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Abstract
III-Nitride NanoWire array Solar Cells (NWSCs) combine the inherent properties of III-N semiconductors 
with waveguiding and confinement properties of nanowire arrays. In the present paper, some design 
guidelines of NWSCs made from Indium-Gallium-Nitride InGaN alloys are presented. Firstly, a detailed 
balance analysis was performed to show the importance of using InGaN materials to effectively convert the 
light to electricity, followed by an optical modelling to point out the advantages of using periodic nanowire 
arrays in designing solar cells. From the detailed balance analysis, it is expected that single junction solar cells 
made from In0.63Ga0.37N alloy result in the highest light-to-electricity conversion efficiency of 31%, and 
the Rigorous Coupled Wave Analysis RCWA simulations show that nanowire arrays made from InxGa1-xN  
fractions (x values) ranging between 50 and 77% alloys may achieve efficiencies of more than 33%, with 
a maximum efficiency of 37.7%  for In0.67Ga0.33N NW array. Substrate choice, array density and filling 
material impacts on device performance were also studied.
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INTRODUCTION
Compound III-Nitride semiconductors (InN, 

GaN and AlN) and their alloys are widely used 
materials in optoelectronics fabrication of light-
emitting diodes LEDs and laser diodes LDs emitting 
in visible and Ultra-Violet UV bands [1-3]. In 
photovoltaics, however, III-Nitrides are less used 
materials compared to other semiconductors 
(silicon, cadmium telluride, chalcopyrites,...) 
despite their potential to convert most of the 
solar spectrum to electricity [4] and their ability to 
withstand high-temperature and ionising radiation 
[5,6].

To build these devices, thin layers of III-nitrides 
are, usually, grown on foreign substrates (sapphire 
or silicon) with thicknesses limited by the high 
lattice mismatch which results in a high density of 
dislocations and strain induced polarisation.

On the other hand, in the last two decades, III-
Nitride nanowire based photonic devices attract 
big attention owing to the ability of nanowires 
to be grown on foreign substrates, by various 
methods, without having to worry about lattice 
mismatch [7-11]. Furthermore, NanoWire array 
Solar Cells NWSCs present a significantly large 
effective surface area compared to planar cells 
for the same volume of matter and, hence, can 
present an enhanced light absorption and free 
carrier generation.

According to several recent research, the best 
experimentally achieved efficiencies of nanowire 
solar cells  nowadays are, 13.8%  for indium-
phosphide InP NWSC [11] and 15.3% for gallium-
arsenide GaAs NWSC [13], however,  the III-Nitride 
based ones are still at lower efficiencies (with the 
best record of 2.73% [14]) and they have a longer 
way to go to meet the expected ambitions. 

http://creativecommons.org/licenses/by/4.0/.
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  In fact, it is not only the semiconductor gap 
that may limit power conversion efficiency but 
also the existence of other sources of power losses 
in solar cells: thermalisation losses, losses by 
reflection / transmission (treated, in part, in this 
study), losses by recombination of charge carriers 
(radiative, by defect-related centers, at contacts). 
In this study, guidelines to optimal design of 
indium-gallium-nitride InGaN nanowire array solar 
cells were given. Starting with a detailed balance 
analysis, the importance of using InGaN alloys 
in photovoltaics was emphasized (next section), 
after that,  full electromagnetic wave simulations 
of periodic arrays of vertically-aligned hexagonal 
nanowires were performed to show the impact 
of wires dimensions, substrate choice, array 
density and filling material on overall InGaN NWSC 
performance.

MATERIALS AND METHODS 
PHOTOVOLTAIC POTENTIAL OF III-N MATERIALS

According to Shockley and Queisser detailed 
balance principle [15,16], which takes into account 
the energy gap of absorber material, it is expected 
that the efficiency limit of single junction solar 
cells under standard conditions (i.e. one sun 
illumination and 300°K)  cannot exceed 31% [17] 
as it is shown in Fig. 1. Hence,  it is expected that 
the solar cells made from indium nitride InN (with 

an energy gap of 0.675eV [18]) can result in higher 
efficiencies than gallium nitride GaN (3.435eV [19] 
and the aluminium-gallium nitride AlGaN alloys, 
whereas, the indium-gallium nitride InGaN alloys 
with intermediate energy gaps between that of InN 
and GaN materials matches best cell efficiencies 
region. In fact, the energy gap and related optical 
properties of  InGaN alloys are still a matter of 
research works but, in general, the dependence 
of InxGa1-xN alloys energy gap on indium element 
mole fraction, x, obeys to a rectified Vegard’s law,

