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Abstract— This work explores epitaxially-integrated 

distributed Bragg reflectors (DBR) as a strategy to mitigate the 

impact of threading dislocations on the performance of monolithic 

GaAs0.75P0.25/Si tandem solar cells.  The constraints present due to 

materials availability and the optical transmission profile of the 

GaAs0.75P0.25 top cell require the use of an enhanced bandwidth 

DBR design achieved by combining two narrow-band DBR’s with 

different central wavelengths.  The impact of this DBR structure 

on JSC, along with the competing effects of threading dislocation 

density (TDD), are investigated using a robust, experimentally 

informed analytical model.  Implementing this DBR within the 

GaAs0.75P0.25/Si tandem cell structure is predicted to yield a short 

circuit current enhancement equivalent to an ~1.8× reduction in 

TDD, providing a clear demonstration of its promise as a design 

methodology for mitigating the impact of non-negligible defect 

populations.   

 
Index Terms— Distributed Bragg Reflector, III-V/Si Tandem, 

Dislocations, Metamorphic  

 

I. INTRODUCTION 

HE use of epitaxially-integrated distributed Bragg 

reflectors (DBRs) within III-V multijunction solar cells, 

typically situated behind subcells with low minority carrier 

diffusion lengths, is a well-demonstrated method for improving  

JSC and resilience against various types of crystalline defects 

(i.e. radiation induced defects, extended defects, etc.)[1]–[7] In 

such a structure, the DBR acts as a band reject filter, reflecting 

wavelengths near the absorption edge of the overlying cell back 

into the active region of the device while maintaining optical 

transparency to the longer wavelength photons intended for the 

subsequent underlying subcells. With this increase in the optical 

pathlength, a thinner absorber can then be employed, nominally 

reducing the impact of short minority carrier diffusion lengths.  

Thus, cell architectures where elevated quantities of threading 

dislocations result in short diffusion lengths with respect to the 

physical base thickness, such as in metamorphic III-V top cells 

in monolithic, epitaxially-integrated III-V/Si tandem solar cells 
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(e.g. GaAs0.75P0.25/Si), may find particular benefit from the 

application of DBRs.  However, the direct application of DBRs 

to mitigate the impact of elevated threading dislocation 

densities (TDD) in Si based tandems has yet to be explored. 

GaAs0.75P0.25/Si tandems have recently achieved certified 

efficiencies as high as 23.4%, [8] but are still limited  by non-

negligible quantities of threading dislocations, preventing them 

from reaching the >30% efficiencies demonstrated by tandems 

fabricated through other integration methods, such as wafer 

bonding [8], [9] and mechanical stacking [8], [10]. While recent 

efforts continue to make steady advances toward reducing TDD 

in metamorphic GaAs0.75P0.25
 layers, progress toward achieving 

TDD values of ~106 cm-2 or below, [11]–[14] has thus far been 

outpaced by the design and development of the subcomponents 

that rely on this material. The critical 106 cm-2 threshold is 

generally accepted as the point by which dislocations have 

significantly lower impact on device performance. [15], [16]  

As noted, the threading dislocations act as spatially localized 

recombination centers thereby reducing minority carrier 

diffusion lengths and exacerbating the tradeoff between optical 

absorption and carrier collection efficiency with respect to 

absorber thickness. This limits the ultimate achievable 

performance of the metamorphic GaAs0.75P0.25 top cell and 

creates a perfect opportunity for the application of DBRs to at 

least partially mitigate the impact of low minority carrier 

diffusion lengths in the GaAs0.75P0.25 top cell, irrespective of 

continued TDD reduction. 

This work presents the design of GaAs0.75P0.25 top cells 

incorporating DBRs that are realistically constrained by the 

GaAs0.75P0.25/Si materials system and lattice constant.  This is 

performed through the development and application of 

experimentally-informed analytical modeling. By using 

existing experimental data obtained from measured 

GaAs0.75P0.25/Si tandem cells that currently do not benefit from 

DBRs, both the potential efficacy of a DBR in improving the 

JSC of a GaAs0.75P0.25 top cell across a range of TDD values, and 

the interplay between TDD and optimal base/absorber layer 

design, can be quantified. This analysis is performed under the 
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hypothesis that, in essence, DBRs should allow for JSC values 

equivalent to that of a cell with lower TDD, thereby creating an 

“effective TDD” that is lower than the measured TDD.  We 

present herein that indeed this is the case, with a practically 

achievable DBR structure capable of providing a nearly 2× 

reduction in effective TDD. 

II. METHODS 

A. Experimental Methods 

Experimental devices examined in this study were grown via 

metal-organic chemical vapor deposition in an Aixtron 3 × 2″ 

close-coupled showerhead reactor designed for III–AsP 

materials. The system is equipped with a LayTec EpiTT system 

for in-situ reflectance-based monitoring of growth rate and 

temperature. The precursors used were trimethylaluminum, 

trimethylgallium, and trimethylindium for the group-III 

elements; phosphine and arsine for the group-V elements; and 

silane and diethylzinc for n-type (Si) and p-type (Zn) doping, 

respectively. Cell structures were grown at 625 °C with an input 

molar V/III flow ratio of 125 for the GaAs0.75P0.25 layers, 525 

for the Al0.66In0.34P layers, and 275 for the Ga0.64In0.36P layers. 

Doping levels in the reported cells were calibrated through 

separately grown samples and verified through Hall effect and 

Hg probe C-V measurements. TDD was measured using 

electron channeling contrast imaging (ECCI) [17]–[19] in an 

FEI Apreo scanning electron microscope equipped with a 

backscatter detector. Reported cell internal quantum 

efficiencies (IQE) were measured using a custom small spot, 

microscope-based quantum efficiency and reflectance 

measurement setup.  

