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Abstract 

Multi-junction solar cells made with III-V materials dominate space applications due to their high 

efficiency and radiation tolerance. However, these cells are costly due to the use of expensive GaAs or Ge 

substrates, which could hamper applications with lower budgets such as plans for low-earth orbit satellite 

constellations [1][2]. Alternatively, GaAsP/Si dual-junction cells could be grown on low-cost Si substrates 

with a high potential efficiency of 34% under AM0 space conditions, enabling high-efficiency, low-cost 

space solar power [3]. Unfortunately, GaAsP cell performance is limited by defects from mismatched 

growth on Si which cause poor diffusion length and carrier collection, and charged particle irradiation in 

space would further degrade performance. Reduced GaAsP thickness could mitigate the diffusion length 

issue but would suffer optical losses from absorption loss. 

In this work, GaAsP cells were simulated using Crosslight TCAD software, and the use of a 

distributed Bragg reflector (DBR) was explored for enhanced performance. The DBR is a semiconductor-

based reflector that can be grown under the GaAsP cell and reflect transmitted photons, effectively doubling 

the optical thickness of the solar cell, and allowing the cell to be thinner while maintaining high absorption. 

1J GaAsP cells and high-reflectance DBR structures were first separately modeled, followed by importing 

of the DBR reflectance profiles into the bottom layer of the GaAsP cell. The performance of GaAsP cells 

was then evaluated as a function of cell thickness, minority carrier lifetime, and DBR design under the AM0 

space solar spectrum. 

I. Introduction and Motivation 

While photovoltaics (PV) technology continues to constitute a small (if growing) percentage of 

global energy demand, solar cells have long been a primary power source for space applications. In 

particular, the economics of space solar cells have historically favored maximized efficiency even with high 

costs in $/Watt. A major reason for this trend is that high-efficiency cells have high specific power 

(Watts/kg), which greatly reduces the launch cost for sending solar cells to space. Indeed, single-junction 

Silicon (Si) solar cells, which continue to dominate the terrestrial market, have been largely supplanted by 

high-efficiency multi-junction solar cells (MJSC) based on III-V materials for space applications [4]. 

MJSC’s utilize multiple sub-cells of varying bandgap materials to more efficiently absorb the solar 

spectrum and accordingly achieve far higher efficiencies than Si under the AM0 space solar spectrum, as 

shown in Table 1. Such cells are hundreds of times more expensive than Si solar cells largely due to the use 

of costly Ge or GaAs substrates [5]. 
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Table 1: Representative efficiencies of high-performance cells under AM0 spectrum, showing the superior efficiency 

of III-V multijunction cells over Si single junction. 

Cell architecture AM0 efficiency (%) Source 

1J Si 18.3 [6] 

3J InGaP/GaAs/Ge 29.5 [7] 

3J InGaP/GaAs/InGaAs 31.5 [8] 
5J (sub-cells not reported) 35.8 [9] 

 

Despite the advantages of III-V MJSC’s, reducing the cost of solar cells may be an important factor 

to enable a wider variety of future space missions. In particular, one important trend in satellite deployment 

in recent years has been the increasing shift towards communications satellites in low-earth orbit (LEO), at 

an altitude 500-2000 km above the earth’s surface, rather than geostationary orbit (GEO), or approximately 

35,000 km. Both approaches may be used to provide global coverage, but they differ in at least 3 key points: 

the number of satellites required for coverage, average mission duration, and satellite cost. First, while a 

handful of satellites may suffice for a GEO system, hundreds or thousands of LEO satellites may be required 

to provide the same level of coverage in what is called a “LEO constellation”. Second, while GEO satellites 

are designed for long mission durations of 15-20 years, LEO satellites have a much lower average mission 

duration of ~7 years [10]. Lastly, GEO satellites are far costlier than LEO satellites due to factors such as 

the need for higher power electronics for communication at increased distance and the higher launch cost 

of reaching operational altitude. Multiple initiatives have been announced by private companies such as 

SpaceX and Amazon to deploy their own LEO constellations, with more than 10,000 satellites approved by 

the FCC [2]. This confluence of lower satellite costs, shorter mission lifetime, and a large uptick in volume 

in the coming years may necessitate a more serious consideration of the cost of the solar cells, while 

maintaining the benefits of high efficiency and specific power. 

III-V on Si multijunction cells (hereafter III-V/Si) are a promising path to maintain high efficiency 

and thus specific power, but at a far lower cost due to the use of inexpensive Si substrates [5]. Several 

approaches have been reported for III-V/Si integration, such as mechanical stacking of separately grown 

cells, wafer bonding, and direct monolithic growth. Table 2 displays the efficiencies achieved by various 

III-V/Si integration methods under the terrestrial AM1.5G spectrum, as well as reference values for the 

record Si 1J cell and III-V 3J cell grown on GaAs. The bonding and stacking approaches achieved 

efficiencies of 34.1-35.9%, showing that III-V/Si can overcome the record efficiencies of Si 1J cells while 

approaching the efficiencies of the best MJSC’s grown on GaAs. However, these approaches are difficult 

to scale due to challenges of module integration and complex processing [11]. 

