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a b s t r a c t

III-nitride InGaN material is an ideal candidate for the fabrication of high performance photovoltaic (PV)
solar cells, especially for high-temperature applications. Over the past decade, significant efforts have
been made to improve the PV performance of InGaN-based solar cells. In this paper, we perform a
comprehensive review of the recent developments in InGaN-based solar cells. The topics of discussion
include theoretical modeling, material epitaxy, device engineering, and high-temperature measurement.
Particularly, we highlight subjects such as substrate technology, and properties that are unique to InGaN
materials such as polarization control and their positive thermal coefficient. To date, outstanding high-
temperature InGaN-based solar cells with quantum efficiency approaching 80% at 450 �C have been
demonstrated. Future innovations in epitaxy science, device engineering, and integration methods are
required to further advance the efficiency and expand the applications of InGaN-based solar cells.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Since the 1990s, GaN-based III-nitride semiconductors have
aided in the development of high-performance optoelectronic de-
vices, e.g., light-emitting diodes (LEDs) [1,2], laser diodes [3,4], and
electronic devices including RF transistors [5,6] and power devices
[7,8]. In 2002, it was discovered that InN has a bandgap energy of
0.64 eV, which was much lower than the previously accepted value
of 1.9 eV [9]. This new finding expanded the tunable direct bandgap
of InGaN materials from ultraviolet (GaN ~3.42 eV) to near infrared
(InN ~0.64 eV) spectral regions, providing a near perfect match to
the entire air-mass-1.5 solar spectrum [9,10]. InGaN materials also
exhibit many other attractive properties, including a large absorp-
tion coefficient (105 cm�1), high saturation velocities, high mobil-
ities, high thermal stability, and outstanding radiation resistance
[9e14]. All of these advantageous features make InGaN materials
the ideal candidates for PV applications, especially for high-
temperature operation and operations in harsh environments.
and Computer Engineering,
This includes photovoltaic thermal (PVT) hybrid solar collector
systems [15], terrestrial concentrated PV systems [16], and space
explorations [17].

Over the last two decades, research efforts on InGaN-based solar
cells have increased significantly. First generation InGaN-based
solar cells were fabricated on p-i-n structures with thick InGaN
layers grown on c-plane sapphire substrates. In 2007, Jani et al. [18]
reported the first PV response from an InGaN/GaN p-i-n double
heterostructure (DH) solar cell with a 200 nm InGaN active layer.
This device showed an open circuit voltage (Voc) of 2.4 V and an
internal quantum efficiency (IQE) of 60%. Later, Neufeld et al. [19]
reported improved device performance from a similar p-i-n DH
device with a peak external quantum efficiency (EQE) of 63%, a fill
factor (FF) of 75%, a short circuit current density (Jsc) of 4.2 mA/cm2,
and a Voc of 1.81 V under concentrated AM0 illumination. In 2009,
Horng et al. reported InGaN/GaN solar cells with a bulk InGaN layer
of 150 nm, realizing a power conversion efficiency (PCE) of 0.8%
[20]. In 2010, Dahal et al. achieved a PCE of 2.95% with an InGaN/
GaN multiple quantum well (MQW) structure [21]. It was found
that the performance of InGaN-based solar cell devices could be
further improved by utilizing strained InGaN/GaN MQWs or
superlattice active layer structures, which are similar to the
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structures of commercial LEDs [21e23]. It was argued that these
thin QW layers could successfully mitigate the defect issues found
in thick InGaN layer structures and therefore lead to improved
device performance [16,22,23]. In 2017, Liu et al. demonstrated
InGaN/GaN solar cells with an optimized MQW design, which
improved the PCE to 3.56% [24]. However, these QW InGaN-based
solar cells were commonly grown on polar c-plane GaN, which
suffers from notorious polarization-related effects [25,26]. It was
reported that these effects prohibit the transport of photogenerated
carriers in InGaN QWs, thus fundamentally limiting the carrier
collection and PCE of InGaN-based solar cells [27,28]. Recently,
Huang et al. demonstrated “polarization-free” InGaN/GaN QW solar
cells grown on novel nonpolar and semipolar bulk GaN substrates
[29e31]. These new solar cells showed significantly improved
carrier collection and a high potential to break the PCE limit in
current polar devices. Nonetheless, the PCE of current InGaN-based
solar cells still lags far behind theoretical values (>20%) [27,32]. The
poor PCE can be attributed to low-quality InGaN layers, which
suffer from issues such as phase separation, defect generation,
polarization effect, and p-type doping. In addition, the thermal
performance of InGaN-based solar cells also attracted significant
interest [12,13,33e35]. Various groups reported a positive thermal
power coefficient for InGaN-based solar cell devices, which is very
different from conventional Si or III-V PV devices [12,13]. For
example, Huang et al. [30] reported a large working temperature
range, from room temperature to 450 �C, for nonpolar InGaN-based
solar cells. In addition, these solar cells had positive temperature
coefficients for temperatures up to 350 �C. This unique feature
indicated that InGaN-based solar cells could potentially be used as
the high energy cell in multijunction (MJ) devices for concentrator
PV applications, PVT systems, and in space applications where high
temperature PV operation is critical.

In this paper, we perform a comprehensive review on the recent
development of InGaN-based solar cells, covering key research
topics on theoretical simulation, material epitaxy, device engi-
neering, and high-temperature measurement, as summarized in
Fig. 1. Following this introduction section, Section 2 discusses the
theoretical analysis of InGaN-based solar cells using both house-
developed models and commercial software, highlighting the
unique impacts from polarizations of III-nitrides. Section 3 presents
the material epitaxial growth of InGaN-based solar cells, where
recent results on epitaxy methods (e.g., MOCVD vs. MBE), epilayer
structures (e.g., bulk materials vs. QWs), and substrate materials
(e.g., sapphire substrates vs. bulk GaN substates) will be discussed.
Section 4 summarizes the device engineering approaches of InGaN-
based solar cells, including polarization control, energy band en-
gineering, and optical design. Section 5 reviews the high-
temperature performance of InGaN-based solar cells, including
thermal stress performance, positive temperature coefficient, and
carrier dynamics at high temperatures. Finally, Section 6 concludes
the paper and discusses necessary future work for InGaN-based
solar cells to reach their full potential.

2. Theoretical studies

Three major theoretical approaches have been used to study the
electronic and optical properties of InGaN-based solar cells: in-
house models [43e53], commercial software [27,28,32,36,54e63],
and open-source software [64,65].

2.1. In-house models

In-house models of InGaN-based solar cells were largely
developed using the classical drift-diffusion model, which was
widely used to study Si and III-V solar cells. Key material
2

parameters, such as the bandgap energy and absorption co-
efficients, were modified to apply the model to the simulation of
InGaN-based solar cells. The majority of these works, however, do
not consider the polarization effects unique to III-nitride materials.
Nevertheless, these early theoretical works provided useful infor-
mation on the design of InGaN-based solar cells.

