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Abstract

It has been so far difficult to achieve high per-
formance InGaN solar cells even though the
band gap of the material system is ideally posi-
tioned. One key challenge has been the epitax-
ial growth of high crystalline quality that con-
tains enough indium (215%) to absorb a signif-
icant portion of the solar spectrum while also
being thick enough (some tens of nm) to ab-
sorb strongly. The use of demonstrated nano-
selective area growth techniques solve the mate-
rials growth problem with demonstrated thick,
fully relaxed, and In-rich InGaN nano-pyramid
absorbers with extremely high cristalline qual-
ity. In this work, we investigate, through simu-
lation, Ing30Gag 70N nano-pyramid-based solar
cells and we report the first demonstration of
InGaN nano-pyramid based solar cells. A com-
parison of nano-pyramid structures with bulk or
MQW structures of equivalent InGaN absorb-
ing volume results in several advantages. The
first is that the semi-polar planes of the nano-
pyramid InGaN absorber reduce polarization
charges, which permit lower p-doping. Another
advantage is that the SiO, mask used for the se-
lective area growth helps trap the light, increas-
ing efficiency. The advantage of a carefully de-
signed nano-pyramid solar cell can have an effi-
ciency two orders of magnitude larger than that

of a planar InGaN-based solar cell of equivalent
absorber volume. The fabricated non optimized
solar cell is shown to have larger short circuit
photocurrent and open circuit voltage than the
state of the art InGaN-based planar solar cell.
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InGaN-based solar cell performance has been
hindered by poor crystalline quality.” The
growth of high quality thick InGaN layers is
difficult mainly due to the formation of ex-
tensive crystal defects and phase separation
within the layer.® This is unsurprising since
the critical layer thickness for a fully strained
high quality InGaN with medium In content
is only a few nanometers.”* InGaN based de-
vices with different absorber designs including
InGaN bulk layer,” InGaN /GaN semibulk® and
superlattice” structures, and InGaN/GaN mul-
tiple quantum well (MQWSs) PIN structures
have been demonstrated.®™ However, these ar-
chitectures evidence a limited indium compo-
sition and thickness due to strain, phase sep-
aration and 2D to 3D growth mechanisms.
Additionally, a significant barrier is present
at GaN/InGaN heterojunctions,™ which are
detrimental for devices. The best reported ef-
ficiency is 5.9 %™ and has been obtained for
MQW structure with a total InGaN absorber
thickness of 46 nm and an In content of 19 %.

Thus, new design concepts are required
for the growth of fully relaxed, high crys-
talline quality, In-rich InGaN absorbers. One
approach, the use of core-shell (coaxial)
nanowires™® appeared to be beneficial for
InGaN MQW solar cells. Nevertheless, due
to some issues with the uniformity of the
nanowires and partial coalescence of the p-
type layer on top on the nanowires, the highest
reported efficiency is 0.3%.

In this paper, we investigate the possible
use of InGaN nano-structures grown using a
nano selective area growth (NSAG) technique
that can overcome the previously mentioned is-
sues. NSAG has been first proposed for sig-
nificantly extending the critical layer thickness
of pseudomorphic growth in mismatched het-
erostructures.™* For InGaN, NSAG material has
been recently shown to be free of dislocations
even at high indium incorporation (up to 40%)
MO Ty this work, we study the design of In-
GaN nano-pyramids (NP) for solar cell appli-
cations to give guidelines for achieving a high-
efficiency NSAG Ing 30Gag.7oN-based solar cell.
Using coupled optical and electrical simulation
tools (see [Figure 1)), we compute and compare

the electro-optic performances of both planar
and nano-structured InGaN absorber-based so-
lar cell in AM1.5G solar spectrum conditions.
We also experimentally demonstrate the first
proof-of-concept of such a NSAG grown InGaN
absorber-based solar cell.
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Figure 1:

Coupled optical-electrical simulation
flowchart. The output of the optical responses, via
spatial information of charge generation rate, is used
as the input for the electronics modeling. A(\) is the
absorption, R(A) is the reflection, |E|? is the electric
field intensity, G(x,y,z) is the photo-generation, Eg is
the electronic band gap, p is the charge mobility, € is

* is the charge effective mass, y is

the permittivity, m
the work function, Jpp, is the photo-current density, V
is the voltage, and (x, y, z) is the three-dimensional
spatial coordinates. Unless specified, all optoelectronic

modeling is based on 3D simulation.