Table 2: Representative efficiencies of III-V/Si cells with different integration methods, as well as reference Si and 

III-V MJSC, under AM1.5G spectrum. Values taken from [12]. 

Cell Architecture Integration method AM1.5G efficiency (%) 

2J GaAsP/Si Monolithic 20.1 

3J InGaP/GaAs/Si Monolithic 24.3 

3J InGaP/AlGaAs/Si Wafer bonding 34.1 
3J InGaP/GaAs/Si Mechanical stacking 35.9 

   

1J Si None 26.7 

3J InGaP/GaAs/InGaAs  Monolithic 37.9 
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On the other hand, monolithic growth of III-V on Si has thus far yielded lower cell efficiencies due 

to the large lattice mismatch between Si and available III-V materials, which leads to defect formation 

during III-V growth. However, this approach is far more scalable for mass production, and could potentially 

leverage the existing Si manufacturing infrastructure. In particular, ~1.7eV GaAs0.77P0.23 (hereafter GaAsP) 

forms an ideal bandgap combination with Si for a tandem cell, with a theoretical efficiency of ~34% under 

AM0 and ~37% under AM1.5G [3], well beyond the 29.4% efficiency limit under AM1.5G for a 1J Si cell 

[13]. Therefore, monolithically grown GaAsP/Si cells, with further improvements in material quality and 

design, may be a suitable candidate to provide high-efficiency, low-cost solar power for space applications. 

In this work, we explored the use of a specific structure, a distributed Bragg reflector, to improve the 

performance of GaAsP solar cells under space conditions. 

II. Technical Background 

A solar cell is a semiconductor device which can generate power when sunlight is incident upon it. The 

active region of a solar cell most often consists of a p-n junction. When photons with higher energy than 

the semiconductor bandgap are absorbed by the cell, electrons in the valence band are excited into the 

conduction band, thus creating free electron and hole carriers that may move through the material. These 

carriers can be separated by collection across the junction, creating a photocurrent and generating net power. 

While the simplest circuit model for a solar cell can be described by a current source in parallel with an 

ideal diode, a more complete model is provided by the so-called double-diode model, given in equation (1). 

 𝐽(𝑉) = 𝐽𝐿 − 𝐽01 [exp (
𝑞 ∗ (𝑉 + 𝐽𝐴𝑅𝑠)

𝑘𝐵𝑇
) − 1] − 𝐽02 [exp (

𝑞 ∗ (𝑉 + 𝐽𝐴𝑅𝑠)

2𝑘𝐵𝑇
) − 1] −

𝑉 + 𝐴𝐽𝑅𝑠

𝐴𝑅𝑠ℎ

 (1) 

 

The first term JL is the photo-current density, the 2nd and 3rd terms represent dark current terms with 

n=1 and n=2 ideality factors, and Rs and Rsh are series and shunt resistance, respectively. The J01 term 

accounts for recombination in the bulk quasi-neutral regions and surfaces of the cell, while the J02 term 

accounts for non-radiative recombination in the space-charge region (SCR) of the junction. 

Two primary methods for characterizing solar cell performance are lighted IV (LIV) and external 

quantum efficiency (EQE) measurements. Figure 1(a). and (b). provide schematic representation for the 

data acquired from each measurement. The LIV curve is acquired by sweeping the forward voltage under 

an illumination source that closely matches a desired spectrum of sunlight (i.e. AM0, AM1.5G, etc.), and 

several figures of merit are extracted from the curve. The short-circuit current density (Jsc) is the current 

measured at short-circuit (V=0) conditions, while the open-circuit voltage (Voc) is the voltage measured at 

open-circuit (J=0) conditions. At the “knee” of the curve, the maximum power density Pmax is generated, 

and the Fill Factor (FF) is defined as 𝐹𝐹 = 𝑃𝑚𝑎𝑥/(𝑉𝑜𝑐 ∗ 𝐽𝑠𝑐). Lastly, the cell efficiency 𝜂 is the ratio of 

𝑃𝑚𝑎𝑥 to incident power density Pin, which can also be written as: 

 𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐹𝐹 ∗ 𝑉𝑜𝑐 ∗ 𝐽𝑠𝑐

𝑃𝑖𝑛
 (2) 

 

The EQE is a measure of the efficiency with which a solar cell generates and collects carriers across 

the junction for a given number of incident photons. EQE is defined by equation (3) below. The EQE, along 

with the incident solar spectrum, is used to calculate the Jsc. 