For single junction cells, early simulation work was focused on
the impacts of material quality and device structures on the per-
formance of InGaN-based solar cells. For example, Feng et al. [45]
found that the indium content, thickness, and defect density of the
InGaN i-layer had strong effects on the device characteristics of the
InGaN-based solar cells. This included the absorption, PCE, Jsc, Voc,
and PCE of the devices. As expected, increasing indium content in
the active region causes absorption and Jsc to increase, while Voc and
conPCEare reduced, as shown in Fig. 2(a and b). However, authors
have underestimated the defect density in the InGaN layers and the
effect of these defects on the related material properties. In addi-
tion, the degradation of InGaN layers becomes much more severe
when more indium is incorporated during growth.

For more advanced structures, Cavassilas et al. [47] theoretically
analyzed the PV performance of InGaN-based solar cells with thick
InGaN layers and QW structures. They found that a MQW structure
balances the trade-off between photon-absorption and electronic
transport, which are rival phenomena in nanostructure based solar
cells. However, such nanostructures need to be properly designed
since the PCE is strongly impacted if the confinement and bias are
not carefully controlled.

Recently, Huang et al. [49] analyzed the major loss mechanisms
in InGaN-based solar cells using a semi-analytical model. This
included transmission loss, thermalization loss, spatial relaxation
loss, and recombination loss. Among all of these loss mechanisms,
the transmission loss plays the primary role in InGaN-based solar
cells due to the large bandgaps of III-nitride materials. In addition,
they found Shockley-Read-Hall recombination loss is the dominant
recombination process. They also discovered that the optical
properties of InGaN layers are mainly determined by the Urbach
energy, which has significant impacts on the electrical performance
of the solar cells, especially in Jsc and Voc.

For tandem solar cells, research efforts were mainly focused on
exploring the possibility of integrating III-nitride solar cells with
existing devices on Si or III-V. For example, Hsu et al. studied the
characteristics of monolithic InGaN/Si two-junction (2J) series-
connected solar cells using the air mass 1.5 global irradiance
spectrum [44]. This theoretical analysis revealed that the alignment
of the Si valence band with the In0.46Ga0.54N conduction band
eliminates the need for heavy doping at the InGaN/Si heterointer-
face. The overall PCE of the two-junction InGaN/Si solar cells can
reachmore than 31%, and it can be higher than 36% in 500 suns and
AM1.5G condition.

Later, Toledo et al. performed a comprehensive theoretical study
to investigate the design space of integrated III-nitride/non-III-
nitride tandem solar cells [43]. The paper pointed out that an InGaN
top cell bonded to a 3J or 4J subcell is themost feasible and practical
design. Moreover, the actual device parameter requirements largely
depend on the bandgap combinations of the III-nitride top cell and
the non-III-nitride subcell. For example, as shown in Fig. 2(c and d),
the EQE values of various InGaN top cells are decided by the
bandgap combinations.

Furthermore, Huang et al. [49] found that the stringent current
matching requirements would lead to a limited choice in the top-
junction bandgap for 2J InGaN-based solar cells. A stable and high
PCE of 43.5% can be potentially achieved with a limited top-
junction bandgap window from 1.70 eV to 1.78 eV. In addition,
increasing solar irradiance also boosts the performance of 2J
InGaN-based solar cells.



Fig. 1. Advantages, challenges, and strategies of InGaN-based solar cells [30,36e42]. Reprinted with permission from Ref. [30,36,38,41]. Copyright 2018, AIP Publishing. Copyright
2012, Elsevier. Copyright 2021, Elsevier.
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2.2. Commercial software and open software

Several companies offer commercial software for solar cell
simulations, including APSYS from Crosslight
[27,28,32,36,56,57,59,60], Silvaco Atlas [58,62,63], COMSOL [55]
and SCSim from STR [61]. Compared with in-house models, these
software packages offer more complicated and comprehensive
simulations, allowing more accurate materials parameters to be
applied.

APSYS is the most widely used solar cell simulator that solves
Poisson and drift-diffusion equations self-consistently. Using
APSYS, Fabien et al. [28] performed a comprehensive simulation of
InGaN-based solar cells with realistic materials parameters,
including appropriate p-type doping, background doping, and
InGaN layer thickness and indium concentration. They found that
the maximum PCE of a p-i-n InGaN/GaN heterojunction solar cell
with low indium composition is around 11%, but the PCE reduces
drastically for devices with higher indium contents due to strong
polarization effects. The paper pointed out that the detrimental
polarization effects can be eliminated by using InGaN p-i-n
homojunction devices. However, these devices are still far from
being feasible. In addition, their simulations also show that the
optimal bandgap energy for the solar cells decreases as the back-
ground doping increases.

Silvaco Atlas is a commercial device simulation tool based on the
drift-diffusion model. It can simulate photovoltaic device perfor-
mance, including effects such as tunneling and thermionic emis-
sion. It can also simulate heterojunction interfaces and full optical
3

models. Fang et al. [62] used this TCAD-based tool to study MQW
InGaN-based solar cells at high temperatures and high solar con-
centrations. These simulation results were compared with experi-
mental data. Their study revealed that polarization effects in
InGaN-based solar cells led to a drop in IQE of the solar cells,
indicating that polarization reduces the carrier collection efficiency.

In addition, open software has been used for the simulation of
InGaN-based solar cells. For example, Jeng et al. [64] used the open
software AMPS-1D to simulate the characteristics of InGaN MQW
solar cells. However, only energy band diagrams were simulated in
their study, possibly due to the limitation of the simulation capa-
bility of the software.

These simulation results can provide helpful design guidelines
for high-performance InGaN-based solar cells. Instead of using ideal
material parameters and simplistic models, more realistic and
complex simulation work should be performed. These simulations
should consider effects such as defects, doping, and polarization. In
addition, the influence of high temperature and high irradiance on
the material quality, carrier dynamics, polarization, and perfor-
mance of InGaN-based solar cells should be a key focus of simulation
studies. Moreover, novel solar cell structures such as multijunction
solar cells, graded InGaN layers, lattice-matched substrates, and
nanostructures should be proposed and simulated to help further
increase the PCE of InGaN-based solar cells. As for software choices,
AMPS-1D uses Poisson's equation and continuity equations to
analyze the transport behavior of 1D structures including homo-
junction, heterojunction, andmulti-junction solar cells. Since it uses
a 1D approach, it may not be suitable for realistic 3D structureswith



