects the cur-
rent crowding effect near the vicinity of Mo point contact. As can be seen from
Fig. [7.3(B), if the contact resistivity exceeds 1  — cm?, severe current crowding is-
sues will quickly offsets enhancement of the device performance as w increases —

thus obviating the benefit of creating a bifacial architecture. This finding is consis-
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Fig. 7.2.:  (A). CIGS cell performance under various front and rear illumination
intensities, both efficiencies scale linearly with intensity and rear illumination suffers
more from electrical transport loss and thus has a flatter slope (B). Electrical loss
parameter Te. is defined as the fraction ratio of rear efficiency to front efficiency and

shows weak dependence of illumination intensity.

tent with the experimentally reported range of reasonable contact resistivity values
(about 0.08 — 0.2 Q — cm?) [157].

Despite the promising power output gain anticipated by employing the PERC-type
bifacial CIGS design, this design cannot be immediately commercialized for large scale
production from the manufacturing perspective. The gap between Mo back contacts
cannot exceed the minority electron diffusion length in p-CIGS absorber (~1 pm)
to maintain good carrier collection efficiency, therefore conventional screen-printed
metal deposition technique cannot be implemented here, and instead patterning with
expensive photolithography is needed, which may diminish the power output gain for

CIGS transitioning from monofacial to bifacial absorption.
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Fig. 7.3.: (A) bifacial PERC CIGS cell performance under various nominal «a; for a
global average o = 0.3, bifacial cell produces 2.4 mW /cm? (relative 11%) more power
output than its monofacial counterpart; (B) bifacial PERC CIGS cell performance
under various contact resistivity (p.) which reflects the current crowding near the

vicinity of Mo point contacts.

7.4 Conclusions

In this work, we report an alternative approach for bifacial CIGS solar cell us-
ing a PERC design configuration, rather than the conventional CIGS/TCO design.
Through rigorous optical and electrical simulation, we showed that Al,O3z can not
only passivate the CIGS rear surface, but also suppress reflective loss from rear side
illumination. Using a well-calibrated analytic model with nominal albedo « replaced
by corrected albedo o’ that accounts for additional fractional optical and electrical
loss switching from front to rear illumination, we are able to project an additional
power output of 2.4 mW /em? for bifacial cell above the monofacial record efficiency
cell, for a normalized gap width w = 0.72 under common albedo a = 0.3. Our results
can translate to design guidelines for manufacturers to optimize gap/pitch ratio (w)

for maximal power output as a function of albedo illumination. Despite the complex-
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ity of back contact patterning introduced with the proposed bifacial PERC CIGS
design, Our results can also be used as an intermediate step to project the levelized

cost of energy (LCOE) for bifacial CIGS solar cells.



95

8. REALIZATION OF RAPID SCREENING OF
PHOTOVOLTAIC DEVICE PERFORMANCE VIA AN
UNSUPERVISED NEURAL NETWORK AUTOENCODER

8.1 Introduction

According to the International Renewable Energy Agency (IRENA), global in-
stalled photovoltaics (PV) capacity has steadily risen to 480 GWp (Giga Watt Peak)
by the end of 2018 [158], 12 times the installed PV capacity in 2010. With the recent
expansion of PV manufacturing and installation, rapid screening and automated de-
tection of PV device performance has become essential to capture quality variations
in manufactured PV devices. While this screening can be performed manually, the
process can be labor intensive and expensive. As a result, researchers have recently
aimed to automatically screen the quality of silicon wafers for their suitability for PV
modules [159]. Still, there is a significant scope for more automated tools to further
improve quality and reduce costs.

Machine learning, as a subset of artificial intelligence, is a powerful tool with a
broad range of applications, which include PV. There are currently three types of
PV applications being researched: optimization, prediction and fault detection. For
instance, optimization of the performance of PV system through maximum power
point (MPP) tracking is achieved using machine-learning based approach [160-163|;
Ren et al. [164] demonstrated a Bayesian network approach that optimizes PV device
performance by linking the process variables to material descriptors and performance
parameters; Cao et al. [165] couples design of experiment and machine learning to

demonstrate the process variables optimization for organic photovoltaic devices. Sec-

