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Abstract
Silicon (Si) and germanium (Ge) are semiconducting materials, which are
industrially used for the large-scale production of various electronic devices.
Solar cells are commonly manufactured from Si. For thermophotovoltaics
(TPV) Si has the disadvantage of a high bandgap of 1.1 eV, which requires
the use of a spectrally matched selective emitter. Yb2O3 is widely used as an
emitter material to illuminate Si photocells. Si concentrator solar cells have
been investigated for TPV applications, because they have a high
performance at a typical illumination density of 1 W cm−2 in a TPV system.
Non-concentrator solar cells achieve lower efficiencies under TPV
conditions, but up to now they are more cost effective than concentrator
cells. A new Si photocell optimized for TPV has a front side textured with
rectangular grooves with vertically evaporated contact fingers and a rear
surface mirror to reflect sub-bandgap radiation back to the emitter.
Ge photocells have a bandgap of 0.66 eV and can effectively be
illuminated by a selective Er2O3 emitter. Their efficiencies are lower than
those of photocells from low bandgap III/V materials, such as GaSb. But,
due to low free carrier absorption in Ge, an effective rear surface mirror can
be formed. A reflectance of up to 82–87% for sub-bandgap radiation and a
cell efficiency of 13% for solar air mass 0 (AM0) radiation with a cut-off for
wavelengths smaller than 900 nm have been achieved with a Ge TPV cell.
SiGe photocells allow the variation of the bandgap as a function of the
Ge content. In principle, a SiGe photocell can be matched to a given
selective emitter spectrum. A first SiGe quantum dot solar cell has achieved
12% efficiency, but still suffers from a low open circuit voltage.
The first TPV systems working with Si photocells have been built. A
system efficiency of 2.4% can be achieved. The most promising application
of Si-based TPV is likely to be an electrically self-powered residential
heating system. For a self-powered operation, a TPV system efficiency of
1–2% is sufficient and Si photocells have the advantage of being
inexpensive.
(Some figures in this article are in colour only in the electronic version)

1. Introduction
Si and Ge are indirect semiconductors with bandgaps of
1.1 and 0.66 eV, respectively. The 1.1 eV bandgap of Si
is well placed for the illumination of Si photocells with
0268-1242/03/050221+07$30.00

sunlight. For a blackbody radiation source with T < 2000 K,
which is typical for thermophotovoltaics (TPV) emitters, the
maximum of the emission spectrum appears at photon energies
of <0.9 eV and the Si bandgap is too high for an efficient
conversion. On the other hand, monocrystalline Si solar cells
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are industrially manufactured on a large scale. They are
relatively cheap, especially when compared to low bandgap
III/V photocells. Because of the long-term optimized Si
technology, the efficiency of the best cells is close to the
theoretical limit. Therefore, several efforts have been made
to use Si photocells for TPV and to develop technologies
to achieve sufficiently high system efficiencies, despite the
relatively large Si bandgap.
Ge has a bandgap of 0.66 eV, which is matched well to
the spectra of emission sources with temperatures at 1500–
2000 K. At the start of photovoltaics, Ge solar cells were
produced, but because of their low open circuit voltage and
efficiency they were replaced by Si shortly after. Now, Ge
photocells are used for tandem and triple cell applications.
Therefore, the cell technology is well developed. Ge is more
expensive than Si by about a factor of 4 to 5, but it is much
cheaper than III/V low bandgap materials.
SiGe is a promising material to match the bandgap to a
given emitter spectrum by varying the Ge content of the alloy.
SiGe photocells can either be produced from SiGe wafers or
from thin, epitaxially grown structures on Si substrates. For
thin epitaxial layers, the problem of weak absorption occurs.
Nevertheless, some efforts have been made to use quantum
well or quantum dot structures as optically active regions in
SiGe photocells.

