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Abstract  —  Here we consider how to accurately model and 
design wide bandgap (Eg = 2.1 eV) GaInP photovoltaic cells. 
Detailed absorption data for the Ga-rich alloy is obtained by 
extrapolating literature values for InP and Ga0.5In0.5P. We then 
combined these values with estimates of carrier lifetime (0.1 ns) 
and interface recombination (9x105 cm/s) to construct detailed 
electro-optical models. They are found to accurately reproduce 
the EQE, Jsc, and Voc observed in published experimental devices. 
Small discrepancies of 0.1% are caused by slight differences in 
optical constants and interface recombination. This modeling 
process illustrates the major sources of loss, namely interface 
recombination between the emitter and window layer and low 
bulk minority carrier lifetimes in the active region. An improved 
design is also proposed, which involves adjusting the doping and 
thickness of key layers. These findings will help define a path 
towards increasing the performance of these wide bandgap cells 
to approach their theoretical limit – approximately 16.5%. 

Index Terms  —  InGaP, modeling, molecular beam epitaxy, n-
i-p, wide-bandgap. 

I. INTRODUCTION 

For the past decades, photovoltaic systems have been 

designed and fabricated to reach ultra-high efficiencies well 

above the single-junction Shockley-Queisser limit [1], 

requiring wide bandgap solar cells. For example, if multiple PV 

cells are stacked together in series, a wide bandgap cell (> 2.0 

eV) is needed to achieve the most efficient conversion of high 

energy photons [2]. Similarly, spectral splitting requires a wide 

bandgap cell for maximally effective conversion [3]. 

Photovoltaics at elevated temperatures also suffer from less 

degradation with a wide bandgap cell [4]-[5]. Finally, for near-

surface underwater PV applications of recent interest, there is 

a need for wide bandgap cells for efficient collection of the 

high energy photons that can penetrate water [6].  

In this manuscript, we consider a wide bandgap GaInP 

photovoltaic cell (Eg=2.1 eV at 27°C) deposited on a 

transparent GaP substrate (Eg =2.26 eV at 27°C). The 

transparent GaP substrate, like many III-V substrates, allows 

photons with energy below the bandgap of the active junction 

to be highly transmitted. Solar cells located behind GaAs 

substrates have shown internal quantum efficiencies (IQE) in 

the infrared approaching 90% [7], and the low absorption loss  

 

Fig. 1. Cross-sectional schematic of Ga1-yInyP cell structure 
modeled in this work (adapted from [12]). 

 

of GaP below its bulk bandgap is well-known from its use in 

transparent-substrate visible light-emitting diodes [8].  

The current state-of-the-art solution for accessing the 2.1-2.2 

eV Eg range, while retaining a direct bandgap, is to increase the 

Al content in quaternary (AlxGa1-x)0.51In0.49P, grown lattice-

matched to GaAs [9]. However, it has been found that the 

oxygen incorporation associated with increased Al content 

decreases solar cell efficiency [10]. Further, a GaAs substrate 

is not transparent to light below the bandgap of the active 

junction. Another wide bandgap option is GaP, with an indirect 

bandgap of 2.26 eV. GaP should be a natural choice, 

considering the availability of high-quality bulk substrates and 

the commercial maturity of GaP-based light emitting diodes. 

However, GaP solar cells suffer from relatively poor 

absorption and current collection, with IQE values typically 

peaking at ~50% [17,18]; as a result, the highest efficiency for 

anti- reflection (AR)-coated cells in the literature is 2.9% [11]. 

As an alternative, direct bandgap Ga1-yInyP (0.18 < y < 0.30) 

solar cells can be grown by molecular beam epitaxy (MBE) 

using metamorphic (MM) buffers on GaAs or GaP substrates. 

