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Abstract

This paper presents an overview of thermophotovoltaic (TPV) energy conversion using
low band gap semiconductor photovoltaic cells. Physics of PN junctions related to TPV cells is
described and the factors that affect overall cell efficiencies are outlined. Current status of bulk
and epitaxial growth of TPV materials and cell fabrication issues are also described.

Introduction

The use of PN junctions for the direct conversion of thermal radiation into electrical
power was suggested by Aigrain (1961). The first attempt to achieve thermophotovoltaic (TPV)
energy conversion was reported by Wedlock (1961, 1963) using Ge PN junctions, with an
efficiency of 4.2 % obtained at an input power density of 0.28 Watts/cm®. Recently there has
been renewed interest in TPV energy conversion because of advances in two different areas. One
advance is the development of high quality low band gap semiconductor alloys used in infrared
lasers and detectors, and as the lower band gap cell in tandem solar cells. The second advance
is the development of special ceramic radiation emitters which allows control of the spectral
characteristics of thermal radiation, thus enabling the use of larger band gap materials like silicon.

Figure 1 is a schematic diagram of a TPV energy conversion system, consisting of a
radiant heat source, a selective filter and a TPV cell which is a semiconductor PN junction. The
selective filter is used to reflect the radiation that cannot be absorbed by the TPV cell back to the
source to increase conversion efficiency. A review of each of the components of the TPV system
is outside the scope of this paper. Here, we briefly review energy conversion using TPV cells and
the materials and cell technology for TPV systems. '

TPV Energy Conversion using PN Junctions

A semiconductor PN junction converts radiation energy into electrical energy as illustrated
in Fig. 2. If photons with energy larger than the band gap energy E; illuminate the PN junction,
the main effect is the generation of hole-electron pairs. If these hole-electron pairs are generated
close to the depletion layer of the PN junction, they can diffuse to the edge of the depletion layer
where they are collected. The electric field of the depletion layer separates the collected hole-
electron pairs causing the electrons to go to the N-region and the holes to the P-region. The
separated electrons and holes can produce a voltage across the terminals of the PN junction and
an external current if there is an electrical connection across its terminals. This combination of
voltage and current provides electrical power to an external load. The maximum photocurrent
which the junction can provide to an external load is related to the number of photons with




energy above E; present in the radiation spectrum. If Nyy(€) represents the photon flux density
of photon energy, €; then the maximumn photocurrent density, (Jp,)uax IS given by:

edmax = ;GN op(€)de (1)

The maximum open circuit voltage that the junction is able to develop is equal to the contact or
diffusion potential, V|, across the depletion layer. It is usually assumed that the maximum value
of this contact potential is equal to E;/q. The maximum power output Py, ., that the PN junction
can provide is given by the product of the maximum photocurrent density, (Jp)uax. and the open
circuit voltage, E;/q. It is given by :

Py = EG.";GNPH(G)de (2)

The efficiency, 1, defined as the ratio of the power output density to the total power density of
the source radiation spectrum is given by the equation:

Egf ;GN pul€)de )
Jo€Np(€)de

A plot of the above equation assuming the source to be a black body at a temperature T, is
given by the lower curve (without filter) in Fig. 3. Notice that the maximum efficiency has a
value of 44% and is obtained when E; = 2.17kT;, where k is the Boltzmann's constant. So, if
the source temperature is 2000°K, then the optimum band gap is 0.37 eV. Another possible way
to define the efficiency is to use the power density of the radiant source spectrum which the cell
can absorb in the denominator of Eq. 3. Then, the expression for the efficiency becomes:

E.f ;GN pal€)dE @
(£ ENpyl€)de

The upper curve (Ideal Reflective Filter) of Fig. 3 corresponds to the above equation, with the
efficiency increasing as E increases. This indicates that in order to increase the efficiency of the
TPV cell, the energy below the band gap that cannot be absorbed by the cell needs to be reflected
from the cell and absorbed by the thermal radiator. This can be achieved by using IR spectral
filters. However, one cannot increase the efficiency without bound, because the overall power
density will decrease if most of the radiation is reflected back to the source.

