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ARTICLE INFO ABSTRACT
Keywords: We present the design of high-efficiency and flexible InGaN solar cells based on nano-pyramid
InGaN nano-pyramids absorbers, which allows for high indium incorporation and reduced polarization effects while

Two-dimensional (2D) hexagonal boron nitride
Flexible solar cells
Optimization

maintaining high crystalline quality. The process uses nanoscale selective area growth and van
der Waals epitaxy on two-dimensional (2D) hexagonal boron nitride on sapphire substrates. The
2D layer enables mechanical release of solar cells via self-lift-off and its transfer to a flexible
substrate. Through coupled optical and electrical simulations, we compare different designs of the
p- and n-regions and propose two device architectures that combine mechanical flexibility and
high power conversion efficiency (up to 16.4%). This approach can provide a solution for the
fabrication of high-efficiency, low-cost and flexible InGaN-based solar cells.

1. Introduction

The rapid development of wearable and flexible electronics has increased the need for high-efficiency, robust, low-cost and flexible
photovoltaic devices [1]. I1I-V thin-film solar cells are promising candidates for these applications owing to advancements in epitaxial
growth and lift-off of III-V semiconductors. Laser lift-off [2], chemical lift-off [3] and mechanical spalling [4] allow for efficient release
of III-V epilayers, e.g. GaAs [5] and InP [6] based structures, from the native substrate and their transfer onto lightweight and flexible
receiving [7] substrates.

InGaN alloys have outstanding photovoltaic properties such as a high absorption coefficient, a tunable band gap that covers nearly
the entire solar spectrum, and resistance to high temperatures and high energy radiation [8]. Moreover, InGaN-based solar cells can be
grown by van der Waals epitaxy on two-dimensional (2D) hexagonal boron nitride (h-BN) on sapphire [9], which allows for a
2D-layer-assisted transfer [10] to foreign substrates [11]. [12] This emerging approach could offer a number of important advantages
over conventional lift-off techniques, including the possibility to grow 2D h-BN and InGaN-based solar cells in a single epitaxial run,
while the sapphire substrate can be reused repeatedly after the mechanical release of the III-nitride epilayers [13].

However, the roadmap to achieve high-efficiency InGaN solar cell is impeded by two primary challenges. First, degradation of
crystalline quality and phase separation at large layer thickness and high indium content respectively [14]. Second, strong polarization
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Fig. 1. Schematics of (a) NP-L (lateral p-GaN) and (b) NP-C (conformal p-GaN) solar cells design.

charges [15] at InGaN/GaN hetero-interface, which reduces the build-in electric field required for carrier separation [16]. To tackle
these challenges, InGaN solar cells with different planar absorber layers including InGaN superlattice [17], semibulk [18] and
multi-quantum wells [19] and most recently, n [20] on p structure [21], which could benefit from interface polarization charges, have
been proposed. Yet, due to above-mentioned issues, the highest experimentally achieved power conversion efficiency (PCE) is below
6% with indium content of 19% [22]. Thus, new approaches are required to achieve InGaN solar cells of higher indium composition
while managing the lattice mismatch between the absorber layer and the substrate and contact layers.

Three-dimensional (3D) nanostructures are promising candidates to obtain high-crystalline quality, indium rich InGaN material,
where the misfit strain is elastically released, thanks to the high surface-to-volume ratio during growth. InGaN nano-pyramids (NPs)
grown by nano-selective area growth (NSAG) [23] allow elastic strain relaxation of InGaN, which results in defect-free absorber
material with indium content up to 33% [24]. In addition to the enhanced indium incorporation, these InGaN NPs reduce the effects of
piezoelectric and spontaneous polarization since the material grows along the semipolar <1-102> r-plane facets of the pyramids.
Considering this, El-Huni et al. [25] proposed the idea of NP shaped InGaN absorber layers. Through simulations, they optimized the
shape of these NPs for efficient light trapping and showed that these nanostructures can lead to an enhancement of the conversion
efficiency, up to twice that of conventional planar InGaN-based solar cells.