9By the time of thesis deposition, the content of this chapter is primarily taken from an unpublished
paper that is currently under review.
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ond, machine learning can predict future trends in data through statistical analysis
of historical data. Li et al. [166] used Hidden Markov Model and Support-Vector
Machine (SVM) to precisely predict short-term future solar irradiance under various
weather conditions; Assouline et al. [167] combined SVM and geographic information
system to estimate rooftop solar PV potentials in the urban area at the commune
level in Switzerland. Third, given large amount of data for training, machine learn-
ing can serve as a powerful statistical fault detection tool for PV devices. Buratti,
et al. [168] extracted defect parameters using random forest a statistical regression
technique to inverse the Shockley-Read-Hall (SRH) equation; Garoudja et al. [169]
proposed a probabilistic neural network classifier to detect and diagnose the direct
current (DC) side of PV system; and Dhimish et al. [170] attempted to detect and
locate different types of PV system faults such as module failures and partial shading
through artificial neural network and fuzzy logic systems interfaces. Despite the wide
range of applications for machine learning in PV, an automated screening technique
for J-V characteristics of manufactured PV devices under standard illumination that
leverages new machine learning capabilities has not yet been developed and deployed
commercially.

As a new subset of machine-learning based fault detection and characterization, in
this chapter, we propose an unsupervised Neural Network Autoencoder (NNA) with
K-means clustering to meet the demand of rapid screening and automated detection
from PV manufacturers. The neural network autoencoder consists of encoder and
decoder that encodes and decodes J-V curves for clustering and validation. J-V curves
are encoded in a 2D latent space that serves as a compressed representation of original
curves. The K-means algorithm [171], as an unsupervised classification algorithm,
with elbow method are utilized to determine the number of clusters and generate
the clustering patterns for encoded data in the 2D latent space. The emphasis of
this work is on quickness and accuracy of classifying PV cells based on reported J-V
characteristics rather than focusing on the process optimization of PV devices [164].

This framework could not only serve as a quality control procedure for PV cells, but
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also help create a revised standard operating procedure (SOP) for PV cell quality
detection. Moreover, the classification results are tied to specific material descriptors,

which could provide PV manufacturers with potential directions for improvement of

“failed” PV devices.

Device Simulation Scheme
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Fig. 8.1.: The computational framework consists of three main components: 1). a

device simulation scheme that generates J-V characteristics for validation and classifi-
cation; 2). a validation scheme that encodes the light J-V in a compressed dimension
and decodes to reconstruct the input; and 3). a classification scheme that uses the
K-means algorithm to classify clusters for compressed representation of J-V charac-

teristics.
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8.2 Methodology

In order to realize the automated quick detection and classification of manufac-
tured PV cells, a machine-learning based framework consisting of three major com-
ponents is illustrated in Fig. [8.1] The first component, a device simulation scheme,
is an important aspect of this framework, since it provides large quantities of light
J-V data sets based on varied structural and opto-electric parameters for training,
validation and testing. In this case, we consider standard 1-D TCO/CdS/CdTe thin-
film solar cells as an example. Baseline layer-by-layer parameters are incorporated
from [154]. The thicknesses of the SnO and CdTe absorber layers are fixed at 150 nm
and 4 um, respectively. Variations in the structural and opto-electric parameters are

summarized in Table 8.1 below:

Table 8.1.: Summary of Input Parameter Values

Teas Na AEs @& FSRV Rs Ta
(nm) (ecm™3) (eV) (eV) (em/s) (Q—cm?) (ns)
50, 104,  —0.2, 0.1, 103 1, 0.1,
80, 10%, 0.2 02 10 5, 1,
100,  10'; 0.3, 10°; 10; 10,
120, 0.4, 100:
150; 0.5,
0.6;

where Tgqg is the CdS layer thickness; Ny is the acceptor doping density of CdTe
absorber layer (fully ionized); AE¢ is the conduction band offset at CdS/CdTe inter-
face [172]; ®p is the Schottky barrier height between CdTe and back contact; FSRV
is the front CdS/CdTe interface recombination velocity; Rg is the series resistance
and T, is the minority electron lifetime of CdTe absorber. The device simulation

is carried out using Sentaurus TCAD [133], a coupled Poisson and drift-diffusion
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solver for carrier transport in optoelectronic devices. In accordance with total num-
ber of simulated parameter sets, we have a total of 6480 generated J-V curves, out
of which 70% are randomly selected as the training set; 20% are categorized as the
validation set to provide unbiased evaluation of the model fit on training set; while
the remaining 10% are the test dataset. To prove that the framework is practically
useful, 31 experimentally reported J-V curves [173-182] of thin film CdTe solar cells

are extracted and appended to test dataset.