The efficiencies calculated using Eqs. 3 and 4 are the maximums that can be achieved.
A practical cell will have losses which reduce the above values. One of the main losses is related
to the fact that the current-voltage characteristics of a PN junction under dark conditions is an
exponential law. For the case of a PN junction under illumination the J-V characteristics are
given by the relation:




J = JpytJ(exp qVInkT -1) (5)

Where J,,, is the cell photocurrent density produced by the photon spectrum of the radiation
source. V is the terminal voltage across the cell, J, is the saturation or dark current of the cell,
n is the diode ideality factor, and T is the cell temperature. The above equation assumes that there
is no series resistance associated with the cell. If the terminal voltage is zero, i.e., cell short
circuited, the cell current Jg. = -J,;. If the cell is open circuited, then V_ is given by:

J
V. = ”_kz(h,_";fi_n (6)
q J

0

The maximum power density, Py,x, that can be obtained from a PN junction cell having a
photocurrent, Jpy, is less than the product of the open circuit voltage times the photocurrent
density. Their ratio is called the Fill Factor (FF) of the cell :

P
FF = _MX ()
PH

Figure 4 is a plot of the Fill Factor as a function of the open circuit voltage and it shows that the
Fill Factor decreases as the open circuit voltage, V_, decreases. Another factor that reduces the
efficiency of the cell is the fact that the V_ is less than the band gap voltage, E;/q. Their ratio
is called the Voltage Factor, VF = qV_/E;. The last factor which reduces the efficiency further
is that not all of the hole-electron pairs generated by the absorbed photons are collected by the
PN junction, and do not produce photocurrent. The ratio of the photocurrent, Jpy, to the maximum
photcurrent density, (Jp)uax» i-€-» total number of photons with energy larger than the band gap,
is called the collection efficiency, .. The practical cell efficiency, Mgy, is related to the
efficiencies, 1, of Egs. 3 and 4 by:

Neg = VFFFn.m (8)

The above equation shows that the factors which degrade the efficiency of the cell from what can
be expected from Eqs. 3 and 4 are the Voltage Factor, the Fill Factor and the Collection
Efficiency. Solar cells made of Silicon and GaAs have Voltage Factors between 0.7 and 0.8. TPV
cells made of lower band gap materials are expected to have still lower Voltage Factors, close
to 0.6. Figure 4 shows that the Fill Factor for PN junctions having a low value of open circuit
voltage is around 0.6. The collection efficiency of typical solar cells is above 0.8, so assuming
this lower bound for TPV cells the product of the several factors in Eq. 8 is 0.6 x 0.6 x 0.8 =
0.29. This means that it is expected that the efficiency of TPV cells would be approximately 1/3
of the value which can be expected from the values given in Fig. 3.

The material parameters which directly affect the values of the Fill Factor, Voltage Factor




and Collection Efficiency are the optical absorption constant, ¢t; the intrinsic carrier concentration,
n, the lifetime, 1, and surface or interface recombination velocity, s. The saturation or dark
current density, J,, depends directly on T and s. For low band gap (0.5 eV to 0.6 ¢V) PN
junctions, J, is in the order of mA/cm’® because of the large value of the intrinsic concentration.
The collection efficiency depends upon ¢, T and s . In addition, it is necessary to have the length
of the TPV cell longer than the optical absorption depth (1/a) so that the photons with energy
above the band gap are absorbed in the TPV cell and produce hole-electron pairs. The absorption
constant of direct low band gap materials is of the order of 10 to 10° cm™ so the TPV cells have
to be between 5 to 10 pum thick. This should be compared to GaAs and InP solar cells which
usually are 1 to 2 pm thick.