Results and discussion

Solar cell simulation

The hetero-junction solar cell structure under
consideration is shown in figure 2| It is a PIN
structure where the P- and N-regions are made
of Mg doped and Si doped GaN layer. The I-
region corresponds to the absorber which is an
array of InGaN NP separated by a SiOy mask.
For simulation purpose, it is described by a

primitive cell, as defined in figure (a),



Figure 2: Schematic of the 3D view of the solar cell

under consideration.

with periodic boundary conditions in both x-
and y- directions.The parameters of the mod-
eled structure are described in [Figure 3}(b) and
Figure 3t(c), giving a top view of the primitive
cell (with and without InGaN top pyramid) and
a cross-sectional view of a single NP, respec-
tively. Photocurrent density J,;, is mostly used
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Figure 3: (a) SEM image of the InGaN NP array
where the primitive modeled cell is indicated by the red
color box. (b) Top view of the modeled structure with
(top) and without (bottom) InGaN pyramid. ¢) Cross-

sectional view of the single NP modeled structure.

to measure the light harvesting capability of a
solar cell assuming that every absorbed pho-
ton leads to an exciton separation followed by
a successful carrier collection. We first used the
three-dimensional (3D) Finite-Difference Time-
Domaine (FDTD) in Lumerical to model the
light-matter interaction and compute the de-
pendence of the absorption, photo-generation
rate and ideal photo-current at each node of
the structure (see and supplementary
material) with the p-GaN layer thickness (d),
width of the NP (W) and pyramid spacing (S).
shows the ideal photo-current density
Jpn, as function of the spacing between NP vary-
ing in the range 0 nm<S<80 nm and width of
NP varying in the range 1.25xD (to avoid holes
overlap)<W <2xD, mapped for four different
hole diameters varying between 80 nm and 170
nm in the SiOy mask (D). The p-GaN top layer
thickness has been optimized for each couple of
parameters (S,W) to get the highest possible
Jpn- Since increasing W or decreasing S lead
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Figure 4: Photo-current density Jp, as function of the
spacing between NP (S) and width of NP (W) mapped
for three different hole diameter in the SiO5 mask: (a)
D=80 nm, (b) D=130 nm, (¢) D=170 nm. The p-GaN
top layer thickness has been optimized to get the highest
possible Jpp,.

to a thicker effective planar InGaN layer then
Jpn increases correspondingly from 3.2 mA /cm?



(for D=80 nm, S=80 nm, W=100 nm) up to
7.45 mA /em? (for D=170 nm, S=0 nm, W=340
nm). As expected, densely packed and large NP
are preferable to obtain large J,,.

In order to have more insights on the role of
the p-GaN thickness, [Figure 5}(a) shows the
variation of Jp;, as function of both the p-GaN
top layer thickness and width of the NP for a
hole diameter in the SiO, mask D=170 nm and
for a spacing between the NP equal to zero,
which corresponds obviously to the largest In-
GaN absorber effective thickness (total InGaN
NP volume distributed on a planar layer having
the surface area of the solar cell) and thus high-
est optical absorption and .J,;,. The variation of
Jpn, With d or W is not monotonic. The presence
of maxima and minima in the dependence of J,,
can be explained by a modulation of the optical
reflection at the top surface of the solar cell in-
duced by the interference phenomenon between
the optical waves reflected at the top surface
and at the p-GaN/SiO, interface, respectively.
As seen in[Figure 5}(b), this effect gives rise, for
a p-GaN top layer thickness of 220 nm, to an
increase of the absorption in a wider range of
wavelength than for p-GaN top layer thickness
of 180 nm, leading to an enhancement of Jp,
by 12 % for a p-GaN top layer thickness of 220
nm.