In order to provide an experimental basis for the extraction of 

TDD-dependent transport parameters, identical GaAs0.75P0.25 

top cells (Fig. 1), were grown on two different virtual substrates 

with order-of-magnitude different TDDs. The lower-TDD cell, 

grown on a relaxed, tensile-graded p-type GaAsyP1-y step 

graded buffer (SGB) on GaAs(001) offcut 6° toward the nearest 

<111A>, possessed a measured TDD of 2×106 cm-2.  Further 

details of this virtual substrate are provided in the authors’ prior 

reports.[20] The higher-TDD cell, grown on a relaxed, 

compressively-graded n-type GaAsyP1-y SGB on a 250 nm 

GaP/Si template (Si substrate offcut 4° towards the nearest 

<111>) [14], [21], with an (Al)GaAs0.75P0.25 tunnel junction 

interconnect, as detailed in prior reports, [22] possessed a 

measured TDD of 2×107 cm-2.  These two virtual substrates are 

fully relaxed with no additional dislocation motion expected 

within the cell layers.  Thus, cells grown on both of these virtual 

substrates contain only threading dislocation segments.  

Therefore, it is assumed that the dislocations in both cases 

should act similarly even though one is grown on a compressive 

SGB and the other is growth on a tensile SGB.  In both samples, 

the GaAs0.75P0.25 cell design was kept constant, with the emitter 

layer doped 1×1018 cm-3 n-type, the base layer doped 

1×1017 cm-3 p-type, the window layer doped 5×1018 cm-3 n-type, 

and the back surface field (BSF) layer doped 3×1018 cm-3 p-

type, based on prior work towards optimization of this general 

cell design. [23]  

 

B. Quantum Efficiency Modeling 

The modeling of EQE and IQE allow for both the extraction 

of transport properties, such as diffusion length, from existing 

cells, and the projection of cell performance as a function of 

transport properties and cell design.  In this work we employ a 

model that relies on two approaches: the optical modeling of 

internal and external reflectances and the calculation of carrier 

collection efficiency.   

 The internal reflectances necessary to accurately calculate 

photogeneration rate in the active region of the cell were 

determined via the transfer matrix method (TMM) [24]–[27], 

allowing for the calculation of the three key optical parameters: 

TFront, the transmissivity of the layers above the regions of 

active collection; R1, the reflectance at the front of the emitter 

layer with the front optical subsystem (S1); and R2, the 

reflectance at the rear of the base layer with the rear optical 

subsystem (S2).  S1 includes the window layer and the optional 

modeled antireflection coating (ARC) layers, as detailed in 

further sections. S2 includes the BSF, tunnel junction 

interconnect (if present), DBR layers (if present), GaAsyP1-y 

SGB, substrate and back metal (detailed in Fig. 1). 

 Optical constants used in the TMM reflectance and 

photogeneration calculations were interpolated according to 

Lumb et al., [28] using previously reported critical points of the 

GaAsyP1-y,[29] GaxIn1-xP,[30] and AlxIn1-xP[31] materials 

systems and optical constants of the constituent binary and/or 

well-known ternary alloys. [29], [32]–[35] The optical 

constants of these alloys were tuned according to empirical 

bandgaps and absorption edges to ensure realistic absorption 

coefficients near band edge in the GaAs0.75P0.25 and Al0.66In0.34P 

materials, based on methods presented by Kurtz et al. [36].  

In order to simplify the analysis, reflections R1 and R2 were 

assumed to be incoherent. To reduce any error created by this 

Fig 1.  Schematic representation of the GaAs0.75P0.25 top cell on the high TDD 
GaAs0.75P0.25 virtual substrate.  Also depicted is the location of modeled optical 

structures (ARC and DBR) as they are used in the modeling exploration. 
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assumption, Al2O3/TiOx bilayer ARCs were also simulated 

during the predictive modeling of cells with rear reflectors, 

enabling R1 < 3% in the wavelength regions of interest. Thus, 

the magnitude of the standing wave created by coherent 

reflections is small and not a significant source of error, as 

discussed by Lumb et al.[37] This assumption significantly 

reduces the computational complexity of subsequent 

photogenerated carrier collection. RTot, used in the calculation 

of IQE, is calculated from the Fresnel coefficients extracted 

from the scattering matrix of the entire optical system. 

 The calculation of EQE uses a modified Hovel’s model [38], 

[39] that has been extended to account for incoherent 

reflectance at the rear and front of the cell. This was first 

formalized in another work by Lumb et al. [37] The only 

deviation from the original model is that instead of using Φ0(1-

R1) as the incident flux to the active region of the cell, where Φ0 

is the AM1.5G flux, Φ0(TFront) is used. This enables the model 

to account for absorption losses in layers prior to the emitter, 

including the window layer and modeled ARC layers. 

Subsequent calculation of IQE was performed by first 

calculating EQE via the above approach and then correcting by 

the total front surface reflectance, RTot, extracted via the TMM: 

 

 IQE =
EQE

1−RTot
 (1)  

III. RESULTS AND DISCUSSION 

A. Designing an Enhanced Bandwidth DBR 

To achieve a high peak reflectance and a bandwidth that 

spans the entire region of significant transmission (500-720 

nm), the two materials with the largest difference in index of 

refraction over the wavelengths of interest should be selected.  

Nevertheless, to ensure that the target DBR is practical for 

implementation in a real device, certain constraints were placed 

upon the design. First, the total DBR thickness must be kept low 

(< 3 μm). Because of the mismatch in thermal expansion 

coefficients between the III-V epitaxial layers and the Si 

substrate, excess III-V thickness can lead to epitaxial cracking 

or strong wafer bowing.  The 3 μm constraint was used based 

on a maximum total epitaxial thickness limit of 8 μm, which we 

have experimentally observed to be the point where 

unavoidable epilayer cracking occurs. Therefore, with a ~1.5 

μm thick cell and a 3.5 μm thick SGB (1% misfit/μm), that 

leaves only 3 μm in which to implement a DBR.  Second, the 

addition of the DBR must not further increase the TDD and thus 

must be grown internally lattice-matched to the GaAs0.75P0.25 

top cell and terminal GaAsyP1-y SGB composition. However, 

the availability of III-AsP materials that fit this constraint is 

limited, with only four III-AsP ternary alloys feasible (listed in 

Table I). This is further constrained by the requirement that the 

DBR layers be transparent to the flux transmitted by thin 

GaAs0.75P0.25 layers (Fig. 2a). Because it would absorb the near 

band edge flux intended for reflection, this constraint 

effectively eliminates the use of GaAs0.75P0.25 as a constituent 

DBR material. Therefore, Ga0.64In0.36P and Al0.66In0.34P are left 

as the most promising candidates given their relatively wide Eg 

and largest available delta in refractive index.  
15-period Al0.66In0.34P/Ga0.64In0.36P DBRs were simulated, 

