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ABSTRACT: Thermophotovoltaic (TPV) cells are semiconductor devices which convert radiated heat directly into 

electricity.  This work investigates extending the operational wavelength of such devices into the long-wavelength 

infrared regime.  Specifically, this work explores the use a barrier layer inserted into a p-n junction to suppress 

recombination pathways.  Dark current simulations have been performed comparing a heterojunction barrier case 

with a typical p-n junction.  Doping levels were varied to adjust the size of the space charge region of the junction 

and simulate the effect of different barrier widths within the depletion region. 
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1 INTRODUCTION AND BACKGROUND 

 

Thermophotovoltaic (TPV) cells are a technology which 

converts radiated heat directly into electricity.  TPV 

devices operate using the photovoltaic effect, just as solar 

panels do, however TPV devices focus on the infrared 

regime of the electromagnetic spectrum.  TPV systems 

often use different forms of spectral control, such as an 

emitter and filter (see Fig. 1), to increase the efficiency of 

the TPV cell and system.  Other benefits of this system 

include the decoupling of the radiation source and the 

photovoltaic diode, allowing for greater material freedom 

in the TPV cell.  The system also allows photon recycling 

as a percent of the reflected photons are re-absorbed and 

subsequently re-emitted by the emitter component.  The 

spectral control as well as the narrow band gaps typically 

used in TPV devices, allow TPV to utilize a myriad of 

heat sources to create energy. 

 

 
 

Figure 1: Traditional TPV configuration 

 

This research aims to extend the operational wavelengths 

of TPV further into the infrared.  However, at these 

wavelengths, exciton recombination within the TPV cell 

significantly reduces device performance.  To reduce 

recombination events, a unipolar, or monovalent, barrer 

is to be epitaxially grown into the TPV cell. Originally 

proposed for use in photodetectors [1], this barrier is 

designed to block only one carrier, and can exist in either 

the valence band or the conduction band.  The unipolar 

barrier has shown considerable success with 

photodetectors [2]–[8] however, this work proposes to 

impliment the barrier in a photovoltaic device in order to 

suppress recombination pathways such as Shockley-

Reed-Hall (SRH).  SRH recombination occurs in the 

space charge, or depletion, region of a p-n junction due to 

generation-recombination centers, also called traps.[9]  In 

order to mittigate this recombination pathway, the 

unipolar barrier, consisting of a wider-bandgap material, 

is placed between the p and n materials in a pn junction.  

The addition of the wider bandgap increases the energy 

needed for a carrier to recombine at the mid-level trap, 

thus decreasing the probability of SRH recombination. 

 

Previous work has investigated using unipolar barriers 

with bulk materials such as gallium antimonide (GaSb) 

[10] and indium arsenide antimonide [11] in barrier based 

TPV cells; however, our work uses indium asenide 

(InAs) / GaSb type-II strained layer superlattices (SLS) 

[12][13][14].  These structures enable an effective 

bandgaps narrower than is possible with most bulk 

materials, which in turn allow TPV devices to harvest 

longer wavelength radiation from lower temperature heat 

sources.  Type-II SLS create these narrower bandgap 

devices through the creation of minibands in periodic 

quantum wells.   

 

Unipolar barriers have been shown to help suppress the 

components of dark current, such as surface leakage 

currents, trap-assisted tunneling, and SRH 

recombination[15], [16], however none have investigated 

their use for TPV cells. 

 

 

2 SIMULATION DETAILS 

 

The dark current was estimated using two components:  

diffusion current and generation-recombination (G-R) 

current.  Contributions from surface leakage current and 

tunneling current were not taken into account in this 

study, although will be implemented in future iterations 

of our simulation model.  Diffusion current occurs due to 

the change in concentration of the charge carriers, and is 

alternatively referred to as saturation current when under 

reverse bias.  G-R current describes the generation and 

recombination of carriers within the space charge region 

(SCR).  Often G-R recombination is caused by traps at 

the mid-level of the bandgap.  These traps facilitate 

recombination, increasing G-R current, by providing a 

lower energy pathway for carriers to recombine. 
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  A unipolar barrier diode heterojunction case was 

examined alongside a typical p-n homojunction as a 

control.  Diffusion current for a homojunction was 

calculated according to Equation 1, while the 

heterojunction case can be found in Equation 2. 

