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ABSTRACT

The vast majority of power generation in the United States today is produced through the same processes
as it was in the late-1800s: heat is applied to water to generate steam, which turns a turbine, which turns
a generator, generating electrical power. Researchers today are developing solid-state power generation
processes that are more befitting the 21"-century. Thermophotovoltaic (TPV) cells directly convert
radiated thermal energy into electrical power, through a process similar to how traditional photovoltaics
work. These TPV generators, however, include additional system components that solar cells do not
incorporate. These components, selective-emitters and filters, shape the way the radiated heat is
transferred into the TPV cell for conversion and are critical for its efficiency. Here, we present a review
of work performed to improve the components in these systems. These improvements will help enable
TPV generators to be used with nearly any thermal source for both primary power generation and waste
heat harvesting.

Introduction

Thermophotovoltaics (TPVs) convert infrared radiation, or heat, into electricity.
TPVs have a wide-range of applications due to the fact that they can be paired with any
heat source. Applications include, for example, converting heat from combustion in a
microscale battery [1]-[7], from radioisotopes for deep-space power generation [8], [9],
and from high-temperature industrial processes for recovering waste-heat [10].

A TPV system consists of three main components: a heat source, an emitter, and a
TPV diode, Figure 1. The heat source is typically between 1,000K and 2,000 K. The
emitter, which acts as an intermediate stage between the heat source and the TPV diode,
allows for shaping of the radiant spectrum. The emitter can either be a blackbody that
emits across all wavelengths, or a selective-emitter designed to radiate a narrow band of
wavelengths matched to the TPV diode. In addition to spectral shaping at the emitter
stage, the spectrum may be further refined through filtering prior to the diode stage,
Figure 1.
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The core of a TPV system is the photovoltaic diode; it is the component responsible
for converting the incident radiation into usable power. The TPV diode generates a
current and a voltage via the photovoltaic effect. Specifically, if the incident light
contains photons with energy greater than the bandgap of the diode material, electrons
may be excited from the valance band to the conduction band, where they can generate a
current due to the built-in voltage of the TPV diode. The current and voltage are then
delivered to the electrical load. TPV diodes typically have a current of approximately 1—
3 A/em” and a voltage of approximately 0.5 V for a power density of ~ 1 W/cm®. This
means that a 10x10 cm’ array of cells can easily be used to generate 100+ Watts of
power. Thus far, TPV systems have demonstrated efficiencies as high as ~20% [11].
Modelling indicates, however, that TPV system efficiencies could be as high as 40%

[12], [13].
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Figure 1. TPV system. Thermal energy from a heat source is absorbed by an emitter, which radiates infrared photons
toward the TPV diode. Prior to the TPV diode stage, additional filtering may be incorporated. The radiation is then

absorbed by the TPV diode, which generates a current and a voltage via the photovoltaic effect.

We will start with discussing the issue of extending the cut-off wavelength of
TPV diodes. This is a critical element when attempting to harvest energy from
lower temperature heat sources. We will follow with a review of the materials and
growth techniques used in TPV diodes as these largely determine the cut-off
wavelength. We will continue with a discussion the diode design and the benefits of
introducing an intrinsic layer. This review will finish with new developments in
front-surface contacts incorporating photonic crystals and ensuring that the
contacts are of an ohmic nature. Extending the cut-off wavelength of TPV diodes

At present, TPV diodes are matched to only very high temperature heat sources.
This limitation is primarily due to the bandgap of the TPV diode material. ~As stated
previously, only photons with energy greater than the bandgap value may contribute to a
photogenerated current within the diode. Since energy is inversely proportional to
wavelength, TPV diodes cannot absorb radiation beyond a cut-off wavelength
determined by the bandgap value.

The cut-off wavelengths of typical TPV diode materials are marked in Figure 2,
along with spectra radiated from various temperature sources, approximated as
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blackbody spectra. For a given temperature source, such as 1,000 K, we see that much of
the spectrum is not being absorbed since it is beyond the cut-off wavelength. A reduced-
bandgap diode with a longer cut-off wavelength would allow for more of the spectrum to
be absorbed. Moreover, a narrow bandgap diode could also be paired with lower
temperature sources, enabling a new class of TPV applications. For example, TPVs
could be used to absorb heat from car-exhaust.