with center wavelengths of 575 nm, 625 nm, and 680 nm in an 

attempt to span the region of flux transmission from a 500 nm 

thick GaAs0.75P0.25 base, seen in Fig. 2a.  The simulated DBRs 

were placed behind the (Al)GaAs0.75P0.25 tunnel junction so that 

they could be n-type doped; n-type polarity allows for higher 

doping and mobility, reducing the resistivity of the DBR layers. 

The reflectance R2 was calculated using the TMM to quantify 

the added internal reflectance. While the DBRs that exhibited 

longer center wavelengths (625 nm and 680 nm) maintained 

high peak reflectance, the bandwidth (as measured by full width 

at half max) was only ~50 nm.  This is insufficient to span the 

entire wavelength region of interest. Additionally, the DBR 

with the shortest central wavelength (575 nm) did not make an 

effective reflector due to strong absorption of < 600 nm photons 

Fig. 2.  a) Reflectance (R2) of the single wavelength and combo-DBR structures 
b) Schematic of the combo-DBR structure. 
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TABLE I 

INTERPOLATED OPTICAL PARAMETERS FOR AVAILABLE MATERIALS FOR DBRS 

Material 

Index of 

Refraction 
@ 600 nm 

Index of 

Refraction 
@ 700 nm 

Direct Eg 

Absorption edge 
[nm] 

GaAs0.75P0.25 3.78 3.63 721 

AlAs0.74P0.26 3.09 3.01 398 

Ga0.64In0.36P 3.53 3.33 605 

Al0.66In0.34P 3.06 2.96 452 
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by the Ga0.64In0.36P layers (2.05 eV bandgap). It should be noted 

that alloying Al with Ga0.64In0.36P or GaAs0.75P0.25 can raise the 

direct Eg of the material, thereby reducing parasitic absorption, 

while maintaining nearly the same lattice constant.  However, 

due to the added uncertainty in optical constants and additional 

growth complexity of the quaternary Alz(GaxIn1­x)1-zP and 

AlxGa1-xAsyP1-y alloys, this avenue was not explored in the 

present work.  

 Even excluding the capability of reflecting photon flux with 

wavelengths shorter than 600 nm for the sake of this initial 

investigation, it is clear that single central wavelength  

Al0.66In0.34P/Ga0.64In0.36P DBR structures do not possess 

sufficient bandwidth to provide significant reflectance across 

the entire 600-720 nm band of transmitted flux (Fig. 2a).  To 

combat this issue, prior DBR studies for solar applications have 

used combination DBR (combo-DBR) structures that combine 

two or more DBRs together for improved bandwidth. [40]  This 

approach is taken in this work, combining two DBRs with 

central wavelengths of 680 nm and 625 nm in an architecture 

detailed in Fig. 2b.  The figure demonstrates that indeed this 

structure acts as a sort of superposition of the two DBR 

structures leading to high reflectance (>70%) across the 600-

720nm wavelength band. The central wavelength values for the 

individual DBRs (625 and 680 nm) were chosen based on a 

coarse optimization (20-30 nm central wavelength steps) of 

total reflected flux and are thus likely far from optimal.  

However, analysis of such a structure provides insight into the 

potential efficacy DBRs may have in improving performance at 

various TDD values.  

 Although a GaAs0.75P0.25 top cell with elevated TDD is 

expected to be the current-limiting subcell by a great margin, 

assuming a well-designed Si bottom cell, any reflectance in the 

spectrum intended for the Si bottom cell is a loss mechanism 

that must still be considered. Reflectance losses in this 

wavelength band from the introduction of the combo-DBR total 

0.26 mA/cm2, assuming a 100% Si IQE from 720 nm to 950 

nm. While this current loss is certainly not negligible, the 

combo-DBR can likely be redesigned in a manner that further 

minimizes these reflectance losses.  Ultimately, the aim of this 

particular work is not to design the best possible DBR, but 

rather to provide a methodology and initial simulation 

framework to warrant its further experimental exploration. 

B. Quantifying the impact of TDD on JSC 

To extract the necessary transport parameters to explore the 

efficacy of the epitaxial DBR as a function of TDD, the 

measured IQE curves for the higher-TDD (2×107 cm-2) and 

lower-TDD (2×106 cm-2) cells were fit using the IQE model 

described in Section 2.2. The experimental data and modeled 

fits are shown in Fig. 3a. The fits were generated by manually 

adjusting base and emitter diffusion lengths to minimize the 

root mean squared error.  Because exact interface 

recombination velocities (IRV) for the 

GaAs0.75P0.25/Al0.66In0.36P and GaAs0.75P0.25/Ga0.64In0.36P 

materials systems are not known, they were assumed to be 

constant at 1000 cm/s, in accordance with what would be 

expected for semi-equivalent unoptimized GaAs/Al0.53In0.47P or 

GaAs/Ga0.51In0.49P interfaces.[41]  Nonetheless, given that the 

experimental IQE curves change as a function of TDD, it is 

evident that collection in these devices is limited by short base 

diffusion lengths, rather than elevated interface recombination 

velocities. As such, this fact reduces any error due to potentially 

imprecise IRV values, as minor changes to the IRV values in 

the model do not strongly impact the extracted base diffusion 

length.  Extracted base and emitter diffusion lengths and 

assumed IRVs are presented in Table 2.  