The direct bandgap enables stronger absorption and higher 

short-circuit current density, Jsc, than has been conventionally 

possible in GaP solar cells. However, the challenge in growing 

Ga1-yInyP (0.18 < y < 0.30) cells is that they are lattice-

mismatched to conventional substrates, as illustrated in Fig. 2. 

 



 

The red dot highlights the bandgap energy and lattice constant 

of Ga0.75In0.25P modeled in this work. To grow lattice-

mismatched Ga1-yInyP films with low threading dislocation  

 

Fig. 2. Bandgap energy and corresponding wavelength versus 
lattice constant of (AlxGa1-x)yIn1-yP at 300K (adapted from [15]). Our 
study focuses on Ga0.75In0.25P (Eg=2.19 eV) (red dot) 

densities (TDDs) and long minority carrier lifetimes, 

intermediate GaAsxP1-x graded buffers can be used to engineer 

the lattice constant from that of the GaP substrate to that of the 

wide bandgap Ga1-yInyP solar cell. Prior work on these devices 

has shown an open circuit voltage, Voc, of 1.42 V, Jsc of 3.11 

mA/cm2 (without anti-reflection coating), and a fill factor (FF) 

of 0.71, yielding a cell efficiency of 3.13% [12]. 

 

II. MODELING APPROACH 

Modeling the performance of such a cell design first requires 

an accurate model of material absorption. Since no literature 

data is currently available, this can be extrapolated from related 

III-V compounds. Fig. 2 also illustrates the bandgap energy 

transition from InP to GaP, where the black solid line shows 

direct bandgap transitions, and the black dashed line describes 

the indirect bandgap transition. The absorption data of 

Ga0.5In0.5P and InP were used to extrapolate the absorption data 

of Ga0.75In0.25P. In order to achieve this, the band edges of the 

three materials mentioned above were identified. The 

extrapolation method employed was to horizontally shift the 

absorption curves of Ga0.5In0.5P and InP towards shorter 

wavelengths, based on the band edge ratios. The extrapolated 

absorption curve of In0.25Ga0.75P is shown in Fig. 3: its implied 

band edge wavelength is 566 nm, which directly matches its 

bandgap energy of 2.19 eV. This should be a reliable way to 

generate the absorption data of Ga0.75In0.25P, as all materials 

being considered in this extrapolation are direct bandgap 

materials.  

The simulation tool used to model the wide-Eg GaInP cell is 

“A Device Emulation Program and Tool” (ADEPT), available 

Fig. 3. Extrapolated absorption curve of In0.25Ga0.75P, calculated 
from literature data for the absorption of InP and In0.5Ga0.5P. 

on nanoHUB.org [14]. This tool solves Poisson’s equation with 

hole and electron continuity equations in 1 spatial dimension 

in compositionally non-uniform semiconductors. It was 

originally written to model solar cells fabricated from a wide 

variety of materials including a-Si, CIGS, CdTe, etc. [14]  

III. RESULTS AND DISCUSSION 

The external quantum efficiency (EQE) was calculated for a 

cell structure consisting of a 20 nm window layer of n-AlInP, 

100 nm emitter of n-Ga0.75In0.25P (ND=1018/cm3), and 2 µm of 

p-Ga0.75In0.25P (NA=3x1017/cm3), as shown in Fig. 1. Due to the 

fact that the window layer of this cell is made of AlInP, a  

 

Fig. 4. External quantum efficiency (EQE) versus wavelength from 
300 nm to 600 nm. Experimental data (dashed red line) is from Ref. 
12. The model fit accounts for ideal (red), interface recombination 
only (green) and both interface and bulk recombination effects (blue). 