2. Radiation emitter
The main difficulty for TPV is the spectral match of the
emitter radiation with the spectral sensitivity of the photocells.
The temperature of the emitter is typically limited to below
1800 K to restrict the emission of NOx for many applications.
Therefore, the emission spectrum of a continuous radiator is
shifted to lower photon energies compared to solar irradiation.
A blackbody emitter with T = 1800 K emits only 6% of its
radiation power at photon energies above 1.1 eV. For the use
of Si photocells with a bandgap of 1.1 eV, a selective emitter
with strongly reduced infrared emission is very important for
achieving high efficiencies.
Bitnar et al [1] have described the development of rareearth selective emitters, which have emission spectra matched
to the bandgap of Si and Ge photocells. The Yb2O3 and Er2O3
emitters radiate 20% and 33% of their total radiation power at
photon energies above the Si and Ge bandgaps, respectively.
An estimation using a modelled Si photocell and the Yb2O3
emitter spectrum gives a system efficiency of about 2% for a
TPV system without filter and recuperator [1].

3. Silicon photocells
Si is still the primarily used material for the production of
solar cells. Monocrystalline Si photocells are used for the
fabrication of highly efficient solar cell modules. Therefore,
these cells are available in large quantities and are relatively
cheap. Si is non-toxic and, therefore, Si cells can be placed
close to a 1800 K hot emitter without the risk of the emission
of toxic gases in the case of a system malfunction. The
disadvantage of the high Si bandgap of 1.1 eV can effectively
be circumvented by illuminating the cells with a selective
emitter. Yb2O3 is the primarily applied selective emitter
material for the illumination of Si photocells.
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There are several requirements for Si photocells for Yb2O3
irradiation [2]:
• The selective emission peak has its maximum at 1.27 eV
and a tail up to 1.05 eV (see [1]). For an efficient
conversion, the external quantum efficiency of the cells
between 1.5 and 1.1 eV should be as high as possible.
• This needs a minimized external reflectance in this photon
energy range.
• The bulk as well as the back surface recombination should
be minimized.
• Typically, the emitter radiation density is concentrated
by at least a factor of 5 compared to solar irradiation.
The series resistance of the cells has to be small
enough to reach a sufficiently high fill factor under these
concentrating conditions.
Several authors have investigated the use of Si photocells
in a TPV system. In [3] monocrystalline solar cells from
SunPower with 20.5% solar irradiation efficiency were used
to built a module for a TPV cogenerating heating system. The
cells were illuminated with an Yb2O3 emitter coated on to the
burner. The system produced about 190 W electricity with a
system efficiency of 0.76%. Concentrator Si solar cells from
SunPower were used in [4] for the development of a portable
TPV power supply. In this system, a high temperature of
2000 K of the Yb2O3 fibre emitter was achieved using a
recuperator. A system efficiency of 1.6%, with 90 W generated
electrical power at an illumination density of 2.7 W cm−2, was
achieved.
An approach using relatively inexpensive solar cells in a
simply designed small TPV system with an Yb2O3 emitter is
reported in [2, 5]. The monocrystalline solar cells from ASE
have an efficiency of 16% under solar irradiation. The external
quantum efficiency is about 0.9 at the maximum of the Yb2O3
emission peak. Eight cells with a total area of 380 cm2 were
used. The radiation of an Yb2O3 incandescent mantle emitter
passes a water filter, which absorbs the unconvertible infrared
radiation, so that there is no need for a water-cooling circuit
for the cells. This system produced 21 W electrical power.
An improved system is presented in [6], which achieved 48 W
electrical power corresponding to a system efficiency of 2.4%
using Si solar cells from the University of New South Wales
with 21% solar irradiation efficiency. The technology of the
prototype was scaled up to a demonstration system using the
16% efficient solar cells from ASE to study the feasibility of
an electrically self-powered residential heating system. This
demonstrator achieved 164 W electrical power with a system
efficiency of 0.82%.
The development of a Si MIS photocell specified for
TPV applications is described in [7]. This TPV cell has a
rear contact reflector, which reflects sub-bandgap radiation,
for which the cell is transparent, back to the emitter. This
approach enhances the system efficiency without the need for
a filter. The high reflectance of about 93% for sub-bandgap
radiation was obtained by a SiO2 passivated rear side and an
evaporated aluminium mirror with point contacts. The front
side was textured with rectangular grooves, in which vertical
grid fingers were evaporated. To reduce free carrier absorption
in the emitter, the doping was limited to the region under the
grid fingers and to a sheet resistivity of 50 /square. A series
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resistance of only 0.15  cm2 was measured. The cell achieved
a current density of 1 A cm−2 under concentrated light and a
fill factor of about 62%. Unfortunately, no experiments of this
special Si photocell in a TPV system have been published.
A second Si TPV cell is mentioned in [8]. In this work,
however, the authors focused on the investigation of a heat
coupling substrate for this cell. As an optimum solution,
a direct bonded copper on aluminium oxide substrate is
suggested.
Because Si solar cells are commercially available, their
use for TPV offers a possible market launch of TPV in the
short term. Nelson [9] has presented a propane-fired torchlight,
which uses an Yb2O3 emitter as a visible light source. A
TPV top piece for the torch using Si solar cells produced
a few watts of electricity to be used for various low-power
applications. Recently published steps towards an electrically
self-powered residential heating system are given in [10]. A
flexible photocell module was developed by laminating small
stripes of crystalline Si solar cells between aluminium and
ethylvinylacetate (EVA) foil. This module allows a good
heat coupling to the substrate and can easily be bent into a
cylindrical shape for mounting it into a residential furnace
housing. The electricity cost from a projected system using
this new module and an Yb2O3 mantle emitter were calculated
in [11] to be 0.19 Euro kWh−1. The cost perspective of an
improved system is only 0.06 Euro kWh−1.
In conclusion, Si photocells for TPV applications have
only been studied marginally up to now. The highest reported
system efficiency is 2.4%, but this system was kept quite
simple without the use of a recuperator or a filter [6]. High
efficiency solar cells, which were not specially adapted for
TPV, were used. The development of special Si photocells for
TPV has started, but up to now no systems have been presented
using these cells. Probably the most interesting applications
for Si-cell-based TPV are electrically autonomous gas heating
systems. A system efficiency of about 1% is sufficient for
this application and the Si solar cells promise a sufficient cost
effectiveness.