Analysis of the experimental IQE curves confirm the 

expected reduction of the base diffusion length by the observed 

reduction in long wavelength response.  Base diffusion lengths 

(LD) of 1.90 μm and 0.825 μm were extracted for the low-TDD 

and higher-TDD samples respectively.  It is critical to note that 

the emitter diffusion lengths are effectively unchanged by the 

different TDD values due to the already short values induced 

by the higher doping concentration.  That is to say, 

photogenerated minority carriers in the emitter are unlikely to 

Fig. 3. a) Modeled fits to experimental IQE curves which both serve to verify the accuracy of the model and to extract base diffusion length for 2 different TDDs. 

b) Analytical extraction of base LD as a function of TDD for GaAs0.75P0.25 top cells. 
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TABLE II 

EXTRACTED DIFFUSION LENGTHS FROM IQE MODELING. 

Device Layer 
LD 

(cm) 

D  

(cm2/s) 

SRV or IRV  

(cm/s) 

Lower 

TDD 

Base 

Emitter 

1.9×10-4 

2.25×10-6 

54.57 

3.17 
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Higher 
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interact with threading dislocations before recombining through 

other processes.   

 To quantify the role that elevated TDD has on the short 

circuit carrier collection dynamics in GaAs0.75P0.25 cells and to 

provide TDD dependent base transport properties, the extracted 

diffusion lengths were fit to the analytical model first presented 

by Yamaguchi et al. (Fig. 3b):[42]   

 
1

𝐿𝐷
2 =

1

𝐿2𝐷𝐵𝑢𝑙𝑘
+

𝜋3(𝑇𝐷𝐷)

4
 . (2) 

Here, LD is the effective diffusion length and LD,bulk is the 

ideal diffusion length if no dislocations were present. This 

analytical model for diffusion length has been verified in the 

dislocated GaAs system grown on SiGe buffers on Si in some 

detail,[15], [16]  which is expected to act similarly to the 

GaAsyP1-y material system. While only two experimental data 

points for two different TDD values are in hand at present, the 

strong alignment seen in Fig. 3b does appear to validate this 

simple model in providing a reasonable methodology for 

reliably interpolating and/or extrapolating the impact of 

dislocations on short circuit carrier collection from a limited 

experimental data set.   

Finally, for the sake of simplicity, it is also assumed that 

diodes with the realistically achievable TDD range explored in 

this study (1×106 cm-2 to 1×108 cm-2) are likely limited by the 

depletion region recombination current (J02) due to the 

relatively wide bandgap (1.72 eV) and defective nature of the 

top cell.[20] Depletion region recombination current is 

independent of the base width, meaning that, to first order, the 

metallurgical base width (WB) does not impact the I-V 

characteristics.  Additionally, while the work by Yamaguchi et 

al. in the GaAs material system simulated trends with base 

doping using empirical fits to prior reports of diffusion length 

and mobility [42], the lack of similar datasets for GaAs0.75P0.25 

makes such analysis impossible at present.  Therefore, changes 

to doping were not explored and the primary cell design 

variable considered in the exploration of DBR structures is WB. 

C. Quantifying the Impact of a DBR on JSC 

To truly assess the efficacy of a DBR on cell performance 

(i.e. JSC), the optimal base design with a DBR must be compared 

to the optimal base design without one. Otherwise, these 

comparisons may be misleading and would overestimate, or 

underestimate, the effectiveness of such optical structures 

depending on base thickness. While it would be nearly 

impossible to perform experimental demonstrations of 

numerous base widths at every TDD, simulation enables us to 

examine the role of TDD on DBR performance enhancement. 

Thus the GaAs0.75P0.25 top cell JSC, calculated by integrating 

EQE over the AM1.5G spectrum, with the addition of a 45 

nm/75 nm TiOx/Al2O3 ARC to suppress coherent reflectance 

effects, was simulated as a function of WB using the transport 

properties from both the lower-TDD and higher-TDD 

experimental cells (Fig. 4a). In addition to simulating devices 

without a reflector and with the combo-DBR, an ideal long pass 

mirror (R = 100% for all wavelengths less than 720 nm and R 

= 0% for wavelengths longer than 720 nm) was placed behind 

the cell at the position of R2 in Fig. 1. This is, of course, a purely 

hypothetical construct, as there is no method to epitaxially 

integrate an ideal 100% in-band reflector while maintaining the 

high transmissivity required in the spectrum intended for the Si 

bottom cell.  However, analysis of this ideal case provides an 

upper limit to the potential gains enabled by a DBR behind the 

GaAs0.75P0.25 cell.   

On first analysis of Fig. 4a, there are two strong trends 

observed by the addition of a rear reflector.  First, the maximum 

obtainable JSC is improved, as hypothesized. Second, the base 

width that provides optimal short circuit performance is 

significantly reduced.  These results can be rationalized by the 

tradeoffs present between optical absorption and collection 

probability. If the optical path length is improved through the 

use of a DBR, the base can be made much thinner, thereby 

improving the diffusion length to base width ratio (LD/WB).  A 

higher LD/WB improves the probability of collecting a 

photogenerated carrier and thereby increases the current for a 

constant photogeneration rate. While the general shortening of 

the base, and the improvement in optimal JSC are present at both 

2×107 cm-2 and 2×106 cm-2 TDD, the optimal base designs are 

quite different. 

 At a TDD of 2×107 cm-2 (solid lines in Fig. 4a), the 

combo-DBR provides a short circuit current improvement of 

0.51 mA/cm2 with a 240 nm reduction in ideal base length. The 

ideal reflector places a ceiling on the improvement given by a 

Fig. 4.  a) Simulated integrated EQE of GaAs0.75P0.25 cell designs with a combo-DBR, an ideal reflector, and without any reflector.  This simulation was 
performed at the two experimentally demonstrated TDDs. b) EQE Simulations for GaAs0.75P0.25 cells at a constant TDD = 2×107 cm-2 value comparing use 
of a combo-DBR, an ideal reflector, and without any reflector, with the base thickness optimized for each case. c) Similar EQE simulations as b except at a 
lower TDD value of 2×106 cm-2. 
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rear reflector for this TDD at 1.17 mA/cm2 and enables a 400 

nm base width reduction.  While such a direct comparison of 

the combo-DBR to the ideal reflector is not necessarily a fair 

comparison, as an ideal reflector is indeed not realistic, it does 

elucidate the fact that there are areas for improvement in the 

design of the relatively unoptimized combo-DBR.  To examine 

this, the EQE of the 3 cells with optimal base designs (denoted 

by the diamonds) were compared (Fig. 4b).  The combo-DBR 

indeed improves the long wavelength response of the cell with 

a near superposition of the shape of the DBR, on top of the 

existing EQE curve.  However, the lack of reflection in the 500 

nm to 600 nm wavelength band maintains a high degree of 

transmissivity in that wavelength regime as the base is thinned.  