 

 



 

heterostructure was formed at the interface between the 

window layer and the GaInP emitter, and the density of defects 

is not negligible at the interface. Thus, interface recombination 

also contributes to the degradation of the cell performance. The 

simulated EQE for various levels of recombination compared 

to the experimental EQE is shown in Fig. 4. The ideal case with 

high bulk lifetime (1 ms) and low window-emitter 

recombination (< 1 cm/s) predicts exceedingly high EQE 

values. Degrading just one of these values alone is also 

insufficient to account for the observed EQE. Instead, it was 

found that both the emitter and base minority carrier lifetime 

(τe and τb) must be reduced to 0.12ns and 0.1 ns respectively, 

which shows some agreement to the bulk minority carrier 

lifetime characterized and reported in the literature [16]. At the 

same time, the window-emitter interface recombination 

velocity must increase to 9x105 cm/s to match the measured 

EQE curve (from [12]). This allows the Jsc from the simulation 

to agree closely with the Jsc reported in the experiment. 

In order to fully capture the I-V characteristics of the cell, Jsc 

and Voc were calculated as follows. First, equation (1) was used 

to characterize the shape of the simulated I-V curve: 
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Here, Jsc is given as the product of the AM 1.5G solar spectrum 

and the EQE integrated over all wavelengths. The calculated 

Jsc is 3.16 mA/cm2, which is slightly higher than the measured 

Jsc. This difference can be attributed to small deviations 

between simulated and measured EQE around 400 nm shown 

in Fig. 4. The disagreement of EQE at this wavelength range is 

mainly due to imperfections in the wide Eg material absorption 

modeling, which could be improved by considering a 

piecewise mathematical model of the dispersion of the 

imaginary part of refractive index presented in literature [13].  

Fig. 5. A comparison between measured and simulated I-V 
characteristics of the single junction Ga0.75In0.25P solar cell. Very 
strong agreement in Voc and fill factor and Jsc is observed, derived 
from the EQE in Fig. 3. 

The open circuit voltage is obtained directly from ADEPT.  

The diode equation used to model the experimental data, which 

incorporates ideality factor, series and shunt resistance is given 

as Equation (2):   

The calculated ideality factor is 1.61. Finally, reasonable 

values of the series and shunt resistance (20 mΩ-cm2 and 2.7 

kΩ-cm2, respectively) were added to achieve the closest 

possible fit to experiment, as shown in Fig. 5. An excellent 

match was achieved, with an average difference between the 

two curves of 0.1%. 

 

IV. IMPROVEMENT OF CELL STRUCTURE 

After reproducing the measured data successfully, we 

consider strategies to optimize cell efficiency. Based on the 

extrapolated absorption curve of wide-Eg GaInP in Fig. 3, it can 

be concluded that most photons are absorbed near the front 

surface. Thus, the carrier collection efficiency at the contact is 

very sensitive to the doping level and thickness of the emitter 

layer. Theoretically, low doping in the emitter leads to high 

minority carrier lifetimes and long diffusion lengths, which 

could increase the possibility of carriers reaching at the contact 

before recombining. However, it could also hurt the built-in 

potential at the junction to reduce the Voc, offsetting the 

improvement in Jsc. Therefore, it is worth exploring this 

tradeoff to help maximize the cell efficiency. There is also a 

similar tradeoff in terms of emitter thickness, as it determines 

the location of the depletion region where a strong electric field  

Fig. 6. A contour plot optimizing the cell efficiency as a function 
of emitter layer parameters, specifically doping and thickness. 

is formed to help dissociate electron-hole pairs and sweep 

electrons and holes towards the metallic contact. Carrier 
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collection is more efficient as the emitter thins out to keep the 

space charge region close to the surface of the cell where the 

majority of electron-hole pairs are generated. However, it is 

difficult to fabricate ultra-thin heavily doped layers with 

typical fabrication techniques. The correlation of cell 

efficiency with emitter thickness and emitter doping is depicted 

in Fig. 6. Here, the base doping and thickness are fixed to 

experimental values (NA=3x1017/cm3; 2 µm) to create this 

contour plot. The carrier mobility was assumed to be constant 

with the variation of doping concentration. The fill factor is 

corrected to include the increased series resistance and reduced 

fill factor associated with low doping levels. As can be seen 

from the plot, when ND=3x1014/cm3 and emitter thickness is 0.6 

µm, the cell efficiency reaches 5.16%, which is higher than 

measured 3.13%. These results differ from previous work 

because of challenges in achieving the required doping profile 

in experiments. Although it may be difficult to fabricate 

lightly-doped doped layers with typical methods, 

improvements in both Voc and Jsc have been identified with 

reduced emitter doping in the literature [19, 20]. 

