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Abstract 

We present a light-trapping design capable of significantly enhancing the photon absorption in 

any subcell of a multi-junction solar cell. The design works by coupling incident light into 

waveguide modes in one of the subcells via a diffraction grating, and preventing these modes 

from leaking into lower subcells via a low-index layer and a distributed Bragg reflector, which 

together form an omnidirectional mirror. This allows the thickness of the target subcell to be 

reduced without compromising photon absorption, which improves carrier collection, and 

therefore photocurrent. The paper focuses on using the composite structure to improve the 

radiation hardness of a InGaP/Ga(In)As/Ge space solar cell. In this context, it is shown via 

simulation that the Ga(In)As middle-cell thickness can be reduced from 3500 to 700 nm, 

whilst maintaining strong photon absorption, and that this leads to a significantly improved 

end-of-life photocurrent in the Ga(In)As middle cell. However, the design can in general be 

applied to a wide range of multi-junction solar cell types. We discuss the principles of 

operation of the design, as well as possible methods of its fabrication and integration into 

multi-junction solar cells. 

 



 Introduction 

III-V Multi-junction solar cells (MJSCs) are presently the highest efficiency photovoltaic (PV) 

technology. For terrestrial applications, there is significant research and development aimed at 

improving the efficiency of MJSCs under concentrated sunlight beyond the present record of 

46 %[1] towards 50 % and above, at which point they have the potential to compete favourably 

with wholesale electricity prices[2]. In space, the emphasis is on improving the efficiency at 

end of life, which requires both improvements in beginning-of-life efficiency as well as 

radiation hardness[3]. In this work, we present a light-trapping structure designed specifically 

to enhance the photocurrent in a subcell of a multi-junction solar cell. This has the potential 

to improve any type of MJSC in which one or more subcells suffers from low diffusion 

lengths. Its most immediate application is to improve the radiation hardness of space solar 

cells.  

Multi-junction solar cells consist of a stack of subcells based on different semiconductor 

materials[4]. The thickness of each subcell is designed as a trade-off between two competing 

demands; the subcell must be thick enough that photons in the corresponding wavelength 

range be strongly absorbed, and thin enough that carriers be efficiently collected. If the 

carrier diffusion length is too low - compared to the photon penetration depths in the material 

- a good trade-off cannot be found and the efficiency of the solar cell suffers as a result. 

In space, this problem is exacerbated since the solar cells are subject to high-energy 

irradiation. This causes material degradation leading to a reduction in carrier diffusion 

lengths[5]. In the InGaP/Ga(In)As/Ge solar cells presently used in space, this effect is most 

pronounced for the Ga(In)As middle cell, which limits the total current generation at the end 

of space missions[6]. 

There are a number of III-V materials presently used in high-efficiency MJSCs that have low 

diffusion lengths, such as GaInAsN(Sb)[7] and relaxed InGaAs[8]. There are also proposals 

to use materials such as GaAsBi[9], whose diffusion length is believed to be low[10], and 

GaAsBiN[11], whose diffusion length is unknown. Future development in MJSCs will 

involve increasing the number of subcells to achieve higher efficiencies. This will require the 

use of new materials and/or metamorphic configurations with relaxed layers, both of which 

are likely to present the problem of low diffusion lengths. 

The problem of low diffusion lengths can be addressed by so-called light-trapping 

techniques. Optical structures are incorporated into the solar cell, which increase the optical 

path length within the absorber layer. This allows the thickness to be reduced while 

maintaining high absorption, thus improving carrier collection and overall photocurrent. 

Light trapping has been applied to a wide range of single junction solar cells, including those 

based on c-Si[12-15], a-Si[16, 17] and GaAs[18, 19]. 

In recent work, we investigated the use of Al nanoparticle arrays embedded in the anti-

reflection coating (ARC) of a InGaP/Ga(In)As/Ge solar cell as a means of improving the 

photocurrent in a thinned Ga(In)As subcell[20]. The presence of the nanoparticle array was 

found to improve the carrier collection efficiency, but also reduce transmission into the solar 



cell (see also Ref. [21]). The losses outweighed the gains over wide range of nanoparticle 

array dimensions studied. In addition to transmission losses, the structure suffered from the 

lack of an omnidirectional wavelength-selective mirror between the Ga(In)As and Ge 

subcells. These results highlight the problems in applying light trapping to a MJSC 

architecture if the target subcell for enhancement is not the bottom cell. 

