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InGaN semiconductors are promising candidates for high-efficiency next-generation thin film solar
cells. In this work, we study the photovoltaic performance of single-junction and two-junction InGaN
solar cells using a semi-analytical model. We analyze the major loss mechanisms in InGaN solar cell
including transmission loss, thermalization loss, spatial relaxation loss, and recombination loss. We
find that transmission loss plays a major role for InGaN solar cells due to the large bandgaps of
[I-nitride materials. Among the recombination losses, Shockley-Read-Hall recombination loss is the
dominant process. Compared to other III-V photovoltaic materials, we discovered that the emittance
of InGaN solar cells is strongly impacted by Urbach tail energy. For two- and multi-junction InGaN
solar cells, we discover that the current matching condition results in a limited range of top-junction
bandgaps. This theoretical work provides detailed guidance for the design of high-performance
InGaN solar cells. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953006]

I. INTRODUCTION

Wurtzite (In, Ga, ADN semiconductors, especially
InGaN material systems, demonstrate immense promises for
the high efficiency thin film photovoltaic (PV) applications
for future generation.' Their unique and intriguing merits
include continuously tunable wide band gap from 0.70eV
to 3.4eV, strong absorption coefficient on the order of
10°cm ™", superior radiation resistance under harsh environ-
ment, and high saturation velocities and high mobility.?
Calculation from the detailed balance model also revealed
that in multi-junction (MJ) solar cell device, materials with
band gaps higher than 2.4 eV are required to achieve PV effi-
ciencies greater than 50%,> which is practically and easily
feasible for InGaN materials. Other state-of-art modeling on
InGaN solar cells also demonstrate great potential for appli-
cations of IIl-nitride solar cells in four-junction solar cell
devices as well as in the integration with a non-IIl-nitride
junction in multi-junction devices.*® However, due to dis-
tinct material properties from conventional III-V PV materi-
als, the fundamental PV processes and corresponding loss
mechanisms in InGaN solar cells are still not well under-
stood. It is therefore imperative to investigate the major loss
mechanism in InGaN solar cells for the design and optimiza-
tion of high efficiency InGaN solar cells.

In this work, a semi-analytical model for solar cells’ is
adopted to investigate the optical property, efficiency limits,
and loss mechanisms in InGaN PV solar cells. Compared to
commercial software such as Silvaco or Crosslight, this
model requires less time to calculate and is capable of
revealing the intrinsic physical reasons straightforwardly. In
the simulation, we also incorporate non-ideal properties
such as photon recycling, spontaneous emission coupling,
the non-step absorptance, and emittance of junctions and
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absorption tails below the bandgap. The equations and
details of these non-ideal properties can be found in Ref. 7.
These factors are all accounted for complicated physical
processes in real solar cells. The efficiencies and device per-
formance are calculated for four different solar cell struc-
tures, and the loss mechanisms are examined thoroughly to
provide basic guidance for the design of InGaN solar cells.

Il. SIMULATION METHODS
A. Loss mechanisms

We focus on four major loss mechanisms’® in InGaN
solar cells: (i) transmission losses due to photons transmit-
ting through the device without being absorbed; (ii) thermal-
ization losses resulting from carriers in excited states
returning to band edges; (iii) spatial relaxation losses due to
carriers losing potential energy while being separated and
collected at the contacts; and (iv) recombination losses due
to Shockley-Read-Hall (SRH) and Auger recombination.’
The expressions and details of losses and extracted power
can be referred to Ref. 7. In order to focus on the intrinsic
properties of materials and devices, this study do not take
into account other losses, for instance, surface recombina-
tion, series resistance, and shunt resistance, which are closely
related to the device fabrication process. The total current
density of a single junction (1J) solar cell is given as

]total = jsc - -]rad - JSRH - JAugeh (l)

where J,. is the short-circuit current density that is mainly
determined by the absorptance of the cell, including below-
bandgap absorption; J,44, Jsrs, and J e, are the radiative,
SRH, and Auger recombination current density, respectively.

