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Abstract: It is now well established that light trapping is an essential element of thin film
solar cell design. Numerous light trapping geometries have already been applied to thin film
cells, especially to silicon-based devices. Less attention has been paid to light trapping in
GaAs thin film cells, mainly because light trapping is considered less attractive due to the
material’s direct bandgap and the fact that GaAs suffers from strong surface recombination,
which particularly affects etched nanostructures. Here, we study light trapping structures that
are implemented in a high-bandgap material on the back of the GaAs active layer, thereby not
perturbing the integrity of the GaAs active layer. We study photonic crystal and quasi-random
nanostructures both by simulation and by experiment and find that the photonic crystal
structures are superior because they exhibit fewer but stronger resonances that are better
matched to the narrow wavelength range where GaAs benefits from light trapping. In fact, we
show that a 1500 nm thick cell with photonic crystals achieves the same short circuit current
as an unpatterned 4000 nm thick cell. These findings are significant because they afford a
sizeable reduction in active layer thickness, and therefore a reduction in expensive epitaxial
growth time and cost, yet without compromising performance.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

III-V solar cells, e.g. those made of Gallium Arsenide (GaAs), have a high energy to weight
ratio [1] which makes them excellent candidates for airborne applications such as unmanned
aerial vehicles and high altitude platforms [2]. Their efficiency is the highest of any type of
single junction solar cell with 28.8% (measured under the global AM1.5 spectrum (1000
W/m?) at 25 degrees Celsius (IEC 60904-3:2008, ASTM G-173-03 global)) [3, 4]. The
benefit of this high efficiency, however, is offset by the higher costs compared to silicon solar
cells, which has held back terrestrial applications.

Many methods have been proposed for improving the cost-effectiveness of GaAs solar
cells while maintaining their high conversion efficiency. Amongst the many methods, two are
particularly effective and practicable, namely: a) to reuse the GaAs substrate [5-8], or b) to
decrease the thickness of the GaAs active layer [9, 10].

Regarding a), epitaxial lift-off (ELO) is already being used to transfer micrometer-thick
device layers to another substrate by etching a sacrificial layer between the device’s active
epitaxial layer and the GaAs substrate [4]. Examples of such sacrificial layers are Aluminum
Gallium Arsenide (AliGaj<As) and Indium Gallium Phosphide (InyGa;«P), which can be
selectively etched by Hydrofluoric Acid (HF) [11-13] and Hydrochloric Acid (HCI) [14, 15],
respectively.

Once the ELO cost saving procedure [5-7, 16] has been implemented, the next costly
processing step is the epitaxial growth of the subsequent solar cell on the recovered substrate.
Therefore, if the active layer could be made thinner without loss of overall efficiency, further
cost reduction was possible. We believe that light trapping structures can achieve this goal.
The issue with light trapping structures in GaAs, however, is the high surface recombination
velocity of the material. If the GaAs is patterned directly, the resulting surface damage leads
to a significant deterioration in efficiency, as is well known [17, 18]. One way to circumvent
this problem is to pattern the light trapping structure on other high bandgap materials either
on the front [19, 20] or on the back of the solar cell [21-23]. The implementation on the back-
side presents some advantages including the ability to separately optimise light trapping and
anti-reflection coating (ARC) [24, 25]. Besides, nanostructures on the back side are typically
thinner than in the front side [26, 27] because the former operates in reflection and the latter
in transmission; this difference is a consequence of the dependence of the diffraction
efficiency on the total optical path difference between grooves and ridges: since in reflection
light propagates twice through the ridges and grooves, a structure operating in reflection with
half of the height of a structure operating in transmission will exhibit the same optical path
difference and, consequently, comparable diffraction efficiencies. Furthermore, patterning the
light trapping structure in high bandgap material, such as InGaP and AlGaAs, has a much
lower impact on the surface recombination compared to pattering directly in the absorbing
layer [19] and their parasitic absorption is lower because the blue end of the spectrum is
already being absorbed by the active layer, so does not get absorbed by the light trapping
layer. Overall, we therefore propose to implement the nanostructure in an InGaP layer placed
at the rear of the GaAs active layer.

Light trapping schemes for thin film solar cells are typically based on the excitation of
waveguide modes in the active layer. The resonant nature of the waveguide-mode excitation
then poses the challenge of achieving broadband and strong absorption enhancement. This
problem has been intensively investigated in c-Si thin film solar cells, where it has been
recognised that quasi-random nanostructures [28] are the most promising structures to
maximise solar absorption. Despite their promise, quasi-random nanostructures have not yet
been applied to GaAs solar cells. Therefore, the identification of the optimum light trapping
nanostructure for GaAs solar cells remains an open problem which we address in this paper.