To compare the performance of the InGaN
NP absorber-based solar cell with those of the
planar InGaN absorber-based solar cell whose
absorber thickness is an effective thickness cor-
responding to the volume of the InGaN NP,
Figure 6f(a,b) shows the J,, (W, D) maps ob-
tained in both cases for an optimized p-GaN
top layer thickness and a spacing between the
NP S=0 nm. As expected, for both devices,
Jpn increases with both W (more markedly)
and D since this corresponds to an increase of
the effective InGaN absorber thickness. Nev-
ertheless, for a width of NP larger than 170
nm (corresponding to an effective thickness of
around 55 nm), J,, becomes higher in the case
of the InGaN NP absorber-based solar cell, and
reaches, for an effective InGaN thickness of
around 95 nm (corresponding to W=340 nm
and D=170 nm), a value of about 7.4 mA /cm?
corresponding to an increase of 9%. This orig-
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Figure 5: (a) Photo-current density J,, as function of
the p-GaN top layer thickness and width of the NP for
a hole diameter in the SiOs mask D=170 nm and for a
spacing between the NP equal to zero. (b) Dependence
of the absorption and reflection spectra for two p-GaN
top layer thicknesses (located by the two stars in (a)),
a hole diameter in the SiO mask D=170 nm, and a
spacing S=0.

inates from an increase of the absorption (see
Figure 6(c)) which can be explained by a light-
trapping effect in the NP due to the nano-
structured SiO, mask, as evidenced below.
compares the cross section maps of
the optical electric field intensity obtained at a
wavelength A=525 nm and for the three cases
marked @1 and @2 (InGaN NP absorber-based
solar cell), and @3 (planar InGaN absorber-
based solar cell) in A periodic verti-
cal optical electric field intensity pattern, orig-
inating from the interference effect mentioned
previously, is observed in the three cases. This
pattern is more intense for the InGaN NP solar
cell (Figure 7}(a) and -(b)) because of the larger
refractive index contrast at the interface be-
tween the SiOy mask and the InGaN NP, com-

pared to a planar InGaN solar cell (Figure 7
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Figure 6: (a,b) Jyn(W, D) maps of the InGaN NP
absorber-based solar cell and planar InGaN absorber-
based solar cell whose absorber thickness is an effective
thickness corresponding to the volume of the InGaN
NP, for an optimized p-GaN top layer thickness and a
spacing between the NP S=0 nm. The lines in (b) in-
dicate the corresponding effective planar InGaN layer
thickness. (c) Absorption spectra obtained for both de-
vices having the same effective InGaN thickness and an

optimized p-GaN layer thickness.

(c)) for which the p-GaN/InGaN interface has
a weaker refractive index contrast. In the case
of the InGaN NP solar cell, it is also more in-
tense for large W and D because of the broader
SiOy/InGaN interface. The light-trapping in
the NP is clearly seen in [Figure 7}(a) showing a
large optical confinement in the base of the NP
and a less pronounced one in the upper part of
the NP. It is to be noticed that this confine-
ment disappears for the smaller size NP ([Fig-
ure 7+(b)) because of the wavelength of the light
which is probably above the cut-off wavelength
allowing the optical confinement. This opti-
cal confinement is probably generated by the
horizontal sub-wavelength grating mirror (SiOs
mask with holes filled by InGaN material on top
of a low refractive index sub-layer (n-GaN)).18

Considering the band gap of the InGaN ab-
sorber with 30% of In content, a maximum
photocurrent of 13 mA/cm? is expected for
AM1.5G solar spectrum conditions. The dif-
ference between this value and those of 6.8
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Figure 7: Cross section (x,y) and (x,z) maps of the
optical electric field intensity obtained at A= 525 nm
for (a) @1 and (b) @2 InGaN NP absorber-based and
(¢) @3 planar InGaN absorber-based solar cells. See
for the @1, @2, @3 marks. Optical absorption
has not been taken into account to clearly highlight the
light trapping effect.

mA /cm? for an opening in the SiO, mask of
D=170 nm and a NP width of W=275 nm (@1
mark in can be explained by either the
reflection at the front surface which is about
20 %, and partial absorption due to the lim-
ited effective thickness of the InGaN absorber
which is about 89 nm in this case. Therefore,
if we consider, as proposed by Dahal et al.,1?
an anti-reflective coating (ARC) and a dielec-
tric mirror (DM) on the top and bottom of the
solar cell, respectively, the solar cell absorp-
tion spectrum can be tuned in such a way that
the photocurrent is increased by 26 % to reach
9.2 mA/cm?, as shown in [Figure 8(a). The
ARC design used in our simulation as well as
its reflection spectrum, which is close to those
achieved by Young et al.,2% is shown in [Figure &
(b) Instead of using a DM which is difficult to
achieve with broadband performance, we can
use a 100 nm thick silver reflective layer whose
reflection spectrum is also shown in
(b). Further work to implement an optimized
DM mirror with the highest possible reflection
in the 350 nm - 620 nm range, which is advan-
tageous for the combination of high band gap
InGaN-based solar cells with silicon, as we have
shown in previous work,2! is in progress.