In the present work, we present a light trapping design for multi-junction solar cells, in which 

the light trapping structure is positioned interstitially between two of the subcells of the 

device. The design comprises the combination of a diffraction grating, a low-index transparent 

spacer layer, and a distributed Bragg reflector (DBR), which synergistically trap light inside the 

target subcell. The diffraction grating couples incident photons into oblique modes within the 

target subcell, whilst the combination of low-index transparent spacer layer and DBR form a 

wavelength-selective near-omnidirectional mirror between the target subcell and the subcells 

beneath. Finally, the period of the diffraction grating is chosen so that incident light is only 

coupled into the optical modes in the device that are effectively reflected by this mirror. 

The light trapping design is first presented in Section 1 with specific application to a 

InGaP/Ga(In)As/Ge solar cell. The performance of the solar cell is investigated using electro-

optical simulation method, which is described in Section 2, and that has been experimentally 

validated in Ref. [20]. In Section 3, the simulation method is used to predict the enhancement 

that can be achieved in the Ga(In)As subcell of a InGaP/Ga(In)As/Ge solar cell. The 

calculations show that the light trapping-structure allows the Ga(In)As subcell to be thinned 

from 3500 nm to 700 nm without compromising absorption, and that this significantly 

improves the radiation hardness. In Section 4, the principles of operation are described in the 

context of a generic multi-junction solar cell. The interstitial location of the light trapping 

structure requires that the solar cell be fabricated as a mechanical stack, adding to the 

complexity of the manufacture; this is discussed in Section 5. 

1.  Solar cell structure and light trapping design 

The solar cell structure under investigation is shown in Figure 1. The host solar cell is a 

GaInP/Ga(In)As/Ge triple-junction solar cell with AlInP window and MgF2/TaOx anti-

reflection coating (ARC). The Ga(In)As subcell thickness is 700 nm, considerably less than 

the 3500 nm that would be considered optically thick in this material. The optical light-

trapping structure is positioned between the Ga(In)As and Ge subcells. From top to bottom, 

the light trapping structure consists of 

 A diffraction grating consisting of an array of GaInP cylinders, with a period, 

diameter and height of Λ = 460 nm, d = 370 nm and h = 230 nm, respectively, 

embedded in a transparent, low-index (n = 1.5) cladding 

 a transparent spacer layer, with refractive index n = 1.5 and a thickness of 800 nm 

 an MgF2/AlOx distributed Bragg reflector (DBR) with 25 layers and a centre 

wavelength of 750 nm 

The rationale for choosing these parameters is described in Section 4. 



 

Figure 1. Schematic diagram of the solar cell structure studied in this work. Specific details of electrical components 

such as contact fingers, capping layers, tunnel junctions and lateral transport layers are not shown. (a) The solar cell 

incorporating the light trapping structure presented in this work. (b) Control solar cell number 1, which has no DBR 

(c) Control solar cell number 2, which has a DBR between the middle- and bottom cells.  

Two control structures are also considered for comparison; these are shown in Figure 1 (b) 

and (c). Both have the same basic structure as above. Control 1 – shown in Figure 1 (b) - has 

no optical nanostructures, and has a Ga(In)As subcell of thickness 3500 nm, which is 

considered optically thick for this material. Control 2 – shown in Figure 1 (c) - has an DBR 

positioned between the Ga(In)As and Ge subcells, and has a Ga(In)As subcell thickness of 

1750 nm. The DBR in Control 2 is AlAs/GaAs, which is compatible with monolithic 

fabrication. It has 25 layers and a centre wavelength of 850 nm. The Ga(In)As subcell 

thicknesses and centre wavelength in the control cells were optimized computationally. 

2.  Simulation method 

The optical absorption in the different layers of the nanostructured device was calculated by 

rigorous coupled wave analysis (RCWA) implemented using the software package 

GdCalc®[22]. This calculates the depth-dependent absorption in the different subcells, 

which, to a good approximation, can be considered equal to the depth-dependent carrier 

photogeneration profile. The photocurrent is then calculated using a one-dimensional drift-

diffusion model, where the photogeneration profile calculated from RCWA is used as the 

input. This simulation method has been validated against experimental measurements of 

multi-junction solar cells incorporating nanophotonic light trapping structures in Refs. [20, 

23], and has accurately reproduced their quantum efficiency both before and after radiation 

testing. 