 𝐸𝑄𝐸 (𝜆) =
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
 (3) 
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There is another type of quantum efficiency, known as internal quantum efficiency (IQE), which 

factors out the effects of reflection R from the surface, and is defined as 𝐼𝑄𝐸/(1 − 𝑅), but for this work 

EQE will be focused on. As seen in Figure 1(b). the ideal EQE would be 100% over the entire absorption 

wavelength range of the solar cell up the wavelength 𝜆𝑏𝑎𝑛𝑑𝑔𝑎𝑝, but in real cells the EQE is lower due to 

multiple losses. Short-wavelength light is absorbed closest to the surface, and experiences carrier losses 

due primarily to surface recombination at the top surface or bulk recombination in the top absorber layer 

(called the “emitter”).  EQE tends to “peak” at intermediate wavelengths, representing carriers that are 

generated near the junction or within the space-charge region (SCR), where they are collected with minimal 

loss. Lastly, EQE may drop again at long wavelengths due to bulk recombination in the bottom absorber 

layer (called the “base”), surface recombination at the bottom surface, or transmission of light through the 

cell without being absorbed. A key determinant of EQE is the diffusion length 𝐿 of minority carriers in the 

base and emitter layers, which is given by:  

 𝐿 = √𝐷 ∗ 𝜏 (4) 

D is the diffusivity and 𝜏 is the minority carrier lifetime. If 𝐿 is much less than the thicknesses of the 

respective base and emitter layers, EQE will suffer. In addition, the surface recombination at the top and 

bottom surfaces may be quantified by so called interface recombination velocities 𝑆𝑛 and 𝑆𝑝 for electrons 

and holes, respectively.  

                       

Figure 1: Schematic diagrams of data acquired from (a) lighted IV and (b) external quantum efficiency measurements.  

One of the key loss mechanisms of 1 junction solar cells is thermalization, in which excess photon 

energy beyond the bandgap energy is lost as heat when photons are absorbed and generate carriers. Multi-

junction solar cells use multiple junctions with materials of varying bandgap to more efficiently absorb the 

solar spectrum by minimizing thermalization losses. The highest bandgap cells are placed at the top, where 

they’ll absorb high energy photons, while low bandgap cells are placed at the bottom to absorb low-energy 

photons. The basic structure of a GaAsP/Si tandem solar cell is depicted in Figure 2 along with its 

absorption of the corresponding AM1.5G spectrum. The structure begins with a Si bottom cell 

manufactured from a Si substrate [14]. On top of this Si cell, the first layer grown is a GaP nucleation layer. 

GaP has only a ~0.4% lattice mismatch with Si, and thus acts as a III-V “virtual substrate” on which the 

subsequent III-V layers can be grown with high quality. Next, a compositionally graded buffer, typically 

several microns thick, is grown with varying compositions of GaAsyP1-y to gradually transition from the Si 

(b). (a). 
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lattice constant to the lattice constant of 1.7eV GaAsP, a ~3.2% lattice 

mismatch. Then, a heavily-doped tunnel junction is grown to act as an 

electrical interconnect between the sub-cells, and lastly the GaAsP cell 

is grown on top. The graded buffer and GaP layers have a greater than 

1.7eV bandgap, and so will be optically transparent to all the low-energy 

photons absorbed by the Si cell. In an ideal GaAsP/Si cell the spectrum 

is evenly divided between the two sub-cells, resulting in identical Jsc for 

both cells and achieving a condition known as “current matching”. In 

tandem cells, the total Jsc is limited by the sub-cell with lower current 

collection, so current matching is an extremely important condition to 

maximize efficiency.  

The lattice mismatched growth of GaAsP on Si leads to the 

formation of so-called threading dislocation defects that propagate 

through the material. These defects act as non-radiative recombination 

centers, which harm the Jsc through worsened carrier collection and also 

lower the Voc. Past studies have quantified the effect of different 

threading dislocation densities (TDD) on the lifetime of III-V materials. 

A representative study of the effect of TDD on minority lifetime in p-

GaAs and n-GaAs is given in Figure 3 [15]. It can be seen that lifetime 

degradation is significant for both electrons and holes for TDD > 1×106 

cm-2. Lifetime was modeled by the equation: 

 
1

𝜏
=

1

𝜏0
+

1

𝜏𝑇𝐷𝐷
 (5) 

Where 𝜏0 is the nominal lifetime without threads while 𝜏𝑇𝐷𝐷  is the 

lifetime due to given a TDD. The 𝜏𝑇𝐷𝐷 is modeled by the equation: 

 𝜏𝑇𝐷𝐷 =
4

𝜋3 ∗ 𝐷 ∗ [𝑇𝐷𝐷]
 (6) 

Where D is the carrier diffusivity and [TDD] is the thread density. 