To further assess the InGaN NP absorber-
based solar cell performance, we have con-
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Figure 8: (a) Tuning solar cell absorption spectrum
using (b) a multi-layered SiO2/Si;N, anti-reflection
coating at its top and a metallic mirror (Ag layer) at its
bottom. The blue curve shows the reflection spectrum
of the DM constituted of two multi-layered SizN4/SiO4
and TagO5/MgF stacks.

ducted 2D electrical simulation using Silvaco
software which does not solve properly 3D 6-
faceted pyramids. For that, we have produced a
2D photo-generation rate map, based on the op-
timized parameters described above, from the
3D photo-generation rate map by flattening it
along the y-axis using a spatial averaging which
almost allows for the conservation of the to-
tal photo-generated carriers throughout the vol-
ume of the NP.22 Then, this approximated 2D
map serves as input data for 2D electrical sim-
ulations. [Figure 9-(a) shows such a 2D photo-
generation map using the optimized geometric
parameters and for AM1.5 illumination condi-
tions. The photo-generation rate is larger in

(a) Photogeneration rate (cm?.s) (b)

@z=220nm

=015 -01 005 0 005 0.1 0.5
x(microns)

(c) @z=160nm

Regrowth GaN

n GaN

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Horizontal distance (wm)

Figure 9: a) 2D photo-generation map calculated from
the 3D photo-generation map using the optimized ge-
ometric parameters and for AM1.5 illumination condi-
tions. Cross section of the 3D photo-generation map at
a NP height of (b) 160 nm and (c) 220 nm.

the down part than in the upper part of the

NP. This is due to both the larger volume and
optical electric field intensity of the InGaN ab-
sorber in the down part of the NP as show in
Figure 9(b) and [Figure 9(c). It is to be no-
ticed that the value of J,, calculated using Sil-
vaco and the approximated 2D map is equal to
9.165 mA /cm? for a defect-free device. This
value is very close to the one obtained from the
3D map using Lumerical (9.2 mA /cm?, see
confirming the the validity of the approx-
imation made.

The geometrical parameters (opening diame-
ter in the SiO, mask, thickness of the p-GaN
layer, ARC coating, back mirror) of the solar
cell being optimized, we have studied the role
of both the p-GaN, u-InGaN and n-GaN dop-
ing on the solar cell performance. To achieve
high efficiency InGaN solar cells a high level of
doping for the p-GaN and n-GaN layers is re-
quired to limit the barrier height at the hetero-
interfaces, while low u-InGaN residual doping
is needed? to keep the width of the depletion
region as large as possible. These requirements
are all the more crucial as the discontinuity in
spontaneous and piezoelectric polarization gen-
erates interface charges that produce supple-
mentary and strong band bending and poten-
tial barriers as well as electric field that hin-
ders separation of photo-generated carriers.24206
If highly doped n-GaN layer can be grown rel-
atively easily,2%%8 the growth of highly p-type
GaN layers remains difficult?? and the undoped
InGaN typically demonstrates n-type conduc-
tivity resulting from a high background concen-
tration .50

Figure 10-(a) and |[Figure 10-(b) shows the

dependence of the power conversion efficiency
(PCE) as function of the n-GaN and p-GaN
doping concentration for both InGaN NP
absorber-based and planar InGaN solar cells
and for a residual donor concentration in the
InGaN layer of 8x10'%cm™3. As it can be seen
and as expected, a maximum PCE of 10.8%
can be obtained for a n-GaN doping concen-
tration larger than 8x10cm™2 whatever the
solar cell structure (InGaN NP or planar In-
GaN). As mentioned above, this is due to the
large barrier in the conduction band at the n-
GaN/InGaN hetero-interface which is the same
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Figure 10: Dependence of the PCE with respect to
either n-GaN and p-GaN doping concentrations for both
(a) InGaN NP absorber-based and (b) planar InGaN
solar cells.