Our strategy is to compare structures with different k-space (spatial Fourier space)
characteristics. Conducting the study in k-space is advantageous because it allows for the
identification of the desired functional properties of the structure without making reference to
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its specific geometrical details [28]. We start out by quantifying the benefit of light trapping
for different active layer thicknesses. We then proceed by exploring the differences between
two very different types of light trapping nanostructures, namely the simply periodic and the
more complex quasi-random structures [28, 29]. Finally, we design, characterise and compare
- both experimentally and theoretically - the absorption enhancement of a ~135 nm thick
GaAs active layer using photonic crystals (PhCs) and quasi-random nanostructures on the
back side of a GaAs layer.

2. Effect of light trapping as a function of active layer thickness

We first address the light trapping problem by theoretically investigating the effect of back-
side light trapping as a function of active layer thickness.

Figure 1(a) shows the architecture of a GaAs solar cell placed on a silicon substrate [8] as
an exemplar. The GaAs based p-n junction forms the active layer, on the top of which a 60
nm thick Si3Ny is deposited. The 30 nm n-InGaP and 50 nm p-InGaP layers act as the window
and back surface field (BSF), respectively; it is this layer which will form the light trapping
nanostructure in the next step. The top metal electrode is formed by a Ni/Au/Ge/Ni/Au stack
[8]. The structure is terminated on the bottom by a Pt/Au metal layer (also acting as a bonding
material) and the silicon substrate provides mechanical stability.

We begin by identifying the minimum active layer thickness required to fully absorb the
incoming light without the need for light trapping. Figure 1(b) shows the calculated integrated
absorption of the solar cell as a function of the GaAs active layer thicknesses for different
wavelength ranges (400 nm—600 nm, 600 nm-900 nm and 400 nm-900 nm). The integrated
absorption is defined as the total amount absorbed solar photons divided by the total amount
of incoming solar photons. For the calculation, we used the AMI1.5G spectrum. The
mathematical expression for the integrated absorption is shown as Eq. (1):

[ a(2)1(2)2ar
400 hC
Abs = ey

900 A

[ 1(2)=da

400 hC
where A(4) is the absorptance of the cell, /(4) is the AM1.5G solar spectral density, 4 is the
Planck constant, ¢ is speed of light in vacuum and 4 is the wavelength. Notice that the term
1(2)2 /(hc) corresponds to the solar photon density.

The minimum thickness then corresponds to the point where the integrated absorption
saturates, which is approximately 4 um, shown as the orange dashed line in Fig. 1(b). We
note that typical high performance single junction GaAs solar cells utilise active layer
thicknesses of this order [5, 30-34].

The integrated absorption falls noticeably as the thickness is reduced below 1 um, shown
as the green dashed line in Fig. 1(b). For example, at 250 nm, the integrated absorption is
20% lower than its saturation value at 4 um. This significant decline indicates that absorption
enhancement through light trapping is particularly important for active layers thinner than 1
um. Furthermore, this requirement is even more stringent in the red and near infrared (IR)
wavelength range as highlighted by Fig. 1(b), which shows that it is the long wavelength
range which limits the performance of thin cells.
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Fig. 1. (a) Structure of the GaAs solar cell and (b) its performance as a function of active layer
thickness. The integrated absorption was calculated for different GaAs thicknesses in the
wavelength regime of 400 nm-600 nm (black), 600 nm-900 nm (red) and 400 nm-900 nm
(blue). A 60 nm layer of SizN, is applied as an ARC. The green dashed line highlights the
thickness of 1 um below which the absorption drops significantly. The orange dashed line
highlights the thickness of 4 um, above which the absorption no longer increases, which we
refer to as the saturation thickness.

