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Abstract

Thermophotovoltaic generation of electricity is attracting renewed attention due to recent
advances in low bandgap (0.5-0.7 eV) HI-V semiconductors. The use of these devices in a
number of applications has been reviewed in a number of sources [1-3]. Two potential low-

bandgap diode materials are In,Ga;,As,Sby, and In,Gaj ,As. The performance of these
devices are comparable (quantum efficiency, open circuit voltage, fill factor) despite the latter’s
long-term development for optoelectronics. For an 1100 °C blackbody, nominally 0.55 eV

devices at 25 °C exhibit average photon-weighted internal quantum efficiencies of 70-80%,

open circuit voltage factors of 60-65%, and fill factors of 65-70%.

Equally as important as the energy conversion device is the spectral control device that
effectively transmits the above bandgap radiation into the diode and reflects the below bandgap
radiation back to the radiator. Recent developments in spectral control technology, including,
InGaAs plasma filters and non-absorbing interference filters are presented. Current tandem

filters exhibit spectral utilization factors of ~65% for an 1100 °C blackbody.
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Introduction

Thermophotovoltaic (TPV) generation of electricity offers fundamental advantages relative to
other direct energy conversion techniques (e.g., thermoelectric, thermionic). The most
important is the ability to recuperate the low energy waste heat. This allows theoretical
conversion efficiencies to approach that of conventional heat engines (e.g., Brayton, Stirling,
Rankine). However, experimental achievement of radiator-to-electric conversion efficiencies
greater than 20% has not yet been achieved for a blackbody radiator spectrum and a cell-filter
combination. Recent advances in low bandgap (0.5-0.7 eV) III-V semiconductors and infrared
optics have renewed interest in the development of highly efficient and power dense

thermophotovoltaic generation of electricity [1-4].

The efficiency of a thermophotovoltaic energy conversion system is given by [5-71:
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The average photon-weighted quantum efficiency, QF , is given by,
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where, QE;pema(A), is the measured internal quantum efficiency spectrum and N;(A) is the

photon flux spectrum absorbed in the TPV cell, which for a blackbody radiator is given by,
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where h is Planck’s constant, ¢ is the speed of light, k is Boltzmann’s constant, Teaq is the

NIO\,) =
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blackbody radiator temperature, €,,4(A) is the emissivity spectrum of the blackbody, R(A) is the
net reflection spectra for the TPV cell-filter combination and o(A) the measured absorption
spectra of abo.ve bandgap photons within a front-surface filter. V, is the measured open circuit
voltage, E, is the semiconductor bandgap; while the ratio of these quantities is referred to as the
open circuit voltage factor. FF is the measured fill factor. Both the voltage factor and fill factor
are strong functions of short circuit current and cell temperature The overexcitation factor, Fos

which is the usable fraction of thermal radiation with energy greater than the bandgap, is given

by,
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where the energy flux spectrum absorbed in the TPV cell , Ny(A), is the photon flux spectrum
multiplied by the energy per photon (i.e., N,(A) = N;(A)-hc/A). The overexcitation factor
is ~ 0.8 for an 1100 °C blackbody and a bandgap of 0.55 eV. The spectral utilization factor, F,

which is the fraction of total absorbed radiation with energy greater than the bandgap is given by,
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Simultaneous optimization of all these components is required for a highly efficient TPV

system. Table 1 shows previously achieved values for 0.55 eV InGaAs TPV cells with an Si-
Si0 interference filter for a radiator temperature of 1100 °C and a cell temperature of 25 °C

[6]. In comparison tb photovoltaic cells (Eg ~ 1.0 - 1.4 ¢V) matched to the solar spectrum

(Tiqq ~ 5700 ,°C ), TPV cells have lower bandgaps (E; ~ 0.5 - 0.7 eV) and corresponding lower
voltage factors and fill factors due to higher dark currents. These losses in efficiency are
compensated by increases in both the overexcitation factor and spectral utilization factor, due to
the ability to recuperate below bandgap photons with appropriate spectral control filters. Recent
advances in both the energy conversion devices and spectral control devices demonstrate that

> 20% efficient devices may be achievable.

Energy Conversion Devices

A number of low bandgap materials have been investigated for thermophotovoltaic energy
conversion including: Ge, GaSb, InGaAs, InGaSb, and InGaAsSb. Of these, InGaAs grown
lattice-mismatched on InP substrates and InGaAsSb grown lattice-matched on GaSb substrates
have demonstrated the highest performance for nominally 0.55 eV bandgaps. Figure 1

illustrates typical device architectures for these material systems. In both cases, the p-type layer
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is utilized as the absorption layer due to the higher minority carrier diffusion lengths relative to
n-type material. However; since shallow n-type ohmic contacts have not yet been developed for
Sb-based devices, a thick p-type emitter is utilized for the InGaAsSb cell. For both devices,
performance is dominated by surfacefinterface recombination velocities. In the case of n-on-p

InGaAs devices, the back surface field is the critical layer, while for p-on-n InGaAsSb devices,

the window is the critical layer. All results shown in Figs. 2-4 are for 1 cm? devices.