Input J-V: Reconstructed J-V:
TS
g S R
-~ - &)
-20| -20| |‘\;\
-40 _p _ -40 "
0 0.5 1 N5 0 0.5 1
193
- // /L'¢
Y/ D\ Encoder Decoder
197
- /////, O Hidden Layer 2: Hidden Layer 1:
/ Encoder 64 neurons - 64 neurons Decoder
= Hidden Layer 1: s Hidden Layer 2:
128 neurons wee 128 neurons
Input Layer: ROCHES I H Output Layer:
50 neurons 50 neurons

2D Scatter Plot

Fig. 8.2.: Schematics of Neural Network Autoencoder (encoder and decoder) for J-V
reconstruction and clustering pattern generation. The input J-V characteristics are
mapped into the input layer with 50 features (neurons), and encoded in a 2-D latent
space. A schematic illustration of the scatter in the latent space is shown as the
middle inset. The decoder then decodes the compressed representation in the latent

space and reconstruct J-Vs through mirror Neural Network.

The training set is then sent to the Neural Network Autoencoder (NNA) for
data compression (encoder) and validation (decoder). The NNA framework is built
upon Keras |183], an open-source neural network library written in Python, with

core commands adapted and modified from the Keras Bloﬂ As shown in Fig. [8.2]

Thttps:/ /blog.keras.io/building-autoencoders-in-keras.html



100

the NNA consists of an encoder that compresses input J-V curves into data points
of a 2-D latent variable space, and a decoder that is a mirror of the encoder and
reconstructs J-V curves from latent space data points. Both the encoder and decoder
are composed of two hidden layers with 128 and 64 neurons respectively, activated
by “ReLU” (Rectifying Linear Unit), with final output layer activated by “Linear”
(Linear Regression). The voltage bias of input J-V curves is confined between 0 and
1 V with an increment step of 0.02 V, thus each training example (J-V curve) has
51 data points (features). The loss of reconstruction is defined as the “mse” (mean
squared error) between reconstructed J-Vs and input J-Vs, and is minimized during
training through Adaptive Moment Estimation known as “ADAM” [184] - a gradient
descent algorithm that computes adaptive learning rate for each parameter.

Before training the NNA, there are two concerns that need to be addressed: 1).
Assuming that the operational region of solar cells is in the first quadrant, light J-V
curves decrease non-strictly monotonically with increases in the voltage bias. The
NNA is not aware of the non-strict monotonicity of trained J-V curves, and as such,
it may produce an unphysical J-V reconstruction at the output layer. To mitigate
this effect, instead of direct training of the input J-V curves, we trained the current

density difference between adjacent biases as shown in Eq.
AJ = JM = JN, (8.1)

in which 7 is an integer between 1 and 50 representing the ¢ feature in the training set,
m is the index number of training examples and J" is the current density of the m™
J-V curve at the voltage bias of (i—1)-0.02 V. Since the input training matrix contains
none-negative elements in it, no negative elements in the reconstructed matrix are
also expected; 2). Another aspect of the training set is that AJ™ spans over a wide
range of positive values as AJ{" remains small near Jg, while increasing drastically

near Vi for fractional J-V curves. Thus, feature scaling of AJ-V is essential to
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ensure faster convergence of the gradient descent algorithm. Max-min normalization
is applied in this case to scale AJ in the range of [0, 1]:

AJ™ — min(AJ;)
max(AJ;) — min(AJ;)

AJ™ = (8.2)

where min(AJ;) and max(AJ;) are the global minima and maxima of AlJ; across all
training examples.

Once the NNA is trained, testing dataset (648 simulated J-Vs + 31 experimental
J-Vs) are thrown into the framework to generate 2-D compressed representations of
the input. To realize the rapid screening and classification, the elbow method [185] is
utilized to determine the optimal number of clusters (K value) for 2-D scattered data
in latent space. After K is chosen, K-means algorithm [171] is implemented to select
the cluster that each data point belongs to. To clearly distinguish between the J-Vs
in each clusters, cluster centroids are computed and processed in decoder to generate

respective AJ’-Vs. Reconstruction of centroid-based J-Vs can be completed following

Eq.