Fig. 2. Simulation of the relationships between InGaN-based solar cell performance and bandgaps/compositions. (a) Jsc and (b) Voc as a function of thickness for InGaN-based solar
cells with different composition and defect densities. ◻, B, and △ denote In0.02Ga0.98N, In0.12Ga0.88N, and In0.15Ga0.85N p-i-n homojunction solar cells with i-thickness of 150 nm.
Reprinted from Ref. [45] with permission. Copyright 2010, AIP Publishing. (c) Contour lines showing the design space for the EQE values of InGaN top solar cells in an (c) integrated
III-nitride/non-III-nitride 3-junction solar cell and in an (d) integrated III-nitride/non-III-nitride 4-junction solar cell under AM1.5D, 1000 suns. Reprinted from Ref. [43] with
permission. Copyright 2012, AIP Publishing.
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nonhomogeneous properties. The applications of this software are
further limited because quantum size effects and tunneling are not
accounted for in the simulations. As for APSYS, it uses 2D or 3D finite
element methods to analyze the properties of semiconductor de-
vices. The APSYS software has the ability to simulate all of the de-
vices that AMPS-1D can do. Furthermore, the APSYS can also handle
more complex devices such as transistors and resonant tunneling
4

diodes. This software also has complex physics models available,
including the quantum tunneling and transport model, thermionic
emission model, and PooleeFrenkel model. The Silvaco Atlas soft-
ware provides a series of simulators such as Luminous and S-Pisces
for optoelectronic devices. This allows 2D and 3D devices, device
operation, and physics models to be simulated, providing a com-
plete analysis for solar cells.
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3. Epitaxy growth

3.1. MOCVD vs. MBE

In terms of growth techniques, MOCVD and MBE are the two
major methods that are widely used by researchers for the epitaxy
of InGaN-based solar cells. There are also limited reports of using a
sputtering method to grow InGaN materials for PV applications.
InGaN growth using MOCVD has been extensively developed for
InGaN LEDs in the ultraviolet to green spectral range. The MOCVD
growth method is capable of mass-production of InGaN with a fast
growth rate, high throughput, and potential for multi-wafer
growth. In comparison, MBE growth of InGaN materials is often
used by academic institutes or industrial research laboratories due
to the high precision control in layer thickness and interfaces it
provides. Drawbacks of this method include its low growth rate and
low throughput. Both MBE and MOCVD can produce InGaN layers
with indium compositions ranging from 0% to 100%, which is
desirable for narrow bandgap InGaN-based solar cells and multi-
junction solar cells. Two recent reviews have summarized the
growth of InGaN layers by MBE and MOCVD [66,67].

Islam et al. [68] studied the MOCVD growth of InGaN layers for
solar cell applications with indium compositions up to 40%. There
are two critical parameters used to control the indium composition.
The first is trimethylindium/(trimethylindium þ triethylgallium)
(TMI/(TMI þ TEG)) molar ratio or TMI flow rate and the second is
growth temperature. Generally speaking, higher TMI flow and
lower growth temperature lead to higher indium compositions.
They conducted a series of experiments to investigate the effect of
TMI flow rate and growth temperatures on InGaN growth. First, the
TMI/(TMIþ TEG)molar ratiowas varied from0.2 to 0.74 at a growth
temperature of 800 �C. When the ratio was 0.2, phase separation
was observed due to the instability of InGaN at this ratio [69]. This is
because Ga is mostly in the solid phase, while In is in the vapor
phase at high temperatures, resulting in inhomogeneity and phase
separation. When the ratio was increased to 0.38, the phase sepa-
ration was suppressed due to the increased supply of In Ref. [70].
Increasing the ratio to 0.74 resulted in not only an increase in in-
dium composition, but also the formation of metallic indium in the
InGaN film. The latter is caused by the InN dissociation and indium
condensation on the growth surface at a low V/III ratio [71]. The
indium formation can be eliminated under a high V/III ratio due to
excess nitrogen on the growth surface. Furthermore, they also
varied growth temperature from 750 �C to 850 �C at a TMI/
(TMI þ TEG) molar ratio of 0.38. High quality InGaN films with an
indium composition of up to 40% were achieved without phase
separation or metallic indium formation. Fig. 3 shows the indium
composition as a function of TMI flow rate and growth tempera-
ture. The indium composition in the InGaN films increased linearly
with an increasing TMI flow rate below 800 �C. Phase separation
occurred at low TMI flow rates below 300 sccm. The indium
composition decreased linearly with increasing growth tempera-
tures when the TMI/(TMI þ TEG) molar ratio was less than 0.38. It
has been reported that InN has a lowdecomposition temperature of
600 �C [72]. High temperatures can cause the evaporation of InN
due to the high volatility of nitrogen over InN. Metallic In is more
likely to form at both low growth temperatures below 800 �C and
high TMI/(TMI þ TEG) molar ratios above 0.38. It is also worth
noting that growth rate and InGaN film thickness also play a role in
the phase separation [73]. Large InGaN film thickness can exacer-
bate the phase separation caused by strain relaxation as the solid
solubility was significantly reduced for relaxed films due to strain
[74]. A high growth rate achieved by increasing III sources can help
to suppress phase separation, indicating phase separation can be
5

controlled kinetically. To grow high quality InGaN films, the TMI/
(TMI þ TMG) ratio and V/III ratio needs to be carefully controlled. A
low TMI/(TMIþ TMG) ratiowill cause In desorption and a high TMI/
(TMI þ TMG) ratio will cause supersaturation. When In concen-
tration increased, a higher V/III ratio should be used to facilitate the
In incorporation and suppress the phase separation [66].

In MBE growth, it is easier to incorporate indium into InGaN
films than with MOCVD growth. Like in MOCVD growth, high in-
dium compositions in MBE growth can lead to phase separation
due to growth kinetics. This includes InN thermal decomposition
and indium surface segregation [75]. To solve these issues, it is
important to enhance the diffusion rate of In adatoms on the sur-
face to grow non-phase separated InGaN films with high indium
compositions. Clinton et al. provided a comprehensive discussion
on metal modulated epitaxy (MME) and N-rich low-temperature
MBE growth that can produce InGaN films throughout the misci-
bility gap [66]. MME periodically shutters the effusive cells for Ga
and In where nitrogen is always present (i.e., the growth is
continuous). Therefore, the growth mode switches between metal-
rich growth and N-rich growth. The former can increase adatom
mobility, and the latter can be beneficial for p-type doing [66,76].
GaN was first grown by MME as a baseline because binary com-
pound growth is much easier than ternary compound growth (i.e.,
InGaN). Fig. 4(a) shows the transitioning between Ga-rich growth
and N-rich growth for MME GaN films. The MME uses a combina-
tion of low growth temperature and high metal fluxes to avoid the
intermediate phase regime. This dramatically reduces the forma-
tion of surface pits and produces high-quality films. In addition,
GaN films with ultrahigh doping concentrations were also realized
by MME [77]. With the assistance of in situ feedback from RHEED,
MME growth of UID-GaN, p-GaN, and n-GaN were calibrated with
repeatable procedures. To grow high-quality InGaN films by MME,
phase separation must be solved. As mentioned above, phase
separation is caused by thermal decomposition and indium surface
segregation. Thermal decomposition can be mitigated by using a
low growth temperature, and indium surface segregation can be
suppressed by N-rich growth. However, the two growth conditions
also lead to low adatom mobility and thus high surface roughness.
On the other hand, metal-rich growth can improve film quality but
suffers from indium surface segregation. MME growth is proposed
to solve this dilemma. Single-phase InGaN films throughout the
miscibility gap have been demonstrated by MME growth [66].
However, MME growth can only produce high-quality InGaN films
with In composition less than 20% or more than 60%. MME InGaN
films with intermediate In compositions from 20% to 60% suffered
from high defect densities. Therefore, advanced nucleation and
strain relaxation techniques are needed to reduce defect densities.
Fabien et al. [77] employed low-temperature N-rich MBE growth to
grow InGaN films with In compositions between 20% and 60%,
which can suppress the phase separation of InGaN films, as shown
in Fig. 4(b). During the InGaN growth, thismethod involves opening
the metal and plasma shutters and using non-traditionally low
substrate temperatures in the range of 360 �Ce450 �C. MME and
low-temperature N-rich MBE growth can be used independently
and selected depending on device applications. MME growth can
produce high-quality smooth films with any thickness, GaN films
with high doping concentrations, and InGaN films spanning the
miscibility gap. However, MME InGaN films with In composition
less than 60% have large defect densities and low optical emission.
Low-temperature N-rich MBE growth is suitable for growing InGaN
films with In compositions between 20% and 60%, which is
important for solar cell applications. However, this method is
limited to thin InGaN films because the surface roughness increases
with increasing film thickness.