As such, the ideal base width for the combo-DBR device is 

~20% longer than with the ideal reflector. If a DBR with 

broadband response expanded to cover the 500-600 nm 

wavelength range could be designed, it would significantly 

improve the DBR efficacy at elevated TDDs leading to current 

improvements approaching values provided by the ideal 

reflector (1.17 mA/cm2).  While this would indeed be a 

challenge given the limited materials availability, the 

quaternary AlxGa1-xAsyP1-y and Alz(GaxIn1-x)1-zP alloys, which 

possess greater than the necessary 2.2 eV direct Eg needed to 

minimize absorption, may provide a pathway.  However, 

uncertainty in the optical data of these alloys prevented the 

exploration of these materials in this work.  Even with the non-

idealities in the DBR design used in this work the application 

of this design in a GaAs0.75P0.25/Si tandem cell could result in 

AM1.5G absolute efficiency improvements of 0.7%, using VOC 

and fill factors from the authors’ previous GaAs0.75P0.25/Si 

tandem reports [43]. With improved reflectance response in the 

500-600 nm wavelength range, the absolute efficiency 

improvement could approach an aspirational value of nearly 

1.6%. 

In the lower-TDD case (dashed lines in Fig. 4a), the combo 

DBR provides a 0.22 mA/cm2 improvement with a 420 nm base 

width reduction, while the ideal reflector provides a 0.61 

mA/cm2 JSC improvement and a 640 nm base width reduction. 

The DBR would result in a ~0.3% absolute efficiency 

improvement, assuming a 1.8 V VOC and 83% fill factor (FF) 

with an absolute efficiency improvement ceiling of 0.91%. 

These VOC and FF values were conservative estimates based on 

the authors’ previous reports of GaAs0.75P0.25 top cells at this 

TDD[20], [23], [43] and simulation of the optimal Si bottom 

cell design.  These analyses of potential efficiency 

improvements are conservative as it doesn’t include 

optimizations to doping profiles or emitter design, which have 

the potential to improve VOC, especially in the case of reduced 

base width.   

Fig. 5.  a) Simulated integrated EQE as a function of TDD and base width for a GaAs0.75P0.25 cell with no rear reflector.  Dashed lines show the optimal base 

width as a function of TDD. b) Simulated integrated EQE as a function of TDD and base width for a GaAs0.75P0.25 cell with a combination DBR.  Dashed lines 
show the optimal base width as a function of TDD. c) Simulated integrated EQE as a function of TDD and base width for a GaAs0.75P0.25 cell with an ideal 

reflector.  Dashed lines show the optimal base width as a function of TDD. 
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Fig. 6.  Optimal base width as a function of TDD for cell designs with a combo-

DBR, an ideal reflector, and without any reflector. 
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To provide better insight into the efficacy of a DBR as a 

general function of TDD, cells with no reflector (Fig. 5a), 

combo-DBR (Fig. 5b), and an ideal reflector (Fig. 5c) were 

simulated using TDD dependent transport properties and a 

range of WB, thereby enabling extraction of optimal 

performance and design as a function of both TDD and base 

design.  The dashed lines indicate the ideal base width for each 

TDD value, providing the TDD-specific optimal design.  The 

intuitive basis for the shape of the contour plots in Fig. 5 is again 

the tradeoff between optical absorption and carrier collection.  

This phenomenon is observed with the region to the left of the 

dashed line (thinner than ideal base), where transmission is too 

high, and to the right (thicker than ideal base) where insufficient 

LD yields reduced collection probability.  The optimal WB are 

plotted as a function of TDD (Fig. 6).  Just as observed in the 

discrete TDD points explored previously, the optimal base 

width is significantly reduced with elevated TDD and the 

addition of a rear reflector. It is interesting to note that the 

percent reduction in WB between the optimal design without a 

reflector and with a reflector is nearly constant as a function of 

TDD with the ideal reflector allowing a 36-38% reduction in 

WB and the combo DBR allowing a 20-24% reduction. 

With the optimal base width at every TDD in hand, the 

performance of cells with these optimized designs as a function 

of TDD can be plotted, providing a convenient direct 

comparison of performance improvement with the addition of a 

realistic DBR or an idealized rear reflector (Fig. 7). This figure 

can be used to roughly estimate the defect mitigation of the 

DBR, quantified as an equivalent reduction in TDD (i.e. the 

reduction of TDD necessary to achieve the same JSC without a 

rear reflector).  The equivalent TDD reduction of ~1.8× 

provided by the DBR clearly demonstrates that this design is an 

effective way to provide a significant degree of resilience to 

elevated TDD.  Notably, the ideal reflector provides an 

aspirational effective TDD reduction of nearly 5×, which points 

to the potential of the DBR as an extremely effective method to 

mitigate the impact of elevated TDD if the combo-DBR design 

could be improved in the 500-600 nm wavelength band, as 

discussed previously.  

IV. CONCLUSION 

This work has provided a model-based framework, based on 

experimental cell data, for implementation of a DBR behind 

metamorphic GaAs0.75P0.25 top cells within a GaAs0.75P0.25/Si 

tandem structure, where the near band edge internal reflectance 

can help mitigate the presence of elevated TDD. The enhanced 

bandwidth combo-DBR structure allows for wider bandwidth 

reflectance than a single central wavelength DBR. However, 

the lack of available wide bandgap ternary alloys with 

sufficiently different indices of refraction limits reflectance 

capabilities in the important 500-600 nm wavelength band. 