As TDD increases, the 𝜏𝑇𝐷𝐷 becomes an increasingly dominant 

term over the total lifetime 𝜏. While progress in graded buffer 

research has greatly reduced the TDD of GaAsP solar cells on Si 

to as low as 4×106 cm-2 [16], the continued presence of high TDD in 

GaAsP limits the potential efficiency of GaAsP/Si tandem cells. In 

2019, Fan et. al [14] reported the development of individual GaAsP 

and Si 1J cells for GaAsP/Si tandem integration. It was found that optimized GaAsP cells achieved a Jsc of 

only 17.8 mA/cm2 compared to 20.1 mA/cm2 for the Si cell with a GaAsP filter layer. Therefore, the GaAsP 

cells acted as a significant current bottleneck for a tandem configuration. For space applications, an 

additional challenge for solar cells is material degradation due to irradiation by high-energy electrons and 

protons, which is quantified by the “fluence” of particles received by the cell (units of particles/cm2). While 

the fluence amount varies depending on the application, a typical range of values is 1×1014 to 1×1016 

electrons/cm2, with 1×1015 electrons/cm2 being a common target value in irradiation studies  [17][18].  

One promising approach to mitigate the effects of poor carrier lifetime, and thus diffusion length 

of minority carriers to the junction, is the use of a backside reflector combined with thinned solar cells. In 

Figure 3: Diagram of minority carrier 

lifetime in p-GaAs and n-GaAs as a 

function of TDD. Taken from [15]. 

Figure 2: Schematic diagram of 

GaAsP/Si tandem cell and the 

splitting of the AM1.5G spectrum 

absorption between the two sub-

cells. 
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general, solar cells must be thick enough to absorb significant amounts of sunlight, but if they´re too thick 

the collection efficiency may be poor due to limited diffusion length of carriers in the material. In the ideal 

case of a perfect backside reflector, a solar cell could be grown to half the real thickness, thus reducing the 

effects of poor diffusion length, but would have the same ¨optical thickness¨, as photons are reflected for a 

second pass through the device. The reduced cell thickness could be especially helpful to lessen 

performance degradation due to space irradiation over the lifetime of a device. While metal backside 

reflectors are well-reported for high-performance cells [12], this is not an option for the GaAsP cell in a 

tandem configuration. An alternative solution is to use a distributed Bragg reflector (DBR), which is made 

of semiconductor materials and can be grown in the middle of a 

tandem cell.  

The basic DBR structure consists of alternating layers of high and 

low refractive index materials, as shown in Figure 4(a). The DBR 

reflectance profile, shown schematically in Figure 4(b).  has a finite 

range of highly reflected wavelengths due to constructive 

interference from the layer interfaces; this range is known as a 

“photonic stopband”, and is characterized by a bandwidth 𝛥𝜆. The 

central wavelength 𝜆𝑐 of the stopband is dictated by layer 

thicknesses. Each layer has a quarter-wavelength thickness of 
𝜆𝑐

4∗𝑛
, 

where 𝑛 is the refractive index of the given material. The peak 

reflectance and bandwidth improve with higher index contrast Δ𝑛 

between the high/low index layers and an increasing number 𝑁 of 

index pairs. Therefore, DBR’s have a trade-off between improving 

the reflectance and minimizing the costs of additional growth.  

DBR’s combined with a thinner cell 

have been utilized to improve the performance 

and radiation tolerance of (In)GaAs sub-cells for 

GaInP/(In)GaAs/Ge cells in both research studies 

[19] and commercial space solar cells [20]. 3J 

cell structures with and without DBR are given 

in Figure 5 for an electron irradiation study 

conducted by Emelyanov et. al [19]. It was found 

that the use of a Al0.1Ga0.9As/AlAs DBR 

improved the efficiency of the solar cells by ~5% 

over the lifetime of the cell, and this 

improvement was largely due to minimized 

degradation of the Jsc. 

 

 

 

 

 

Figure 4: Schematic diagrams of (a) a 

DBR structure and (b) the reflectance 

stopband from a DBR. 

Figure 5: Layer structures for InGaP/InGaAs/Ge solar cells (a) 
without DBR and (b). with DBR. The base and DBR structure are 

marked by the red box. Taken from [19]. 
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III. Simulation and Results 

The ultimate goal of this simulation study was to demonstrate the use of DBRs to improve the 

performance of 1.7eV GaAsP 1J cells for space applications through simulations with Crosslight TCAD. 

To do so, the study was broken into 3 major components. First, a 1J GaAsP cell structure was simulated 

based on reported literature, and parameters of minority carrier lifetime and surface-recombination velocity 

were varied to closely the match experimental results of quantum efficiency and lighted IV under AM1.5G 

spectrum. Second, the GaAsP cell performance was studied as a function of thickness and carrier lifetime 

with both 0% and 100% back reflection under AM0 spectrum. The use of 100% back reflection would set 

an “ideal” value on the benefits that could be expected from the DBR’s. Third, several DBR designs were 

designed and simulated. Lastly, the DBR reflectance profiles were imported into the cell structure to 

evaluate whether a DBR could significantly boost the performance of the GaAsP cell. 