TPV Materials and Epitaxial Growth

For specific thermal sources, the semiconductor with the appropriate band gap should be
chosen for optimum performance. For example, for a 1100°C black body source, a cell with a
band gap of 0.5 eV will provide the maximum power. However, for a source with a temperature
of 1900°C, a 0.7 eV cell will be optimum. Hence, ability to tailor the band gap of the cells to
meet the specific need should be considered while developing new materials technology. Two
material systems are under investigation at present at various laboratories. The first one is the
In Ga, ,As ternary material system whose band gap can be varied from 1.43 eV to 0.36 eV, by
varying the x value from O to I. The second one is a Ga,In, ,Sb system covering the range from
0.17eV to 0.73 eV. Figure 5 shows the relationship between the band gap and the lattice constant
for various III-V and II-VI compound semiconductors. In this section, we will review the status
of the growth of these two material systems and their suitability for TPV cell fabrication.

Growth of InGaAs is a mature technology since In,,Ga, ,;As/InP is used for emitters and
detectors in fiber optic communications. Ings;Gay,,As has a band gap of 0.74eV and is lattice
matched to InP so that high quality epitaxial layers can be grown on readily available InP
substrates. Moreover, the better understanding of the processing/etching technology makes
InGaAs a very attractive material for TPVs. Unfortunately, for TPV application, a slightly lower
band gap, in the 0.5 to 0.6 €V range is optimum so that standard materials currently being grown
for lasers and detectors cannot be used. Growth of In Ga, ,As on InP with x in the range from
0.68 to 0.79 is needed. Epitaxial growth of these materials with reduced band gap is difficult
because suitable lattice matched substrates are not available. So the price one has to pay for
optimizing the band gap is the increased dislocations due to the lattice mismatch. If grown on
InP, various dislocation reduction techniques have to be employed to reduce the dislocation
density in-the cell active area; so optimizing the band gap is not offset by the high density of
dislocations. Several groups have investigated this approach during the last two years and have
made substantial improvement in the quality of the lattice mismatched structures.

To illustrate the effect of lattice mismatch on the cell performance, Wojtczuk et al. (1995)
used metallorganic vapor phase epitaxy (MOVPE) growth to deposit InGaAs of different
composition (x from 0.53 to 0.79) directly on InP substrates. The compositions were chosen such
that the band gap ranged from 0.74 eV t0 0.5¢V, 0.74 eV being the lattice matched case. As the
band gap was decreased below about 0.6eV, the TPV cell open circuit voltage decreased
precipitously owing to the formation of high density of dislocations in the layer. It is clear from




this study that a graded buffer layer to relieve the lattice mismatch is required in order to get high
quality InGaAs cells of lower band gap. Sharps et al. (1995) used step-graded buffer layers to
reduce the effects of lattice mismatch of about 1%. A lattice matched Ing ,Ga, ,;As is first grown
on InP and then the x value is step-graded from 0.53 to 0.67 over a thickness of several microns
using as many as 5-6 layers. Finally, a p-on-n TPV cell structure is grown on this layer. This
method has produced TPV cells with improved open circuit voltages compared to the direct
growth of InGaAs on InP.

An alternative material we have been exploring is bulk and epitaxially grown GalnSb
(Milnes and Polyakov, 1993). GaInSb is preferable to InGaAs because one need not have to use
potentially dangerous arsine or phosphine gases to grow the epitaxial layers. Moreover, the GaSb
substrates should be less expensive in the long run compared to InP because the growth of bulk
GaSb is carried out at lower temperature and does not require high pressure furnaces. However,
there is limited amount of work carried out in this material system compared to that of InGaAs
system; hence, significant development in materials and processing has to be carried out before
comparable cells can be made.