Additionally, the performance of the optimal design of cells 

with and without a DBR were compared to truly assess the 

efficacy of a DBR structure in improving short circuit current 

at a given TDD, as well as to explore how a rear reflector 

impacts optimal base design. The JSC improvement provided by 

the combo-DBR is equivalent to a ~1.8× reduction in TDD, thus 

demonstrating its efficacy in TDD mitigation. Development of 

an improved DBR structure that adequately addresses the 500-

600 nm band shortcomings of the present design could provide 

an effective TDD reduction approaching the ideal 5×. Thus, the 

use of a DBR in GaAs0.75P0.25/Si tandem cells could provide a 

pathway toward higher efficiency GaAs0.75P0.25/Si tandem cells 

at >2×106 cm-2 TDD.   

ACKNOWLEDGMENT 

This work was supported by the Department of Energy, 

Office of Energy Efficiency and Renewable Energy (EERE), 

under Award Number DE-EE0007539. The work of 

D. L. Lepkowski was supported by the NSF-GRFP. 

REFERENCES 

[1] S. M. Durbin, “A computational approach to the analysis of 

distributed Bragg reflectors in direct-gap solar cells,” in Conference 

Record of the Twenty Fifth IEEE Photovoltaic Specialists Conference 

- 1996, May 1996, pp. 69–72, doi: 10.1109/PVSC.1996.563948. 
[2] R. M. France, P. Espinet-Gonzalez, N. J. Ekins-Daukes, H. Guthrey, 

M. A. Steiner, and J. F. Geisz, “Multijunction Solar Cells With 

Graded Buffer Bragg Reflectors,” IEEE J. Photovolt., vol. 8, no. 6, pp. 
1608–1615, Nov. 2018, doi: 10.1109/JPHOTOV.2018.2869550. 

[3] M. Z. Shvarts, O. I. Chosta, I. V. Kochnev, V. M. Lantratov, and V. 

M. Andreev, “Radiation resistant AlGaAs/GaAs concentrator solar 
cells with internal Bragg reflector,” Sol. Energy Mater. Sol. Cells, vol. 

68, no. 1, pp. 105–122, Apr. 2001, doi: 10.1016/S0927-

0248(00)00349-4. 
[4] S. P. Tobin, S. M. Vernon, M. M. Sanfacon, and A. Mastrovito, 

“Enhanced light absorption in GaAs solar cells with internal Bragg 

reflectors,” in The Conference Record of the Twenty-Second IEEE 
Photovoltaic Specialists Conference - 1991, Oct. 1991, pp. 147–152 

vol.1, doi: 10.1109/PVSC.1991.169199. 

[5] M. Yamaguchi, “Multi-junction solar cells and novel structures for 

solar cell applications,” Phys. E Low-Dimens. Syst. Nanostructures, 

vol. 14, no. 1, pp. 84–90, Apr. 2002, doi: 10.1016/S1386-

9477(02)00362-4. 
[6] K. Forghani, R. Reddy, D. Rowell, and R. Tatavarti, “MOVPE 

Growth of AlInP–InGaP Distributed Bragg Reflectors,” IEEE J. 

Photovolt., vol. 10, no. 3, pp. 754–757, May 2020, doi: 
10.1109/JPHOTOV.2020.2971145. 

[7] D.-X. Wang, M.-H. Song, J.-F. Bi, W.-J. Chen, S.-L. Li, G.-Z. Liu, 

M.-Y. Li, and C.-Y. Wu, “Enhanced Efficiency of Metamorphic 
Triple Junction Solar Cells for Space Applications,” Chin. Phys. Lett., 

vol. 34, no. 6, p. 068801, Jun. 2017, doi: 10.1088/0256-

307X/34/6/068801. 
[8] M. A. Green, E. D. Dunlop, J. Hohl‐Ebinger, M. Yoshita, N. 

Kopidakis, and X. Hao, “Solar cell efficiency tables (version 56),” 

Prog. Photovolt. Res. Appl., vol. 28, no. 7, pp. 629–638, 2020, doi: 
10.1002/pip.3303. 

[9] D. Lackner, O. Höhn, R. Müller, P. Beutel, P. Schygulla, H. Hauser, 

F. Predan, G. Siefer, M. Schachtner, J. Schön, J. Benick, M. Hermle, 

and F. Dimroth, “Two-Terminal Direct Wafer-Bonded 

GaInP/AlGaAs//Si Triple-Junction Solar Cell with AM1.5g Efficiency 

of 34.1%,” Sol. RRL, vol. 4, no. 9, p. 2000210, 2020, doi: 
10.1002/solr.202000210. 

[10] S. Essig, C. Allebé, T. Remo, J. F. Geisz, M. A. Steiner, K. Horowitz, 
L. Barraud, J. S. Ward, M. Schnabel, A. Descoeudres, D. L. Young, 

M. Woodhouse, M. Despeisse, C. Ballif, and A. Tamboli, “Raising the 

one-sun conversion efficiency of III–V/Si solar cells to 32.8% for two 
junctions and 35.9% for three junctions,” Nat. Energy, vol. 2, no. 9, p. 

17144, Sep. 2017, doi: 10.1038/nenergy.2017.144. 

[11] R. D. Hool, Y. Chai, Y. Sun, B. C. Eng, P. Dhingra, S. Fan, K. Nay 
Yaung, and M. L. Lee, “Relaxed GaP on Si with low threading 

dislocation density,” Appl. Phys. Lett., vol. 116, no. 4, p. 042102, Jan. 

2020, doi: 10.1063/1.5141122. 
[12] M. Feifel, J. Ohlmann, J. Benick, M. Hermle, J. Belz, A. Beyer, K. 

Volz, T. Hannappel, A. W. Bett, D. Lackner, and F. Dimroth, “Direct 

Growth of III–V/Silicon Triple-Junction Solar Cells With 19.7% 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

8 

Efficiency,” IEEE J. Photovolt., vol. 8, no. 6, pp. 1590–1595, Nov. 
2018, doi: 10.1109/JPHOTOV.2018.2868015. 