As an alternative method for improving cell efficiency, we 

may consider adding an intrinsic GaInP layer between the 

emitter and base layer to form an n-i-p structure [21]. Despite 

the fact that there is a strong electric field at the depletion 

region of the modeled cell, the depletion width is only 30 nm. 

Adding an intrinsic layer could greatly expand the space charge 

region to improve the collection of carriers excited by the 

absorbed photons. It is expected that the carrier collection 

efficiency and Jsc will both be improved with higher quantum 

efficiency over the effective wavelength range after adding the 

intrinsic layer. With emitter doping and thickness fixed at the  

Fig. 7. A contour plot optimizing the cell efficiency as a function 
of the intrinsic layer thickness and base doping. The highest efficiency 
of 6.3% is for NA=9×1017/cm3 and ti=2 µm.  

experimental values (ND=1x1018/cm3; 0.1 µm), cell efficiency 

as a function of intrinsic layer thickness and base doping is 

plotted and illustrated in Fig 7.      

The cell efficiency is more sensitive to the intrinsic layer 

thickness than the base doping, within the region considered. 

With base doping constrained to be smaller than emitter 

doping, the highest efficiency of 6.3% is obtained at 

NA=9×1017/cm3 and the intrinsic layer thickness ti of 2 µm, well 

above the original 3.13%. Efficiency was doubled by greatly 

extending the space charge region to collect a broader range of 

generated carriers at different wavelengths. Using these results, 

the typical external quantum efficiency is illustrated and 

compared to our prior model result shown in Fig 8. As expected 

Fig. 8. EQE versus wavelength from 300 nm to 600 nm before and 
after optimization. Modeled data (dashed red line) is the best fit curve 
from measured EQE (Ref. 12). The EQE of proposed n-i-p structure 
with intrinsic layer thickness of 2 µm accounts for all the loss 
mechanisms found in experiment (blue line).  

the quantum efficiency of photons with energies near the band 

edge increases significantly from the previous design. If this 

structure (shown in Fig. 9) were to be employed, the new Jsc 

would be 5.44 mA/cm2, a 70 % improvement over the previous 

design without requiring any fundamental changes in the 

growth process. Ion implantation may be employed to 

sandwich an intrinsic layer between two heavily doped layers 

in experiment.  

 

 



 

 

Fig. 9. Cross-sectional schematic of the improved Ga1-yInyP n-i-p 
cell structure proposed in this work. 

V. CONCLUSIONS 

In this work, we were able to precisely reproduce the EQE, 

Jsc and Voc associated with a wide bandgap GaInP (Eg = 2.19 

eV) photovoltaic cell and found that the emitter and base 

minority carrier lifetime (τe and τb) are in the order of 0.1 ns, 

while the window-emitter interface recombination velocity is 

approximately 9x105 cm/s. A potential improvement to the cell 

structure, consisting of adding an intrinsic layer within the 

junction to form an n-i-p structure is proposed. With intrinsic 

layer thickness of 2 µm, and base doping of 9×1017 /cm3, this 

n-i-p single junction wide-Eg GaInP solar cell could achieve an 

efficiency of 6.3%, a 2× improvement over the n-p design.  In 

future work, we will consider a broader range of GaInP 

compositions and some intermediate milestones for reduced 

recombination, as well as their projected benefits. This will 

help define a path forward to improve the performance much 

closer to its theoretical limits (approximately 16.5%) [22]. 
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