 

 
           Eq. 1 

 

 

 
            Eq. 2  
 

 

In these equations, q is the electron charge, kB is the 

boltzman constant, μ and τ are the carrier mobility and 

carrier lifetime respectively with the subscripts depicting 

different locations in the device, T represents 

temperature, Vd is the built-in voltage of the diode minus 

any applied voltage, and the number of intrinsic carriers, 

ni, is determined using Equation 3.  

 

 
             Eq. 3 

 

 

 

The effective conduction band density of states, Nc, is 

given in Equation 4, and the effective valence band 

density of states, Nv, is given in Equation 5. 

 

 

           Eq. 4  
 

 

 
           Eq. 5 
 

 

 

me is the effective mass of an electron, mh is the effective 

hole mass, and h is the Planck constant.  The generation-

recombination current is calculated according to Equation 

6 for the homojunction case and Equation 7 for the 

heterojunction case. 

 

 

      Eq. 6  
 

 

The G-R current shown in Equation 6 is simply the 

integral of the trap-assisted recombination rate G(x) over 

the depletion region of width x. The heterojunction case 

is the same process; however, it splits the calculation into 

two parts: one integral for the p-type material, and 

another for the n-type. 

 

 

           Eq. 7 
 

 

 

3 SIMULATION RESULTS 

 

The equations presented in the previous section were then 

used to simulate the TPV cell using Mathematica.  The 

bandstructure of the non-barrier, homojunction control 

can be seen on the left in Figure 2, while the barrier case 

can be seen on the right.  This figure depicts the space 

charge region (SCR) contained within the yellow bars 

and how much of it the barrier occupies. 

 

 
Figure 2: Band-alignment and parameters for Left: a 

homojunction, non-barrier case and Right: a 

heterojunction, barrier case.  

 

Figure 3 examines the diffusion and G-R current from the 

two band-alignments depicted in Figure 2.  The dashed 

lines indicate the dark current components from a non-

barrier device, whereas the solid lines indicate the dark 

current components from a barrier device.  The 

simulation parameters are listed in the inset. 

 

 
Figure 3: Dark current I-V simulation for the case 

presented in Figure 2.  The black and red dashed lines are 

the contributions from diffusion and G-R currents 

respectively for a non-barrier device.  The green and blue 

solid lines represent the contributions from diffusion and 

G-R currents respectively for a barrier device.  The 

simulation parameters are listed in the inset. 
 

Figure 4 compares the diffusion and G-R current for a 

similar scenario with alternative doping concentrations.  

The increase in absorber doping decreases the extent of 

band curvature in the absorber, while increasing the 

extent of it in the barrier.  By moving more of the band 

curvature to the higher bandgap barrier region we further 

decrease the recombination rates. The dashed lines 

indicate the dark current components from a non-barrier 

device, whereas the solid lines indicate the dark current 

components from a barrier device.  The specific 

parameters are listed in the inset 
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Figure 4: Dark current I-V simulation for a barrier that 

occupies the majority of the SCR.  The black and red 

dashed lines are the contributions from diffusion and G-R 

currents respectively for a non-barrier device.  The green 

and blue solid lines represent the contributions from 

diffusion and G-R currents respectively for a barrier 

device.  The inset graph shows the amount of the SCR 

occupied by the barrier. 

 

 

4 CONCLUSIONS 

 

The unipolar barrier simulations have shown that 

introducing a barrier in the space charge region of a 

photovoltaic device decreases the components of dark 

current by several orders of magnitude.  Specifically, a 

decrease of approximately two orders of magnitude in 

Schockley-Reed-Hall generation-recombination events 

was demonstrated when the absorber doping is set so that 

the barrier occupies most of the SCR.  Also, a reduction 

in diffusion current by approximately one order of 

magnitude was shown when the barrier occupies only a 

quarter of the SCR.  These simulations also showed that 

an increase in absorber doping pushes the bandbending 

into the barrier layer, minimizing recombination.  

 

It should be noted that the introduction of a barrier 

presents a performance tradeoff, because the SCR is the 

optimum region to absorb carriers due to the built-in 

voltage.  The authors believe, that this trade-off will 

provide an increased benifit for long-wavelength devices 

due to the increased effect of SRH recombination rates 

associated with narrow-bandgap devices. 

 

These simulation results are promising; however, 

physical device fabrication and testing is necessary to 

confirm these findings.  MBE grown devices have been 

designed and are presently being fabricated.  As such, 

physical testing is forthcoming for this work.  We are 

also working to improve our model accuracy by taking 

into account other components of dark current such as  

surface leakage and tunneling current as well as factors 

such as the effect of higher temperatures on doping 

concentration. 
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