( ) ( )xxbEx+Ex=E GaN
g

InN
g

InGaN
g −−− 1.1.     � (1)

Where the bowing factor b (quantify divergence 
to linear interpolation between Eg

InN and Eg
GaN) of 

unstrained Wurtzite InGaN films equals 1.65[19].
  By applying equation (1), one can see that 

InGaN alloys with indium element mole fractions 
ranging from 53 to 73% can result in efficiencies 
of more than 30% (see inset graph in Fig. 1), with 
an efficiency limit, around 31%, for 0.63 as indium 
mole fraction x (corresponding energy gap of 
1.3eV).

METHODS
In fact, Shockley and Queisser detailed balance 

principle only takes into account the absorber 
energy gap only, and cannot consider the optical 

 

Figure 1. Shockley-Queisser efficiency limit of single junction solar cells versus bandgap under one sun illumination. 

   

Fig. 1. Shockley-Queisser efficiency limit of single junction solar cells versus bandgap under one sun illumination.
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losses (by reflection and/or transmission), the 
quantity of used matter nor device design in 
efficiency limit formulation [15]. Therefore, 
in order to assess light harvesting by periodic 
nanowire arrays, we need an appropriate optical 
modelling; and since the typical dimensions of 
nanowires and array periods (from few tens to few 
hundreds of nanometer) belong to the same order 
of magnitude of light wavelengths of interest (300-
1000 nm) we need a full electromagnetic wave 
modelling of light inside and in the vicinity of the 
investigated device. 

As a result of resolving the coupled Maxwell 
equations, the fractions of reflected R and 
transmitted T powers of a predefined incident light 
source (wavelength, orientation and polarisation) 
by the simulated device may be calculated. From 
which, we can deduce the fraction of the absorbed 
power (or absorptance, A) i.e. A=1-R-T.

The frequently used numerical methods 
in solving Maxwell equations are the Finite 
Difference (in time domain FDTD or in frequency 
domain FDFD), Finite Element method FEM and 
Rigorous Coupled Wave Analysis method RCWA 

(also called Fourier Modal Method FMM). Here, 
a scattering matrices formulation of RCWA, which 
is suitable to multilayer devices like solar cells 
were applied [20].   To perform RCWA calculations 
we, also, need for experimentally measured or 
reliable models of complex dielectric function 
DF,  ε(λ)=ε1(λ)+iε2(λ), of the involved materials. 
But, unfortunately, there are neither enough data 
to cover all InxGa1-xN alloys nor reliable models 
so far. In the next paragraphs, the available data 
of ordinary DF for some InGaN alloys measured 
by spectroscopic ellipsometry SE taken from the 
existing literature were used [19, 21-23].

In practice, the bottom-up growth approaches 
of InGaN nanowires using MOCVD or MBE systems 
result  in hexagonally shaped wires with equal 
sides [24-26] instead of uniform cylinders as he the 
case for many other semiconductors. Therefore, 
in subsequent RCWA simulations, periodic arrays 
(with period P) of hexagonally shaped nanowires 
with equal lengths L and diameters D (or sides 
S=D/2) were considered (as it is depicted in Fig. 
2a). Then, in order to express the density of arrays, 
a filling factor f is defined as the ratio of nanowire 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of periodic nanowire array: (a) 3D view and (b) top view with emphasis to unit cell(c). 

   

Fig. 2. Schematic of periodic nanowire array: (a) 3D view and (b)top view with emphasis to unit cell(c).
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cross-section area to unit cell area (see Figs. 2 b-c), 
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Also, homogeneous illumination by 

transversely polarized T.E. electromagnetic waves 
was assumed throughout this study.

RESULTS AND DISCUSSION 
FREELY STANDING InGaN NWs

In order to assess light confinement by InxGa1-

xN nanowire arrays as a function of indium mole 
fraction x of these alloys, square arrays of freely 
standing nanowires (without substrate) with 
same geometrical dimensions (period P=500nm, 
diameter D=2.S=250nm and length L=1μm) and 
different indium mole fractions ranging from 
gallium nitride GaN to indium nitride InN were 
considered. Exactly, the absorptance spectra (A) 
of InxGa1-xN nanowire arrays with indium mole 
fraction (In/(In+Ga))×100  of  0, 20, 25, 30, 40, 
50, 62, 67 ,77 and 100, with available dielectric 
function and energy gap data [19, 21-23] were 
calculated (see Fig.3).  Fig. 3 shows that nanowire 
arrays made from InGaN alloys with indium 
fractions of more than 50% may present a high 
and broadband absorption i.e. A>0.75 for λ=300-
800nm, and for longer wavelengths(λ>800nm) 
absorptance spectra were more broadened for 

NW arrays containing more indium element 
proportions.