At Rensselaer Polytechnic Institute (RPI), GalnSb layers were grown using MOVPE
technique in a horizontal low pressure reactor (Ehsani et al., 1996). Trimethylindium (TMI),
trimethylantimony (TMSb) and trimethylgallium (TMGa) were used as the precursors. Undoped,
n- type and p-type layers were grown by introducing proper dopant precursors. P-type layers
were grown using Si (silane as the precursor) and n-type layers were grown using Te
(diethyltellurium as the source). As in the case of InGaAs, no lattice matched substrates are
available for GalnSb growth. For a 0.55eV band gap cell, the x value in Ga,In, Sb should be
about 0.8 which corresponds to a lattice mismatch of about 1.1% with GaSb. Hence, it is
necessary to introduce step-graded layers to accommodate the lattice mismatch between the
epilayer and the substrate.

Figure 6 shows a typical GalnSb p-on-n TPV device structure grown on GaSb substrates.
Circular small area p-on-n devices with radii of 700 microns were fabricated by mesa etching.
The I-V curve of a typical GalnSb p-on-n diode is shown in Fig. 7. The device exhibits an
ideality factor of 1.2 and a saturation current density of 2 x 10”° A/em®. These results indicate
that use of GalnSb for TPV application is promising.

One drawback of the above GalnSb system is the unavailability of lattice matched
substrates. This problem can be overcome by growing quaternary compounds such as GalnAsSb.
By adding an appropriate amount of As into GalnSb, one can make the epilayer lattice match the
GaSb substrate, and at the same time have independent control of the band gap. However, it is
found that the growth of such a quaternary system is extremely difficult because of the widely
different vapor pressures of column V elements, namely Sb and As. Some success using
molecular beam epitaxy (MBE) (Choi et al., 1994) and liquid phase epitaxy (LPE) (Iyer et al.,
1993) has been achieved in growing GalnAsSb layers. Another solution for the lattice mismatch
problem is the growth of ternary bulk GalnSb wafers. In the next section the approach at
Rensselaer to grow bulk GalnSb is outlined.




Boule Growth of Semiconductors for TPV Applications

Single crystal boules of the III-V compounds are grown from the melt by slow plane-front
solidification. The most successful techniques are: (1) the crystal pulling by the Czochralski and
Kyropoulos processes (Hurle, 1994), and (2) directional solidification in crucibles by the Vertical
Bridgman (VB) process (Monberg, 1994). Growth of most of the III-V compounds, such as InP
or GaAs crystals is involved because of the high vapor pressure of phosphorus or arsenic over
the melt. To prevent the evaporation of the volatile elements, the surface of the melt is covered
by a layer of B,0; (molten glass).

GaSb single crystals can be grown without encapsulation, since the vapor pressure of the
melt at 710°C is ~3 x 10°® mmHg. The most comprehensive study of Czochralski growth and
characterization of GaSb was conducted at ATT Bell Laboratories (Sunder et al., 1986). The
Sb/Ga ratio in the melt was 1.001, to compensate for Sb evaporation during synthesis and growth.
A high purity hydrogen atmosphere was used to minimize formation of Ga,O; scum on the melt
surface, which presents a key problem during seeding and promotes twinning and disoriented
growth. The undoped crystals exhibited p-type conductivity of ~1 to 2 x 10'® cm”, most likely
due to vacancies or anti-site defects. Commercial wafers of GaSb are now readily available.

Bulk single crystals of III-V ternary compounds of interest for TPV (Ga,InSb
and Ga,,In As) are difficult to grow from the melt using the traditional methods. Melt growth
results in inhomogeneous crystals, because of the strong separation between the solidus and
liquidus lines in the pseudo-binary phase diagrams, which causes segregation between the
components.

Bonner et al. (1990) succeeded in growing ~3 cm diameter, substrate quality Ga,_In,As
single crystals by LEC. About 60 % of ~250 gm. melts were solidified into single crystals (0.02
< x < 0.12). Strong longitudinal variation in composition was reported. By using melt
replenishment in LEC, Kusunoki et al. (1993) grew Ga, In,As crystal having uniform
composition, x = 0.05. However, the crystal was quite small (diameter <l cm , length = 4.5 cm).
Garandet et al. (1990) grew Ga, In,Sb single crystals (0.01 < x < 0.1) using the VGF process.
Longitudinal variation in composition was reported in 1 cm diameter, 5 cm long crystals. By
using a variation of the Czochralski process (solute-feeding Czochralski), Tanaka et al. (1994)
succeeded in pulling homogeneous 1.5 cm diameter, 2 cm long single crystals.