Having identified a saturation thickness of 4 um, we proceed by investigating the effect of
back-side light trapping as a function of active layer thickness. Figure 2(a) shows the
structure with back-side patterning and Fig. 2(b) shows the integrated absorption with and
without a light trapping structure (planar reflector). The light trapping structure is an
optimised PhC which is patterned on the p-InGaP layer. The period, hole diameter and etch
depth are 600 nm, 396 nm and 50 nm, respectively (details in the next section). Notice that
the thickness of p-InGaP layer now is 60 nm and after patterned structure, there is a 10 nm
thick InGaP to provide BSF. The holes of the PhC are filled with Au. As expected, the benefit
of light trapping is stronger for thinner films. For example, for a 500 nm thin material, light
trapping can boost 10.1% of the integrated absorption, whereas for 2000 nm, the difference is
only 2.9%. Notice that the integrated absorption with light trapping for a thickness of 500 nm
is almost the same as the integrated absorption without light trapping (planar reflector) for a
thickness of 2000 nm. This means that, for achieving the same integrated absorption of a
2000 nm cell, light trapping allows a reduction of 1500 nm in the active GaAs layer thickness.
For the typical high performance single junction GaAs solar cells [5, 30-32], light trapping
allows a reduction of 2500 nm (from 4000 nm without light trapping (planar reflector) to
1500 nm with light trapping). These results clearly indicate that a significant amount of
material can be saved, and therefore that the cost of epitaxial growth can be substantially
reduced by applying light trapping to the back-side of the solar cell, and, most importantly,
without a drop in absorption.

Next, we select a single active-layer thickness to compare the performance of PhCs and
quasi-random structures. We choose a relatively low material thickness of 135 nm for the
comparison to amplify the differences between the two types of nanostructure.
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Fig. 2. (a) Structure of the GaAs solar cell on silicon substrate with light trapping
nanostructure. (b) Calculated integrated absorption of a GaAs solar cell with (red) and without
(black) light trapping structure (planar reflector) applied, as a function of GaAs thickness.

3. Photonic crystal vs quasi-random light trapping nanostructure

As we have previously demonstrated, the quasi-random approach offers the highest light
trapping efficiency of any nanostructure when applied to a thin film silicon solar cell [28],
which exploits the fact that there are only very few propagating modes in the active layer
[29]. We note that the quasi-random approach is particularly well suited to broadband light
trapping, which is essential for silicon due to its indirect bandgap. The question is now
whether the result for GaAs is similar or whether the direct bandgap of GaAs has an impact
on the optimum type of nanostructure.

In order to quantify the absorption enhancement in a wide wavelength range (600-900
nm) of the two types of nanostructure in light of the direct/indirect bandgap difference, we
consider their k-space properties. We choose 725 nm as the operating wavelength, which sits
in the centre of this range in terms of k-space. We calculate the dispersion curve of the
corresponding mode and find that the k-value at 725 nm is k = 10.5 pm™'. The period of
structure can be obtained as A = (2m)/k = 600 nm, and this was our choice of period for the
PhC structure.

While PhCs only have a few, but very strong k-space components [35, 36], the quasi-
random structures offer a much richer k-space, which is the reason for their broadband light
trapping properties. As for the quasi-random structure, we chose a period of 1600 nm. With
this choice of period, the diffraction orders that can be excited in the wavelength range of
interest are between 2nd~6th. We tested a range of diffraction orders and found that the
optimum result was achieved for the 2nd~4th order, which corresponds to the range between
7.85 to 15.7 um™!. According to the dispersion model, the range 7.85 — 15.7 um™! corresponds
to wavelength in the range 675 — 750 nm.

The PhCs were optimised by changing the etch depth and diameter. The corresponding
real space structure is shown in Fig. 3(a) and its k-space distribution is shown in Fig. 3(b).
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K (um™)

Fig. 3. (a) SEM of an optimised GaAs PhCs structure fabricated by electron beam lithography
(EBL) and inductively coupled plasma (ICP) etching. One unit cell of the PhC structure is
highlighted by the red square. The period, hole diameter and etch depth are 600 nm, 396 nm
and 50 nm, respectively (b) Corresponding k-space distribution. The z component is the
amplitude of the 2D Fourier transform of the structure.

The quasi-random structure was optimised in a similar way as described in [28], whereby
the diffraction orders that can excite guided modes are enhanced while those that do not are
suppressed. In order to ease the fabrication constraint, we chose a quasi-random structure
whose unit cell contains 16x16 pixels. The 2nd~4th diffraction orders are maximised via a
binary search optimization algorithm [28] and we concentrate the k-space energy in the range
between 7.85 and 15.7 um™, which is close to that of the PhC for ease of comparison (Fig.
3(b)). Finally, we optimise the etch depth to maximise the short-circuit current (Ji) of the
structure. The simulation employs a commercial FDTD code (Lumerical Inc, FDTD
solutions) with periodic boundary conditions in x, y and perfectly matched layers (PML) in z.
Notice that the structure exhibits an amorphous-like k-space energy distribution which
resembles a ring (Fig. 4(b)). It also has more Fourier components than the PhC, thus offering
a more broad-band light trapping effect; furthermore, the k-space components lie in the
spectral region that enable waveguide-mode coupling as desired [29]. The real space
distribution of the resulting quasi-random structure is shown in Fig. 4(a), with its k-space
distribution shown in Fig. 4(b).