On the other hand, by assuming an internal 
quantum efficiency of unity (i.e. number of 
absorbed photons equals the number of collected 
photo-carriers), it is possible to calculate an 
ultimate efficiency ηmax and an ultimate short-
circuit current JSCmax from absorptance spectra (Fig. 
3) using the following equations [15, 27],
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Where λg is gap wavelength, IrAM1.5G is ASTM 
G-173 standard global solar irradiance AM1.5G 
[28]. q, h and c are electric charges, Planck’s 
constant and velocity of light in vacuum, 
respectively.

Fig. 4 shows the calculated ultimate 
efficiencies (left y-axis) and ultimate short-circuit 
currents (right y-axis) versus indium mole fraction 
(obtained by applying equations (3) and (4)). 

 

Figure 3. Absorptance spectra of InxGa1-xN NWAs (with period P=500nm, diameter D=2.S=250nm and length L=1μm) for 

different indium mole fractions, In(%). 

   

Fig. 3. Absorptance spectra of InxGa1-xN NWAs (with period P=500nm, diameter D=2.S=250nm and length L=1μm) for different 
indium mole fractions, In(%).
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While short-circuit current jSCmax increases with 
the increase of In(%) until reaching a maximum 
of 36mA/cm2 for InN NW array, efficiency ηmax 
presents a maximum of 37.7%  for In0.67Ga0.33N 
NW array. 

 It is important to note, here, that this indium 
mole fraction (67%) is near to that predicted 
by the detailed balance analysis (i.e. 63%, see 
section 2).

InGaN NWs ON SILICON
The nature of used substrate in nanowires 

growth makes a big difference in terms of substrate 
contribution to total reflectance, especially, for 
low dense arrays and under the normal incidence 
of light. In practice, InGaN nanowire arrays were 
grown on sapphire, silicon or on costly bulk GaN 
substrates. From the photovoltaic point of view, 
growing InGaN NWs on the front surface of silicon 

 

Figure 5. Reflectance spectra of In0.67Ga0.33N nanowire array (solid line) as well as SiNx ARC layer (dashed line) on silicon 

substrate, and of bare silicon substrate (dotted line). 

   

Fig. 4. Ultimate efficiencies (left y-axis) and ultimate short-circuit currents (right y-axis) of freely standing InxGa1-xN nanowire arrays 
(P=500nm, D=250nm and L=1μm) versus indium element mole fraction.

 

Figure 5. Reflectance spectra of In0.67Ga0.33N nanowire array (solid line) as well as SiNx ARC layer (dashed line) on silicon 

substrate, and of bare silicon substrate (dotted line). 

   

Fig. 5. Reflectance spectra of In0.67Ga0.33N nanowire array (solid line) as well as  SiNx  ARC layer (dashed line) on silicon substrate, 
and of bare silicon substrate (dotted line).
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cells may, greatly, reduce front surface reflectivity 
even in absence of the Anti-Reflection Coating 
(ARC) layer in the so-called black silicon solar cells 
[29].

Fig. 5 shows the calculated reflectance spectra 
of In0.67Ga0.33N nanowire array NWA (solid line) 
(D=200nm, P=250nm and length L=1μm) along 
with silicon nitride SiNx Anti-Reflective Coating 

 

Figure 6. Reflectance spectra of In0.67Ga0.33N nanowire arrays on silicon versus filling factor (left y axis) and solar irradiance 

(right y axis). 

   

Fig. 6. Reflectance spectra of In0.67Ga0.33N nanowire arrays on silicon versus filling factor (left y axis) and solar irradiance (right y 
axis).

 

Figure 7. Absorptance of In0.67Ga0.33N NWA on Silicon in the presence of different filling materials. 

   

ARC layer of 75nm (dashed line), both on the bulky 
silicon substrate of 200μm. Reflectance spectra 
of the silicon substrate (dotted line) were, also, 
added for comparison. Here, dielectric function 
data of Si and SiNx were, respectively, taken from 
refs. [30, 31].