for both structures, and can be lowered by in-
creasing the n-GaN doping concentration, as
shown in [Figure 11}(a), leading to the accumu-
lation of a large positive charge in the n-GaN
region close to the interface causing an inver-
sion layer in the InGaN layer which in turn
leads to the screening of the the polarization-
induced charges (see [Figure 11}(b)). On the
other hand, it is to be noticed that the con-
straint on the p-GaN doping concentration is
highly relaxed in the case of the InGaN NP
absorber-based solar cell when compared to
the planar InGaN solar cell. Indeed, to reach
the maximum PCE, the required p-GaN doping
concentration is one order of magnitude less in
the InGaN NP absorber-based solar cell than
in the planar InGaN solar cell (5x10'" cm™ in-
stead of 5x10'® ¢cm™3). This is due to the fact
that the p-GaN/InGaN interface in the case
of the InGaN NP is along the r-planes which
induce much less polarization charges effect.
Thus, as seen in [Figure 12, a p-GaN doping
concentration of 1x10¥cm™ allows for an ac-
cumulation of negative charges in the p-GaN
region which is enough to create an inversion
layer, and thus an electric field allowing the
separation of the photo-carriers, in the InGaN
layer in the case of the InGaN NP solar cell. In
the case of the planar InGaN solar cell, for the
same accumulation of negative charges in the
p-GaN region, the polarization charge effect
is stronger (p-GaN/InGaN interface along the
c-planes), leading to the accumulation of nega-
tive charges in the InGaN region and creation
of an electric field that hinders separation of
photo-generated carriers.
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Figure 12: (a) Energy band diagram and (b) charge
distribution at the p-GaN/InGaN hetero-junction for
both InGaN NP absorber and planar InGaN based solar
cells.

To conclude the study of the role of doping,
shows the dependence of the PCE
with the residual donor concentration of the In-
GaN layer for both InGaN NP absorber-based
and planar InGaN solar cells and for different
p-GaN doping concentration, and with a n-GaN
doping concentration of 1x10¥cm=3. For resid-
ual donor concentration of the InGaN layer up
to around 1x107em ™3, the PCE exhibits slight
variations (increase or decrease) whatever are
the p-GaN doping concentration and the type
of solar cell. The slight increase of the PCE can
be explained by the increase of the V. due to to
the shrinking of the space charge region®* while
the J4. remains constant. Beyond this residual
concentration level a decrease of the PCE can
be noticed especially in the case of the InGaN
NP absorber-based solar cell with a p-GaN dop-
ing concentration of 5x10cm™3. This can be
explained by the fact that the overlap between
the region where the photo-generation rate is

high (see |[Figure 9) and the region where the
drift electric field is high (see b,c)

becomes weaker, especially for a high residual
donor concentration of the InGaN layer (see

Figure 13tc). This phenomenon is even stronger



because of the diffusion length of the photo-
carrier which becomes smaller with the increase
of the residual donor concentration. Finally,
Figure 13t(a) shows that InGaN NP absorber-
based solar cells can tolerate a higher InGaN
residual donor concentration that the planar In-
GaN solar cells.
(a)

"

LT S P P e T |

—a— Nanopyramid, pGaN@5e17
--#-- Planar, pGaN@5e17
9 —=— Nanopyramid, pGaN@1e18
--¢-- Planar, pGaN@1e18

— 18 1

p
g.| -+~ Planar, pGaN@se18

PCE (%)

i-InGaN residual donor conc. (cm™)

Figure 13: (a) Dependence of the PCE with respect to
the residual donor concentration of the InGaN layer for
both InGaN NP absorber-based and planar InGaN solar
cells and for different p-GaN doping concentration with
a n-GaN doping concentration of 1x10%cm™3. The in-
set shows both the J;. and V,. dependence with the
residual donor concentration of the InGaN layer. Elec-
tric field map in the InGaN NP absorber-based solar
cell for two different residual donor concentration of the
InGaN layer: (b) 5x107cm ™2 and (c¢) 1x107em ™2 and

a p-GaN doping concentrations of 5x10'"cm 3.