4. Germanium photocells
The bandgap of Ge of 0.66 eV is located close to the
radiation maximum of a blackbody with a temperature of
1600 K. Therefore, Ge seems suitable to convert the radiation
of a broadband TPV emitter with a temperature below
1800 K. Furthermore, Er2O3 is a selective emitting material
matched well with the bandgap of Ge [1]. The convertible
radiation power is about a factor of 2 higher for the
Er2O3 emitter/Ge photocell combination compared to Yb2O3
emitter/Si photocell (see [1]).
Ge photocells have been intensively investigated for their
use as infrared sensitive bottom cells in tandem or triple
junction solar cells [12]. Venkatasubramanian et al [13] have
reported an efficiency of 6.4% under solar AM0 irradiation
of epitaxially grown Ge single junction solar cells. For the
fabrication of tandem cells, Ge has the two advantages that
GaAs can be grown epitaxially on Ge substrates without lattice
mismatch and the bandgaps of Ge and GaAs allow a good
current match to the AM0 spectrum for space applications
[14].

Single junction Ge photocells were proposed for TPV
applications at the beginning of the TPV development [15].
For a Ge photocell, Kittl et al [16] have reported an efficiency
of 6.7% for Er2O3 emission with an incident radiation density
of 22 W cm−2. Recent developments of Ge TPV photocells
have been published in [12, 17–19]. The emitter was Zndiffused to form the pn-junction in an n-doped Ge substrate
[18]. These cells reached a high external quantum efficiency
of 0.9–0.95 up to 1500 nm wavelength [17, 18]. The front
side was passivated with a 0.1 µm thin GaAs layer, which
was grown by liquid phase epitaxy [17]. To obtain a spectral
match between the emitter and photocell in a TPV system, a
rear surface mirror was developed for the Ge cell. The mirror
consists of an Au or Ag layer forming point contacts through
an MgF2 film on the rear surface of the cells. A reflectance
of 82–87% for sub-bandgap radiation was measured [12, 17].
The cells achieved an efficiency of 13% under AM0 irradiation
with a cut-off for wavelengths shorter than 900 nm [19].
Andreev [12] calculated an efficiency of 16% for these cells
by blackbody illumination with a cut-off for wavelength larger
than 1820 nm. The efficiency is lower than that of GaSb
photocells with a bandgap of 0.72 eV, but due to a lower free
carrier absorption in the Ge, the reflectance for sub-bandgap
radiation is higher for Ge cells than for GaSb cells [18]. Thus,
the spectral match with a rear surface reflector in a TPV system
is more effective when Ge photocells are used.
Another benefit of Ge cells compared to low bandgap
III/V materials, such as GaSb, is their lower cost. Ge TPV
cells are made on substrates, which are cheaper than GaSb by
a factor of 6 to 7 [20]. In [20, 21] Ge cells were manufactured
without the GaSb passivating front side, but their external
quantum efficiency and open circuit voltage are lower than
those of direct bandgap III/V cells with a comparable bandgap.
Furthermore, the temperature coefficient of Ge cells is higher
than that of GaSb or InGaAsSb [20, 21], which results in a
stronger reduction of open circuit voltage and fill factor with
increasing cell temperature.
Optical grade polycrystalline Ge, which is comparable
in cost with monocrystalline Si, was used in [22, 23] as an
epitaxy substrate for the growth of GaAs photocells. Cell
efficiencies of 19% for a 4 cm2 cell and 21% for a 0.25 cm2