n (k
Jy = Bt (=1)
i—1 , (8.3)
Ji=J1— > AT [max(AJy) — min(AJy)] + min(AJy); (1 >2)
k=1

where n denotes the total number of data points in the latent space that belong
to one cluster. Since the reconstruction at the output layer only predicts AJ, J;
(equivalently Jg¢) of centroid-based J-V is computed by averaging over the J; of J-V
curves in the same cluster. Each subsequent current density at non-zero voltage bias
can be obtained by subtracting the summation of AJ between adjacent voltage biases
from J;. To bridge the connection between the NNA generated clustering patterns
and input parameters of solar device simulation, the color map of the data points in
2-D intermediate latent space generated from simulated J-V curves is developed, in

which color code labels various parameter values.
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Fig. 8.3.: Reconstruction of J-V characteristics randomly selected from the neural
network autoencoder: (A). Reconstructed J-Vs (blue dots) show good agreement with
the original J-Vs (red lines) across a wide range of values; (B). Reconstruction of the

normalized AJ" between adjacent voltage bias points (AV = 0.02 V).

8.3 Results & Discussion

The reconstructed test J-Vs from the trained NNA framework are benchmarked
against input test J-Vs to validate the training outcome. For the sake of clarity and
simplicity, instead of plotting full set of test J-Vs, five J-Vs are randomly selected
out of the 648 simulated test J-Vs for demonstration. As shown in Figs. [8.3(A)&(B),
reconstructed J-Vs show good agreement with input J-Vs despite that selected J-Vs
vary substantially due to different input parameter values.

With the validation of trained NNA framework, 2-D scatter plot of encoded rep-
resentation of test J-Vs can be retrieved with clustering pattern highlighted by the
color code. As illustrated in Fig. [8.4[A), the total number of clusters is found to
be K = 3 according to the elbow method, and each test J-V is plotted as a single
circular data point in the graph with the colors red, blue, and green reflecting which
cluster each data point falls into. Crosses represent the centroids of each cluster. The

vast majority of data points fall into the lower left-hand corner, which is classified
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further into the red and blue clusters, while the few data points that are identified in
the green cluster span the remaining areas. 2-D scatter plots of encoded simulated
test J-Vs with color codes indicating different Rg and ®p values in Figs. [8.4(B)&(C),
respectively.

All simulated J-Vs with Rg values of 5 © — cm? and 10 € — cm? fall into the lower
left corner, while J-Vs with Rg of 1  — cm? are spread across different clusters. Sim-
ilarly, majority J-Vs with large ®p values are categorized in the red cluster indicates
some correlation between ®p values and clustering patterns. Experimental test J-Vs
are projected in Fig. [8.4[(D) as black crosses. Among 31 literature-reported J-Vs, 19
belong to red cluster, 11 belong to blue cluster and only 1 belongs to green clus-
ter. To understand the rationale of the clustering patterns, J-Vs of the centroids
of red, blue and green clusters are reconstructed through combining the centroids-
decoded AJ' — Vs with Eq. [8.3] Reconstructed J-Vs of cluster centroids are plotted
in Fig. [8.5(A), the color of each curve matches the color code of cluster patterns in
Fig. [8.4(A). Three J-Vs have substantial distinctions especially for J in large voltage
bias region (V > 0.8 V), with typical rollovers beyond V¢ can be observed in the red
centroid. Both green and blue curves have no significant roll-over effect beyond Vo
indicating that Rg is not the performance limiting factor in both cases. Thirty one
experimental J-Vs are also plotted in Fig.[8.5(B), with color indicating the automated
classification of each test case. J-Vs in green cluster exhibit greater negative current
density at V = 1V and smaller V¢ compared to J-Vs of blue cluster.

To set up the correlation between input parameters with physical meanings and
clustering patterns generated from statistical approach, the breakdown of test J-Vs
are plotted with various Rg and ®g respectively. Intuitively, the aforementioned two
parameters are the key driving forces for roll-over effects beyond V. The influence

of Rg on J can be explained using ideal diode equation of solar cells shown in Eq. 8.4}

Q(V + JRs))
nkT

in which J is the operating current density; Jy, is light generated current density; J,

J=Jp — Jyexp ( (8.4)

is the reverse saturation current density; n is the ideality factor; k is the Boltzmann
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2D Scatter Data in latent variable axes defined by the autoencoder: (A)

categorized by three clusters generated from K-means algorithm, with each member

coded as red, blue and green circles, and cluster centroids highlighted by black crosses;

(B). 2D Scatter Data categorized by various series resistance Rg values (10 © — cm?

in orange circles, 5 2 — cm? in green circles and 1 2 — ¢cm? in blue circles); (C). 2D

Scatter Data categorized by various Schottky barrier height &5 values from 0.1 eV to