As shown in the Ing3GagsN NP

absorber-based solar cell, optimized in terms of
mask opening, doping, ARC and back mirror,
can reach a PCE of 10.8% using currently avail-
able technologies. This value is close to the one
obtained by Fabien et al?¥ who considered a
device with similar n-GaN and i-InGaN dop-
ings but with a high p-GaN doping and espe-
cially 500 nm thick planar Ing3Gag 7N absorber
which is not achievable with a good crystalline
quality in contrary to the InGaN NP. Further-
more, the improvements allowed by the latter
in terms of reflection and polarization manage-
ment could lead to the fabrication of a solar cell
with a PCE which is twice or triple those of the
best achieved InGaN MQWs based device, and
even much more when compared to the InGaN
MQWs core shell absorber-based solar cell (see

bl 1.

Table 1: Performances of InGaN-based solar cells with

30-35% of In content: Simulated and experimental data.

Jee V.. FF PCE Eg [In Parameters Reference
mA/em?) (V) (%) (%) (eV) (%)
n=10%cm3 This
p=5x107cm ™3 work
i=10"cm™?
8.25 1.5 86.7 10.8 2.03 30 D=170 nm Simu-
W=265 nm lation
ARC and DM

n=8x10%cm=3 Ref 21
p=4x10%¥cm=3

n/a n/a n/a 115 225 30 i=107cm™? Simu-
500 nm thick lation
planar InGaN

8x4 nm InGaN Ref 12!
1 0.5 54 0.3 2.1 33  QWs nanowires Experi-

(length: 900 nm)  mental
12x3 nm Ref @
InGaN QWs Experi-
ARC and DM mental
20%2.3 nm Ref I
InGaN QWs Experi-
ARC and DM mental

2.56 1.8 64 295 224 35

2.97 272 615 497 222 36

Solar cell fabrication and assess-
ment

To assess our approach, 100x100 pm?
Ing goGagg1N NP based solar cells have been
fabricated. [Figure 14}(a) shows the patterned
Si0y mask and a cross-sectional schematic view
of the device and a top-view SEM image of the
fabricated solar cell are presented in
(b). The In content in the NP has been chosen
for comparison. We have recently achieved
Ing 0sGag.goN semibulk based solar cells with a
PCE three times higher than the state of the
art.% Since the NP based solar cells have been
fabricated using the same MOVPE growth ma-
chine and technological processes for the metal
contact deposition, and characterized using the
same measurement setups, than the semibulk
solar cells, the comparison makes sense. Due to
the small size of the device and low In content in
the InGaN NP absorber the photo-current was
too low to be measured that is why we used a
concentrated UV lamp with a power density of
around 140 mW /cm? distributed over the 350-
420 nm wavelength range. shows the
corresponding typical voltage dependence of
both the dark- and photo-current density mea-
sured for the InGaN NP-based solar cell. The
values of the short-circuit current (Js.), open-
circuit voltage (V) and fill factor (FF) derived
from the measurement are 12.7 mA/cm?, 1.89
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Figure 14: (a) SEM image of the patterned Si0s mask
and (b) cross-sectional schematic view of the device with

a top-view SEM image of the fabricated solar cell.

V and 20% respectively. As shown in [Table 2
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Figure 15: Dependence of both the dark- and photo-
current density (under Illumination of concentrated UV
light) measured for the InGaN NP-based solar cell.

the Jg. is much higher (by 55%) than the one
of the InGaN semibulk-based solar cell. Con-
sidering the UV lamp power density spectrum,
the band gap of each PV cell and the absorber
thickness (effective thickness in the case of the
of InGaN NP-based solar cell), an increase of
Jse by around 30% is expected, this even if the
InGaN NP absorber is not optimized in terms
of NP width and spacing. The larger J,. of the
InGaN NP absorber-based solar cell could be
attributed to the high crystalline quality of the
InGaN in the NP that could also explain the
relatively large V,. (80% of the expected value
derived from the band gap) when compared to
the one of the semibulk absorber based solar
cell (60% of the expected value derived from
the band gap). Last, the fill factor of both
solar cells is low. This is probably due to the
use of concentrated light source leading to the

Table 2:  Comparison of the performances of
Ing.09Gagg1IN NP absorber-based and InggsGag.goN
semibulk absorber-based solar cells measured under
concentrated UV light.