[13] M. Feifel, J. Ohlmann, R. M. France, D. Lackner, and F. Dimroth, 

“Electron channeling contrast imaging investigation of stacking fault 
pyramids in GaP on Si nucleation layers,” J. Cryst. Growth, vol. 532, 

p. 125422, Feb. 2020, doi: 10.1016/j.jcrysgro.2019.125422. 

[14] T. J. Grassman, J. A. Carlin, B. Galiana, L.-M. Yang, F. Yang, M. J. 
Mills, and S. A. Ringel, “Nucleation-related defect-free GaP/Si(100) 

heteroepitaxy via metal-organic chemical vapor deposition,” Appl. 

Phys. Lett., vol. 102, no. 14, p. 142102, Apr. 2013, doi: 
10.1063/1.4801498. 

[15] C. L. Andre, D. M. Wilt, A. J. Pitera, M. L. Lee, E. A. Fitzgerald, and 

S. A. Ringel, “Impact of dislocation densities on n+∕p and p+∕n 
junction GaAs diodes and solar cells on SiGe virtual substrates,” J. 

Appl. Phys., vol. 98, no. 1, p. 014502, Jul. 2005, doi: 

10.1063/1.1946194. 
[16] C. L. Andre, J. J. Boeckl, D. M. Wilt, A. J. Pitera, M. L. Lee, E. A. 

Fitzgerald, B. M. Keyes, and S. A. Ringel, “Impact of dislocations on 

minority carrier electron and hole lifetimes in GaAs grown on 
metamorphic SiGe substrates,” Appl. Phys. Lett., vol. 84, no. 18, pp. 

3447–3449, Apr. 2004, doi: 10.1063/1.1736318. 

[17] S. D. Carnevale, J. I. Deitz, J. A. Carlin, Y. N. Picard, M. De Graef, S. 
A. Ringel, and T. J. Grassman, “Rapid misfit dislocation 

characterization in heteroepitaxial III-V/Si thin films by electron 

channeling contrast imaging,” Appl. Phys. Lett., vol. 104, no. 23, p. 
232111, Jun. 2014, doi: 10.1063/1.4883371. 

[18] S. D. Carnevale, J. I. Deitz, J. A. Carlin, Y. N. Picard, D. W. 
McComb, M. D. Graef, S. A. Ringel, and T. J. Grassman, 

“Applications of Electron Channeling Contrast Imaging for the Rapid 

Characterization of Extended Defects in III–V/Si Heterostructures,” 
IEEE J. Photovolt., vol. 5, no. 2, pp. 676–682, Mar. 2015, doi: 

10.1109/JPHOTOV.2014.2379111. 

[19] J. I. Deitz, S. D. Carnevale, S. A. Ringel, D. W. McComb, and T. J. 
Grassman, “Electron Channeling Contrast Imaging for Rapid III-V 

Heteroepitaxial Characterization,” JoVE J. Vis. Exp., no. 101, p. 

e52745, Jul. 2015, doi: 10.3791/52745. 
[20] D. L. Lepkowski, J. T. Boyer, D. J. Chmielewski, A. C. Silvaggio, S. 

A. Ringel, and T. J. Grassman, “Investigation of Rear-Emitter 

GaAs0.75P0.25 Top Cells for Application to III–V/Si Tandem 
Photovoltaics,” IEEE J. Photovolt., vol. 9, no. 6, pp. 1644–1651, Nov. 

2019, doi: 10.1109/JPHOTOV.2019.2939069. 

[21] T. J. Grassman, D. J. Chmielewski, S. D. Carnevale, J. A. Carlin, and 
S. A. Ringel, “GaAs0.75P0.25/Si Dual-Junction Solar Cells Grown by 

MBE and MOCVD,” IEEE J. Photovolt., vol. 6, no. 1, pp. 326–331, 

Jan. 2016, doi: 10.1109/JPHOTOV.2015.2493365. 
[22] D. J. Chmielewski, D. L. Lepkowski, J. T. Boyer, J. A. Carlin, T. J. 

Grassman, and S. A. Ringel, “High Performance Metamorphic Tunnel 

Junctions for GaAsP/Si Tandem Solar Cells Grown via MOCVD,” in 
2018 IEEE 7th World Conference on Photovoltaic Energy Conversion 

(WCPEC) (A Joint Conference of 45th IEEE PVSC, 28th PVSEC 34th 

EU PVSEC), Jun. 2018, pp. 2631–2634, doi: 
10.1109/PVSC.2018.8547444. 

[23] A. C. Silvaggio, D. L. Lepkowski, D. J. Chmielewski, J. T. Boyer, S. 

A. Ringel, and T. J. Grassman, “Optimization of a GaAsP Top Cell 
for Implementation in a III-V/Si Tandem Structure,” in 2017 IEEE 

44th Photovoltaic Specialist Conference (PVSC), Jun. 2017, pp. 2554–

2557, doi: 10.1109/PVSC.2017.8366475. 
[24] C. C. Katsidis and D. I. Siapkas, “General transfer-matrix method for 

optical multilayer systems with coherent, partially coherent, and 

incoherent interference,” Appl. Opt., vol. 41, no. 19, pp. 3978–3987, 
Jul. 2002, doi: 10.1364/AO.41.003978. 

[25] O. S. Heavens, Optical Properties of Thin Solid Films. Dover 

Publications Inc., 1991. 
[26] C. J. R. Sheppard, “Approximate calculation of the reflection 

coefficient from a stratified medium,” Pure Appl. Opt. J. Eur. Opt. 

Soc. Part A, vol. 4, no. 5, pp. 665–669, Sep. 1995, doi: 10.1088/0963-
9659/4/5/018. 

[27] Md. S. Islam, “Analytical modeling of organic solar cells including 

monomolecular recombination and carrier generation calculated by 
optical transfer matrix method,” Org. Electron., vol. 41, pp. 143–156, 

Feb. 2017, doi: 10.1016/j.orgel.2016.10.040. 