The challenge however, with these InGaN NP solar cells is the degradation of the InGaN absorber during the growth of the p-GaN
top layer. Using metal-organic vapor phase epitaxy (MOVPE), high p-GaN growth temperature above 850 °C leads to indium segre-
gation in the InGaN absorber [26]. On the other hand, when the p-GaN epitaxial layer is grown by MOVPE at low temperature, the
crystal quality of p-GaN is degraded, leading to high carrier recombination and leakage current [19]. [27] The solution used to
overcome this issue is to grow p-GaN layer under epitaxial lateral overgrowth conditions, which allows reduction of the thermal budget
on the absorber layer, thanks to the higher growth rate [28]. Such growth conditions prevent the degradation of the NPs, but leads to
poorly doped and highly resistive planarization layer between absorber NP and p-GaN.

A solution that we propose in this work, is the low temperature growth of p-GaN layer on NPs by molecular beam epitaxy (MBE).
Several studies have reported high-quality growth of p-GaN by MBE at low temperature (~700 °C) [29], thus ensuring preserved
InGaN [30] absorber underneath. However, unlike the lateral structure of NP solar cells grown by MOVPE (referred as NP-L and
illustrated in Fig. 1(a)), MBE grown p-GaN will lead to conformal NP solar cells (referred as NP-C and shown in Fig. 1(b)). This means,
the two structures differ from one another from the perspective of light coupling into the structure. Through coupled optical and
electrical simulations we show that, our proposed solution, NP-C design leads to a significant reduction of the reflectivity of the top
surface. This increases the overall PCE by ~100% as compared to the NP-L design. Further optimization of the NP-C design is achieved
by replacing the n-GaN layer by an n-InyGay.yN layer to reduce both the polarization charge effect and electron transport barrier at the
InGaN/n-GaN interface, leading to an additional increase of the PCE by 41%.

Finally, for the fabrication of flexible solar cells, we propose to use the very recently developed self-lift-off and transfer (SLOT)
process. This technology has been used for the development of flexible LEDs [31]. The method involves the deposition of a 30 pm thick
copper layer on the solar cell structure grown on 2D h-BN/sapphire substrate. Thanks to the weak van der Waals force between h-BN
and sapphire, the epilayers are lifted off at h-BN/sapphire interface and transferred to copper upon application of thermomechanical
stress. Transfer of NP-C structure to thin copper substrates in addition to giving flexibility would facilitate vertical transport, heat
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Fig. 2. (a) Plot of ideal Jp (mA/cm?) vs Indium content (x) (b) Jse (mA/cm?) vs, Indium content (x) (c) Band diagram of the NP-C structure for x =
25%, 35% and 45% calculated along the 1(1-102) direction, as shown in schematic. The inset is a zoomed view of the potential barrier in the
conduction band that appears at the InGaN/n-GaN interface (outlined by a green dashed ellipse), at the base of the pyramid. (d) Plot of PCE (%) vs
indium content (x).

removal, and the creation of electrical pads and backside mirrors. Using this technology, we describe the fabrication process flow of
two new architectures of flexible solar cells referred to as NPC-on-Cu (Fig. 5(d)) and NPC-free-standing (Fig. 5(f)). Through simula-
tions, we show that both NPC-on-Cu and NPC-free-standing architectures can achieve PCE as high as 14.8% and 16.5%, respectively.

2. Methods

Both NP-L and NP-C designs (Fig. 1) are p-GaN/InGaN/n-GaN Ga-face heterojunctions where the n-layer is 50-nm-thick and Si-
doped with electron concentration of 8 x 10'® cm™3 whereas the p-type layer is Mg-doped with hole concentration of 5 x 107
cm ™. The p-layer has a thickness of 120 nm and 90 nm for NP-L and NP-C designs, respectively (see geometric description in Fig. 1).
These thicknesses were optimized to allow for minimum reflection at the p-GaN/air interface. The InGaN NPs geometric parameters
were optimized elsewhere [25] and are kept same for both structures. They have a base diameter of 340 nm and a height of 255 nm,
and their distribution is hexagonal close packed, so that the base of each pyramid is in contact with the base of its 6 next-neighbors. The
NP stem is originated by selective area growth on a 80-nm-thick SiO, mask. The growth starts with a 35-nm-thick i-GaN seed layer,
followed by InGaN layer of the desired indium composition. The residual donor concentration in the NPs is 1 x 1017 cm™3. All these
doping levels are realistic parameters considering the challenging constraints to attain high levels of p-doping in GaN.