At RPI, we are using the Submerged Heater Method (SHM) to grow GaSb and Ga,_In, Sb
by directional solidification Ostrogorsky et al. (1990, 1994). We expect the SHM to yield large
boules, having low dislocation density and high compositional homogeneity. The SHM is shown
schematically in Fig. 8 . The crucible and the submerged heater are made out of silica or PBN.
A multi-zone tubular furnace controls the axial radial heat flow. The melt is solidified by
lowering the crucible while the submerged heater and multi-zone furnace remain at a fixed
position. While the crucible is lowered, the large top melt provides a liquid feed of a constant
composition of C, to the small enclosed melt. The downward flow in the gap (between the
crucible wall and the submerged heater) prevents back diffusion. Because of the separation
between the feed material and the melt at the interface, the Submerged Heater Method may be
ideal for growth of ternary III-V alloys.




TPV Cell Fabrication Considerations

TPV cell fabrication considerations are similar to those in high-concentration solar cells
with a few exceptions. First, the spectral control requirements that are necessary for TPV can
be integrated within the cell to avoid module mounting complexity at the expense of increased
cell complexity and cost. In the short term, however, hybrid integration of the spectral control
filter and the cell will be flexible and cost effective. Second, fabrication issues for low band gap
cells have different junction constraints compared to wider band gap solar cells. In particular,
dark current leakage, both bulk junction and edge currents, is more significant and places a
lower bound on the band gap that is feasible. Finally, low ohmic contact specific resistance is
needed to reduce parasitic power loss in the TPV cell and at the same time it should minimize
the free carrier absorption of below band gap energy radiation.

The top-contact, patterned conducting grid is a similar constraint as with high
concentration ratio solar cells. In order to avoid excessive series resistance and to avoid
significant blockage of the IR photon flux, a thick metal pattern is needed. We have found that
a two-level resist exposure process leads to reliable lift-off patterning with evaporated
metallization. Both silver, more popular with high concentration ratio solar cells, and copper, a
metallization technology under active development for future integrated circuits and widely used
at the module level, have been successfully used for the ohmic contact. The ohmic contact
metallurgy used for many compound semiconductors contains silver as a top layer, so that
continued evaporation, sputtering, or electroplating of silver is usually employed.

Forming the active p-n junction is an important part of the TPV cell fabrication. With
epitaxially grown base layers using MOVPE, the junction is readily done during the growth
process with graded doping and alloy composition possible to optimize performance. If bulk
materials like GaSb or GalnSb wafers are used, diffused junction needs to be considered. A lower
cost fabrication process, will result with diffused junctions into appropriately doped substrates
such as GaSb or even GalnSb. However, diffused junctions need further research with these low
band gap materials. lon implantation for forming Junctlons appears more difficult than diffused
junctions with these materials.

It should be noted that spectral control needs can complicate normal device processing,
particularly with back-surface reflector (BSR) devices. Here, the free carrier absorption of below-
band gap radiation has to be minimized. However, the potential of surface texturing to maximize
photon coupling into the device and polycrystalline cells to achieve lower cost as done with
photovoltaic needs to be considered. The tradeoff of TPV cell cost, efficiency, and power density
is not straightforward; and further research and development is needed before first-order trade-
offs with any validity can be established.

Conclusions

Significant development has to be carried out in order to ascertain an ideal material system
for TPV generation of electricity. Research in TPV cells and in emitters (both black body and
selective) has to go together since overall system efficiency is interdependent. We have reviewed
several cell related issues and the materials used for TPV cells in this paper.
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