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ABSTRACT 
 
In this paper, we review the theoretical impact of 

restricted angular emissions on solar cell performance, and 
discuss how nanostructured III-V absorber layers in 
combination with advanced optical structures might be 
employed to realize practical restricted emission cells for 
next-generation photovoltaic applications. 
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1 INTRODUCTION 
 
Thin-film III-V devices are an attractive technology for 

photovoltaic energy-harvesting devices, capable of 
supplying portable and mobile power in both terrestrial and 
space environments.  Single-junction III-V technologies can 
provide high performance levels over a wide range of 
operating conditions and minimize costs relative to multi-
junction space power cells by limiting the required volume 
of epitaxial material.   

The most efficient single-junction thin-film III-V cells 
reported to date have employed high-performance back 
reflector structures.  The back reflector effectively restricts 
the angular profile of the radiative emissions from the III-V 
cell, which can enhance the voltage output of cells 
operating at or near the radiative limit.  In this paper, we 
will discuss strategies for further restricting radiative 
emissions and achieving single-junction III-V thin-film 
cells with efficiencies approaching 40%.  In particular, the 
use of nanostructured layers in the absorber layer provides a 
pathway for realizing advanced photovoltaic device 
concepts with higher conversion efficiency.   

Over the past several decades, nanostructured III-V 
quantum well and quantum dot solar cells have been 
investigated as a means of implementing advanced device 
concepts to improve solar cell efficiency.  Previous work in 
the field of quantum well solar cells has also shown that the 
radiative emissions from strained InGaAs wells are not 
necessarily isotropic, but instead can exhibit a partially 
restricted emission profile.  Detailed balance calculations 
suggest that restricted radiative emissions can have a 
significant impact on the open circuit voltage and 
efficiency.  In this paper, we review the impact restricted 
angular emissions can theoretically have on solar cell 
performance, and discuss how advanced nanostructured 
absorber layers in combination with high-performance back 

reflector structures can be employed to realize next-
generation photovoltaic devices leveraging restricted 
angular emissions. 

 
2 RESTRICTED ANGULAR EMISSIONS 

 
III-V nanostructures have been investigated as a means 

of implementing advanced device designs that leverage 
processes employing optical up-conversion via an 
intermediate band [1], hot carrier extraction [2], and/or 
restricted luminescent emissions [3].  All of these advanced 
device concepts require, in one way or another, the 
inhibition of radiative recombination from the 
nanostructured materials.  Detailed balance calculations 
suggest that restricted radiative emissions in particular can 
have a significant impact on the open circuit voltage and 
efficiency of lower energy-gap cells [3-4].  Figure 1 is a 
plot of limiting theoretical efficiency versus energy gap 
under a 6000K blackbody spectrum, assuming detailed 
balance and four different radiative emission angles.   

The theoretical calculations used in Figures 1 and 4 are 
based upon a generalized expression of the radiative dark 
current (Jrad) often used to estimate ideal solar cell 
performance, traditionally known as the Shockley-Queisser 
(S-Q) limit [5]: 
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Figure 1: Plot of theoretical efficiency versus energy gap 
under a 6000K blackbody spectrum, assuming detailed 
balance and four different radiative emission angles. 
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In deriving Equation (1), we follow the work of Henry, 
making the simplifying assumption that the absorption 
profile in the cells is a step-function which shifts with the 
energy gap (Eg) of the cell material [6].  Furthermore, we 
introduce a dark current factor Fdc to account for both 
photon recycling and restricted emissions, as well as non-
radiative losses or non-equilibrium effects such as hot 
carrier extraction which can enhance or inhibit 
recombination [7].  In equilibrium, the ideal dark current 
factor is limited only by radiative recombination and is 
related to the effective refractive index above and below the 
absorber layers (nt and nb) such that:      
 

( )22
btdc nnF += π  (2) 

 
In addition, the fill factor is assumed to scale with the open 
circuit voltage (Voc), such that:  
 
FF = 0.0249Voc

3 - 0.1383Voc
2 + 0.2917Voc + 0.7036      (3) 