The 3D Finite-Difference Time-Domaine (FDTD) method embedded in the Lumerical software was used to investigate matter-light
interaction. The absorption coefficient and refractive index were calculated using Brown’s [32] and Adachi’s [33] models, respec-
tively. We assumed that each photon absorbed leads to the generation of one electron-hole pair. The photogeneration rate, G(x, y, z) (in
em3s71), is calculated under AM 1.5 solar spectrum conditions. The ideal photocurrent density, Jy, (mA/cm? (without considering
transport and recombination) is calculated as J,, = (qﬁ G(x, y, z) dx dy dz)/A, where q is unit electronic charge and A is the surface
area of solar cell receiving illumination.

The output photogeneration rate of 3D optical simulations is averaged along the y-axis and used as the input for electrical 2D
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Fig. 3. Cross-section (x, z) maps of the normalized optical electric field intensity obtained at x = 30% and 4 = 525 nm for (a) NP-L and (b) NP-C
structures. Optical absorption has not been taken into account to clearly highlight the light trapping effect. Photogeneration rate maps (cm >.s™1)

averaged along the y-axis for (c) NP-L and (d) NP-C at x = 30%.

Silvaco TCAD simulations, allowing the calculation of the real photocurrent density Js. and PCE. For that, Poisson’s and current
continuity equations are solved self consistently. Cauchy’s carrier mobility model alongside SRH, optical and surface recombination
models are also considered in our simulations. Carrier lifetime for both electrons and holes is considered to be 5ns. The polarization-
induced charges at the c-plane and r-plane hetero-interfaces are computed using Romanov’s model [34]. Extensive details about the
physical models and material parameters used can be found in Ref. [35].

3. Results and discussion
3.1. Optimization of the NP-based InGaN solar cells

The ideal photocurrent density, Jyp, for the NP-L and NP-C designs [25] is calculated as a function of the indium content (x) in the
NPs, with x ranging from 0 to 50% (Fig. 2). We limit our simulations only up to x = 50% due to growth constraint of higher indium
content InGaN. For both designs, Jpp, increases with indium content due to the corresponding decrease of the InGaN bandgap, which
results in a better coverage of the solar spectrum. However, the photocurrent is higher in the NP-C case for all indium contents. As an
example, at x = 25%, Jp, of NP-L is equal to 6 mA/cm? while it reaches 9 mA/cm? for NP-C, corresponding to an increase of 50%.

The improvement originates from the significant reduction of the optical reflection in the textured sample (NP-C) with respect to
the planar sample (NP-L), which leads to improved coupling of the light into the NP-C structure, as illustrated in Fig. 3(a) and (b),
which show cross-section maps of the optical electric field at A = 525 nm. For the NP-L design, the light is not confined in the NPs, but
rather distributed between the NPs and the p-type GaN layer. This is due to the small contrast of refractive index between GaN and
InGaN. The improved optical coupling in NP-C results in enhanced photogeneration, as displayed in Fig. 3(c) and (d).
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Fig. 4. (a) Conduction band at the hetero-junction along the line in [0001] direction as shown in schematic, (b) J-V characteristics under AM1.5
illumination for the p-GaN/Ing 35Gag 6sN/n-InyGa;.,N NP-C structure and (c) PCE with respect to Indium content in NPs (x) and n-region (y).