Black-body spectrum
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Figure 2. Blackbody spectrum for various temperatures. The cut-off wavelengths of two of the most common TPV diode
materials, gallium antimonide (GaSb) and quarternary alloy indium gallium arsenide antimonide InGaAsSb, are marked
by the leftmost (blue) and middle (green) dashed lines at 1.7 and 2.3 pum, respectively. If the cut-off wavelength could be
extended to longer wavelengths e.g. the rightmost (black) dashed line, the diode would be able to absorb more of the
incident spectrum, yielding a higher short circuit current which can lead to higher efficiencies. A longer cut-off
wavelength diode could also be used to absorb radiation from lower temperature sources, enabling new applications for

TPVs. Figure is adapted from Sun.org and reproduced with permission under the Creative Commons 4.0 agreement [14].

Much of the progress in TPVs has stemmed from developments in the field of
photovoltaics. The first implementation of TPV was in the mid-1950’s when Henry
Kolm of MIT Lincoln Laboratory held a silicon solar cell up to a lantern in an attempt to
generate electricity from a flame [15]-[18], making silicon the first diode material used
in TPVs. Silicon, however, has a bandgap of 1.12 eV and cut-off wavelength ~1.1 pm.
This wavelength is well matched to the blackbody spectrum of the sun and is thus nearly
ideal for solar applications, however, it is poorly matched to TPV applications with lower
source temperatures of ~ 1,000-2,000 K. In order to employ silicon in TPV applications,
silicon must be paired with selective emitters such as ytterbia, Yb,0;, to tailor the
spectrum to the silicon diode [19], [20].

Germanium, a common bottom cell material from multi-junction solar cells, has also
been investigated as a possibility for TPV diodes [21]. Germanium is a better match for
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TPV applications than silicon, since germanium has a lower bandgap 0.66eV and absorbs
wavelengths out to 1.88 um [20]. However, germanium is still an indirect bandgap
material and has generally poor performance. Recent research has focused mostly on
1II-V semiconductors which are direct bandgap materials with a wider range of potential
bandgaps with which to design TPV diodes.

II1-Vs and their alloys

With the exception of the group IV materials discussed previously, the majority of
TPV diodes consist of III-V materials, which contains atoms from group III and V of the
periodic table, Figure 3. Materials used include binaries such as InAs and GaSb and
their alloy derivatives. While binaries are easier to produce, alloys allow for more
possibilities since in theory they can be used to create any bandgap value within the
range of the binary values, Figure 4. In practice, however, the alloys that can be used are
often limited to the composition that is lattice-matched to the available substrates, which
include: InAs, InP, and GaSb. Lattice matching is crucial because if the material and
substrate are not matched, defects may occur during the growth of the material that will
decrease the performance of the TPV diode.

In Sn

Figure 3. Excerpt from the periodic table highlighting the group III and V elements that are incorporated into TPV diode

materials

The leading materials that have been researched in the past few decades have been
InGaAsSb and GaSb on a GaSb substrate and InGaAs and InAsP on an InP substrate.
Binary GaSb is the most frequently used TPV material, with a bandgap value of 0.72 eV
at 300K. GaSb was originally developed for multi-junction solar cells [23]. GaSb has a
direct bandgap and therefore a relatively high efficiency. GaSb is the only diode material
to be incorporated into a commercial TPV application thus far [24]. InGaAsSb, also
referred to as GalnAsSb, is another antimonide compound that has been actively
researched. It has a bandgap ~0.5e¢V when it is grown lattice matched to GaSb [25].
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Figure 4. Bandgap versus lattice parameter for various materials. Lines between materials show the bandgap for the
various alloys. With the current technology we are limited to alloy compositions lattice-matched to the available
substrate materials, such as InP, InAs, and GaSb. Figure is reproduced with permission under the Creative Commons 3.0

agreement from the journal Sensors [22].

InGaAs can be grown lattice matched to InP with E,=0.74 ¢V, or mismatched in the
range of ~0.5-0.6 eV. The lowest bandgap achieved thus far for InGaAs has been 0.52
eV [26]. InGaAsP/InP has also been researched as a TPV diode material. A major
advantage of using this quaternary alloy over the ternary InGaAs is that quaternary alloy
has two degrees of freedom and, therefore, there is a wider range of bandgap values that
can be obtained while maintaining lattice matching to the substrate. The addition of
phosphorous allows for extension to longer wavelength, lower bandgap diodes, in the
range of 0.3-0.55 eV. As with most narrow bandgap diodes, however, increased Auger
recombination becomes a major issue. Another phosphorous alloy, InAsSbP, has been
grown lattice matched to InAs [27]-[29], and has a similar bandgap range to that of
InGaAsP/InP. Lastly, InAs has also been recently investigated for TPVs. This is the
lowest bandgap bulk material investigated for TPVs thus far; with a bandgap of 0.32¢eV,
InAs covers wavelengths out to 3.9 um [30].