00
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0000000
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Fig. 4. (a) SEM micrograph of the optimised GaAs quasi-random structure fabricated by EBL
and ICP etching. One unit cell with 16x16 pixels of the quasi-random structure is highlighted
by the red square. The period and etch depth are 1600 nm and 50 nm. (b) Corresponding
Fourier distribution. The z component is the amplitude of the 2D Fourier transform of the
structure.

First, we compare the structures numerically. Figure 5 shows the absorption of a 135 nm
thick GaAs layer with and without light trapping structures (planar reflector), including 4000
nm thick cells for reference, as well as the 1500 nm thick cell with photonic crystal to
highlight its comparable performance. Table 1 shows the calculated J,. as a function of the
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GaAs layer thicknesses. The corresponding J,. values are calculated by integrating the solar
AM1.5G spectrum as shown in Eq. (2), where e is electronic charge, 4 is incident wavelength,
h is Planck’s constant, ¢ is speed of light, /(2) is the AM1.5G solar spectral density and A (1)
is the absorption coefficient obtained from measurement or simulation as A (1) = 1-R (1).

e 900

J 1(A)A(2)2d2 2)

se hc 9400

Table 1. Calculated J;. values for GaAs solar cells of different GaAs thickness with and
without light trapping structures.

With PhC With Quasi-random Without light trapping
nanostructure nanostructure structure (planar reflector)
Thickness of GaAs 135 1500 135 1500 135 4000
layer (nm)
J,. of GaAs (mA/cm?) 17.0 25.9 16.7 25.7 13.5 26.1
1.0
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Fig. 5. The lower set of three curves compares the absorption of without light trapping
structure (planar reflector) (green), quasi-random (red) and photonic crystal (black) 135 nm
thick GaAs, highlighting the superiority of the photonic crystal pattern even at very low
thickness. The upper set of two curves compares 4000 nm thick without light trapping
structure (planar reflector) GaAs (blue) with photonic crystal patterned 1500 nm thick GaAs
(magenta) to demonstrate their comparable performance.

The richer k-space energy distribution of quasi-random structures is most beneficial for
thin absorbing layers, as these will have only a few guided modes. Thicker films, in contrast,
support many guided modes, thus not requiring a rich k-space distribution to be accessed.
Therefore, the comparison between PhC and quasi-random can be most conveniently
performed using a very thin absorbing layer: if the PhC outperforms the quasi-random for a
very thin absorbing layer, then the PhC is best (or at least equal) for all thicknesses. If, on the
contrary, the quasi-random outperforms the PhC for very thin layers, then it remains to be
identified how thick the absorbing layer should be so that the two systems perform
comparably.

As shown in Fig. 5 and Table 1, the light trapping effect of a PhC in a very thin (135 nm
thick) GaAs layer is already stronger than that of a quasi-random structure; the PhC achieves
17.0 mA/cm? while the quasi-random achieves 16.7 mA/cm?. So we can confidently conclude
that the PhC is the better structure for light trapping in GaAs solar cells. Furthermore, as
shown in Table 1, the difference in J,. reduces for thicker films, but the PhC still outperforms
the quasi-random. Notice that there is a pronounced peak between 700 and 750 nm (black
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curve of Fig. 5), resulting from the excitation of the guided mode and illustrating our choice
of operating wavelength.

Therefore, contrary to what we have observed in crystalline silicon, GaAs cells benefit
more from a simple periodic structure than from a structure with broadband light trapping
properties such as the quasi-random. The reason for this counter-intuitive behavior is the
direct bandgap and correspondingly narrowband wavelength range of weak absorption where
GaAs benefits from light trapping. For a direct bandgap material, a narrowband, but strongly
peaked absorption enhancement as provided by the PhC is hence called for. We note that a
similar conclusion has been reached via an electromagnetic optimisation algorithm [25]; we
now provide a different physical explanation for this observation.

In order to verify these observations experimentally, we have realised the light trapping
designs of Figs. 3 and 4 on the rear of a 135 nm thick GaAs absorber layer. We added a 55
nm thick SizNy layer on the front for ARC and a 400 nm thick Au layer at the back for back
reflection.