Fig. 3. Quality of InGaN films under different growth conditions (a) In composition as a function of TMI flow rate at different growth temperatures. (b) In composition as a function
of growth temperature at different TMI/(TMI þ TEG) molar ratios. Reprinted from Ref. [68] with permission. Copyright 2013, Elsevier.

Fig. 4. MME growth for single-phase InGaN films. (a) Growth diagram of GaN by MME. Reprinted from Ref. [66] with permission. Copyright 2017, Elsevier. (b) 2qeu diffraction
patterns of InGaN films of different composition. Reprinted from Ref. [77] with permission. Copyright 2015, Elsevier.
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3.2. Bulk InGaN vs. QWs

Growth of the InGaN active layer for III-nitride solar cells can
be roughly divided into two categories: bulk structure and MQW
structure. For Si, III-V and II-IV solar cells, a thick active layer (e.g.,
bulk structure), is the most common design. This is because these
devices usually require an absorber with a thickness larger than
1 mm to fully absorb the incoming light spectrum. However, it is
extremely difficult to grow bulk InGaN layers due to previously
mentioned challenges, especially with high indium compositions.
Furthermore, the use of foreign substrates such as sapphire or Si
degrades the material quality of InGaN and results in basal
stacking faults and threading dislocations in an order of
109e1010 cm�3 [78]. Early demonstrations of InGaN-based solar
cells have been mainly based on bulk InGaN layers with either p-i-
n or p-n structures [18e20,79e82]. The common features of cells
with bulk InGaN layers are their low Voc and the relatively high Jsc
values. Typical Voc lower than 2 V as well as large voltage-bandgap
offsets (Woc) in such structures can be attributed to the low quality
of InGaN absorbers. Fig. 5(a and b) show that the Voc of bulk solar
cells drops rapidly with increasing In concentration, while the Voc
of MQW solar cells only decreases slightly with In concentration
up to 45%. Recent results show that a bulk InGaN layer with a
thickness of more than 100 nm can be realized through both
Fig. 5. (a) and (b) Voc of solar cells as a function of indium concentration for MQW struct
concentration of two structures, (c) and (d) total thickness of InGaN layers as a function of in
colors represent various substrate choices and different shapes for different growth metho

7

MOCVD and MBE approaches. For example, Islam et al. [68] re-
ported the MOCVD growth of InGaN films with an indium fraction
up to 39% and a thickness up to 650 nm. However, phase sepa-
ration and severe strain relaxation were observed in such InGaN
films. Several groups have even reported a more than 1000 nm
(1 mm) InGaN layer [68,83]. Nonetheless, the PV performance of
those devices is still far from satisfactory and below the theoretical
limits. For example, the Voc values are particularly lower than 1 V,
indicating degraded material quality. This is attributed to the large
amounts of defects and dislocations generated during the growth
which strongly impact the material quality [66]. Therefore, the
two major challenges for InGaN bulk growth are the large lattice
mismatch between InGaN alloys and GaN (due to the lack of
suitable native substrate) and the limited miscibility of InN and
GaN.

Due to these challenges with bulk structure growth, MQW
structures have been adopted in the development of InGaN PV
devices to better preserve material quality and maintain relatively
good device performance. These structures are similar to the
InGaN-based LEDs [11e13,21e23,25]. The film quality of InGaN
absorbing layers is better maintained in MQWs since each InGaN
layer is below critical thickness and is also strained in each QW
period. The QWs and QBs should be designed to minimize lattice
mismatch and reduce strain. A net strainwill cause the relaxation of
ure and bulk, respectively. Solid lines roughly fit the trends between Voc and indium
dium concentration for MQW structure and bulk, respectively. Solid dots with different
ds.
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layers and generate dislocations. The following equation can serve
as a simple guideline to design QWs and QBs [84]:

�
aw e atemp

�
tw¼ �

ab e atemp
�
tb

where tw and tb are the thickness of QWs and QBs, and aw, ab, and
atemp are the lattice constant of QWs, QBs and, the template.

Since the lattice constant of the QWs depends on In concen-
tration, the thickness of QWs and QBs should be adjusted accord-
ingly to reduce lattice mismatch. InGaN-based solar cells with
MQWs or SL generally exhibit Voc values larger than 2 V and small
Woc values of around 0.5 V despite having relatively low Jsc. As
shown in Fig. 5(c and d), the total thickness of InGaN layers with a
MQW structure is mostly limited to 100 nmwhile grown using the
MOCVD method. This is related to the thin QW in the MQW
structure, which is usually below 6 nm. In this case, if the number of
periods of MQWexceeds a certain value, the stress in the epi-layers
could induce more defects and threading dislocations, and even-
tually result in severe structure deterioration [84]. As a result, it is
very difficult to increase or even maintain device performance
measures such as PCE by increasing the periods of the MQW.
Nonetheless, a total thickness of InGaN layers with at least 200 nm
is required for the complete absorption of incoming sunlight, which
remains a great hurdle even with MQWs or SL structures.
Furthermore, there are few reports on InGaN devices with indium
compositions larger than 35%. This is attributed to the aggravated
indium segregation and phase separation that occurs with more
indium in the InGaN layers, which leads to severely degraded
material quality and structural integrity.

Several groups and organizations have thoroughly investigated
QW structures and their related PV properties, including the pe-
riods of QWs [85], the thickness of QWs [86,87], and the thickness
of barriers [88e90]. The periods of QWs and the related active re-
gion thickness can be tuned to modify the PV performance of MQW
solar cells [85]. The EQE of the devices was firstly increased by
increasing the periods of QWs, which improved light absorption in
thicker active regions. Further increase in the periods, however,
only resulted in the saturation of the EQE. Based on calculation and
capacitance-voltage measurements, the depletionwidth was found
to saturate with the increase of periods, which left a large region of
MQW not depleted and led to the enhanced recombination of
carriers in this region. Therefore, it is important to delicately con-
trol the active region thickness to enhance the light absorption and
fulfill complete depletion.