A. Simulation of baseline 1J GaAsP solar cell under AM1.5G 

As stated, the first step was to create a baseline GaAsP 1J cell with realistic layer structure, carrier 

lifetime, and surface recombination velocities. My simulated structure in Crosslight, along with the 

accompanying band diagram under equilibrium conditions, is given in Figure 6(a). below, and is largely 

based on work by Fan et. al. [14], with additional data acquired from Yaung et. al. [16]. The primary 

absorber layers consist of a thin, 50nm n-GaAsP emitter layer on top of a 1150nm p-GaAsP base layer. 

This configuration places the junction near the surface where a large percentage of photons are absorbed, 

thus improving collection as carriers are generated near the junction. Below the p-GaAsP base, there is a 

25nm p-InGaP layer known as the “back surface field” (BSF). The purpose of the BSF is to block minority 

electrons diffusing away from the junction, thus improving their probability of being collected at the 

junction. In addition, a 20nm n-AlInP “window layer” is placed above the emitter to both provide surface 

passivation, thus reducing unwanted surface 

recombination, and to block minority holes from 

diffusing towards the surface. The blocking properties 

of the BSF and window are evident in the band diagram 

of Figure 6(b). Lastly, ohmic contacts are placed on top 

of the window layer and on a heavily-doped (1×1019 

cm-3) p-GaAsP contact layer placed below the BSF. To 

accurately model the optical properties of GaAsP, 

refractive index (n) and extinction coefficient (k) data 

were acquired from prior work [14]. It should be noted 

that several simplifications were made to the structure 

compared to the real GaAsP cell. First, the real cell 

includes a heavily-doped n-GaAs contact layer on top 

to provide ohmic conduction with AuGe/Ni metal, but 

these layers have been reduced to a defined “ohmic 

contact” directly on the window layer. Second, the real 

cell has a graded buffer and GaP layers below the p-

GaAsP contact layer, but these are not included as they 

contribute very little to the conductivity of the bottom 

layer. Lastly, the top surface was set to 2% reflection 

to represent a high-performance anti-reflection coating 

(ARC), rather than utilizing the actual TiO2 and SiO2 

layers of the experimental ARC.  
Figure 6: (a) Crosslight structure and (b) equilibrium 

band diagram for simulated 1J GaAsP cell.  

(b). 

(a). 
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With the layer thicknesses, compositions and doping in place, the next step was to simulate quantum 

efficiency and lighted IV outputs until they reasonably coincided with experimental data [14]. First, the 

minority carrier lifetimes 𝜏𝑝 and 𝜏𝑛 in GaAsP were both set to 1 ns based on prior work simulating the 

lifetime of GaAs with varying TDD [21]. Then, the Sp and Sn values at the emitter/window and base/BSF 

interfaces were adjusted to achieve similar quantum efficiency behavior at short and long wavelengths. 

Ultimately, Sn and Sp were set to equal values of 1×103 m/s at the emitter/window and 1×105 m/s at the 

base/BSF interface. It may be noted that there are several discrepancies in the simulated EQE compared to 

experimental work, both of which are shown in Figure 7(a). First, the short-wavelength simulated EQE is 

too large, stabilizing at 70% at 325 nm rather than ~20%; it was found that using larger values of Sn and Sp 

at the window/emitter degraded the overall QE too severely, so a relatively small value was used. Next, the 

peak QE stabilized at ~80% rather than 90% regardless of bulk lifetime and was only improved with the 

use of thicker GaAsP. It was decided to maintain the layer structure, rather than improving the EQE through 

the use of thicker GaAsP. Despite these discrepancies, the simulated EQE was reasonably accurate in the 

long wavelength region, which is the emphasis of this study. Long-wavelength photons are absorbed deeper 

in the cell, and thus the generated carriers are far away from the junction and the most likely to suffer 

collection loss. The reference and simulated LIV curves under AM1.5G spectrum are given in Figure 7(b). 

While the Jsc values match exactly, the Voc and FF of the simulated cell are considerably higher. It is possible 

that the simulation is underestimating the effects of non-radiative recombination in the SCR, which could 

explain both the higher FF and Voc due to reduced J02 current. Nonetheless, given the accurate Jsc, it was 

decided to continue to the next part of the study.  

B. Effects of cell thickness and lifetime under AM0  

With the baseline GaAsP structure and parameters established in the previous section, the next step was 

to study the effects of thickness and lifetime degradation on the Jsc of GaAsP cells under the AM0 spectrum. 