Figure 6 shows the fabrication steps. The sample consists of a 135 nm thick GaAs layer,
an Alp7GagsAs sacrificial layer and GaAs substrate, all grown by molecular beam epitaxy
(MBE). The PhC and quasi-random light trapping structures are patterned by EBL then
etched by ICP for 50 nm; subsequently, a 400 nm thick Au layer is deposited on the surface
of the GaAs film by electron beam evaporation and ion beam sputtering, followed by
annealing at 200 degrees for 2 hours. The completed cell is then transferred to a glass
substrate using Norland Optical Adhesive 61. Finally, the wafer is thinned and the
Alo7Gag3As sacrificial layer is removed by a 10% solution of HF before a 55 nm thick SizNy
layer is deposited by Inductively Coupled Plasma Chemical Vapor Deposition (ICPCVD) on
the top for ARC.

— —
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& deposmon
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\ uv \ Transfer
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l Remove l SisNa \/
Alo7GaosAs deposition

Fig. 6. The fabrication process steps required to fabricate the light trapping nanostructure on
the rear of a 135 nm thick GaAs absorber layer.

To assess the performance experimentally, we measured the reflectivity with a white light
laser source, an integrating sphere and a spectrograph. The absorption A is readily obtained
from the reflectivity R as A = 1-R. Figures 7(a) and 7(b) show the calculated and measured
absorption with the PhC and quasi-random nanostructure applied, respectively. The FDTD
simulation (Lumerical Inc, FDTD solutions) allows us to separate the beneficial absorption in
GaAs from the parasitic absorption in the metal by using a mesh of 2 nm grid size and adding
an analysis group into the 135 nm thick GaAs layer [37]. We note similar trends between the
calculation and the experiment by including the parasitic absorption of the Au layer. Note that
these curves are different from the corresponding curves in Fig. 5, because the experimental
structure does not include the InGaP layer, which exhibits strong absorption between 400 nm
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and 500 nm. As we are focusing on the optical properties, we did not use the InGaP layer in
the experiment because its refractive index is very close to that of GaAs.
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Fig. 7. Comparison between measured (blue circles) and calculated (red solid line) absorption
of the experimental structure (a) with PhC structure and (b) with quasi-random structure. The
calculated absorption of the GaAs layer corresponding to each structure is shown by black
dashed line. The area between the black dashed and red solid lines correspond to parasitic
absorption in the Au layer, which the experiment cannot separate. The measured and
calculated absorption of a 135 nm thick GaAs layer without light tapping (planar reflector) is
also shown for reference by the green triangle symbols and the red dashed line.

Figure 7(a) (with PhC) and 7(b) (with quasi-random) confirm that light trapping via
excitation of guided modes is very effective to boost the absorption between 600 nm and 900
nm wavelength. Furthermore, the measured PhC absorption is higher than the quasi-random.
For example, the measured absorption at 850 nm is ~80% for the PhC and ~60% for the
quasi-random. Therefore, the experimental results confirm the conclusion already reached
numerically, namely that the PhC is the best class of structure for light trapping in GaAs solar
cells.

4. Conclusion

We have investigated and quantified the benefit of back-side light trapping in GaAs solar
cells, comparing the light trapping effect between a photonic crystal and a quasi-random
structure. Surprisingly, and in contrast to the case of silicon, the PhC structure outperforms
the quasi-random nanostructure. We associate this difference to the difference in electronic
band structure, namely the direct bandgap of the GaAs solar cell, which has a much narrower
wavelength region where the absorption is weak and light trapping can be beneficially
employed. PhCs, which feature few but strong resonance peaks, can be designed to exhibit
resonant absorption in this specific wavelength region and thereby maximise the light
trapping effect. In contrast, the broadband light trapping property of quasi-random
nanostructures offers little benefit in this scenario, and in contrast, it dilutes the light trapping
benefit. Hence, simply periodic structures such as PhCs due to their narrow but strong
absorption resonances outperform multiperiodic structures such as the quasi-random. As a
result, we show that a 1500 nm thick cell patterned with a photonic crystal can achieve the
same short circuit current as a 4000 nm thick unpatterned cell, which affords a significant
saving in terms of layer thickness and therefore in terms of epitaxial growth time. These
conclusions are supported by simulations and experiments and are important for directing
research into light trapping and cost reduction of thin-film GaAs solar cells.
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