A sampling of the performance of various TPV diode materials is tabulated in Table
1. From this table we note that the present technology covers a range from 0.74 eV down
to ~0.3 eV. A direct comparison between the materials is not necessarily fair, given that
they are characterized under a wide range of testing conditions. For example, the short-
circuit current in a diode will be larger when using an illumination source of higher
intensity. Therefore, a perhaps better method of comparison is the quantum efficiency,
which shows how well each diode absorbs at a given wavelength, irrespective of the light
source. The quantum efficiency of several common diode materials is plotted in
Reference [31]. The data shows that GaSb and InGaAsSb have demonstrated the best
QEs thus far. This is an area of active research though and some new possibilities are on
the horizon [31]-[35]. Voltage factor is defined as the ratio of the open circuit voltage to
the bandgap of the material qVc/Eg.
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Table 1. Table of TPV diode performance for various materials. The bandgap (Eg), cut-off wavelength (Ac),
short circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and voltage factor (V) are reported.

Material Eg (eV) | Ae (um) | Jsc (Alem’) | Voe (V) FF Vi REF
InGay 53A80.47 0.74 1.7 1 0.47 0.64 | 0.63 | [36]
GaSb 0.72 1.7 3 0.41 - 0.57 | [37]
InGag g0As 31 0.60 2.1 2.26 0.36 0.67 | 0.59 | [38]
InGaSb 0.56 22 3 0.27 - 0.48 | [39]
InGaAsSb 0.53 24 1 0.30 - 0.57 | [40]
InAsSbP 0.35 35 3 0.12 - 0.34 | [41]
GalnAsPSb 0.34 3.6 0.29 0.03 033 | 0.08 | [42]
InAs 0.32 39 0.89 0.06 0.37 | 0.19 | [30]

III-V_Growth Techniques

Techniques used to grow III-V materials include metal-organic chemical vapor
deposition (MOCVD), liquid phase epitaxy (LPE), and molecular beam epitaxy (MBE).
Of these methods, MBE is best suited for antimonide and more complex material growth
(e.g. superlattices, quantum dots, etc.) [43], [44], [53], [45]-[52]. MOCVD has proven
difficult for antimonide growth due to the lack of precursor materials for the antimonides
and the higher growth rates and temperatures required. Moreover, bulk techniques like
LPE lack the control necessary to accurately grow layers with sharp transitions as
required for some structures such as superlattices, which can be grown much more easily
with MBE. The thickness of each layer in MBE growth can be precisely controlled with
appropriate shuttering of the source materials, and the ultra-high vacuum allows for high-
purity material growth.

GaSb pin diodes

Doping in GaSb TPV diode structures is often achieved via diffusion methods. This
method limits the design since the doping profile is fixed to the gradient formed by
diffusion. An alternative method is to fabricate the diode structure epitaxially. This
method allows for a sharply defined junction and the formation of more advanced
architectures such as those that include back surface fields and front surface windows.
The epitaxial method also uniquely allows for the introduction of an intrinsic region
between the P and N regions. Adding an intrinsic region is a technique employed in
various PV technologies to extend the electric field within the device, increasing
collection of photogenerated carriers. This method could improve carrier collection in
GaSb diodes with photonic crystals (PhCs), where the shifted absorption profile due to
the PhCs extends well into the device.