The AM0 spectrum has a higher incident power density of 1367 W/m2 compared to 1000 W/m2 for AM1.5G 

since there is no atmospheric absorption or reflection in space, so the Jsc value is also higher. All thickness 

change was in the base layer, while the emitter layer was a constant 50nm. The GaAsP thicknesses studied 

were 1200, 1000, 800, and 600nm, while the lifetimes chosen were 𝜏 = 1ns as the nominal lifetime and 

𝜏 = 0.1ns as the “degraded lifetime” after irradiation. The 0.1ns lifetime was chosen based on irradiation 

studies of (In)GaAs solar cells [18] [19], which suggested that lifetime may degrade to 0.2-0.3ns after a 

standard fluence of 1×1015 electrons/cm2. Since the GaAsP cell is additionally degraded by dislocations, a 

Figure 7: Comparison of baseline simulation and reference data of 1.7eV GaAsP cell for (a) EQE and (b) LIV 

measurements under AM1.5G. Reference data is taken from [14]. 
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lower bound value of 0.1ns was used for this study. We simulated performance at these thickness/lifetime 

conditions with both no back reflection and 100% back reflection. Since any DBR design will not be a 

perfect reflector, the results of 100% back reflection set an “upper limit” on the benefits of a back reflector 

prior to designing the DBR structures. The effects of thickness and lifetime on the Jsc of the cell are given 

in Figure 8(a). and (b). for no back reflection and 100% back reflection, respectively. The Jsc value under 

the “baseline cell condition” (thickness = 1200 nm, 𝜏 = 1ns, and no back reflection) was 23.40 mA/cm2, 

and is indicated by a horizontal dotted line in both figures. It may be noted that the Jsc of reported high-

performance Si solar cells under AM0 spectrum is typically ~48 mA/cm2 [22][23], so this baseline Jsc is 

close to current-matched when the Si cell current is halved.  

For the no back reflection case, the Jsc unsurprisingly worsens with reducing thickness due to absorption 

loss, and Jsc is significantly worse with 0.1 ns lifetime. However, as the thickness decreases, the difference 

in Jsc between 1 ns and 0.1 ns cells also lessens. Such a result is explained by the fact that generated carriers 

are a shorter distance to the junction in thinner cells, such that the effects of poor carrier lifetime, and thus 

poor diffusion length, are less significant. The results for 100% back reflection are more interesting. 

Overall, Jsc was improved with reflection for all thicknesses, though the improvement was greatest for 

thinner cells. For 1ns lifetime, the Jsc is consistently ~0.60 mA/cm2 higher than baseline from 800-1200 nm, 

and drops to the baseline value for 600nm, which is the expected result for half thickness and a perfect back 

reflector. For 0.1ns lifetime, the Jsc steadily increases with decreasing thickness to 800nm, before dropping 

again at 600 nm. It appears that at 0.1ns, the 800nm thickness represents an optimal trade-off between 

improved carrier collection with reduced cell thickness and maintaining large light absorption in the cell. 

With this optimization completed, we next designed DBR’s and their effects on cell performance for the 

baseline 1200nm and the optimized 800nm thickness.  

C. DBR Design and Simulations 

Since 100% back reflection was shown to benefit the Jsc of both nominal and degraded cells, we 

proceeded to design three DBR’s that represented a trade-off between reflectivity and total thickness. For 

this study, the DBR pairs consisted of Al0.1Ga0.9As and Al0.9Ga0.1As for the high and low-index materials, 

respectively. The built-in Crosslight library was used to obtain fixed refractive index values of 3.58 and 

2.99. AlGaAs has been used for DBRs of GaAs cells due to its near lattice-matching and high index contrast 

[24]. It must be noted that for a real DBR, these materials are unsuitable for a GaAsP/Si tandem since they 

are lattice-mismatched to GaAsP and the Al0.10Ga0.9As, with a bandgap of 1.55eV, would heavily absorb 

Figure 8: Effects of GaAsP thickness and carrier lifetime on Jsc for (a). no back reflection and (b). 100% back reflection. 
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photons traversing to the bottom Si cell. Nonetheless, AlGaAs was used due to the availability of widely 

accepted refractive index data and well-established usage in the literature. The absorption coefficient of the 

AlGaAs layers was set to 0, such that all attention could be focused on the reflective properties of the DBR. 

In future work, a DBR consisting of lattice-matched materials to GaAsP, such as (Al)GaAsP, should be 

explored to present a more realistic case.  

The details of the three DBR designs are given in Table 3 and the resulting reflectance profiles are in 

Figure 9. The simulated EQE curve for the baseline cell was also included to show the overlap between the 

long-wavelength EQE and DBR reflection stopband. “DBR A” utilized 10 pairs of 

Al0.1Ga0.9As/Al0.9Ga0.1As with a central wavelength of 650 nm as determined by the quarter-wavelength 

thickness 
𝜆𝑐

4∗𝑛
. The DBR had a high peak reflectivity of ~90%, and also covered the majority of the 

wavelength region where QE loss is evident (~600-730nm). “DBR B” utilized 20 layer pairs also with 

central wavelength at 650nm, resulting in a spectrum with higher peak reflectivity but also a more abrupt 

stop-band shape. Lastly, “Design C” consisted of two, 10 layer-pair DBR’s stacked on top of one another 

at central wavelengths of 600 and 680nm, respectively. While having a lower peak reflectivity than B, this 

design greatly broadened the width of the DBR stop-band. The reflectivity profiles were simulated in a 

structure separate from the cell. Since the DBR will be placed underneath a GaAsP cell, the refractive index 

of the “outside environment” was changed to n = 3.70, which was the averaged index value of GaAsP from 

600nm to 730nm.  