Redaelli et al. have extensively explored the influence of the
thickness of QWs and barriers on the PV performance of solar cells
[86,88]. They characterized the properties of solar cells with
increasing thickness of QWs. Based on the Cathodoluminescence
(CL) measurements, the emission wavelength would redshift with
increasing QW thickness due to the decrease in band-to-band
transition energy. Meanwhile, the increase in the thickness of
QWs would induce the generation of defects by strain relaxation
which causes nonradiative recombination. Also, the increase of QW
thickness results in decreased overlap of ground state carrier
wavefunctions due to the quantum confined Stark effect (QCSE).
Similarly, they pointed out that the band-to-band transition energy
was enlarged by the reduction of the thickness of barriers resulting
in the blueshift of the absorption edge. Moreover, the enhanced
carrier wavefunction overlap and the efficient carrier extraction
facilitated by the increased tunneling possibility of carriers led to
improved EQE and superior performance. In general, the thickness
of both QWs and barriers needs to be appropriately tuned to
maintain the pseudomorphic growth of MQWs, increase the ab-
sorption of the incident light, and prompt the transportation and
collection of carriers.
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Table 1 summarizes the literature in recent 6 years for InGaN-
based solar cells with different structures and growth conditions.
Clearly, the development of InGaN-based PV devices will be a great
challenge considering the great number of parameters and steps
that need to be carefully controlled. It's imperative to optimize the
growth condition for InGaN layers with tunable In concentration
and proper thickness and develop lattice-matched substrates for
the devices. In the meanwhile, nanostructures can be an alternative
for the absorber layer design, because they have unique properties
compared to thin films and have been widely used in III-nitride
growth and InGaN-based optoelectronics [91e96].
3.3. Sapphire substates vs. bulk GaN substates

The choice of substrate materials also plays a vital role in the
fabrication of high-quality solar cells. Candidates include sapphire,
GaN, strain-relaxed InGaN, Si, and SiC. Sapphire substrates,
including patterned sapphire substrate (PSS), are the dominant
choices due to their low cost, easy availability, high-temperature
stability, and transparent nature [13,18,21,80,83,110e112]. None-
theless, owing to the large lattice and thermal mismatch between
sapphire and GaN, the InGaN films grown on sapphire generate a
high density of dislocation defects, which can reduce the quantum
efficiency of solar cells [113,114]. To mitigate this problem, GaN
buffer layers are usually grown on sapphire before the growth of
InGaN layers to diminish themismatch [115]. Native GaN substrates
have also attracted research attention and have been employed for
growing InGaN layers as the GaN substrate technology is maturing
on the market [29e31,112]. Devices grown on GaN substrates have
generally demonstrated better PV performance than their coun-
terparts grown on sapphire [23,112]. Recently, semipolar ð2021Þ
and nonpolar m-plane GaN substrates have attracted the interest of
researchers [29e31]. Compared to conventional polar c-plane GaN
substrates, InGaN-based solar cells grown on the semipolar and
nonpolar GaN substrates have reduced polarization, which facili-
tates carrier collection and leads to better performance. However,
even with the reduced defect density of ~106 cm�3 in the native
GaN substrates, the compressive stress in the InGaN layers still
needs to be carefully managed to avoid defect generation. In this
regard, InGaN templates/substrates could provide better solutions
for these issues than GaN substrates [116e118]. Hestroffer et al.
reported the growth of a fully relaxed In0.1Ga0.9N layer by plasma-
assisted molecular beam epitaxy (PAMBE) [118]. An 800 nm graded
InGaN buffer layer with In concentrations ranging from 0 to 18%
was first grown by varying the Ga flux, followed by the growth of a
520 nm In0.1Ga0.9N layer. The relaxationwas explained by the climb
of edge dislocations and dislocation glide. The fully relaxed layer
can effectively reduce the lattice mismatch and lower dislocation
defect density. Si and SiC substrates are alternative choices for
InGaN layer growth [119e121]. Si substrates benefit from low cost,
easy availability, and larger thermal conductivity than sapphire.
Still, Si substrates suffer from an even larger lattice mismatch with
GaN, which hinders their applications. 6HeSiC substrates have a
relatively small lattice mismatch with GaN and have a larger ther-
mal conductivity. However, the bulk 6HeSiC substrates are
expensive, which makes them unsuitable for commercialization.
4. Device engineering

4.1. Polarization control

Many theoretical simulations and experimental investigations
have demonstrated the influence of polarization on III-V nitride
materials and devices [30,36,48,56,57,60,65,122e124]. InN and



Table 1
Reports on InGaN-based solar cells.

No. Structure (Substrate) InGaN layer (nm)
(Growth method)

Peak EQE (%) Champion
PCE (%)

Highlight Ref.

1 InGaN/GaN MQWs (Sapphire) In0.1Ga0.9N(3.2)/GaN(5.5) 22 periods
(MOCVD)

64 1.12 Comparison of AlN and sapphire
substrates

[97]

2 GaN/InGaN MQWs (Sapphire) In0.04Ga0.96N(2.5)/GaN(6) 10 periods
(MOCVD)

N/A 1.61 Superlattice structure [98]

3 GaN/InGaN MQWs (Sapphire) In0.1Ga0.9N(3.2)/GaN(3.3) 36 periods
(MOCVD)

84 1.31 Effect of QW thickness [87]

4 p-AlGaN/InGaN/GaN MQWs/n-
AlGaN (Sapphire)

In0.1Ga0.9N(3)/GaN(7) 30 periods
(MOCVD)

57 1.77 AlGaN blocking layers [54]

5 Ag nanoparticles/InGaN/GaN
MQWs (Sapphire)

In0.25Ga0.75N(3)/GaN(13) 9 periods
(MOCVD)

N/A 0.98 Plasmonic and piezo-
phototronic effect

[99]

6 InGaN/GaN MQWs (Sapphire) In0.25Ga0.75N(3)/GaN(13) 9 periods
(MOCVD)

N/A 1.24 Piezo-phototronic effect [100]

7 InGaN/GaN MQWs (Sapphire) In0.137Ga0.863N(3)/GaN(5.6) 20 periods
(MOCVD)

36 1.32 GaN tunnel junction contact [101]

8 InGaN/GaN MQWs (Sapphire) In0.08Ga0.92N(24)/GaN(2) 6 periods
(MOCVD)

85 0.39 Semibulk absorber [102]

9 InGaN/GaN MQWs (Sapphire) In0.2Ga0.8N(2.5)/GaN(4.5) 3 periods
(MOCVD)

50 2.235 Surficial GaN nanostructure [103]

10 InGaN/GaN MQWs (Sapphire) In0.14Ga0.86N(1.72)/GaN(4.14) 30 periods
(MOCVD)

61 3.56 Improved MQW quality [104]