Figure 2 compares the external quantum efficiency of nominally 0.55 eV InGaAs and InGaAsSb
TPV cells. InGaAs dcviceé were grown by organometallic vapor phase epitaxy (OMVPE),
while the InGaAsSb devices were grown by both molecular beam epitaxy (MBE) and OMVPE.
Details of the growth processes have been described elsewhere [8-9]. None of the devices
shown in Fig. 2 have anti-reflection coatings. The surface reflection is ~32-33%, and 36-39%
over the 1-2.2 um range for the InGaAs and InGaAsSb, respectively. This yields QE values of
0.68 and 0.79 for the InGaAs and InGaAsSb devices, respectively. Due to the large number of
photons near the band-edge, the value of internal quantum efficiency between 1.9 and 2.2 um,
dominates the QE value. Modeled QE(A) results have yielded diffusion lengths of ~ 9 pm for p-

InGaAs (0.55 V) and > 10 um for p-InGaAsSb (0.55 eV).

The open circuit voltage factors versus short circuit current density at25 °C for the same
devices are shown in Figure 3 in comparison to the radiative limit [10]. This data was obtained
by varying the intensity of a light source on devices soldered to a copper heat sink. Device
temperature was monitored by a thermocouple mounted in the copper heat sink and temperature

was controlled with a thermoelectric cooler. As evidenced in Figure 3, the open circuit voltage
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factor increases as the short circuit current increases. Typical current density levels for an
1100 °C blackbody source are 3 - 5 Alem?®. Thus, voltage factors for both InGaAsSb and

InGaAs are 60-65% for devices operating at 25 °C.

Figure 4 plots the measured fill factor versus short circuit current density for both InGaAs and
InGaAsSb devices. Maximum achievable fill factors assuming radiative limited dark current for

0.55 eV devices is ~70%. As seen in Fig. 4, fill factors are not currently limited by series

2

resistance for either material system up to approximately ! Afcm”. Beyond this current level

further improvements in front grid design and processing are required for both devices.

The reliability of lattice-mismatched InGaAs Ti’V devices was investigated by operating these
devices continuously in the LED-mode (forward-bias) under constant dc-current and
temperature conditions in air. Devices were mounted and monitored in a similar method to the
Voo/Eg versus L. measurements. Periodically, the devices were characterized by measuring the
non-illuminated current versus voltage curve, in order to check degradation in the dark current

or series resistance. Currently, devices operating at 30 °C and 3 Alem?, 100 °C and 7 Alcm?,

and 100 °C and 20 A/cm? have logged over 4000, 3000, and 500 hours, respectively, without

degradation.

Spectral Control Devices

The two main categories of spectral control devices for a blackbody radiator are frontside (between
the source and cell) and backside (underneath the cell). Both types of devices reflect the below

bandgap radiation back to the source with minimal absorption. A summary of the advantages/
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disadvantages of each of these techniques are shown in Table 2. In addition to these, a backside
reflector has a number of potential advantages that improve the intrinsic TPV device performance,
such as: improved collection efficiency, increased optical absorption, and photon recycling. These
advantages lead to the following TPV cell improvements: enhanced short circuit current, increased
open circuit voltage and reduced sensitivity to material quality [11]. The use of back surface spectral
control devices for thermophotovoltaic applications has been reviewed elsewhere [12]. Current

back surface reflector device designs are limited by trade-offs between free carrier absorption and

high reflectivity.

Front surface spectral control devices include both interference filters and plasma filters.
Interference filters consist of alternating layers of dielectric materials that vary in index of
refraction. Their thicknesses and refractive indices are chosen to obtain a high degree of reflection
(> 95%) over a selected wavelength range and a high transmission elsewhere. Unfortunately, as
the wavelength range increases, the complexity and number of dielectric layers also increases [13].
Thus, since a TPV spectral control device requires a high reflection from ~2 pm to 10 um, an
interference filter cannot perform alone. The use of an interference/plasma tandem filter becomes
a desirable alternative. In addition, when coupled to a plasma filter, the materials utilized must be

non-absorbing over the entire 1.1-10 pum wavelength range.

Front surface plasma filters have been implemented with transparent conducting oxides, and
heavily-doped semiconductors [1,2]. The most successful of these has been the use of heavily-
doped InGaAs [14]. Due to the high carrier concentrations that have been obtained in In,Ga;_ As
and low electron effective mass, both the Moss-Burstein optical bandgap shift and plasma

reflection characteristics are expected to be particularly dramatic. Higher electrically active
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carrier concentrations are observed as the indium fraction increases.  Thus, carier

concentrations approaching 102 cm™3 should be readily attained with a variety of dopant sources

for indium fractions greater than 0.53 percent [14].