cell were achieved under AM1.5 spectrum [23]. The use of
this material as an electrically active base has not yet been
investigated.

5. Si/Ge photocells
SiGe alloys allow a change of the bandgap by varying the Ge
content. For a perfect spectral match of a photocell to a given
TPV emitter, SiGe seems to be a promising material. Due
to the higher mobility of electrons in SiGe compared to pure
Si, SiGe structures are applied for high-frequency devices in
large-scale production. So, various epitaxial techniques for
the fabrication of SiGe devices are widely available. Only
a few recently published works have investigated SiGe as a
photocell material.
In [13], a Si0.07Ge0.93 cell was epitaxially grown on to
a Ge substrate. This cell was developed as a bottom cell
for a tandem space solar cell, with a bandgap that is located
at the optimum photon energy to convert the AM0 radiation
S223
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Figure 1. SiGe layers embedded between Si spacers. The
Si0.75Ge0.25 wells have a thickness of 3 nm.

spectrum. This cell achieved only a lower efficiency and open
circuit voltage compared to a Ge reference, probably due to
defects at the Ge/SiGe interface.
Raue et al [24] have described the fabrication of crystalline
SiGe photocells. Polycrystalline SiGe ingots were grown.
These were cut into wafers and the pn-junction was formed
by P-diffusion. The short circuit current of the SiGe cells was
slightly increased compared to a Si reference, but the open
circuit voltage was reduced by about 150 mV. The carrier
diffusion length in the SiGe substrates was drastically smaller
than in Si wafers.
Said et al [25] have investigated the implementation of a
10 µm thick Si0.9Ge0.1 layer, grown by liquid phase epitaxy
(LPE) and chemical vapour deposition (CVD), in the base
of a Si photocell. Due to the lattice mismatch between Si
and SiGe, the SiGe relaxes and forms misfit dislocations. An
attempt was made to bind these misfit dislocations in a highly
doped SiGe buffer layer. A maximum cell efficiency of 11.3%
was achieved with an increase of 2 mA cm−2 in short circuit
current compared to Si. However, the open circuit voltage of
the SiGe cell was below 560 mV.
Thick SiGe layers can be grown epitaxially on a virtual
substrate on Si [26]. A virtual substrate consists of a SiGe
layer with linearly grading Ge concentration forming a strainrelaxed substrate for the pseudomorphic growth of SiGe
structures. Virtual SiGe substrates have been investigated for
the development of fast field-effect transistors but, so far, there
have been no reports of SiGe photocells grown on to virtual
substrates.
Another way to avoid dislocations in SiGe layers grown on
to Si is the growth of strained layers with thickness lower than
the critical layer thickness [27]. In this way, stacks of thin SiGe
layers embedded between Si spacers can be grown epitaxially.
In [28] such stacks with a layer thickness of 3–5 nm and various
Ge contents were grown using an ultra-high vacuum (UHV)
CVD technique. Figure 1 shows a typical structure. It can
be shown that, by increasing the layer thickness slightly above
the critical thickness, the strain due to the different lattice
constants in Si and SiGe results in a wave-like shape of the
layers without forming dislocations.
The total thickness of such SiGe stacks is typically much
below 1 µm depending on the Ge content. The absorption
S224