The photogeneration rate obtained is used as an input for electrical simulations. The short-circuit current density (Js.) and the
power conversion efficiency (PCE) of the NP-L and NP-C solar cells are computed as a function of the Indium content in the NPs,
ranging from 0 to 50%. Fig. 2(b) shows J versus x for both designs. The value of Jy increases with the Indium content and reaches a
peak value of 8.2 mA/cm? atx = 36% for NP-L and 12.5 mA/cm? at x = 34% for NP-C. The maximum J. obtained in the case of NP-C is
53% higher than in case of NP-L. After attaining maxima, Jg. drops for higher Indium contents, which is attributed to the increase of
polarization effects as well as the increasing band offset at the InGaN/n-GaN hetero-interface. Therefore, photogeneration keeps
increasing at high Indium concentrations, but the resulting charge carriers are not collected at the contacts.

Fig. 2(c) shows the energy band diagram of the NP structure for x = 0.25, 0.35 and 0.45. The horizontal axis corresponds to the
relative distance along the cutline drawn perpendicular to the r(1-102) plane face of the pyramid from p region to all the way down to
the bottom n-region. This is chosen as the current flow is perpendicular to the inclined facets of the pyramids and not along the axis of
the pyramids. We observe the presence of a potential barrier for electrons at the Ing 35Gag ¢sN/n-GaN interface (outlined by a green
dashed ellipse in the figure), which increases with the indium content in the absorber. Furthermore, the band bending along the InGaN
region, due to the presence of the junction, is attenuated for increasing indium content due to the higher polarization-induced field,
which is in the opposite direction of the built-in electric field in the case of p-i-n Ga-face structures [16]. This limits the drift of the
carriers to the n- and p-layers. The PCE versus indium content is given in Fig. 2(d) for the NP-L and NP-C designs. The maximum
efficiency for NP-L and NP-C is equal to 5.9% and 10.3%, respectively, and is attained for an indium content of ~23% for both the
designs. The efficiency drops abruptly for higher indium contents as a result of the transport limitations.

These results confirm the superior photovoltaic behavior of the NP-C design compared to the NP-L one, owing to the higher light
absorption that is enhanced by the textured pyramid-shaped p-GaN top-surface. However, the electrical performance of this structure
is still hindered by the polarization-induced charges and the high barrier height at the InGaN/n-GaN hetero-interface. Thus, we study
the effect of replacing the n-GaN layer by an n- InyGa; yN layer, with the same doping concentration of 8 x 10'® em 3, on the overall
efficiency of the NP-C structure.

In the following, the n-GaN layer below the SiO2 mask is replaced by a 50-nm-thick n-InyGaj yN layer, where y is varied from 0% to
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Fig. 5. Schematics of the SLOT process steps for the fabrication of flexible InGaN solar cells with both NPC-on-Cu and NPC-free-standing device
architectures.

15%. Fig. 4(a) shows the conduction band profile at the interface between the NP base and the n-InyGa;.yN layer, to illustrate the effect
of increasing the indium content (y) in the n-InyGa; yN layer on the electron potential barrier. For a fixed indium content in the NP (x =
0.35), the barrier height decreases from 1.1 eV for (y = 0) to 0.46 eV (for y = 0.15). Fig. 4(b) shows the resulting improvement in the J-
V characteristics under AM1.5 illumination, and Fig. 4(c) gives the dependence of the PCE on the x and y indium mole fractions.
Increasing the indium content in the n-region results in a lower potential barrier for the electrons due to the lower polarization dif-
ference at the interface. As a result, the carrier collection efficiency improves. This has a direct effect in the J-V curves, where the fill
factor (FF) increases from 0.4 for y = 0% to 0.71 and 0.82 for y = 7% and 15%, respectively. A maximum PCE of 14.6% is reached at x
= 32% and y = 7%, while the maximum PCE obtained for y = 0 is equal to 10.8% (at x = 23%), which correspond to an increase of 35%
in efficiency. A slightly higher PCE is reached in the region where x is higher than 32% and y higher than 7%.