Table 3: Specifications for three DBR designs in this work. 

DBR Label No. of layer pairs 𝜆𝑐 (nm) 
Al0.1Ga0.9As/Al0.9Ga0.1As 

thicknesses (nm) 

Total thickness 

(nm) 

A 10 650 45.43/54.29 997 

B 20 650 45.54/54.29 1994 

C 10 + 10 
600 (10 pairs) + 

680 (10 pairs) 

41.93/50.12 + 

47.53/56.80 
1963 

 

 

Figure 9: Reflectance profiles for 3 DBR designs. Simulated EQE is co-plotted to show overlap of reflectance stop-

bands with the long-wavelength region of EQE. 
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D. Effect of DBR on cell performance 

Lastly, the effect of different DBR designs was studied for 800nm and 1200 nm cells with 𝜏 = 1 ns and 

𝜏 = 0.1ns lifetimes. The DBR reflectance data was extracted from the DBR projects and used as the back 

reflection profile of the cell, rather than directly simulating the cell and DBR as a combined structure. Initial 

attempts to place the DBR structures under the GaAsP contact layer in Crosslight were unsuccessful and 

resulted in unphysically low QE values of <0.01%. Figure 10(a). and (b). below display the simulated EQE 

of 800nm cells with 1ns lifetime for all 3 DBR’s, as well as for cells with no reflection and 100% back 

reflection. Unsurprisingly, there is little to no change in EQE at wavelengths below 600nm, but significant 

improvement in the long-wavelength region where the DBR’s are designed to reflect. 

 Starting with DBR A, there is an immediate, significant improvement in the long-wavelength EQE 

over having no back reflection. Next, DBR B slightly improves EQE within its stop-band over DBR A, but 

also has lower EQE in some outer regions due to tighter bandwidth, as seen in Figure 9. Lastly, DBR C has 

EQE improvement over a broader wavelength range than both A and B due to the wider stop-band; the 

overall shape of this EQE improvement largely resembles the shape seen in the 100% reflection case. The 

results of this particular cell are largely representative of observations from the other cell conditions.  

 

Next, the simulated Jsc values for all cell designs and reflectance cases is tabulated in Table 4 and 

likewise plotted in Figure 11. Overall, the majority of Jsc improvement occurs when going from no 

reflection to the DBR A design, while DBR B provides almost no improvement over DBR A, and DBR C 

modestly increases Jsc over A and B. These observations are largely in line with the relative 

improvements observed in EQE for different DBRs in Figure 10. Focusing on the 1ns lifetime cells, there 

is a gap in Jsc between 1200nm and 800nm thicknesses, but this gap steadily increases with improving 

reflection. For DBR C, the Jsc of the 800nm cell is only ~ 0.11 mA/cm2 lower than the 1200nm cell. For 

0.1ns lifetime, the 800nm cell actually has a higher Jsc for all reflectance cases except no reflection. The 

difference is maximized with DBR C, where the 800nm cell has a Jsc that’s 0.4mA/cm2 higher than the 

1200nm cell. Overall, this data shows that with the high-performance DBR C design, we can achieve a 

similar nominal Jsc and superior Jsc after degradation through the use of a thinned 800nm cell.  

 

Figure 10: Effects of DBR design on EQE for 800nm, 1ns cell. (a). shows the entire EQE spectrum and lack of 

change at short wavelengths while (b). focuses on the long-wavelength region. 
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Table 4: Jsc for 800 and 1200nm GaAsP cells under difference reflectance conditions. 

Cell conditions Jsc (mA/cm2) for different reflectance cases (AM0) 

GaAsP thickness 

(nm) 

Carrier lifetime 

(ns) 

No back 

reflection 
DBR A DBR B DBR C 

100% back 

reflection 

1200 1 23.42 23.80 23.80 23.98 24.10 
1200 0.1 21.99 22.29 22.29 22.43 22.52 

800 1 22.74 23.55 23.58 23.87 24.06 

800 0.1 21.82 22.55 22.58 22.83 23.01 

 

 

Figure 11: Effect of different DBR designs on 800 and 1200nm cells with 1ns and 0.1ns lifetime.   