2.1. Electrical properties 

The electrical properties of the Ga(In)As subcell used in the simulations are shown in Table 

1. These are assumed to be the same for both the control structures and for the cell 

incorporating the optical structure, with the exception of the base thickness, which is the total 

subcell thickness minus the emitter thickness for all studied devices. 



Table 1. Electrical properties of the In(Ga)As subcell assumed in all simulations 

Description Symbol Value Units Source 

n-type emitter thickness xn 200 nm design 

p-type base thickness xp variable nm design 

Emitter doping Nd 2x10
18 

cm
-3

 design 

Base Doping Na 1x10
16

 cm
-3

 design 

Electron diffusion length Ln 5000 nm [24] 

Hole diffusion length Lp 1000 nm [24] 

Damage constant (See Eqn. 1) KL 10
-7

 - [25] 

Electron diffusion coefficient Dn 130 cm
2
s

-1
 [26] 

Hole diffusion coefficient Dp 8.9 cm
2
s

-1
 [26] 

Rear surface recombination velocity for 

electrons 

Sn 1 cms
-1

 [24] 

Front surface recombination velocity for holes Sp 1 cms
-1

 [24] 

Bandgap Eg 1.4 eV assumed 

Electron effective mass me 0.063 - [26] 

Hole effective mass mh 0.53 - [26] 

Effective electrostatic permittivity  εs 12.9 - [26] 

 

3.  Results 

3.1. Absorption in the Ga(In)As subcell 

Figure 2 (a) shows the calculated external quantum efficiencies (EQE) of the Ga(In)As 

subcell, for each of the solar cell structures shown in Figure 1. Since the minority electron 

(hole) diffusion lengths used in the calculations are large compared to the emitter (base) 

thickness (Table 1), the EQEs shown in Figure 2 (a) are absorption limited. Despite very 

different thicknesses of the Ga(In)As subcell, the total AM0-integrated EQE varies by less 

than 2.5% between the three structures. Whereas the presence of a DBR alone (Control 2) 

allows the thickness to be reduced by a factor of 2, the interstitial light trapping design 

presented in this work allows the thickness to be reduced by a factor 5, whilst maintaining the 

same absorption as for an optically thick layer. Control 2 exhibits Fabry-Perot-interference 

peaks. The interstitial light-trapping design exhibits peaks that correspond to the coupling of 

incident light to waveguide modes by the diffraction grating[17]. 

 



Figure 2. EQE of the Ga(In)As subcell for the three solar cell structures shown in Figure 1. (a) before irradiation. (b) 

after a 1015 cm-2 fluence of 1MeV electron irradiation 

3.2. Radiation Hardness of Ga(In)As photocurrent 

We consider the effect of the optical nanostructure on the radiation hardness of the solar cell: 

specifically the stability of the Ga(In)As photocurrent of as a function of high-energy 1MeV 

electron fluence. This radiation damage is assumed to affect the photocurrent by reducing the 

minority electron diffusion length in the p-type base layer, according to the relation[5] 

 LKLL  2
0

2 11    Eqn. 1 

where L0 is the diffusion length prior to irradiation (see Table 1), Lϕ is the diffusion length 

after irradiation by a fluence of ϕ cm
-2

 of 1 MeV electrons, and KL is the damage constant, 

taken to be KL = 10
-7

 for Ga(In)As[5]. It is assumed that the diffusion length in the emitter 

layer is limited by the impurity dopants and does not change significantly due to irradiation 

damage. 

The calculated external quantum efficiencies (EQE) of the three structures after a 10
15

 cm
-2

 

fluence of 1MeV electron irradiation are shown in Figure 2 (b) . It can be seen that the 

structure presented in this work shows a significant improvement in EQE after irradiation 

compared to the control structures, particularly in the red part of the spectrum. This is due to 

improved carrier collection. We observe that the minority electron diffusion length before 

and after irradiation are 5000 nm and 980 nm respectively. These are to be compared to base 

thicknesses of 3200 nm , 1550 nm, and 500 nm for Control 1, Control 2, and the structure 

presented in this work, respectively (note that the base thickness is the subcell thickness 

minus the 200 nm emitter thickness). The total integrated photocurrent under AM0 

illumination is shown as a function of fluence in Figure 3, demonstrating that the structure 

proposed here has the potential to be significantly more stable than the present state-of-the-

art. 