Note that all the results presented above are obtained by considering a 50-nm-thick n-region. This thickness is below the critical
thickness for both n-GaN and n-Ing ¢7Gag g3N, hence such layers can be grown with high crystalline quality. However, the material
quality of n-Ing 15Gag gsN is severely degraded when the thickness reaches a critical value ~20 nm [36]. Considering this experimental
challenge and the limited improvement of the PCE for x higher than 32% and y higher than 7%, we consider than an optimized and
realistic InGaN NP-based solar cell device should include: (i) pyramid-shaped p-GaN region, (ii) an Ing 32Gag ¢gN NP absorber layer and
(iii) n-Ing 07Gag 93N region.

3.2. Design of flexible NPC-based solar cells

The process flows to fabricate two new architectures of flexible solar cells through the SLOT process are shown in Fig. 5. The first
architecture (referred as NPC-on-Cu and illustrated in Fig. 5(d)) is obtained via the deposition of transparent conductive oxide (TCO) as
p-contact, followed by deposition of copper layer (Fig. 5(b)). Then, the process is completed by the release of the active structure via
the SLOT process (Fig. 5(c)), and the deposition of a TCO n-contact layer on the flipped membrane (Fig. 5(d)). The second architecture
(referred as NPC-free-standing and presented in Fig. 5(f)) is obtained from the NPC-on-Cu structure by the deposition of a dielectric
Bragg mirror on top of the TCO n-contact followed by a selective etching of the copper layer to allow fully transparent, free-standing
and flexible InGaN solar cell (Fig. 5(f)).

Using the same simulation approach, we investigate here the optical and electrical performance of flexible NPC-on-Cu (Fig. 5(d))
and NPC-free-standing devices (Fig. 5(f)). The TCO layer is considered to be indium zinc oxide (IZO) because it allows higher electrical
conductivity [37] and mechanical flexibility [38] when compared to indium tin oxide (ITO).

For the NPC-on-Cu device without IZO n-contact, large optical confinement is obtained close to the SiO, mask (not shown in
manuscript). This effect is due to the larger refractive index contrast at the Ing 30Gag 6sN/SiO2 and n-Ing 07Gag 93N/SiO> interfaces, as
well as the copper back-mirror effect. However, the flat n-layer on top of the structure increases the reflectivity with respect to the NP-C
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structure, hence reducing the absorption within the NPs. Moreover, the 50-nm-thick n-Ing 97Gag.93N layer absorbs around 18% of the
solar spectrum, which further limits the amount of light reaching the NPs. These constraints lead to a of Jo = 8.8 mA/cm?, which is
23% lower than the Jg. = 11.4 mA/cm?obtained for the NP-C structures. The PCE also drops from 14.6% for the NP-C to 10.5% for the
NPC-on-Cu device.

The performance of NPC-on-Cu device, in terms of absorption and photogeneration, can be enhanced by depositing a 60-nm-thick
(optimized thickness) IZO n-contact layer, which behaves as anti-reflective coating. The photogeneration rate is illustrated in Fig. 6(a).
Ultimately, the IZO/NPC-on-Cu structure reaches a maximum Js. of 12.4 mA/cm? and a maximum PCE of 14.8%.

For the NPC-free-standing architecture, 6 periods of SiN (50 nm)/SiO2 (100 nm) are used as Bragg reflector in the wavelength range
from 500 nm to 700 nm. Furthermore, thickness of both IZO p- and n-contacts affects the ideal photocurrent density J,,, which varies
periodically (period ~ 100 nm) with the thickness of the IZO n-contact and decreases monotonically with the thickness of the IZO p-
contact, as illustrated in Fig. 7. Thus, an optimal thickness of 10 nm is used for both IZO p- and n-contacts. With these parameters, the
NPC-free-standing device with IZO contacts and back mirror presents an improved photogeneration within the NPs (Fig. 6(b)) and can
reach J,. =13.3 mA/cm? (Jph=13.6 mA/cm?) and PCE = 16.5%. The fact that the values of J sc and Jpp, are so close is explained by the
high charge collection efficiency of photogenerated carriers. This is realistic since the potential barrier for hole transport is relatively
small (Fig. 2(c)) and, the potential barrier for electron transport at the InGaN NP/n-Ing g7Gag 93N interface is narrow (<9 nm in Fig. 4
(a)), so that electrons can tunnel through.
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Table 1
Summary of the J. and PCE values obtained for different solar cell structures.
NP-L with n-GaN NP-C with n-GaN NP-C with n- R, NPC-free-standing
1o .
Ing.07Gag.o3N v device
NPC-on-Cu