11 Graded p-InGaN/InGaN/GaN
MQWs/n-InGaN (Sapphire)

In0.4Ga0.6N(5)/GaN(10) 30 periods
(MOCVD)

28 1.4 Graded p-InGaN&In-rich InGaN [105]

12 InGaN/GaN MQWs (semi-polar GaN) In0.4Ga0.56N(3)/GaN(9) 3 periods
(MOCVD)

91.4 0.82 Semi-polar GaN substrate [106]

13 p-AlGaN/InGaN/GaN MQWs (Sapphire) In0.25Ga0.75N(2)/GaN(18) 10 periods
(MOCVD)

5.8 0.259 Barrier thickness optimization [107]

14 p-GaN/i-InGaN/n-GaN (Sapphire) In0.095Ga0.905N(bulk 188)
(MBE)

24.4 0.33 Bulk InGaN by MBE growth [108]

15 InGaN/AleN/GaN (Sapphire) In0.235Ga0.765N(15)/AleN(2monolayers)/
GaN(2.5) 6 periods (MBE)

N/A 1.75 AleN passivation [109]
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GaN, with a wurtzite crystal structure, exhibit spontaneous polar-
ization along the c-plane (0001) direction. Due to the lattice
mismatch between InGaN and GaN, a strained InGaN layer grown
on a GaN layer induces piezoelectric polarization. Both sponta-
neous and piezoelectric polarization contribute to the charge
accumulation at the InGaN/GaN interfaces and the polarization-
induced electric field, which affects the band structure and car-
rier collection of solar cells. The orientation of the spontaneous
polarization points from nitrogen atoms to metal atoms along the
c-axis [125]. Therefore, the orientation of the electric field induced
by spontaneous polarization depends on the polarity of the grown
layer (Ga-face or N-face). For the compressively strained InGaN
layer grown on GaN, the orientation of the piezoelectric polariza-
tion is opposite to that of the spontaneous polarization. The
collection of carriers is influenced by the built-in electric field and
the polarization electric field. Considering both polarity and het-
erojunction structures, there are four types of solar cells (i.e., p-i-n
with Ga-polar, p-i-n with N-polar, n-i-p with Ga-polar, and n-i-p
with N-polar), as shown in Fig. 6(a) [126]. For the p-i-n with Ga-
polar and the n-i-p with N-polar solar cells, the orientation of the
built-in electric field and the polarization electric field is opposite.
In this case, the polarization electric field raises the valence band
offset and induces a high energy barrier height for holes, which
prevents the collection of holes and reduces the current. On the
contrary, in the p-i-nwith N-polar and the n-i-p with Ga polar solar
cells, the orientation of the two electric fields is the same, which
facilitates carrier collection. In the conventional p-i-nwith Ga-polar
InGaN-based solar cells, the performance of solar cells is severely
hindered by the polarization effect. To mitigate this influence,
several structures can be adopted, including p-i-nwith N-polar and
n-i-p with Ga-polar solar cells [57,127,128], InGaN homojunction
solar cells [129,130], and InGaN-based solar cells grown on non-
polar or semi-polar GaN substrates [29e31].
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Li et al. [57] analyzed the effects of polarization on the PV
performance of GaN/InGaN p-i-n solar cells using the APSYS soft-
ware package. The Jsc, Voc, and JeV curve of solar cells with different
polarization charges were carefully studied. It was found that when
interface charges were increased, Jsc decreased and Voc increased
slightly as shown in Fig. 6(b). They determined that the electric
field created by the polarization charges was in the opposite di-
rection of the built-in field, which hinders the drift and collection
of holes and electrons and leads to a decrease of photocurrent and
drop of the J-V curve. Meanwhile, with the increase of the interface
charges, a drop formed in the hole Fermi level at the interface,
which resulted in the increase of Voc. Furthermore, they proposed
that the PV properties of N-polar devices will not be affected by
polarization due to the reversed direction of the polarization-
induced field.

In addition to the design and study of the MQW absorbing
layers, Huang et al. [29] have proposed a practical strategy to en-
gineer the energy band structures of InGaN-based solar cells. They
first adopted nonpolar m-plane and semipolar ð2021Þ plane bulk
GaN substrates to demonstrate nonpolar and semipolar InGaN/GaN
MQW solar cells. They reached the conclusion that the nonpolar
and semipolar GaN crystal orientations could improve the PV per-
formance of InGaN-based solar cells by systematically comparing
the optical and electrical properties of the nonpolar, semipolar, and
conventional polar devices. As shown in Fig. 6(c and d), nonpolar
and semipolar devices have lower barrier heights than polar de-
vices, which increases the tunneling rate of carriers and leads to
better EQE. Therefore, the improvement in PV performance can be
attributed to better carrier transport and collection in nonpolar m-
plane devices, which reduced polarization effects. Compared with
other methods such as increasing doping concentration, using
nonpolar substrates is more practical, which paves a way for the
broad application of III-nitride solar cells.



Fig. 6. The influence of polarization effect on InGaN-based solar cells. (a) Schematics showing polarization effects in four different InGaN/GaN structures. Reprint from Ref. [126]
with permission. Copyright 2018, the Optical Society. (b) IeV curves for InGaN-based solar cells with different polarization charges. Reprint from Ref. [57] with permission.
Copyright 2010, John Wiley and Sons. (c) Band diagrams and (d) EQE spectra for m-plane, ð2021Þ plane, c-plane InGaN MQW solar cells. Reprint from Ref. [29] with permission.
Copyright 2017, AIP Publishing.
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4.2. Energy band engineering

The carrier transport mechanisms of MQW solar cells are affected
by their energy band profile. Sayed et al. [84] have recently summa-
rized the progress on quantum solar cells and reviewed the influence
of energy levels on carrier transport. There are two main carrier
transport approaches: thermionic emission and tunneling. Thinwell
thickness and low barrier heights are required to achieve thermionic
emission, and a high possibility of tunneling can be obtained by using
thin barrier thickness and low barrier heights. By tuning the
composition of MQW, barrier and well thicknesses, and barrier
heights, the transport approaches inMQWsolar cells can be switched
between thermionic emission and tunneling. As for InGaN-based
solar cells, Lang et al. [131] reported that temperature-independent
tunneling is dominant for thin barriers and temperature-dependent
thermionic emission becomes prominent for thick barriers. These
studies suggest that when analyzing the carrier dynamics of these
devices, the structure and energy band profiles of the devices should
be carefully considered.

In 2018 Huang et al. [54] devised a universal strategy for energy
band engineering of InGaN MQW solar cells. As shown in Fig. 7,
AlGaN electron and hole-blocking layers were incorporated into the
device structure during MOCVD growth. The insertion of these
blocking layers changed the band offset, which blocked the flow of
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carriers to the incorrect sides and facilitated the extraction of car-
riers. Time-resolved photoluminescence (TRPL) results suggest that
the carrier lifetime on the solar cells with AlGaN layers increased by
more than 40% compared to the reference sample, indicating
greatly improved carrier collections. The Jsc of the solar cells also
benefited from such design and increased by at least 46%.
Furthermore, at high temperatures, solar cells with AlGaN layers
also delivered superior PV performance to the reference devices.
These results indicate band engineering with AlGaN layers in the
InGaNMQW solar cell structures can effectively enhance the carrier
collection process and is a promising design for InGaN-based solar
cells with high PCE for both room temperature and high temper-
ature PV applications.