Tee Vo FF
(mA/em?) (V) (%)

Parameters Reference

Ing_ogGao_glN 1\11:)7 This
D=100 nm, S=20 nm work
46 nm effective
thickness
144 nm thick Ref 0!
Ing.0sGag.g2N
semibuk structure

12.7 1.89 20

8.2 1.52 30

enhanced carrier recombination at the inter-
face region due to high carrier densities under
concentrated UV light.™

Conclusion

We have investigated the performance, through
simulation, of Ings30Gag7,oN NP-based so-
lar cells. When compared to planar (bulk
or MQW) InGaN absorber, such a nano-
structured absorber is shown to release the
usual challenging constraint on the doping
of the p-GaN layer, which would be needed
to overcome the polarization-induced electric
field. Such a NP-based solar cell can handle
ten times less p-GaN doping while maintaining
the same performance. This originates from
the hetero-interface junction which lies on the
semi-polar planes leading to much less polar-
ization charges. Furthermore, the SiO, mask
used for the selective area growth of the nano-
pyramids is shown to help trap light into the
nano-pyramids leading to a larger optical ab-
sorption and thus efficiency. An increase of
about 9% of the photocurrent density is ob-
tained in the NP-based solar cells when com-
pared to the planar structure with the same
volume of absorber. A careful design of the
InGaN nano-pyramid-based solar cell leads to
an efficiency which can reach up to almost two
order of magnitude larger than that of a planar
InGaN-based solar cell. We also show the very
first demonstration of an InGaN nano-pyramid
based solar cells. As a proof of concept a fabri-
cated non optimized solar cell is shown to have



larger short circuit photocurrent and open cir-
cuit voltage than a state of the art InGaN-based
planar solar cell.

Method

Optical model

We have used three-dimensional (3D) Finite-
Difference  Time-Domaine (FDTD) using
Lumerical TCAD software in order to model
the light-matter interaction and calculate the
photo-generation rate at each node of the struc-
ture. The FDTD is a time-consuming method
(several days to achieve an optimization of one
parameter) compared to other electro-magnetic
computational methods like RCWA (Rigourous
Coupled Wave Analysis). However, the partic-
ularity of our hexagonal pyramid-shaped struc-
ture required the use of a FDTD method.

The absorption coefficients « for InGaN alloys
were calculated using the following equation:?2

a(em™) = 1% 10° x \/a x (B~ E,) + b x (E - E,)?
(1)
where a and b are fitting parameters depending
on the indium composition. FE is the incident
photon energy, £, is the bandgap energy which
is calculated using the following Vegard’s law:

Ey=xxE"™ 4+ (1-2)x E{*N —bxa x (1-x)

(2)
where z is the alloy fraction and b the bowing
factor. Refractive index is computed using the

n(w) =

model developed by Adachi:#
\/1 — };‘;J + B(x)

2
JA(x)x (f—j}) X {2\/1+};’;
®3)

where w is the optical frequency, and A(z) and
B(z) are fitting parameters depending on the
alloy fraction x by:

Alz) =9.827 x (1+x) —535T xx  (4)

(5)
As we did not find any data in literature con-

cerning the birefringence of InGaN, we have as-
sumed that the material is isotropic in terms

B(z) =2.736 x (1 —2)—9.19 x z
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of refractive index. Given the sub-wavelength
thickness of InGaN NP, the birefringence should
have anyway a small effect on the simulation re-
sult. The photo-generation rate is extracted by
dividing the absorbed power by the photon en-
ergy: ()
Pps(r,w
— (6)
where P,(r,w) is the optical power absorbed
per unit volume from a monochromatic source
at an angular frequency w and position r, which
is obtained by:

g(”/’, w) =

Pas(r,w) = —0.5x wx |E(r,w)|* x Se(w)] (7)

where E(r,w) is the electric field spectral den-
sity [V?m™2Hz7'] and € is the frequency depen-
dent permittivity. The total photo-generation
rate is given by the integration over the fre-
quency:

Gr) = [ i) x do 0

The photo-generated current J,,, estimated
with the assumption that each absorbed photon
generate a electron-hole pair collected at the

electrical contacts, is given by:

%/G(T) X dr

where ¢ is the electron charge and A is the prim-
itive cell area. Then, the total photo-generation
rate is averaged along the y-direction in order
to provide the photo-generation rate map used
for 2D Silvaco simulations.