[28] M. P. Lumb, M. Gonzalez, I. Vurgaftman, J. R. Meyer, J. Abell, M. 
Yakes, R. Hoheisel, J. G. Tischler, P. P. Jenkins, P. N. Stavrinou, M. 

Fuhrer, N. J. Ekins-Daukes, and R. J. Walters, “Simulation of novel 

InAlAsSb solar cells,” in Proceedings SPIE 8256, Feb. 2012, p. 
82560S, doi: 10.1117/12.909324. 

[29] K. J. Kim, M. H. Lee, J. H. Bahng, K. Shim, and B. D. Choe, “Optical 

constants and electronic interband transitions of disordered 
GaAs1−xPx alloys,” J. Appl. Phys., vol. 84, no. 7, pp. 3696–3699, 

Oct. 1998, doi: 10.1063/1.368546. 

[30] C. Alibert, G. Bordure, A. Laugier, and J. Chevallier, 
“Electroreflectance and Band Structure of Ga_xIn_1-xP,” Phys. Rev. 

B, vol. 6, no. 4, pp. 1301–1310, Aug. 1972, doi: 

10.1103/PhysRevB.6.1301. 
[31] T. J. Kim, S. Y. Hwang, J. S. Byun, D. E. Aspnes, E. H. Lee, J. D. 

Song, C.-T. Liang, Y.-C. Chang, H. G. Park, J. Choi, J. Y. Kim, Y. R. 

Kang, J. C. Park, and Y. D. Kim, “Dielectric functions and interband 
transitions of InxAl1 − xP alloys,” Curr. Appl. Phys., vol. 14, no. 9, 

pp. 1273–1276, Sep. 2014, doi: 10.1016/j.cap.2014.06.026. 

[32] S. Adachi, Optical Constants of Crystalline and Amorphous 
Semiconductors. Boston, MA: Springer US, 1999. 

[33] E. Ochoa-Martínez, L. Barrutia, M. Ochoa, E. Barrigón, I. García, I. 

Rey-Stolle, C. Algora, P. Basa, G. Kronome, and M. Gabás, 
“Refractive indexes and extinction coefficients of n- and p-type doped 

GaInP, AlInP and AlGaInP for multijunction solar cells,” Sol. Energy 

Mater. Sol. Cells, vol. 174, no. April 2017, pp. 388–396, 2018, doi: 
10.1016/j.solmat.2017.09.028. 

[34] W. Yuan and D. C. Hall, “Variable-angle spectroscopic ellipsometry 

of InAlP native oxide dielectric layers for GaAs metal–oxide–
semiconductor field effect transistor applications,” J. Appl. Phys., vol. 

113, no. 10, p. 103515, Mar. 2013, doi: 10.1063/1.4794817. 
[35] S. Y. Hwang, T. J. Kim, Y. W. Jung, N. S. Barange, H. G. Park, J. Y. 

Kim, Y. R. Kang, Y. D. Kim, S. H. Shin, J. D. Song, C.-T. Liang, and 

Y.-C. Chang, “Dielectric function and critical points of AlP 
determined by spectroscopic ellipsometry,” J. Alloys Compd., vol. 

587, pp. 361–364, Feb. 2014, doi: 10.1016/j.jallcom.2013.10.205. 

[36] S. R. Kurtz, J. M. Olson, D. J. Friedman, J. F. Geisz, K. A. Bertness, 
and A. E. Kibbler, “Passivation of Interfaces in High-Efficiency 

Photovoltaic Devices,” MRS Proc., vol. 573, no. May, p. 95, Jan. 

1999, doi: 10.1557/PROC-573-95. 
[37] M. P. Lumb, C. G. Bailey, J. G. J. Adams, G. Hillier, F. Tuminello, V. 

C. Elarde, and R. J. Walters, “Extending the 1-D Hovel Model for 

Coherent and Incoherent Back Reflections in Homojunction Solar 
Cells,” IEEE J. Quantum Electron., vol. 49, no. 5, pp. 462–470, May 

2013, doi: 10.1109/JQE.2013.2252148. 

[38] H. Hovel, “Theoretical and experimental evaluations of GaAl As-
GaAs solar cells,” 1973, p. 25. 

[39] H. Hovel, “Semiconductors and Semimetals Volume 11 Solar Cells,” 

in Semiconductors and Semimetals Volume 11 Solar Cells, Academic 
Press, 1975, pp. 16–44. 

[40] Y. Jiang, M. J. Keevers, P. Pearce, N. Ekins-Daukes, and M. A. 

Green, “Design of an intermediate Bragg reflector within triple-
junction solar cells for spectrum splitting applications,” Sol. Energy 

Mater. Sol. Cells, vol. 193, pp. 259–269, May 2019, doi: 

10.1016/j.solmat.2019.01.011. 
[41] J. M. Olson, R. K. Ahrenkiel, D. J. Dunlavy, B. Keyes, and A. E. 

Kibbler, “Ultralow recombination velocity at Ga0.5In0.5P/GaAs 

heterointerfaces,” Appl. Phys. Lett., vol. 55, no. 12, pp. 1208–1210, 
Sep. 1989, doi: 10.1063/1.101656. 

[42] M. Yamaguchi, A. Yamamoto, and Y. Itoh, “Effect of dislocations on 

the efficiency of thin‐film GaAs solar cells on Si substrates,” J. Appl. 
Phys., vol. 59, no. 5, pp. 1751–1753, Mar. 1986, doi: 

10.1063/1.336439. 

[43] T. J. Grassman, D. L. Lepkowski, J. T. Boyer, D. J. Chmielewski, C. 
Yi, N. Western, H. Mehrvarz, A. Ho-Baillie, C. Kerestes, D. Derkacs, 

S. G. Whipple, A. P. Stavrides, S. P. Bremner, and S. A. Ringel, 

“Toward >25% Efficient Monolithic Epitaxial GaAsP/Si Tandem 
Solar Cells,” in 2019 IEEE 46th Photovoltaic Specialists Conference 

(PVSC), Jun. 2019, pp. 0734–0737, doi: 

10.1109/PVSC40753.2019.8980574. 

 

 

 

 

 

 

 

 