 

Figure 3. In(Ga)As photocurrent under AM0 illumination 



3.3. Transmission into Ge subcell 

Here, we investigate the reduction in light transmission into the Ge subcell induced by the 

presence of the optical structure. Figure 4 shows the calculated transmission into the Ge 

subcell for the device with the optical structure and the two controls. The optical structure 

leads to a reduction in transmission, which is due to the presence of the diffraction grating, 

the DBR, and the abrupt changes of refractive index through the structure. The photocurrent 

of the Ge subcell before irradiation has been calculated using the electro-optical simulation, 

and is found to be 19.7, 27.5 and 25.7 mAcm
-2

 for the device with the optical structure, 

Control 1 and Control 2 respectively. While the loss is significant, the calculated 19.7 mAcm
-

2
 is still larger than the calculated Ga(In)As photocurrent before irradiation (Figure 3). From 

literature, the Ge subcell photocurrent is expected to fall to 94% of its initial value after 10
15

 

cm
-2

 of 1 MeV electron fluence[27]. This corresponds to 18.5 mA cm
-2

, still higher than the 

calculated Ga(In)As photocurrent after 10
15

 cm
-2

 fluence. 

 

Figure 4. Light transmission into Ge subcell. 

While the loss in transmission can be tolerable if the lower subcell is otherwise 

overproducing, as is the case here, it would not be tolerable in a current-matched device. In 

this case, the transmission into the lower subcells would need to be improved by introducing 

anti-reflection layers at the interfaces between the transparent spacer layer and the 

semiconductor on either side, and by optimizing the grating height and transparent spacer 

thickness. 

4.  Principle of operation and general application to other types of 
multi-junction solar cell 

The design can be applied to many types of multi-junction solar cell, and so we describe the 

principle operation in the context of application to a generic multi-junction solar cell with an 

unspecified number of subcells. The subcell that is to be enhanced by the light-trapping 

structure is denoted the target subcell. The subcells above this subcell are denoted the upper 

subcells, and the subcells below are denoted the lower subcells. 



It is well known that a periodic grating applied to the rear of a solar cell can provide light 

trapping by deflecting incident light into oblique diffraction orders that have higher path 

lengths in the absorber and are total-internal reflection at the front surface of the solar 

cell[28]. This can also be thought of as coupling incident light into waveguide modes within 

the absorber[29]. In our design, the diffraction grating is located behind the target subcell to 

achieve this effect. However, the main novelty is in the combination of the low-index 

transparent spacer layer and DBR, which, when combined with a diffraction grating of the 

correct period, provides an omnidirectional wavelength-selective mirror. Thus, incident light 

is coupled into waveguide modes within the target and upper subcells, inducing strong 

absorption in the target subcell (the upper subcells are transparent in the relevant wavelength 

range). These modes are prevented from leaking into the lower subcells, where they would be 

absorbed inducing an efficiency loss. 

 

Figure 5. General application of the light trapping design to a multi-junction solar cell. In panel (a), the grating is 

located behind the target subcell, which is the configuration studied in the work. In panel (b), that grating is located 

on the front. This configuration is not studied here. The arrows show schematically the trajectories of the incident 

light (red) and the trajectories of the photon modes to which the incident light is coupled by the grating (blue and 

black, representing normal- and oblique-trajectory modes respectively). In general, there are many more oblique-

trajectory diffraction orders than are shown here, and their number and trajectory depend on the wavelength. 

However, by design, and throughout the wavelength range of the target subcell, all oblique-trajectory modes share 

the properties shown in the diagram, i.e., they are totally internally reflected at the front surface (a) or at the 

interface between the target subcell and the transparent spacer layer (b).  

The stop-band of the DBR is centred on the bandwidth of the target subcell by design, and 

thus reflects photons in the bandwidth of the target subcell, but transmits photons in the 



bandwidth of the lower subcells. However, a DBR is not an effective reflector for photons 

with oblique trajectories[30]; therefore, simply combining a DBR with a diffraction grating 

would lead to leakage of oblique-trajectory photons into the lower subcells. Instead, the 

design ensures that, throughout the bandwidth of the target subcell, only normal-trajectory 

photons reach the DBR, thus rendering it an effective mirror. This is achieved by employing 

the low-index transparent spacer layer, and choosing the grating period, Λ, such that only a 

single diffraction order propagates in the transparent spacer layer. This is shown 

schematically in Figure 5 (a). 