0.6 eV (dark red to dark blue); (D). 2D Scatter plot of three clusters based on purely

simulated testing J-Vs and experimental testing J-Vs are highlighted in black cross

which are distributed in all three clusters.
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Fig. 8.5.: (A). Reconstructed J-V characteristics from the centroid points of three dif-
ferent clusters showing substantial distinctions. (B). Classification of 31 experimental

J-Vs reported in literature for three different clusters.

constant and T is temperature. For V > V¢, J flips its sign with respect to the photo-
generated current J;, and becomes negative current density. For a fixed bias V and J,
increasing Rg would cause the exponential term to be smaller and with self-consistent
solving procedure, J would be less negative. On the other hand, ®p is a measure of
Schottky Barrier height near the back contact, which is often modeled as a diode in
series with the solar diode but with opposite orientation in the circuit model [17§].
When &5 is large, superimposing the J-V curves of two diodes will induce J-V rollover
beyond Voc. As shown in Fig. [8.6] despite the fact that majority J-Vs are categorized
in red cluster, several observations and conclusions can be drawn from the plots of
simulated J-Vs breakdown. 1). For Rg = 10  — cm?, all the corresponding J-Vs
are labeled as “red cluster”, indicating that extraordinarily large Rg outweighs the
impact of other parameters and keeps J as a small negative value near the vicinity
of V=1V. In contrast, Rg =1 Q — cm? is a prerequisite for J to remain largely

negative and J-Vs to be classified in the green cluster. However, the classification of
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clustering pattern does not solely depend on one parameter. Moderately small Rg
(1,5 Q2 — cm?) is necessary but not sufficient to exclude J-Vs from the red cluster;
2). The Schottky Barrier height ®p is the second most influential parameter to
classification of the clustering patterns besides Rg. The probability of simulated J-Vs
to be classified as blue clusters generally increase as ®g decreases, which is consistent
with the awareness that increasing &g will lead to likelihood of J-Vs rollover and
smaller negative current density at V= 1V.

To fully understand the rationale of the K-means generated clustering patterns,
the performance distribution of test samples within each cluster is assessed. For
visualization, two performance metrics (Voc,n) of whole test dataset are plotted in
Fig. with cluster classification highlighted by identical color code to Fig. 4(A).
It is apparent that Voc of red cluster J-Vs span over wide range (0.4 V ~ 1 V),
with majority of cell performance not exceeding 10% efficiency (degraded cells). In
contrast, blue cluster J-Vs on average exhibit higher Vo (0.8 V) and higher efficiency
(~15%).

While our trained NNA framework with the K-means clustering approach has
shown good correlation between selected input physical parameters (i.e. &g and Rg)
and clustering patterns, the model is still inadequate and has room for improvement.
Standard plot of light J-V starts at V=0 V and terminates at V = Vp¢. Reported
Voc values in the literature rarely exceed 1 V [174], with typical Voc values of
CdTe solar cells falling between 0.8 — 0.9 V. We can retain the J-V characteristics
beyond V¢ by confining the voltage bias range from 0 V to 1 V with a step size
of 0.02 V. The variance is then easily defined as the summation of AJ among J-
V curves under the same bias. The fixed range and step size of voltage not only
simplifies the definition of variance and loss function, but also provides additional
information of the light J-V characteristics beyond Voc that has been commonly
excluded from the standard light J-V analysis. Nonetheless, fixed range of voltage
can also induce uneven contribution to variance at respective bias. According to

Fig. B.5(B), the classification of clusters mainly depends on J|y—iv where J varies
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Fig. 8.6.: (A). Count of cluster classified J-Vs with various series resistance Rg; (B).

Count of cluster classified J-Vs with various Schottky Barrier height ®p.

by substantial amount of current density (~ 200 mA /cm?) for respective J-V curves,
while J|v—gv = Jsc varies by less than 30 mA /cm?. Thus, the classification outcome
is not very susceptible to the current density variation near Jgc¢ and cannot be linked
to Jg¢ sensitive input parameter such as Tcqs, which impacts Js¢ by varying the
thickness for different levels of parasitic absorptions. Another possible shortcoming

is that V¢ is not closely tied to the classification outcome. Although J-Vs of the
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blue cluster generally exhibit greater Voo and 1 than those of green cluster and red
cluster, the classification via unsupervised learning does not guarantee the clear cutoff
for clusters in terms of cell performance. The Voe of J-Vs in red cluster spans over
a wide range from < 0.5 V to 1 V. The reason is that a small negative J near the
vicinity of 1V, as a signature of the “red cluster”, is not sufficient to determine the
exact Voc.