of light with photon energy close to the bandgap in such
thin layers of indirect semiconductors is too weak to be used
for electricity conversion in photocells. To investigate the
influence of quantum confinement effects on the absorption
coefficient in thin SiGe layers, Palfinger et al [29] measured
the transmittance spectra of SiGe quantum well structures.
They found a strong increased absorption coefficient in
SiGe quantum wells compared to Si, but no evidence of an
additional increase in absorption due to spatial confinement
was observed. The absorption coefficient below the Si bandgap
at 1.05 eV seems to be about one order of magnitude too low
to extend the quantum efficiency of Si photocells to lower
photon energies for TPV applications by using SiGe quantum
well structures.
A higher degree of spatial confinement is expected in
Ge quantum dots. When Ge is grown on to Si thicker than
the critical thickness, Ge forms islands on the Si surface.
These islands can be overgrown with Si to produce a stack
with island layers embedded into Si. In [30] molecular beam
epitaxy (MBE) was used to grow Ge quantum dot stacks for
use in infrared sensitive photocells. To obtain dots with a high
density of 1.8 × 1011 cm−2, their segregation and mobility
during growth was suppressed due to an initial deposition
of one monolayer of Sb. By incorporating this quantum
dot structure into the space-charge region of a pn-photocell,
the first Ge quantum dot solar cell was fabricated [30, 31].
This cell achieved a small increase in short circuit current
of less than 1 mA cm−2 compared to Si and the onset in
photocurrent was shifted from 1.18 eV for Si to 1.10 eV due
to the Ge dots. But the cell suffers from a decrease in the
open circuit voltage of about 90 mV and a loss in fill factor.
A comparison of photoluminescence (PL) with photocurrent
(PC) measurements shows an energy difference between the
PL and the PC peak of about 90 meV [31]. This indicates that
the ground state in the quantum dots does not contribute to
the current of the cell. The open circuit voltage, on the other
hand, is determined by the ground state energy. Therefore, the
efficiency of the SiGe cell is only 12% compared to that of Si
(15.5%) [31].
The approach of using nanostructures in TPV photocells
is more advanced for III/V materials than for SiGe. Abott
et al [32] have presented a photocell structure containing
strain-compensated InGaAs quantum wells with 62% and 47%
In concentrations, which can be grown without the creation of
dislocations on an InP substrate. With these cells, the quantum
efficiency can be extended to 1800 nm compared to 1650 nm,
which was achieved for lattice-matched bulk InGaAs. This
matches the bandgap of the quantum well cell to the radiation
spectrum of a selective thulia emitter.

6. TPV systems
Considering the large-scale availability of Si photocells,
surprisingly, most of the TPV systems built to date are based
on GaSb photocells.
A portable TPV electricity generator using an Yb2O3
emitter and Si photocells has been described in [4]. The system
efficiency is enhanced by a recuperator achieving a very high
emitter temperature of more than 2000 K. No measurements
of the NOx emission have been published. Electrical output
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So far, the efficiency of Ge photocells has been too low,
so that no investigations on Ge-cell-based TPV systems have
been published. SiGe photocells are still in the early research
stage.