B. Planar structures

Figure 1 presents four planar structures with different
surface configurations that are simulated in the analysis.

Published by AIP Publishing.
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Structure A and C both have the non-reflective interface
between semiconductor and substrate with smooth (structure
A)/textured upper surface (structure C), respectively; struc-
ture B and D both have 100% ideal reflective lower interface
with smooth (structure B)/textured (structure D) upper sur-
face, respectively. All of these structures are commonly used
in InGaN solar cells while more complicated planar struc-
tures were explored in Ref. 10. Note that in this work, upper
surface corresponds to the front surface facing incident
sunlight and lower surface indicates the bottom surface of a
semiconductor attaching to the substrate. For InGaN solar
cells, structure A is first proposed in Ref. 3 and is widely
adopted due to the simple fabrication processes, while struc-
ture C is proven to be more effective to trap light and
improve the device performance, both in conventional PIN
structure and in quantum well structure.''™'* Note that for
textured upper surface widely used in InGaN solar cells and
light emitting diodes (LEDs), they are applied on the top
layers like contacts or anti-reflecting layers. Structure B and
D are investigated for comparison.

C. Absorptance and emittance

The AM1.5G solar spectrum is used in the calculation.
Ing15Gag gsN is employed as the active layer for the study
and published material parameters of bandgap energy Eg,15
refractive index 7,,'® and Urbach tail energy E, =0.050eV
(Ref. 17) are adopted. From statistical ray optics, the analyti-
cal equations of the absorptance are derived as follows:’

A, =1 —e %! forstructure A, (2)

A, =21 —e %% forstructure B, 3)

A, =1—1t,, forstructure C, “4)

A, =1-— L -4 for structure D, ®))

] )
11— 1_11_,2. ty

where o is the absorption coefficient, d is the semiconductor
thickness, 7, is the refractive index, and ¢, indicates the
fraction of lost photons in a single pass through the slab,
with
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FIG. 1. Schematic diagrams of four planar solar cell structures used in the
study.
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/2
t, = J e~ #4302 co5 0sin 0d0, forstructure C,  (6)
0

/2
t, = J e~ 2%4/¢302 cos O sin d6,  forstructure D,  (7)
0

where 0 is the angle between the scattered light and the
surface normal. By assuming the Lambertian scattering, the
portion of light distributed in the solid angle sin0d0 is
2 cos 0, which could also be modified by other scattering
functions other than Lambertian scattering.

The upper- and lower-surface emittance is given by

/2
Eupper = 1 — n,ZJ e~ %1502 cos 0sin 046, for structure A,
0
@)

0,
Elower = 1 — J e~/ <502 o5 0sin 0d0O
0

/2
— J e 274/¢509 cos 0sin Od6,  for structure A,
0,

®)
/2
Eupper = 1 — n,z. J e 241302 005 sin 0dB), forstructure B,
0
(10)
&lower = 0,  for structure B and D, (11
Eupper = Ay, forstructure Cand D, (12)

1
Elower = (1 — 1) {1 + (1 — —2) t(,_] , forstructure C and D,
n

r

13)

where 0. is the critical angle. When the solar light is incident
from all angles, the emittance is equal to absorptance.” In
structure C and D with same textured surfaces, the upper
surface emittance is equivalent to absorptance due to the
same absorption and emission path of incident light, while
there is zero emittance of lower surface because of the
reflecting substrate in structure C and D. In comparison, for
structure A and B with same smooth upper surface, the emit-
tance is somewhat larger than absorptance because of shorter
absorption ray path compared to emission.