Figure 5 illustrates the effective photonic bandgap as a function of doping level for

Ing ¢7Gag 33As. The measured photonic bandgap along with calculated values for both parabolic
and non-parabolic band approximations are included [14]. The deviation of the measured and

calculated values at doping levels greater than 109 cm™3 may be due to two effects: filling of the

satellite L-valley and bandgap narrowing. The position of the L-valley in Ing 67Gag 33As was
estimated from published values of the L-valley bandgap in GaAs (E; = 1.70 - 1.73 eV) and
InAs (B = 1.07 - 1.43 V) [16-18] and the L-valley bowing parameter (¢ ~ 0.5 eV) [15,17].
Depending on the position of the L-valley in InAs, the L-valley bandgap in Ing ¢7Gag 33As can
range from 1.16 - 1.6 ¢V. The lower end of this range may effect the measured photonic

bandgap as shown in Fig. 5. Thus, it is unclear whether filling of the satellite valley or bandgap

narrowing is the dominant effect.

Figure 6 plots the measured plasma reflection characteristics for Ingg7Gag 33As. These films

demonstrate the characteristic plasma-edge shift toward shorter wavelengths as the free-electron

concentration increases. The sharp turn-on of the sample doped 5 x 10" cm3 is due to the high

mobility (low effective mass) of Ing ¢7Gag 33As. Modeling the reflection characteristics of these

films with the Drude-theory allows the extraction of the below-bandgap optical constants [14].

Both modeled and measured data have shown that these InGaAs plasma filters demonstrate high
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below-bandgap reflection and negligible above-bandgap absorption due to the combined effects

of the Moss-Burstein shift and plasma reflection.

These films coupled with an appropriate non-absorbing interference filter §;ield a highly
effective tandem filter concept for TPV spectral control. Figure 7 illustrates the reflection
versus wavelength for an initial tandem filter concept. For this concept, an interference filter
was directly deposited on the InGaAs plasma and an anti-reflection (AR) coating was deposited
on the backside of the InP substrate, to maximize above-bandgap transmission. This filter

demonstrates a spectral utilization factor of ~65% for a 1100 °C blackbody radiator.

Conclusions

Current 0.55 eV lattice-mismatched InGaAs:InP and lattice-matched InGaAsSb:GaSb
demonstrate similar thermophotovoltaic efficiencies (n = 14 - 16%) at 1100 °C radiator
temperatures. In addition, both material systems have been grown utilizing a number of growth
techniques and are expected to demonstrate high-reliability at typical operating conditions (>
10° hours, 1-10 A/em?, 50-100 °C ). Primary advantages of InGaAs de'vices are its long-term
infrastructure development for optoelectronic applications and its demonstrated mass-

reproducibility. Antimonide-based TPV devices may offer longer-term device advantages due

to simpler device structure and demonstrated longer diffusion lengths.
High performance (1 > 20%) TPV devices may utilize both a front surface filter for below-

bandgap spectral control and a back-surface reflector for TPV device-related improvements.

Currently, front-surface tandem filters have demonstrated spectral utilization factors of ~ 65%
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for an 1100 °C blackbody radiator. Further improvements in either the plasma filter or non-
absorbing interference filter are required in order to reduce absorption in the 4-7 um wavelength

region.
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Table 1 - TPV Cell/ Filter Efficiency Components
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R

Cell / Filter QE Voo/Eq EF F, F, n
InGaAs / Interference 0.68 0.63 0.68 0.8 0.6 14%*
InGaAsSb / Tandem 0.78 0.63 0.65 0.8 0.65 | 16%**
Limit 1.0 0.7 0.7 0.8 1.0 40%
* Independently measured with integral heat absorption measurements [6]
** Only differential measurements performed
Table 2 - Advantages and Disadvantages of Spectral Control Options
Spectral Control Option Advantage Disadvantage
Frontside Free carrier absorption in Must be highly transmis-
voltaic diode not an issue. | sive to above bandgap pho-
tons.
Independent design of vol-
taic diode and spectral con-
trol device.
Backside Absorption of above band- | Free carrier absorption in

gap photons is not an issue.

Higher voltaic diode
power density.

diode requires device
design alterations - this
leads to increased series
resistance
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Figure 1 - 0.55 ¢V InGaAs and InGaAsSb TPV device architectures.
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Figure 2 - Comparison of external quantum efficiency of nominally 0.55 eV InGaAs and
InGaAsSb TPV diodes (no anti-reflection coating).
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Figure 3- Comparison of the open circuit voltage factor versus short circuit current of nominally

0.55 eV InGaAs and InGaAsSb TPV diodes.
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Figure 4 - Comparison of the {ill factor versus short circuit current of nominally 0.55 eV

InGaAs and InGaAsSb TPV diodes.
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Figure 5 - Theoretical and measured values of the effective photonic bandgap for 0.6 eV InGaAs.
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Figure 6 - Measured plasma reflection characteristic of 0.6 eV InGaAs.
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Figure 7 - Measured reflection versus wavelength for a 0.6 eV InGaAs plasma / non-absorbing
interference filter tandem filter.
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