The lowest curve in Figure 1 assumes isotropic 
emissions and no photon recycling (nt = nb = 3.5), which is 
a more severe limit than is typically assumed in detailed 
balance calculations, but one that may be an appropriate 
starting point for optically-thin absorbers such as quantum 
well and quantum dot solar cells [7].  The second curve 
assumes hemispherical emissions, as would characterize a 
photovoltaic device with a perfect back reflector (nt = 1 and 
nb = 0).  The third curve assumes the emission profile from 
the front surface can be further restricted to better match the 
solar input (nt = sin(θe/2) = 0.087), while the fourth curve 
assumes a perfect match of radiative emissions to the solar 
irradiation (nt = 0.0047).  As will be discussed in the next 
section, engineering the well profile in quantum well solar 
cell structures may provide a pathway to realize a restricted 
emission cell that might be incorporated into the bottom of 
a multi-junction device or as a stand-alone, more robust, 
and lower-cost single-junction device.    

3 LOWER DARK CURRENT FACTOR 
 
Some of the most efficient single-junction thin-film III-

V cells reported to date have employed high performance 
back reflector structures [8-10].  Table I summarizes the  

 
 

Reference Jsc 
(mA/cm2) Voc (V) FF (%) Eff 

(%) 
Fdc 

(est) 
Radboud [8] 29.5 1.045 84.6 26.1 260 

Alta [9] 29.6 1.107 84.1 27.6 24 

NREL [10] 29.5 1.101 85.8 27.8 30 

Table 1: Performance characteristics under AM1.5 
illumination of three high-efficiency AR-coated GaAs solar 
cells incorporating back reflector structures. 

performance of three specific GaAs-based single-junction 
solar cells with efficiencies greater than 26%.  Open circuit 
voltages in excess of 1.10 V have been reported in high 
performance GaAs devices with antireflection (AR) 
coatings that both minimize non-radiative recombination 
and incorporate a high-quality back reflector structure.  The 
back reflector effectively restricts the angular profile of the 
radiative emissions from the III-V cell, and enhances the 
voltage output of cells operating at or near the radiative 
limit.  Dark current factors as low as ~ 25 have been 
achieved in the best devices reported to date.  

Even higher open circuit voltages have been achieved in 
GaAs-based test structures with back reflectors which also 
employ a thin absorber layer [11-12].  Figure 2 compares 
the illuminated current-voltage performance characteristics  
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Figure 2: Comparison of the illuminated current-voltage 
characteristics from high-voltage, small area (0.25 cm2), 
uncoated test cells fabricated via epitaxial liftoff from thin 
GaAs-based structures with and without multi-step multiple 
quantum well (MQW) structures. 
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Figure 3: Comparison of the measured external quantum 
efficiency characteristics of thin GaAs-based structures 
with and without multi-step multiple quantum well (MQW) 
structures. 
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of prototype optically-thin GaAs-based cells with and 
without a multi-step quantum well absorber structure [11-
12].  Under simulated AM1.5 illumination, small-area, 
uncoated test cells of the thin GaAs absorber structure 
exhibit an open circuit voltage (Voc) of 1.122 V at a short 
circuit current density (Jsc) of 14.7 mA/cm2 with a fill factor 
(FF) of 81.4%, resulting in a PV power conversion 
efficiency of 13.4%.   The ultra-high operating voltage 
demonstrated here for a GaAs-based device has been 
achieved by reducing the underlying diode dark current, a 
result of employing advanced band gap engineering, 
reducing the GaAs absorber layer thickness, and including a 
back reflector structure which effectively restricts the 
radiative emission angle [11].   

When InGaAs quantum wells are added to the depletion 
region, uncoated test cells exhibit a lower Voc of 1.049 V 
but a higher Jsc of 16.2 mA/cm2 and FF of 84.5%, resulting 
in an enhanced PV power conversion efficiency of 14.2% 
[12].  Comparison of the measured external quantum 
efficiency (EQE) spectrums from the high-voltage GaAs-
based structures with and without multiple InGaAs 
quantum wells is shown in Figure 3 and is consistent with 
the observed increase in Jsc.  The measured EQE shows 
extended infrared absorption beyond the GaAs band edge 
out to nearly 950 nm due to absorption in the InGaAs wells.  
The multiple quantum well structure also exhibits enhanced 
collection efficiency between 720 nm and 880 nm.  
Oscillations in the EQE are observed due to optical cavity 
effects, as the back reflector and top surface of the thin-film 
cell structure effectively define a Fabry–Pérot etalon. 