The energy dependent effective absorptance and emit-
tance are defined as

J Ay ngundhv
Ay =0——, (14)

o
J Ngundhv
E,~E,

o0
2
J Supper(nu,sp - nu,bh)(h')> dhv
0

gupper - 59 5 ) (15)
J (nu,sp — nu,b},)(/’ll)) dhv
E,~E,
8lower(nmsp - nmbb)(hu)zdhv
(16)

éIower - 9 ; ;
J (Mosp — "u.hb)(hv) dhv
E,~E,
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where ng,, refers to the solar photon flux density per unit
area and n,,, and n,;, are photon occupation numbers of
spontaneous emission and blackbody emission, respectively.
Note that this model incorporates below-bandgap tail absorp-
tion that is substantial in the practical situation,” which is dif-
ferent from detailed balance model that assumes step-like
emittance and absorptance identical to emittance. Figure 2
presents the (a) effective absorptance and (b) emittance
under AM1.5G spectrum as a function of physical thickness
for four types of structures of Ingy;5GaggsN. For a given
device thickness, structure D has much higher absorptance
than structure A, B, and C, due to both textured surface and
reflecting substrate, which strongly enhances light trapping
and photon recycling processes. The absorptance of structure
B and C is higher than that of structure A, indicating that
both textured surface roughening and reflecting substrate are
effective ways to enhance the absorptance, while structure
B (reflecting substrate) is slightly better than structure C
(textured surface). Moreover, for the same absorptance,
structures A, B, and C require much larger device thickness
due to limited optical path of light scattering and reflecting.
Figure 2(b) shows that the emittance of upper surface of
structures A, B, and C is much smaller than that of structure
D. It is noteworthy that the emittance of lower surfaces of
structure A and C is higher than that of upper surfaces. This
is attributed to the adoption of non-reflective substrates,

1.2
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FIG. 2. (a) Effective absorptance vs. physical thickness and (b) effective
emittance vs. physical thickness for Ing;sGapgsN solar cells in four
structures.

J. Appl. Phys. 119, 213101 (2016)

which gives rise to larger radiation loss in the solar cells. As
a result, recent reports on high efficiency InGaN solar cells
have been focusing on surface roughening (textured surface)
rather than structures with smooth surface and substrate.'''*
Other optoelectronic devices have been more inclined to
employ pattern sapphire substrates (PSS) to enhance light
extraction.'®>? Furthermore, despite costly and complicated
growth and fabrication process, there have been reports pro-
posing using diffraction grating on the back of the device for
InGaN solar cells to enhance the optical absorption,>® which
combines the textured surface and reflecting substrate. These
reports are also consistent with our findings here.

Figure 3 presents effective emittance as a function of
effective absorptance, i.e., optical thickness, using different
(a) effective bandgaps and (b) Urbach energy (E,) values as
integration boundaries for upper surface in structure C. In
this work, the effective emittance represents how many
Urbach tail states would contribute to radiative recombina-
tion. Since Urbach tail energy (E,) of IlI-nitrides is normally
larger than that of GaAs®* and Si,% it is assumed that the
variations of emittance of Ill-nitrides would be much more
pronounced than those of GaAs and Si. Therefore, it is im-
perative to study different effective band gaps for integration
boundaries to investigate the impacts on optical properties

N
o

—E_=12x107eV
——E_=30x107eV
——E_=50x107eV

1.5p

b ——E_=60x107eV
1.0}
05}

! (a)

Effective Emittance(Upper Surface, Struc. C)

0.0 L
0.0 0.2 0.4 0.6 0.8 1.0

Effective Absorptance

10
s = Eg-Eu 4
= Eg-2Eu
8F ——Eg3Eu .
s ——— Eg-4Eu

= Eg-5Eu

Effective Emittance(Upper Surface, Struc. C)