To achieve this effect, the grating period must satisfy the inequality in Eqn. 2, which is 

derived in the Appendix 

Λ ≤
𝜆0

𝑛
     Eqn. 2 

where n is the refractive index of the transparent spacer layer, and λ0 is the lowermost 

wavelength at which an appreciable fraction (e.g. more than 10%) of photons incident from 

the sun reach the diffraction grating. λ0 can be calculated from 

𝛼(𝜆0) ≈
ln 10

𝑑
    Eqn. 3 

where α(λ0) is the absorption coefficient of the target subcell at wavelength λ0 and d is the 

thickness of the target subcell. 

Additionally, it is known that the absorption enhancement in the target subcell will be  

maximised if the period, Λ, is chosen such that the number of diffraction orders that 

propagate in the target subcell is the maximum it may be, whilst only allowing a single 

diffraction order to escape at the front surface[31]. This condition can be fulfilled 

concurrently with the condition above by setting the equality in Eqn. 2. The optimum grating 

period of the design is therefore 

Λ =
𝜆0

𝑛
     Eqn. 4 

Also, the diffraction grating should be two-dimensionally periodic to maximise the 

absorption enhancement[32], and the transparent spacer layer made thick enough to prevent 

evanescent coupling into the DBR and lower subcells[33].  

The stop-band of the DBR should ideally encompass the wavelengths, λ, satisfying 

𝜆0 < 𝜆 <
ℎ𝑐

𝐸𝑔
    Eqn. 5 

Applying all of the above to the case of a 700 nm thick Ga(In)As subcell has led to the 

structure presented in Section 3. The grating height has been chosen following considerations 

in Ref .[31]. 

Finally, we observe that the combination of transparent spacer layer and DBR can still 

provide an omni-directional mirror even if the diffraction grating is moved to the front of the 



device, as shown in Figure 5 (b), which could be of interest regarding ease of fabrication. 

Here, the grating period should also be chosen to satisfy Eqn. (3), to ensure that all oblique 

diffraction orders in the target subcell are totally internally reflected at its interface with the 

transparent spacer layer. Of course, if the grating is located on the front, it is likely to 

compromise the device anti-reflection, unless the grating geometry and material composition 

are designed to avoid this. Periodic structures that achieve broadband anti-reflection 

comparable to that of state-of-the-art planar ARCs have been reported experimentally[34] 

and theoretically[21]. However, the difficulty in achieving anti-reflection and oblique 

scattering concurrently has also been discussed[20]. No specific design that solves the anti-

reflection problem for a front-located grating is presented here; we merely observe that a 

front-located grating is compatible with the overall light-trapping mechanism. 

5.  Outlook – fabrication routes to proposed solar-cell design 

The device design shown in Figure 1 (a) can be fabricated as a mechanical stack. This 

increases the fabrication complexity compared to the monolithic structures presently favoured 

by industry. However, it is necessary to allow access to the interface beneath one of the 

middle subcells, and to allow for the fact that the transparent spacer layer must have a low 

refractive index, and cannot therefore be lattice matched to the adjacent subcells. The device 

could be fabricated with either two or four terminals, depending on whether or not the 

transparent spacer layer is insulating or conductive.  

Examples of mechanically-stacked solar cells with transparent low-index spacers between 

upper and lower subcells can be found in the literature. Steiner et.al fabricated on a four-

terminal four-junction GaInP/GaAs;GaInAsP/GaInAs mechanical stack, bonded with a layer 

of epoxy (n~1.5) between the upper and lower tandems, and reported efficiencies of 37.4% at 

1 sun and 42% at 40 suns[35]. Yoshidomi et. al fabricated a two-terminal three-junction 

InGaP/GaAs:Ge mechanical stack, bonded with a conductive adhesive gel dispersed with 

Indium-Tin-Oxide (ITO) particles, and reported an efficiency of 31.4% at 1 sun[36]. 

The processes reported in the above references could be modified to fabricate the solar cell 

design presented in this work. To realize the design shown in Figure 5 (a), the upper and 

target subcells can be grown inverted to allow access to the lower face of the target subcell, 

and the diffraction grating fabricated prior to bonding to the lower subcells. To realize the 

design shown in Figure 5 (b), the fabrication of the diffraction grating can occur after the 

bonding and substrate removal has occurred. 