The intrinsic carrier concentration for GaSb at room temperature is calculated to be
1.5X10"%/cm’ [54]-[57]. In practice, however, the carrier concentration is much higher -
10" - 10"/em’ - due to native defects [55]. These defects arise from the low vapor
pressure and surface mobility of antimony, which causes antimony atoms to cluster
together, leaving anti-sites where antimony atoms would normally incorporate into the
lattice [58]. The anti-site is unstable and the nearest gallium atom will fill the site,
creating both a gallium-in-antimony site defect (“Gag,”) and a gallium vacancy defect
(“Vga»). These defects limit the intrinsic carrier concentration in practice to a value much
higher than the theoretical value.
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The addition of an intrinsic layer in a GaSb diode was investigated by Licht et. al.
[59] through computer simulations, with experimental results pending at the time of this
publication. The structure consisted of an 80nm n-type top layer, 1.0um n.i.d. intrinsic
region, 2.8um p-type GaSb base layer, and a 100nm AISb back side field (BSF) layer, as
depicted in Figure 5. The BSF layer is a highly doped, wide-bandgap region that creates
a potential barrier for minority carrier electrons. This serves to reflect the electrons back
towards the electric field of the pin junction thus reducing parasitic rear-surface
recombination. The device structure used an n-on-p architecture because the minority
carrier electrons in a p-type absorber have a much greater mobility than the minority
carrier holes in an n-type absorber. The intrinsic region was made thick enough to
extend the space charge region yet not too thick as to cause the electric field drop too low
due to increased series resistance to shuttle the carriers towards the contacts. These
simulations indicate an expected improvement of 6% in efficiency and an increase of
10% in internal quantity efficiency at a wavelength of 1.3um relative to a pn control
diode.

s
n-type 80nm
nid 1000nm
p-type GasSh 2800nm
AlSk BSF 100nm

Figure 5. Simulated pin GaSb structure as described in [59]. The addition of the intrinsic region as compared to a pn
structure expands the space charge region and related electric field, thus increasing the amount of photogenerated
carriers.

Considering these results, avenues to further decrease the background concentration
in GaSb are worthy of investigation. Several methods have already been explored [58],
[60]. In one technique, the GaSb epilayer is grown on tilted substrates to encourage Sb-
incorporation; this method has demonstrated background carrier concentrations on the
order of 10"*/cm® [58]. In another technique, Polyakov ez al. achieved a low doping on
the order of 10"/cm’ by growing GaSb at higher temperatures than normal - 600-630°C
as opposed to 500°C [60]. Given these promising results, the lower predicted
background doping concentrations of ~ 10'>/cm’ could be attainable. Inclusion of an
intrinsic layer would be of benefit to other materials [61] including other I1I-V diodes, as
such similar studies comparing pn to pin structures should be studied for these materials
as well.

GaSb Diodes with Front-Surface Photonic Crystals

In addition to extending TPV diodes to longer wavelengths, additional mechanisms
can be employed to improve upon the existing TPV diode technologies. One method
researched to improve the efficiency of GaSb TPV diodes is through the incorporation of
front-surface two-dimensional metallic photonic crystals (MPhCs), Figure 6. MPhCs can
be fabricated directly onto the diode aperture using standard metallization and
lithography techniques, where they can be used to strategically alter the absorption in the
GaSb diode. These repeating nanoscale structures create a photonic bandgap, allowing
certain wavelengths of light to pass through while blocking others. This structure can be
used to block out undesirable wavelengths, allowing for transmission of only near-
bandgap radiation. In addition to filtering, the MPhCs can also be used to strategically
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alter the photo-absorption profile within the device structure. The non-infinite height of
the MPhC pattern causes the evanescent field to “leak” into the semiconductor material.
This allows for absorption at a greater depth in the device structure than traditional all-
dielectric anti-reflective coatings.  Absorption deeper into the device can be
advantageous, as GaSb suffers from parasitic recombination at the front-surface.

Ly 3 g 4

Figure 6. SEM image of metallic photonic crystals deposited onto GaSb

MPhCs were first proposed for spectral engineering in GaSb TPV diodes in 2012
[62]. Initial work by Shemelya et. al. demonstrated an increase in the absorption through
the incorporation of 2D MPhCs [63], [64]. This improvement in the absorption led to an
increase in the photogenerated current [63]. However, these MPhCs were deposited onto
GaSb diodes that were poor-performing, as can be seen by the low measured open-circuit
voltage values, which translate to voltage factors of only ~0.2. Table 2 shows the results
from Shemelya et.al. with three different front-surface layers, including a standard
antireflective coating (ARC).

Table 2. Open-circuit voltage and voltage factors for GaSb diode with and without PhCs.

Voc(mV) Ve
SiN & ARC 175 0.241
PhC - No ARC 142 0.196
PhC & ARC 165 0.227

Ohmic contact/PhC layer

Photonic crystals incorporated onto the front surface of the GaSb TPV diodes not
only to improve the absorption in the device, but also act as a front contact. The contacts
used by Shemelya et. al. [63] consisted of a material composition of titanium, platinum,
and gold to both p-GaSb and n-GaSb [65]. However, this material composition does not
readily form an ohmic contact to n-GaSb. Here, we discuss why this is the case and
consider alternative options.