0.0 0.2 0.4 0.6 0.8 1.0
Effective Absorptance

FIG. 3. Effective emittance vs. optical thickness using different (a) effective
bandgaps and (b) Urbach energy values as integration boundaries, both for
upper surface in structure C.
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and device performance of InGaN solar cells. In the calcula-
tion, different effective bandgaps and Urbach energy values
have been applied, with integration boundary of E, — E,
and E, =0.050eV remaining the same, respectively. In
Fig. 3(a), the effective emittance of upper surface maintains
almost the same before effective absorptance of 0.8.
Afterwards, the effective emittance gradually increases as
Urbach tail energy (E,) goes up. This trend suggests that
within certain optical thickness, the value of E, has little
influence on the effective emittance. Meanwhile in Fig. 3(b),
similar trends are also observed. As effective bandgap goes
down, namely, more tail states contribute to radiative recom-
bination, the effective emittance exceeds one and rises
dramatically, which could be attributed to the facts that the
effective band gap approaches the optimal bandgap of a
single junction (1J) solar cell of about 1.4eV (Ref. 26) and
much more emission would be generated than in an ideal
semiconductor with band edge at E, — E,. It is noticeable
that E, is easily affected by extrinsic factors, for instance,
the material quality of active layers, defect states, doping
density, local stress,”’28 and device temperatures under
operation,”® which indicates that it would change under par-
ticular circumstances, even as high as 60 meV. 17

lll. ANALYSIS OF LOSS MECHANISMS IN SINGLE
JUNCTION SOLAR CELL

In this section, we study the PV performance and loss
mechanisms in single junction (1J) InGaN solar cells. Instead
of physical thickness, the effective absorptance, i.e., the opti-
cal thickness, is explored in this part. The SRH recombination
current densities per unit length (/4 /d) and Auger recombina-
tion current density per unit length (Jc/d) are calculated
based on Ref. 9. Figure 4(a) presents the energy conversion
efficiency as a function of absorptance for single junction
Ing 15sGag gsN solar cells in structure C with various SRH
recombination current densities per unit length (J4/d). An
energy conversion efficiency of 7.35% is obtained for typical
reported material quality (J4/d = 1000 Acm2um~"), while
the peak efficiency of 8.81% can be achieved for ideal mate-
rials (Jx/d = 1 Acm~2um™"). Therefore, improving InGaN
quality offers an efficient method to increase the solar cell
efficiency. In Fig. 4(b), the losses and efficiency distribution
were extracted for single junction Ing;5GaggsN solar cells
with structure C under AM 1.5G one sun condition.
Apparently, transmission loss dominates among all loss
mechanisms due to large bandgap energy of IlI-nitrides than
other III-V materials. The thermalization and spatial relaxa-
tion loss both rise with increasing effective absorptance due
to larger portion of absorbed photons at larger thickness. It is
noteworthy that the SRH loss accounts for most of the total
recombination-related loss mechanisms, even though there
are radiative loss generated from the loss of photon energies
larger than bandgap (no reflecting surface employed in struc-
ture C) and Auger recombination loss owing to fairly large
Auger recombination current density.

Figure 5(a) demonstrates energy conversion efficiency
as a function of SRH recombination current densities per
unit length (J4/d) for four structures with typical Auger

J. Appl. Phys. 119, 213101 (2016)
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FIG. 4. (a) Energy conversion efficiency vs. effective absorptance (i.e., opti-
cal thickness) for 1J Ing ;5GaggsN solar cells in structure C with particular
SRH recombination current densities per unit length, J4/d. (b) Losses and
extracted power vs. absorptance for single junction Ing ;5GaggsN solar cell
under AM 1.5G one sun condition, assuming SRH recombination current
density per unit length J4 /d = 1000 Acm2um™".

recombination current density per unit length (J¢/d
=19 x 104Acm’2,um’1). When J4/d is lower than
10’2Acm’2,um’1, the conversion efficiency shows mini-
mum difference. As J,/d increases, the conversion efficien-
cies decrease collectively for all structures. These results
reveal that SRH recombination plays a key role in degrading
the conversion efficiency for InGaN solar cells. Furthermore,
Fig. 5(b) illustrates the losses and efficiency map for single
junction Ing ;5GaggsN solar cells in structure C under AM
1.5G one sun condition. For clarity, we plot the losses and
efficiency map only to 20% while transmission loss still
dominates in the losses part that is not shown. Both transmis-
sion and thermalization losses remain almost constant over
all J, /d range at the given structure, while spatial relaxation
loss accounts for the degradation of conversion efficiency as
Ja/d is greater than 0.1 Acm?um~!. In recombination-
related mechanisms, SRH recombination is still the primary
mechanism, which is consistent with our previous results.
This trend could be understood from Equation (1) that large
amount of SRH recombination current diminishes the total
collected current, thus deteriorating the performance of the
solar cell.