There are several potential model improvements that may enhance the quality
of J-V screening and detection. Firstly, as mentioned above, current clustering re-
sult is largely driven by the large variation of current density J near 1V. Adding
fractional coefficients to reduce the impact of large variation of J near 1V and to

emphasize the variation of J near OV could result in more balanced contribution from
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both the small and large bias regions. An alternative way to realize it is to replace
the global normalization procedure with local normalization at each individual bias,
then the variation of J becomes a fraction of (Jyax(V) — Jmin(V)) at each bias V.
Secondly, although K = 3 is recommended through standard elbow method as the
optimum number of clusters for J-Vs screening from the statistical perspective, it
may not be directly tied into the underlying physical phenomena. Third, besides the
unsupervised learning algorithm with K-means clustering proposed in this paper, su-
pervised learning models such as support-vector machines (SVM) can also be utilized
for backward extraction of physical input parameters from input J-V curves. This can
be done by labeling each training J-V that contains high-dimensional features with
a low dimensional (7 dimensions in this case) vector of which each element within
is a measure of respective input parameter values. Trained SVMs with kernel [186]
can reconstruct test J-Vs by implicitly mapping the low-dimensional vector into high
dimensional feature space, and extracting the input parameter values by reading the
elements in the low dimensional vector. Nonetheless, in comparison with the physics-
based five parameter (5-D) compact model for light J-V characteristics, the Neural
Network Autoencoder appears to be a more powerful tool that only need 2-D latent

space for data compression with fairly accurate J-V reconstructions.

8.4 Conclusions

In this chapter, a rapid screening and automated classification of light J-V char-
acteristics of photovoltaic devices has been realized, demonstrated, and validated
against experimental data. An unsupervised deep learning Neural Network Autoen-
coder consists of multi-layer encoder and decoder is designed to encode light J-Vs
in 2-D latent space for clustering and decode light J-Vs for reconstruction and vali-
dation. TCAD 1-D device modeling of CdS—CdTe solar cell was implemented with
a list of sweeping parameters in drift-diffusion solver Sentaurus TCAD to generate

sufficient amount of light J-V characteristics for training, validation and testing of
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the autoencoder. Clustering number K and patterns of the J-V encoded data points
in 2-D latent space are computed through elbow method and K-means algorithm re-
spectively. The universality of the NNA framework manifest itself in reconstructing
both simulated and experimental J-Vs. Among sweeping parameters in the device
model, Rg and &y are found to be the highest contributing parameters to the forma-
tion of clustering patterns. Specifically it is found that all that J-V curves belong to
green cluster has Rg = 1 Q — cm? and J-V curves with Rg = 10 Q — cm? are classi-
fied in red cluster. This framework paves the way for combining statistical machine
learning models with physics-based device models to realize automated detection and
rapid screening of J-V characteristics of photovoltaic devices, which is considered as
a promising technique to help establish a new standard operating procedure (SOP)

for quality control in the large-scale production of PV panels.
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9. SUMMARY & FUTURE WORK

9.1 Thesis Summary

In this thesis, we developed a comprehensive multi-physics based framework to
solve various PV-related problems. Specifically, we established an opto-electro cou-
pled framework that self-consistently solves the optical generation and carrier trans-
port within the solar cell structure through Technology Computer Aided Design
(TCAD) softare Sentaurus as the baseline modeling platform to provide physical
insights and detailed analysis in both Silicon and thin-film solar cells. The major

accomplishments of the thesis include:

1. exploration of novel rear-heterojunction design of wide-E, GalnP solar cell as
a transitional stage towards improvement of high efficiency multijunction solar

cells;

2. discovery of temperature and illumination effect on Silicon heterojunction solar
cell and coupling optical, thermal and electrical energy transfer for assessing

the radiative cooling effect on concentrating photovoltaic devices;

3. derivation of analytical formula that is well calibrated to rigorous optic-electric
coupled device simulation for optimal design of back contact pattern in bifacial

solar cells;

4. construction of neural network autoencoder that compress and restore J-V char-
acteristics of thin film solar cells to quantitatively classify manufactured cells

and realize rapid screening.
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9.1.1 Summary of chapter [2; Modeling wide-E, GaInP solar cell

Development of wide-E, (> 2.0 V) solar cell is essential to form multijunction
(junction number > 4) photovoltaic devices that achieve ultra high efficiency (> 40%).
State-of-the-art Molecular Beam Epitaxial (MBE) grown wide-E, GalnP only delivers
efficiency of 3.1%, which is substantially lower than theoretical maximum efficiency.