 

With Jsc conditions analyzed, the last step was to compare the complete LIV figures of merit for the 

baseline cell design (1200nm thickness, no back reflection) and best Jsc cell design (800nm thickness, DBR 

C back reflection) with 1ns and 0.1ns carrier lifetimes. The LIV curves and accompanying figures of merit 

for these 4 cases are given in Figure 12 and Table 5, respectively. First, the Jsc of the 800nm cell is superior 

for both 1ns and 0.1ns cases. In the 1ns case, the Jsc is 

0.45 mA/cm2 higher while for 0.1ns case the difference 

is even greater at 0.84 mA/cm2. These values constitute 

relative increases in Jsc of 1.9% and 3.8%, respectively. 

However, full LIV analysis also revealed a surprisingly 

worsened Voc and subsequent lower total efficiency for 

the 800nm cell under both 1ns and 0.1ns lifetimes. At 

1ns lifetime, the Voc of 800nm and 1200nm cells are 

1.172V and 1.209V, a difference of 37 mV. After 

degradation, the gulf in Voc is even wider, with values 

of 1.069V and 1.152V or a difference of 83 mV. 

Overall, despite improved Jsc, the degraded Voc largely 

causes the 0.78% lower cell efficiency at 1ns and 

0.06% lower efficiency value at 0.1ns for the 800nm 

cells.  Figure 12: Simulated LIV curves for 1200nm cell with 

no reflection and 800nm cell with DBR C. 
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Table 5: LIV figures of merit for 1200nm cell with no back reflection  and 800nm cell with DBR C. 

Cell conditions Voc (V) Jsc (mA/cm2) FF (%) 𝜂 (%) 

800nm – DBR C – 1ns 1.172 23.87 86.1 17.62 

1200nm – no reflection – 1ns 1.209 23.42 88.9 18.40 

800nm – DBR C – 0.1ns 1.069 22.83 85.2 15.21 
1200nm – no reflection – 0.1ns 1.152 21.99 82.4 15.27 

 

One possible theory for the worsened Voc is that 

for reduced base thickness, unwanted surface 

recombination at the base/BSF emitter interface is 

more severe, thus worsening the overall Voc value 

through increased J01 current. To better understand 

this degradation, the Voc values of GaAsP cells were 

plotted as a function of thickness in  Figure 13. The 

Voc values are shown for cells with no back 

reflection, as reflection had negligible effect on Voc. 

While Voc worsened for both 1000nm and 800nm 

thicknesses, it abruptly increased again for 600nm 

rather than further decreasing as expected. Given 

the lack of systematic trend, it is not well 

understood whether the Voc degradation at 800nm 

may be traced to a real physical aspect of the design 

or is a non-physical artifact from the simulation 

setup.  

IV. Summary and Conclusion 

As space applications shift towards the use of LEO constellations with less expensive satellites in 

the coming years, the cost of solar cells may become a more important consideration for space PV than in 

the past. While high-efficiency III-V MJSCs have dominated the space PV market in recent years, their 

orders of magnitude higher cost compared to terrestrial PV may not be as suitable to this new high volume, 

lower cost application. One promising technology to meet this need for high-efficiency, low-cost power is 

III-V/Si tandem solar cells. In particular, GaAsP/Si solar cells form an ideal bandgap combination for a 

high-efficiency 2-junction cell.  

In this work, we investigated the use DBRs for GaAsP cells to improve their performance in space 

applications. One of the unique challenges of space solar cells is degradation due to irradiation by high-

energy particles. The combination of a back reflector with a thinner solar cell is a promising approach to 

minimize the damaging effects of irradiation, particularly worsened carrier collection and thus Jsc. After 

simulating a “baseline” GaAsP 1J solar cell based on the literature, the effects of thickness, back reflection 

and degradation (simulated by lower carrier lifetime) were studied under the AM0 spectrum. Ultimately, it 

was found that reducing the GaAsP cell thickness from 1200nm to 800nm, combined with the usage of a 

high-performance DBR, improved the Jsc by 1.9% for a nominal 1s bulk carrier lifetime and by 3.8% for a 

“degraded” 0.1ns carrier lifetime. Therefore, it was indeed shown that the use of a back reflector can 

improve the Jsc of GaAsP cells under both nominal and degraded conditions. Unfortunately, we also found 

that the Voc was unexpectedly worsened with the reduced 800nm thickness, which led to an overall worse 

cell efficiency than the nominal 1200nm design.  

Figure 13: Effects of GaAsP thickness on the Voc  for case 

with no back reflection. 

 

 

 

 

 

 

 

 

 

  



14 

 

Several avenues may be explored to improve on this project for future work. The cause of the Voc 

degradation with lower thickness should be further explored to determine whether this harmful effect can 

be minimized while still leveraging the benefits of improved Jsc. More realistic DBR materials should also 

be considered, such as (Al)GaAsP, that can be both lattice-matched and optically transparent to <1.7eV 

photons. Some more extensive work may be needed to acquire accurate nk data for those DBR simulations. 

Lastly, more complete simulations should be carried out that combine the GaAsP cell with DBR in a single 

structure, as well as GaAsP/Si tandem cells with DBR.  
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