4.3. Optical design

Optical design also plays a critical role in the PV performance of
InGaN-based solar cells. Several groups have studied anti-reflection
coating (ARC) designs that aim to improve the absorption of InGaN
devices [132,133].

Lee et al. [132] compared the properties of InGaN-based solar
cells with no ARC, a single-layer ARC, and a multiple-layer ARC. The
ARC could improve transmittance and minimize reflectance in a
broad range. Also, the multiple-layer ARC could serve as a



Fig. 7. Blocking layer design to improve the carrier collection. (a) The schematic device structure of the solar cells with electron- and hole-blocking layers and (b) the comparison
between reference device and the device with blocking layers. Reprinted from Ref. [54] with permission. Copyright 2018, AIP Publishing.

Fig. 8. Different optical design to enhance the light absorption (a) Schematic of the InGaN-based solar cells with contacts and optical coatings (b) EQE spectra, current density and
power density as a function of voltage. Reprinted from Ref. [133] with permission. Copyright 2014, AIP Publishing. (c) Schematic of the InGaN-based solar cells with antireflective
nanorod arrays (NRAs). (d) JeV characteristics of InGaN-based solar cells with NRAs. Reprinted from Ref. [38] with permission. Copyright 2012, Elsevier.
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passivation layer to reduce the surface and edge recombination,
which led to the suppression of current leakage and the increase in
Voc. Young et al. [133] investigated the use of optical coatings to
improve the performance of multijunction solar cells, as shown in
Fig. 8(a and b). The key was to maximize the light coupling for
photons absorbed by the InGaN/GaN subcell while increasing the
transmission of unabsorbed photons with lower energies. Thus, in
addition to the application of an ARC on the top of the solar cell, a
broadband dichroic mirror (DM) was coated on the backside to
reflect the photons with low energies. The solar cells with both ARC
and DM had higher EQE, Jsc, and PCE compared with solar cells
without any coating or with only the ARC.

Others have employed nano-structured transparent conductive
oxides to achieve a similar result [38,134e137]. For example, Ho
et al. [38] grew antireflective SiO2 nanorod arrays (NRAs) to reduce
surface reflection, as shown in Fig. 8(c and d). Since the NRAs were
much smaller than the incident light and the reflex index of SiO2
(~1.56 at 400 nm), the NRAs could work as an effective medium
since their effective reflex index of 1.36 is between air (~1) and ITO
(~2.3). Furthermore, the space between NRAs had the potential to
create a light trapping effect. The incident light that was diffracted
by the surface of the NRAs, then propagated between NRAs before
entering the MQW structure at a high angle enhanced light ab-
sorption with the increase in light propagation distance. As a
result, the EQE and PCE of the solar cells were boosted due to the
NRAs. Nevertheless, such optical designs on the nanoscale can also
potentially deteriorate the electronic and optoelectronic proper-
ties if not done carefully since they require delicate and
complicated device processing compared to conventional planar
devices.
Fig. 9. The high temperature and high irradiance performance of InGaN-based solar cells. P
concentration. Reprinted from Ref. [143] with permission. Copyright 2020, John Wiley and
different temperatures. Reprinted from Ref. [30] with permission. Copyright 2019, America
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5. High-temperature performance

InGaN-based solar cells have demonstrated superior PV per-
formance under both high irradiance [16,34,138e140] and high
temperatures [13,30,33e35,141]. These reports have characterized
and revealed the positive temperature coefficients of Jsc, FF, and PCE
in certain ranges of temperatures and irradiances. In other words,
the PCE of InGaN-based solar cells can increase with temperature
under several hundred suns. In addition, they have also demon-
strated superior thermal robustness after both thermal and irra-
diance cycling [35,142]. These unique features enable InGaN-based
solar cells to be considered for high-temperature applications such
as hybrid solar thermal-PV power plants and near-Sun space
missions.

5.1. Positive temperature coefficient

High-temperature photovoltaics for terrestrial and extraterres-
trial applications have presented challenges for current solar cell
materials such as Si, III-V GaAs, and II-VI. Wide-bandgap III-nitride
materials, in contrast, offer several intrinsic advantages that make
them extremely appealing for high-temperature applications.
Moses et al. [143] presented the change of properties of InGaN/GaN
MQW solar cells under high irradiance and temperature. While Voc
increased with light intensity and dropped with temperature, Jsc
increased with light intensity and temperature due to the nar-
rowing of the bandgap under high temperature. Thus, the increase
in Jsc could compensate for the decrease in Voc, which resulted in
greater PCE with increasing temperature under high irradiance of a
few hundred suns, as shown in Fig. 9(a and b). The temperature
CE of InGaN-based MQW solar cells as a function of (a) temperature and (b) irradiance
Sons. (c) EQE spectra. (d) JeV characteristics and (e) Voc, Jsc, FF, and PCE values with

n Chemical Society.



Fig. 10. The values of (a) Voc, (b) Jsc, (c) FF, and (d) PCE of the InGaN-based solar cells under thermal stress. Reprinted from Ref. [35] with permission. Copy 2017, AIP Publishing.
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coefficient, on the other hand, also depends on the quality of ma-
terials. Chen et al. [13] revealed that InGaN MQW solar cells on PSS
had a positive temperature coefficient, although the solar cells on
normal sapphire substrates exhibited a negative temperature co-
efficient. With the use of PSS, the edge dislocation densities were
suppressed, which led to a decrease in non-radiative recombination
centers and current leakage. The higher quality of MQW layers
resulted in an increase in PCE with temperature.

Later, Huang et al. [30] fabricated nonpolar InGaN/GaN MQW
solar cells with a positive temperature coefficient up to 350 �C. As
demonstrated in Fig. 9(cee), the peak EQE, Jsc, and PCE of the
nonpolar devices showed a large enhancement from room tem-
perature to 350 �C. The narrowed bandgap energy, broad absorp-
tion spectrum, improved MQW quality, and increased carrier
lifetime and diffusion length contributed to this excellent perfor-
mance at high temperatures. Moreover, III-nitride materials
possessed a special self-cooling effect which was discovered using
thermal radiation heat dissipation analysis. The superior thermal
radiation ability of GaN led to increased heat dissipation, which
reduced device temperatures. The self-cooling III-nitride solar cells
can potentially be utilized in tandem cells as top cells to reduce the
working temperature of the devices at high temperatures. These
unique properties of III-nitrides make them good candidates for PV
devices that need to function at elevated temperatures, such as in
space missions and concentrating solar systems.
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5.2. Thermal and optical stress measurement

In addition to in-situ measurements, Huang et al. [35] have also
performed ex-situ thermal stress experiments to evaluate the ther-
mal reliability and stability of InGaN MQW devices. They measured
the thermal robustness of InGaN-based solar cells by applying
thermal stress at different temperatures: 400 �C, 450 �C, and 500 �C.
Fig. 10 presents the important features of the devices. Jsc and EQE
show no degradation after thermal stress. Therefore, the severe
decline in Voc should be themain reason for the drop in PCE. The bad
metal contacts are likely responsible for the PCE degradation because
they change from Ohmic contacts to Schottky contacts after the
thermal test, generating a large number of defects. In addition, the
failure lifetime of solar cells under 300 �C is much longer than the
lifetime under 325 �C or 350 �C. Therefore, metal contacts should be
carefully treated and protected when designing and fabricating solar
cells for high temperature applications.