To tackle this problem, we have made the following contributions:

1. Establish the device modeling framework that successfully reproduce the exper-

imental I-V characteristics;

2. Identify the major cause of the performance degradation in wide-E, solar cell:
the poor quality AllnP/GalnP interface and relatively low minority carrier life-

time in absorber:;

3. Propose n-i-p structure to enhance the carrier collection efficiency with the
presence of electric field, optimize the structure by tweaking the doping concen-

tration and thickness of absorber.

9.1.2 Summary of chapter [3 Exploring Novel Rear Heterojunction De-

sign for GalnP solar cell

GagsIngsP (GalnP) with bandgap of 1.89 eV is lattice-matched to GaAs and
is ideally the leading candidate for top cell for the monolithic mutltijunction pho-
tovoltaics. Recent advance of efficiency enhancement for GalnP solar cell relies on
shifting the conventional front homojunction (FHJ) design to rear heterojunction
(RHJ) design. Despite the efficency boost, there is a lack of physics-based explana-
tion of how the RHJ prevails over FHJ. To clarify it, we have made the following

contributions:

1. Derive the analytical model of dark recombination current for both design and
quantify the suppression of recombination current within space charge region

for RHJ;
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2. Perform the numerical device model with variation of rear surface recombination
velocity and minority carrier lifetime to identify the critical parameter values

for both design;

3. Propose diffusive back reflector as future direction of improvement to enhance

the optical absorption (thus Jsc) near the rear side of RHJ GalnP solar cell.

9.1.3 Summary of chapter [4: Discovery of Voc degradation in Thin-Film
Vapor Liquid Solid grown InP solar cell

Indium Phosiphide (InP) has a bandgap of 1.4 eV similar to GaAs, is close to the
optimum E, for PV applications according to spectral Shockley-Queisser Limit chart.
The major obstacle that prevents it from commercialization is the expensive vacuum
based MBE growth technique involved. Vapor Liquid Solid (VLS) growth technique
is proposed to lower the process cost but suffers from Voo degradation. To explain

the origin of this phenomenon, we made the following contribution:

1. Based on the exponential relation between applied bias and illumination in-
tensity, quantitatively correlate the photoluminescence (PL) image with spatial

distribution map of Voc;

2. Examine two hypotheses local shunting and bandgap narrowing for degradation
by establishing spice circuit model for InP gridline network and reproduce the

degraded I-V characteristics observed in VLS grown samples.

9.1.4 Summary of chapter Radiative Cooling Effect in Concentrating

Photovoltaics Systems

With the presence of 8-13 um atmospheric transmission window, radiative cooling
has emerged as a promising passive cooling technique for solar device operation with

high heat load. We made the following contributions to quantify the effect:
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1. Set up rigorous device modeling framework to quantify the efficiency of Silicon

heterojuncion solar cell under various illumination intensity and temperature;

2. Propose the porous soda-lime glass with near ideal spectral emissivity profile as

radiative cooler for concentrating photovoltaic devices;

3. Create opto-thermal-electric coupled framework that self-consistently solve the
energy balance equation and equilibrium temperature for the operational device

employing different passive cooling techniques;

4. Demonstrate the advantage of radiative cooler over passive finned copper cooler

through newly-introduced figure of merit ”cooling power per weight”.

9.1.5 Summary of chapter [6} Tailor Back Contact Design of bifacial IBC

Silicon Heterojunction Solar Cell

Bifacial solar cells that allow the absorption of sunlight from both front and rear
side have become increasingly important with projected 60% of total PV market share
by 2029. Combining bifaciality with commercialized Silicon heoterjunction solar cell
can boost power output for fixed footprint. There was yet study to find out optimum
back contact pattern that minimize the sum of optical shadow loss and electrical

resistive loss. To combat this challenge, we made the following contribution:

1. The benchmark of experimental I-V characteristics and spectral external quan-
tum efficiency profile of record monofacial IBC-SHJ solar cell with developed

opto-electric device model for validation;

2. Introduce rear side illumination into the simulation setup and modify the back
contact length scale to explore the optimum contact/gap ratio that maximize

the total power output of bifacial IBC-SHJ solar cells;

3. Develop generalized analytical formula for power output as a function of gap

ratio and albedo factor, which is well-calibrated to simulation results.
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9.1.6 Summary of chapter Tailor Back Contact Design of bifacial
CIGS Solar Cell