The diode dark current of the optically-thin high-voltage 
structures, as inferred from measured Jsc-Voc values at 
varying illumination intensity, is shown inset in Figure 3. 
Non-radiative recombination within the junction depletion 
region results in a dark current component with an n=2 
voltage dependence that typically impacts the diode current 
of GaAs-based devices at lower bias. However, as the 
voltage approaches one-sun bias levels, the limiting n=1 
component of the dark current emerges.  Because these 
structures employ optically thin absorber layers, the 
simplified step-function absorption profile assumed in 
Equation (1) is not valid.  However, the expected radiative 
dark current can still be calculated by employing the 
measured EQE and generalized detailed balanced concepts 
[12-13].  The dark current factor inferred from these 
calculations is on the order of 77 in both optically-thin 
devices.   

 
4 PATHWAY TO HIGHER EFFICIENCY 

 
To attain single-junction devices with efficiencies 

exceeding 30%, lower dark current factors will need to be 
achieved.  Lower dark current factors can be realized by 
minimizing non-radiative recombination and further 
restricting the radiative emission angular profile.  While 
back reflectors can restrict emissions out of the back of a 
photovoltaic device, a different approach will be required to  
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Figure 4: Plot of projected efficiency versus air mass 

spectrum, assuming four different combinations of energy-
gap and dark current factors. 

 
 

restrict emissions out of the front surface of the device.  
Strained quantum well structures have been identified as 
one possible mechanism for restricting angular emissions 
[3,14].  In particular, a suppression in light-hole transitions 
results in an anisotropic emission pattern which can be 
beneficial for photovoltaic devices.   

 As previously reviewed [15], a growing body of 
evidence suggests that tailoring the compositional profile of 
InGaAs wells may effectively suppress radiative 
recombination even further.  Several different mechanisms 
may potentially contribute to an effective reduction in the 
radiative recombination coefficient from step-graded wells, 
including enhanced restricted luminescent emissions.  In 
any event, significant offsets between calculated and 
measured emission spectrums are observed in devices 
employing step-graded well profiles [16].  Step-graded 
InGaAs well structures thus provide a possible pathway to 
achieve lower dark current factors and higher efficiency 
performance. 

   Figure 4 illustrates how further device development 
and optimization can lead to single-junction cells with 
efficiencies exceeding 30% over a wide range of solar 
spectrums.  These calculations assume a Bird–Riordan 
model of the air mass spectrums [17], 95% collection 
efficiency with a ~ 400 nm ultraviolet cutoff, and dark diode 
characteristics described using Equations (1) and (3). The 
lower two curves in Figure 4 project the efficiency of GaAs 
cells with two different dark current factors, similar to the 
devices summarized in Table I.  The upper two curves in 
Figure 4 illustrate how the performance can be enhanced by 
lowering the energy gap (as with InGaAs wells) and further 
lowering the dark current factor (as with restricted angular 
emissions).  Magnolia’s ongoing research and development 
efforts are focused on enhancing photovoltaic efficiency 
along this pathway by combining advanced nanostructured 
absorber layers with structures that minimize non-radiative 
recombination and enhance incident light trapping.   
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5 CONCLUSION 
 
Thin-film single-junction III-V devices can offer high 

efficiency and robust performance for a variety of energy 
harvesting applications at lower costs than multi-junction 
III-V devices typically used for space power.  Moreover, 
single-junction III-V cells can potentially match or even 
exceed the peak efficiency performance levels of present 
day multi-junction devices by incorporating advanced 
structures that restrict the angular emission profile.  As a 
starting point for the development of cost-effective, high-
performance III-V energy-harvesting devices, we have 
demonstrated optically-thin GaAs-based cells with ultra-
high voltage outputs.  Such high-voltage thin-film devices 
can serve as a baseline cell for the incorporation of nano-
enhanced absorber structures with a limiting conversion 
efficiency of greater than 40%.       
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