Caria et al. [142] have carried out optical and thermal stress
testing on InGaN/GaN MQW solar cells. Under increasing optical
stress power, the device shows a low degradation with an increase
in current density, and a slight reduction in Voc. With an increasing
temperature up to 175 �C, a decrease in Voc and an increase in
current density were witnessed. The degradation under constant
long-term stress is partially recovered after storage, with a slight
decrease in the voltage compared to the unstressed device. The



Fig. 11. Different carrier dynamics of m6 and m3 InGaN-based solar cells. (a) and (b) the STEM-HAADF images for m6 QW and barrier and m3 QW and barrier, respectively. (c) and
(d) the ratio of density of free exciton and localized exciton for m6 and m3 solar cells, respectively (e) and (f) transient PL spectra for m6 and m3 solar cells, respectively. Reprinted
from Ref. [31] with permission. Copyright 2020, Elsevier.
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lowering in the voltage is possibly related to the increasing shunt
resistance, while the increase in current density can be explained
by the enhanced carrier generation and collection under optical
and thermal stress.

5.3. Carrier dynamics under high temperature

While tremendous efforts have been put into the study of carrier
dynamics of InGaNdevices at relatively low temperatures [144e150],
there are few reports analyzing the carrier dynamics at high temper-
atures. Inorder tobetterunderstandthedistinctiveandsuperiorhigh-
temperatureperformanceof InGaNdevices,Huangetal. [31]observed
and explored anomalous carrier dynamics of two nonpolar m-plane
InGaN/GaNQWs,onewitha6-nmInGaN/10-nmGaNQW(denotedas
m6), and one with a 3-nm InGaN/10-nm GaN QW (denoted as m3).
They used high-resolution scanning transmission electron micro-
scopy (STEM)-cross-sectional high-angle annular dark-field (HAADF)
toanalyze thestructuresof twodevices,asshowninFig.11(aandb).PL
spectrarevealedthebehaviorsof twodifferentMQWsolarcellsathigh
temperatures, as shown in Fig. 11(cef). For the m3 device, the fluc-
tuation in Indium induced an interface between QWs and barriers,
which reducedcarrier localizationandmadecarriersmorevulnerable
to the SRH recombination. The m6 device possessed a more uniform
interface, and therefore better carrier confinement. This allowed for
better radiative ability at high temperatures. Consequently, it is
essential to improve the integrity and uniformity of QWs when
fabricating the InGaN-based solar cells. These results provide insights
into carrier dynamics at high temperatures, and will help to further
increase the PCE of PV devices toward their theoretical limits.

6. Summary and future work

In summary, significant progress has been made both on
fundamental understandings and engineering methods for InGaN-
based solar cells. On the fundamental level, basic knowledge on the
14
topics of loss mechanisms, carrier transports, polarization effects,
and carrier dynamics at high temperatures have increased. On the
device level, strategies for materials epitaxy and device fabrication
were leveraged from the mature InGaN LED technologies. These
efforts have led to the demonstration of nonpolar m-plane InGaN-
based solar cells with quantum efficiency over 80% at 450 �C, a
performance never-before seen on other solar cell material plat-
forms. Despite this encouraging progress, more innovations in
materials, devices, and integration schemes are still required to
break through the PCE limit of current InGaN-based solar cells and
expand their applications to more realistic settings.

On the materials level, one fundamental barrier to the perfor-
mance of InGaN-based solar cells is the low indium composition
(i.e., typically <20%) used in current devices. Due to the large lattice
mismatch between InN and GaN (about 10% along a-direction and
9% along the c-direction) [148], it is very challenging to achieve
InGaN layers with high indium compositions on GaN bulk tem-
plates. Furthermore, due to the constraints from material strain,
very thin InGaN layers have been used in previous solar cell devices,
which are detrimental to the photon absorption process. As a result,
the current effective absorption spectra for InGaN-based solar cells
are typically below 500 nm, limiting the photon energies that can
be absorbed. It is therefore highly desirable to have thicker InGaN
layers (e.g., >100 nm) with high indium compositions (e.g., >50%)
to provide a better spectrum match and break the PCE limit of
InGaN-based solar cells. Recent developments in InN epitaxy and
InGaN bulk substrates are promising to address these challenges
[69,71,108,149,150]. Moreover, recent progress made in MOCVD
growth for producing InGaN LED wafers exhibiting amber and red
emission colors can also be adopted for InGaN-based solar cell
synthesis to further improve the spectrum match [151,152].

On the device level, it is critical to study the long-term reliability
and high-temperature stability of InGaN-based solar cells, which
are not well-understood. In previous studies, the carrier recombi-
nation of InGaN materials were only investigated at room
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temperature or low-temperature conditions. Very recently, Huang
et al. [31] investigated anomalous carrier dynamics of nonpolar m-
plane InGaN/GaN QWs under high temperatures, which showed
the carrier delocalization and phonon scattering mechanisms.
Furthermore, another important topic of invitation is the degra-
dation of metal contacts of InGaN-based solar cells under high
temperature, which is a barrier for the reliability of InGaN-based
solar cells. Although InGaN materials have shown good perfor-
mance and high thermal stability, the metal contacts of InGaN-
based solar cells degrade dramatically at high temperatures. Since
InGaN-based solar cells will be widely used in extreme conditions,
it is vital to understand the behavior of metal contacts at high
temperatures. Huang et al. [35] analyzed the thermal stability of
InGaN-based solar cells by applying thermal stress, which sug-
gested that the deteriorated metal contacts are responsible for the
degradation of the PCE of solar cells. However, more comprehen-
sive investigations are required in order to design and fabricate
high performance metal contacts for high-temperature InGaN-
based solar cells.

On the integration and system level, it is desirable to integrate
InGaN-based solar cells with existing multijunction solar cells such
as GaAs-based III-V or Si solar cells to achieve over 50% efficiencies.
However, InGaN materials are not compatible with GaAs materials
in epitaxial growth. Currently, studies of InGaN tandem solar cells
are mainly conducted through theoretical simulation or optically
linked measurements. Novel methods in wafer bonding and solar
cell integration should be explored to achieve electrically linked
InGaN/III-V/Si multijunction solar cells. These innovations will help
accelerate the applications of InGaN-based solar cells into more
realistic conditions.
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