Jph - (9)

Electrical model

Due to the large conduction band offset (AE.)
at the InGaN/GaN hetero-interface, we have
used the thermo-ionic-field emission carrier
transport model proposed by Yang et al.?* We
have accounted for Shockley-Reed-Hall (SRH),
and surface and radiative recombinations. A
surface recombination velocity of 10 cm/s for
electrons and holes is specified at the front sur-

face. The radiative coefficient and carriers’
lifetime can be found here.?® As the NSAG



nanopyramids are considered fully relaxed,*® we
have chosen a bowing factor of 2.59 eV based on
the work done by Islam et al.?" for absorption
band gap of relaxed InGaN. The same bowing
factor has been used to calculate the electron
affinity for InGaN. This is based on the study
done by Moses et al.*” showing that the valence
band maximum varies linearly with the indium
composition. More details about the physical
models and parameters’ values can be found
here,”? including electric mobility and effective

mass. shows some of the commonly
accepted parameters used in the simulations.

Table 3: Values of the different parameters used
in the simulations

Parameter [Unit) GaN InN ?iﬁgg%l; tion
a [A°] 3.189 3.545 Linear
c [A°] 5.185 5.7 Linear
E, [eV] 3.393688 0 6592 Bowing=2.592¢eV
Recombination
o M 5x107  5x10°7
Tp0 [s] 5x107°  5x107°
Chrad [em™3/s] 1x107% 1x1078
Sn [cm/s] 1x10*  1x10*
Sy [em/s] 1x10*  1x10*
Polarization"
P, [C/m?]  -0.020 0,032 Bowing=0.037
33 [C/m?]  0.73 0.73 Linear
e31 [C/m?]  -0.49 -0.49 Linear
es [C/m?] -0.4 -0.4 Linear
Cn [GPa] 367 223 Linear
Cia [GPa] 135 115 Linear
C13 [GPCL] 103 92 Linear
Css [GPa] 405 224 Linear
Cuy [GPa] 95 48 Linear

For polarization-induced charge calculation,
we have used the model developed by Ro-
manov et al.*! This model computes the polar-
ization difference at the hetero-interface along
the semipolar direction as:

AP = P}., + (P;” — Pi")cosy  (10)
where P;” and P;¥ are the spontaneous polar-
izations in the grown layer and substrate, re-
spectively. 1 is the inclination angle of the
c-axis relative to the normal of the hetero-
interface. P}, is the strain-induced piezoelec-
tric polarization component of the layer defined
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as:

PP, = eg1cos0e,y
€33 — €15 . .
+ [ eg1c08%0 + ==—gin¥sin20 | €,y
2 gy

633+€15
(2

+ ([es1 — ess]cos¥sin2y + eq5sindcos2) e,

(11)

where e;; and €;; are the piezoelectric and strain
coefficients, respectively. shows the
coordinate systems used for this calculation, as
well as the obtained hetero-interface polariza-
tion difference (AP) as a function of the incli-
nation angle ¢ for a strained Ing3Gag 7N layer
on top of a GaN layer.

sindsin29 + 633005319) Eat

—
o
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Figure 16: (a) Coordinate systems and (b) polariza-
tion difference at the hetero-interface as a function of
the inclination angle of the c-axis (z) with respect to

the normal at the interface (z’).

Experiment

InGaN NP were grown by MOVPE on top of
a n-doped GaN patterned template with holes
having a diameter of 100 nm (see (a)).
Prior to the InGaN growth a 20 nm thick GaN
layer was grown at 1000°C. A 150 nm thick p-
doped GaN layer followed by a 50 nm thick p*-
doped GaN were grown at 850°C on top of the
InGaN NP. Further details of growth are pub-
lished elsewhere.*! Contacting was made using
liftoff. First the p-type contacts were defined so
that the contact pad was on the SiO, layer with
a bus bar running to the exposed p-type GaN.
10 nm of Ni and 20 nm of Au were evaporated
to use as the contact. The resulting structure
was lifted-off and then annealed at 500°C for
80 seconds under Ny in a rapid thermal anneal-



ing system to promote ohmic contact. The n-
type GaN metal contacts were evaporated using
Ti/Al/Ti/Au with thicknesses of 8, 25, 10, and
100 nm respectively. The SEM image of the fi-

nal device is shown in the inset of [Figure 14+(b).
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