The importance of switching from monofacial to bifacial photovoltaics is ad-
dressed in Chapter [0 It is worthwhile generalizing the bifacial analytical model
of Copper Indium Gallium DiSelenide (CIGS), which is considered as the leading
thin film PV technology with highest state-of-the-art efficiency. Direct application of
previously develoepd analytical model for CIGS is not feasible since carrier transport
within CIGS absorber depends heavily on the position of electric field. To come up
with the alternative analytical model for thin-film technology, we made the following

contribution:

1. Decouple the front and rear illumination in CIGS solar cell, and introduce
fractional optical and electrical losses for device performance after switching

from front to rear illumination;

2. Modify the generalized analytical model for IBC-SHJ solar cell to account for
additional losses in CIGS with electric field away from the absorbing surface

under rear illuminations;

3. Use the modified analytical model to predict the fractional power output en-

hancement under global average albedo factor of 0.3.

9.1.7 Summary of chapter |[8; Rapid Screening and Automated Detection
of PV cell Performance via an unsupervised Autoencoder Neural

Network

With global installed PV capacity expanding rapidly over past decades, rapid
screening and automated detection of manufactured PV cell performance is essential
for speedy and precise quality control. To meet this demand, we utilized autoen-
coder machine learning package for data processing and classification. We made the

following contribution:
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1. Invent new approach to treat light J-V characteristics with multiple biases anal-

ogous to training, testing and validation examples with multiple features;

2. Construct autoencoder neural network to compress J-Vs in 2-D latent space
and validate the framework through reconstruction of J-Vs by decoding the

compressed data from latent space;

3. Employ elbow method and K-means algorithm to classify the encoded data in

2-D latent space to achieve automated classification of input J-Vs;

4. Corrlate clustering patterns with input strucutural and electrical parameters
to find out series resistance Rg and schottky barrier height ®p are the leading

factors in determining clustering result.

9.2 Future Work
9.2.1 Tunnel IBC-SHJ solar cell

As silicon-based PV cell efficiencies approach the S-Q limit using interdigitated
back contacted architecture, the complex fabrication procedure involving interme-
diate photolithographic patterning steps makes it currently unsuitable for low-cost
commercialization. There has been great efforts in seeking for low-complexity fabri-
cation process for IBC Silicon-based solar cells. Tunnel-IBC was developed to allow
full-area deposition of p-type a — Si : H film at that rear side as a blanket layer with-
out patterning. In this way, p-type a — Si: H thin film directly contacts to intrinsic
a — i : H film and forms the hole collector in the area devoid of n-type a — Si: H;
while the electron collector is composed of intrinsic a — Si : H, n-type a — Si : H and
p-type a — Si: H a triple layer stack that characterizes an interband tunnel junction
for carrier transport. Despite the simplicity of the fabrication process, tunnel-IBC
Silicon solar cell exhibits > 22.5% efficiency which is approx. 4% below that of a
conventional IBC Silicon cell. It is invaluable to investigate the source of this discrep-

ancy and propose advancement plans for this growth process to help IBC technology
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maintain high efficiency, become more cost effective and take over the market share

of PV industry.

9.2.2 Bifacial Tandem Perovskite/IBC-SHJ solar cell

Reduction of levelized cost of energy(LCOE) is the key goal that PV community
needs to focus on to keep up with other clean energy sources. One way to realize
it is to maximize the power ouput for fixed footprint. Besides the rapid expansion
of bifacial single junction technology, tandem solar cells were proposed long ago as
an alternative pathway to realization by reducing the thermalization loss arisen from
high-E, photon absorption. Recent advances in perovskite solar cells led it to be con-
sidered a highly-promising top cell candidate with tunable bandgap and cost effective
roll-to-roll process. Recent work indicates that bifacial Perovskite/Silicon tandem
solar cells can theoretically achieve a normalized output efficiency of 33% at practical
albedos with insensitive design constraints to Perovskite layer thickness. Nonethe-
less, state-of-the-art record monolithic Perovksite/Silicon tandem solar cells exhibits
29.1% power conversion efficiency, which is well below the theoretically projected ef-
ficiency. In this regards, potential future work may involve 1). exploration of the
origin of efficiency gap; 2). investigation of different tandem or triple junction de-
signs (monolithic versus separate, involving a range of contacting schemes); and 3).

improvement of reliability of perovskite top cells and overall mean time to failure.
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