device
Optimal Indium 23 23 32 32 32
content (%)
Jse (mA/cm?) 3.8 7.1 11.4 12.4 13.3
PCE (%) 5.9 10.3 14.6 14.8 16.5
Table 2
Comparison of the state-of-the-art with results obtained in this work.
Reference Structure PCE
EL Huni et al. [25] NPs, lateral p-GaN, In = 30% (+ TCO and BM) 10.80%
This work NPs, conformal p-GaN, In = 32% (+ TCO and BM) 16.50%
Kazazis et al. [21] Planar absorber, n on p structure, 14.5%
In = 50%.
This work NP absorber, conformal p-GaN 14.6%
In = 32%

4. Conclusion

The results obtained in this study and summarized in Table 1, show that the p-GaN-conformal NP-C structure exhibits higher PCE
than the planar NP-L structure due to the improved optical coupling and higher optical absorption in the NP region. Moreover, by
replacing the n-GaN layer by n-Ing g7Gag 93N, to improve the carrier transport, we demonstrate that an optimized and experimentally
feasible p-GaN/Ing 32Gag 6sN/n-Ing 07Gag 93N NP-C structure on sapphire can attain a PCE of 14.6%. It should be noted that this value
is almost equal the best reported PCE (14.5%) obtained by simulation for bulk InGaN/GaN solar cells [21] consisting of an ideal
300-nm-thick Ing 5Gag 5N layer grown on p-GaN. This structure [21] however efficient, is infeasible to realize owing to two reasons. On
the one hand, the thickness of IngsGagsN is far beyond its critical thickness on GaN, which results in layers with inhomogeneous
composition (strain pulling effect) and with a high density of structural defects. On the other side, n-side-up devices present additional
difficulties for the activation of Mg, since the subsequent regrowth of n-GaN does not allow an efficient decomposition of the hydrogen
complexes formed in the Mg-doped layer [39]. Our proposed solution based on NPs eliminate the intrinsic challenges in the
state-of-the-art structure.

The solar cells described in this study can be grown and fabricated on 2D h-BN/sapphire substrates, which allows the mechanical
release of the epilayer, and its transfer to flexible substrates. This target can be reached through the one-step self-lift-off and transfer
(SLOT) process where a thick copper layer is deposited on the top-surface to trigger the release of the epilayers at the h-BN/sapphire
interface under thermo-mechanical stress. This process results in inverted n-on-top flexible solar cells on copper. We demonstrate that
the photovoltaic performance of these NPC-on-Cu devices are penalized by the lack of top-surface texturing and partial light absorption
in the n-Ing ¢7Gag 93N top layer, with results in a PCE limited to 10.4%. However, by adding an optimized IZO n-contact layer that also
acts as ARC, the PCE in such solar cells can be 14.8%. A second design architecture is also proposed and is based on the deposition of a
Bragg mirror on the n-side and the selective removal of copper from the p-side to allow free-standing and flexible p-on-top NPC-free-
standing devices. It leads to a maximum PCE of 16.5%. PCE obtained in this study is compared with the state-of-the-art results and is
presented in Table 2.

Finally, it is worth mentioning that the high thermal dissipation capability of copper can make the NPC-on-Cu devices more suitable
for high temperature applications, whereas the NPC-free-standing devices can be more adapted for heterogeneous integration on Si-
based solar cells in order to achieve high-efficiency 4-terminal [35] and 3-terminal [40] tandem cells.
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