7. Conclusion

Figure 2. TPV demonstration system. Light from the central Yb2O3
emitter is reflected in a surrounding quartz tube. The Si photocells
are glued on to water-cooled metal blocks.

power of 90 W corresponding to 1.6% system efficiency has
been measured.
Probably the most promising application for TPV with Si
photocells is their use in residential heating systems. When the
TPV system is used for an electrically self-powered operation
of the heater, a high system efficiency is not necessary. More
important are the low costs of the TPV cells and the use
of harmless materials to provide high security in case of a
system malfunction; when the cells are strongly heated by
the combustion flame, no toxic gases are emitted. Both
requirements are fulfilled by Si photocells.
In [33] a gas-fired room heater with a TPV system
working with Si photocells was proposed. Kushch et al
[3] have described the practical realization of a Si TPV
powered heater/hot-water boiler. The system includes the
complete heater unit with burner/emitter, concentrator Si
photocells, heat exchanger, cooling system, boiler, ignition
system and electronics. The operation can be successfully
demonstrated producing nearly 200 W electrical power with
a system efficiency of about 0.8%. Another approach for
a TPV residential heating system has been shown in [10].
This system was kept as simple as possible and was achieved
by using solar cells with an AM1.5 efficiency of 16%, and
164 W electrical power corresponding to a system efficiency
of 0.8%. The first steps towards the incorporation of this
system into a residential gas-fired heating system are given in
[6]. A photograph of this system during burning is shown in
figure 2.
A small-scale Si TPV system, which consists of a gasfired torch with an Yb2O3 emitter and a small Si photocell
module that can be pinned on top of it, is described in [9].
This tiny TPV generator produced 3–5 W electrical power.
Small prototype systems with Si photocells are described
in [34, 35]. These prototypes operate with a portable butane
burner and achieve up to 2.4% system efficiency working
without a filter or a recuperator. Simulations show that with a
perfect filter the system efficiency can be enhanced up to 6.9%
and with a recuperator up to 7.6% at 1300 K temperature of
the gas/air mixture [6].

Si solar cells are commercially available and it can be
successfully demonstrated that they are suitable for TPV
applications, when a system efficiency of 1–2% is sufficient
[10, 11, 34, 35]. For this, the most promising application
is an electrically self-powered residential heating system.
The crucial requirements for the TPV generator are costeffectiveness and compatibility with commercial heating
boiler technology, whereas the design of the TPV system can
be kept quite simple. Si photocells probably are optimally
suited for these systems. Currently, the first TPV residential
gas heating systems working with Si photocells are being built
and tested. They have the potential to be the first widespread
commercial TPV product.
The development of Si photocells optimized for TPV
applications is in an early stage. These cells may help to
increase the system efficiency of TPV heating systems in the
future.
Whether Ge photocells will ever be applied in TPV
systems remains doubtful. Their efficiency remains lower
compared to low bandgap III/V materials such as GaSb.
Today, Ge cells are cheaper than GaSb cells by a factor of
6 to 7, but this difference may change when GaSb cells are
manufactured on a larger scale.
SiGe photocells, in particular cells with SiGe
nanostructures such as quantum wells and quantum dots, are
the object of intensive research. At present, we cannot predict
whether these structures can be applied for TPV cells as well
as for solar cells in the future.
Finally, it should be pointed out that the radiation
power density of an Yb2O3 emitter for illuminating Si TPV
cells is limited, because of a maximum technically relevant
temperature of about 1800 K. The main reason for this
temperature limit is the emission of NOx from a gas/air
combustion, which increases with combustion temperature.
Law regulates the maximum permissible NOx emission. If
either cheap NOx reduction methods become available or solar
H2/O2 are used as combustion fuels, the emitter temperature
will no longer be limited on that score. For an emitter
temperature between 2500 and 3000 K, the radiation power
density of an Yb2O3 emitter reaches its maximum value
increasing the benefit of using Si photocells for TPV. A limiting
factor is certainly the thermal stability of critical components,
but because of the high melting point of Yb2O3 of 2708 K, in
principle, this temperature range can be achieved. In an almost
perfect system with a system efficiency close to the photocell
efficiency, the H2/O2–Si–TPV may compete with fuel cells in
the distant future.
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