When a semiconductor and metal are brought into contact under equilibrium, the
Fermi levels will align. For some semiconductor materials, including GaSb, the Fermi
level is fixed at the surface independent of the metal it mates to and is therefore “pinned”
[66]. In GaSb, the Fermi level is pinned near the valence band at the surface [55], [66]-
[68]. While pinning near the valence band facilitates contact to p-GaSb, it makes contact
to n-GaSb extremely difficult. Upon alignment of the Fermi levels for a metal and n-
GaSb, a large barrier will form, blocking carrier transport from the semiconductor to the
metal. One method to overcome the barrier is to highly dope the material; high doping
thins the depletion region at the metal-semiconductor interface so that carriers can tunnel
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through the barrier. As mentioned previously, however, highly doped n-GaSb is difficult
to achieve due to the intrinsic p-type defects in GaSb.

Because of the technological importance of antimonides, a significant amount of
research has focused on developing ohmic contacts to n-GaSb [69], [70], [79], [80],
[71]-[78]. Originally gold-based contact recipes were researched [72]-[75], [77]. Gold-
based contacts are not recommended for GaSb as the gold diffuses deep into the device
[80]. Palladium-based contact recipes have been quite successful, with resistivity as low
as ~10° Q-cm’ with annealing [76]-[79]. These Pd-based contacts are usually combined
with another material like germanium to create a heavily doped layer beneath the contact.
The contact recipes are then composed of several layers. For example one successful
recipe consisted of Pd/Ge/Au/Pt/Au [77], where first gold layer is to encourage diffusion
of Ge into semiconductor. One concern with this method, however, is that the deposited
contacts must be annealed in order to form an ohmic contact. Heating the devices can be
troublesome as it may lead to further out-diffusion of antimony and degradation of the
device structure. Another concern unique to our design is that the n-type contact material
must also serve as the material for the PhC pattern. The effect of using these multi-layer
stacks for PhCs would have to be studied via finite-difference time-domain simulations.

Rather than incorporating multi-layer metal compositions for the PhCs, an
alternative solution is to introduce a contact layer (CL). The CL would be a thin layer of
a material for which the Fermi level is pinned in a more ideal location. When inserted
just beneath the contact, the CL facilitates formation of an ohmic contact to the top layer
of the diode. This technique has been employed with other I1I-V materials; for example,
InAs is frequently used as a CL with III-V materials because the surface Fermi level of
InAs is pinned above the conduction band, allowing for a low contact resistance. InAs
cannot be used as a contact layer for GaSb diodes because of the band discontinuity
between InAs and GaSb. This band alignment issue can be circumvented, however, if
InAs is alloyed with Sb [81]-[83]. The alloy InAsSb is a good candidate for a CL for n-
type GaSb as the Fermi level is pinned in the conduction band and the alloy can be
highly doped. InAsSb lattice matched to GaSb has been explored as a CL, achieving
specific resistivity as low as 5.1 x 10 Q-cm’ without annealing [82]. The quaternary
alloy GalnAsSb has also been researched as a CL for GaSb: Huang et al. achieved a
contact resistivity of 2 x 10 Q-cm’ by using GalnAsSb as a contact layer [83].

It appears the best solution to create an ohmic contact to n-GaSb for an n-on-p GaSb
diode might be to incorporate a contact layer. A major advantage of using a CL is that it
does not require annealing to achieve a low resistivity. Also, by using a CL, less
complicated contact/PhC recipes are inherently possible.

Conclusion

While thermophotovoltaics (TPVs) have the potential to be applied with near
ubiquity to harvest energy from any heat source, in practice the technology is not yet
available for practical sources with temperatures below a few hundred Celsius. As
discussed in References [84], [85], there has been a recent explosion in research into
selective emitters based around the advances in frequency-selective surfaces. Here, we
focused on the significant advances which have been made in diode design and filter
technology. Numerous new materials are on the horizon for TPVs, building off of the
foundational work in I1I-Vs and Group-IV materials, with Bi- or Tl-compounds and Sn-
compounds, respectively. We have entered a new era of advancement of TPV
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components with great advances coming out, bringing us closer to the realizing the
promise of this technology, which could change the global energy landscape.
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