The diffraction grating should ideally consist of a transparent high-index material; obvious 

choice are high-bandgap semiconductors, such a GaInP, AlInP, or a-Si:H with a high 

hydrogen content[37]. Given the dimensions, the grating patterns can be defined by a high-

throughput replication technique such as nano-imprint lithography, or by deep-ultraviolet 

lithography. The gratings can be realized either by material deposition, lithographic 

patterning, then etching, as reported by Hauser et. al for realizing a-Si gratings on Si solar 

cells [38]; or by lithographic patterning, material deposition, then lift-off, as reported by 

Meisenheimer et. al. [39]. An increased surface recombination velocity is expected at the 

grating interface due to the increased surface area and possible material damage due to 



etching processes. Minority carriers must therefore be prevented from reaching the grating by 

using appropriate window- and back-surface-field layers. 

6.  Conclusions 

A light-trapping design has been presented that can, in principle, enhance the photocurrent of 

any subcell in a MJSC. Using a simulation tool that has been experimentally validated 

elsewhere, we have evaluated the performance of the light trapping structure when applied to 

a GaInP/In(Ga)As/Ge solar cell. The calculations predicted that the Ga(In)As subcell can be 

thinned from 3500 nm to 700 nm without compromising absorption, and that this 

significantly improves the radiation hardness of the solar cell. It was found that the presence 

of the optical structure leads to a reduced transmission into the Ge subcell, but that this can be 

tolerated in the GaInP/In(Ga)As/Ge configuration, in which the Ge is overproducing. Further 

optimisation is required if the transmission into the lower subcells is to be improved for 

application to different MJSC types. 

The design works by coupling incident light into waveguide modes in one of the subcells via a 

diffraction grating, and preventing these modes from leaking into lower subcells via a low-index 

layer and a distributed Bragg reflector. The combination of the low-index layer and a distributed 

Bragg reflector form an wavelength-selective and near-omnidirectional mirror, and the period of 

the diffraction grating is chosen such that incident light is only coupled to modes that are 

effectively reflected by this mirror. The optimal dimensions of the light trapping structure have 

been derived and stated generally such that the design can be applied to a variety of MJSCs. 

While the analysis has focused on the GaInP/In(Ga)As/Ge solar cell, we postulate that an 

equivalent design can be applied to any subcell in an MJSC. To this end, the principles of 

operation have been discussed and formulae have been presented for readers to re-optimise 

the structural dimensions of the optical structure for use in other MJSC architectures without 

the need to run further simulations. 

The interstitial position of the light trapping structure adds complexity to the MJSC 

manufacture compared to the monolithic architectures favoured in industry. Possible 

fabrication routes have been briefly described for the integration of these structures into 

mechanically-stacked MJSCs. 
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 Appendix 

We assume the device is illuminated from above by a normally incident plane wave. Due to 

the periodicity of the grating, and therefore of the device as a whole, the electric field 

amplitude can be described in any layer of the device as a discrete set of Fourier orders[40, 

41] 

   rkArE   2121
exp
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where m1, m2 are integers,  km1,m2 represent the wavevectors of the photon modes to which 

the incident light is coupled by the grating, and Am1,m2 are the amplitudes of these modes. 

Note that upon multiple reflection at the different interfaces of the device and multiple 

interactions with the grating, these photon modes can only couple to one another and not to 

other modes in the device[41]; hence,  Eqn. A1 fully describes the field in any layer in the 

device the steady state. 



Taking the z axis to be normal to the solar cell, and assuming the diffraction grating to have a 

square lattice geometry, the xy projections of km1,m2 satisfy the Fraunhofer equation[40, 41] 
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In any given layer of the device, the z projection satisfies 
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where n is the refractive index of the layer. For a mode to be propagating in a given layer (i.e. 

not evanescently decaying), it must have a real z projection of the wavevector, i.e. it must 

satisfy the inequality 
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In the device design presented in this work, it is desired that the only propagating mode in the 

transparent spacer layer be the zero order mode (m1 = m2 = 0), which has a normal trajectory 

and is properly reflected by the DBR. Hence, by selecting Λ to satisfy the inequality Λ ≤ λ0 / 

n in Eqn. 1 of the main text, we ensure that the inequality in Eqn. A4 is not satisfied for any 

non-zero mode (m1 ≠ 0 and/or m2 ≠ 0). Hence, light is not coupled into any oblique modes in 

the transparent spacer layer. Setting the inequality for the lower-most wavelength in the range 

of the target subcell, λ0, ensures that this condition is satisfied throughout the wavelength 

range of the target subcell. 

 