By virtue of unique and favorable merits of InGaN
materials, their application and operation for harsh
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FIG. 5. (a) Energy conversion efficiency vs. SRH recombination current
densities per unit length (/4 /d) for single junction Ing;5GaggsN solar cells
in four structures; (b) losses and extracted power vs. SRH recombination
current densities per unit length (/4 /d) for single junction Ing ;5Gag gsN so-
lar cell under AM 1.5G one sun condition in structure C, at the optimal junc-
tion thickness, with typical Auger recombination current density per unit
length Jo/d = 1.9 x 10*Acm™2um~".

environment like space exploration are desirable and grow-
ing solar concentration turns out to be a potent and practical
approach to achieve high conversion efficiency. Figure 6(a)
presents energy conversion efficiency vs. solar concentra-
tions for single junction Ing;5GaggsN solar cells in four
structures under AM 1.5G solar spectrum. The efficiencies
of all four types of solar cell structures increase linearly
with growing solar concentrations, where structure D has
the highest efficiency. Note that in practical devices, the
energy conversion efficiency will saturate due to the fact
that the series resistance and other losses change with solar
concentration, which are not considered in our model.
Figure 6(b) presents the losses and efficiency maps vs. solar
concentration for single junction Ing ;5Gag gsN solar cells in
structure C, with typical J4/d = 1000 Acm~2um~' and
Je/d =19 x10*Acm™2um~'. The transmission loss still
dominates over other loss mechanisms as a result of large
bandgap of Ill-nitrides and there is minimum variation of
transmission and thermalization losses with the specified
structure. Moreover, spatial relaxation loss gradually drops
as rising solar concentrations, which could be ascribed
to the fact that the extractable energy of photogenerated
carriers is enhanced with the solar concentration. It is
noticeable that SRH recombination loss dominates over
other recombination-related loss mechanisms throughout

J. Appl. Phys. 119, 213101 (2016)
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FIG. 6. (a) Energy conversion efficiency vs. solar concentration for single
junction Ing ;5Gag gsN solar cells in four structures; (b) losses and extracted
power vs. solar concentration for single junction Ing;5GaggsN solar cell
under AM 1.5G one sun condition in structure C, at the optimal junction
thickness, with typical SRH recombination current density per unit length
Ja/d =1000Acm~2um~" and Auger recombination current density per
unit length Jo/d = 1.9 x 10*Acm™2um™".

the entire range of solar concentration. For GaAs solar
cells, the radiative loss would take the lead after 500 suns.’
This difference may be attributed to the large amount of
subband transition induced from unavoidable defect states
during the growth of InGaN materials.