The obtained curves show very low 
reflections (less than 7 %) by the assumed NWA 

Fig. 7. Absorptance of In0.67Ga0.33N NWA on Silicon in the presence of different filling materials.
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Fig. 8. PN junction nanowires with corresponding  schematic band diagrams: (a) axial junction and  radial core/shell junction (b).
 

Figure 8. PN junction nanowires with corresponding schematic band diagrams: (a) axial junction and  radial core/shell junction 

(b). 

 

for a broadband of wavelengths (300-800nm) 
compared to the ARC layer designed to work well 
for a unique wavelength (here, 600nm).

In order to deepen the precedent analysis and 
to check the influence of InGaN nanowires density 
on frontal reflectance of the silicon cell, reflectance 
spectra of In0.67Ga0.33N nanowire arrays on silicon 
for filling factors f ranging from 0.3 to 0.7, were 
calculated (by maintaining a constant diameter 
D=200nm and length L=1μm, and changing 
period P to meet desired f values). Fig. 6 shows 
the obtained spectra of the NWAs as well as of 
an In0.67Ga0.33N thin film of 1μm (corresponding to 
f=1). It is clear that all NWAs ensure low reflectance 
for broadband of wavelengths ranging from 300 to 
800nm where the major part of solar irradiance 
exists(right y axis in Fig.6), and the better results 
may be guaranteed by less dense arrays (lower f).

On the other hand, the medium surrounding 
nanowires consolidates array morphology and 
plays a crucial role in light confinement and charge 
carriers transport. Thus, it is important to compare 
absorptance properties of the InGaN NWAs in the 
presence of different filling materials. Therefore, 
absorptance spectra of similar In0.67Ga0.33N NWAs 
(P=500nm, D=200nm and L=1μm) on silicon filled 
by different dielectric materials (silicon dioxide 
SiO2, titanium dioxide TiO2, indium-tin-oxide In2O3-
SnO2 and silicon nitride Si3N4) were calculated, as 
it is shown in Fig. 7. All these materials have low 
absorptance in the wavelength domain of interest 
(i.e. 300<λ<1000nm) and are widely used in silicon 
photovoltaics.

Generally, the largest refractive index gradient 
(between nanowires and surrounding medium) 
ensures the best confinement of the light. This is 
the case of air (blue line) but this is not a practical 
situation since for some materials, one needs to 
strengthen the standing wires and, probably, to 
conduct charge carriers. Among the four materials, 
silicon dioxide (red line) may be the best choice 
since it results in less absorption losses if we do 
not need conductive material (for instance, in the 
case of nanowires with axial junction (see Fig. 
8(a)) where charge carriers were to be extracted 
at wire terminals), whereas, the use of conductive 
material like ITO (magenta line), with more optical 
losses,  is necessary if some conductive materials 
are needed (e.g. in the case of core/shell radial p-n 
junction nanowires (see Fig. 8(b))).

CONCLUSION
Semiconductor nanowire arrays are one of 

the promising ways to implement next generation 
solar cells through reducing optical losses and 
increasing carrier collection efficiency. In this 
study, detailed balance analysis and optical 
modelling were combined to outline the main 
factors to be considered in the design of III-Nitride 
based NanoWire array Solar Cells NWSC.

By applying the detailed balance principle, 
the photovoltaic potential is shown for the InxGa1-

xN alloys among other III-nitrides, especially, the 
indium rich ones, and the best efficiency of single 
junction solar cell, i.e. 31%, may be achieved using 
In0.63Ga0.37N alloy.
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 On the other hand, the Rigorous Coupled 
Wave Analysis RCWA simulations of freely 
standing (without substrate) and periodic InxGa1-

xN nanowire arrays show that arrays made from 
InxGa1-xN alloys with indium element mole fraction, 
In(%), of more than 50% present a high and 
broadband absorptance, and ultimate efficiencies 
of more than 33%  that may be achieved with mole 
fractions between 50 and 77% (with a maximum 
of 37.7%  for In0.67Ga0.33N based NWSC).

Then, advantages of growing InGaN nanowire 
arrays on silicon substrate (or cell)  were identified.   
Simulations showed that absorption properties of 
InGaN nanowire arrays strongly depend on array 
density (low dense nanowire arrays NWA on 
silicon achieves lower reflection than dense ones). 
The choice of array filling materials (conductive or 
not) depends on junction type (radial or axial), but 
it, in all cases, reduces array absorptance.
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