IV. LOSS ANALYSIS OF TWO JUNCTION SOLAR
CELLS

The large tunable direct bandgaps from InGaN material
systems offer a unique and promising opportunity to design
high-performance multi-junction (MJ) solar cells using a
single ternary alloy system. In this section, we focus on the
two-junction (2J) InGaN solar cells, which include two junc-
tions in structure A. The loss analysis of 2] solar cell is based
upon the typical material parameters and properties of
InGaN. It is assumed in the model that the Urbach tail energy
is 50meV, the effective absorptance of A, = 1, SRH recom-
bination current density of J4 = 1900 Acm~2, and Auger
recombination current density of Jo = 3.8 x 10* Acm™2,
which are proper up-to-date values of InGaN materials. The
equations of SRH recombination current densities (/4) and
Auger recombination current density (Jc/d) and the
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corresponding coefficients are based on Ref. 6. Figure 7
shows (a) bandgap energy and conversion efficiency vs.
top-junction bandgap energy and (b) losses and extracted
solar power vs. top-junction bandgap energy for 2J InGaN
solar cells. The top junction bandgap window in Figs. 7(a)
and 7(b) is very limited, which could be partly attributed to
the perfect current matching condition assumed in the calcu-
lation. This was also found in the calculation of three- and
four-junction InGaN solar cells (data not shown here), which
could be a potential challenge for the design of MJ InGaN
solar cells. With the top-junction bandgap varying from
1.68¢eV to 1.82¢eV, we can observe an efficiency of 43.5%
under AM1.5G one sun radiation. The losses and efficiency
map for 2J InGaN solar cells in Fig. 7(b) show that the trans-
mission loss is no longer the major loss mechanism, while
the spatial relaxation loss mainly accounts for the degrada-
tion of conversion efficiency, especially when the top
junction bandgap exceeds 1.78eV. These results indicate
that 2- and multi-junction solar cells will reduce the trans-
mission loss and enhance the conversion efficiency com-
pared to 1J structure. The drop of loss and extracted power at
1.78 eV may be attributed to the atmospheric features of AM
1.5G solar spectrum. Therefore, decreasing spatial relaxation
loss will become a critical issue for the design of 2J InGaN
solar cells. Meanwhile, SRH loss still dominates in the
recombination-related losses, which is again due to the mate-
rial quality of the InGaN active layers.
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To further investigate the possible PV applications of
InGaN materials system, the correlated bandgap energies
and maximum energy conversion efficiency are plotted in
Fig. 8(a) along with losses and extracted power in Fig. 8(b).
Figure 8(a) presents that the optimal bandgap energies of top
junction and bottom junction remain almost constant and
decrease significantly at 200 suns concentrations, which
could allow more photons to be absorbed. While in Fig. 8(b),
both transmission loss and spatial relaxation loss reduce col-
lectively and thermalization loss tends to rise, which could
be ascribed to the decreasing optimal bandgap energy as
growing solar concentrations. Aside from that, SRH loss still
takes up the most part of the total recombination losses.
Hence, rising solar concentration proves to be an efficient
approach for high performance InGaN solar cells, which
corresponds to our previous results of single junction InGaN
solar cells.

V. CONCLUSION

To thoroughly investigate PV performance and loss
mechanisms in InGaN solar cells, we apply a semi-analytical
model to 1J and 2J solar cells. By considering photon recy-
cling, spontaneous emission, non-radiative recombination
losses, and non-step like absorptance and emittance, we
explore four types of fundamental loss mechanisms with
typical published material parameters. We determine that the
width of Urbach energy has a significant effect on the
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emittance of surfaces, which is broad compared to other III-
V materials and is not negligible in the whole solar spectrum.
This below-bandgap tail boosts the light absorption, resulting
in increasing the short-circuit current and reducing the open-
circuit voltage.”

Furthermore, we also investigate the roles of SRH
recombination current densities per unit length and sun con-
centration for four structures. We identify that the transmis-
sion loss is the major cause responsible for loss and SRH
loss is the dominant recombination loss mechanism under
any solar concentration. As a result, both improving the ma-
terial quality of InGaN active layers and rising solar concen-
tration offer constructive ways to enhance the performance
of InGaN solar cells. With typical J4/d and J¢/d values, the
predicted energy conversion efficiency could be 7.6% for
structure C. Moreover, conversion efficiency could be
greatly enhanced by increasing solar concentration and the
peak efficiency could be achieved as 9.0% under 1000 suns.
As for 2J InGaN solar cells, the current matching issue
would lead to the limited choice of top-junction bandgap
while the efficiency as high as 43.5% is achieved with the
top-junction bandgap from 1.68eV to 1.82eV. By analyzing
the optical properties and loss mechanisms, these results pro-
vide fundamental insights and detailed guidance for the
future designs and developments of InGaN solar cells.
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