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Abstract. GaSb thermophotovoltaic (TPV) cells are the most suitable choice for modern TPV
generators, both in terms of efficiency and simplicity of the diffusion technology used. Actually,
TPV generators based on GaSb solar cells are the only ones available on the market. However,
TPV cells with band gaps (E;) lower than GaSb are expected to be advantageous for low-
temperature (< 1000°C) non-wavelength-selective TPV radiators because they provide more ef-
fective absorption of the blackbody infrared radiation. In this work, together with GaSb (Eg =
0.72 eV), semiconductors with a lower E; - Ge (E; = 0.66 eV), InGaSb (E, = 0.60 eV), In-
GaAsSb (E; = 0.55 V) and InAsSbP (E; = 0.39 eV) - were studied for TPV cells. InGaAsSb
cells seem to be the most promising candidate to replace GaSb cells in the low-temperature TPV
generators.

INTRODUCTION

A simple and economic “no-epitaxy” technology of GaSb TPV cells using Zn dif-
fusion from the vapor phase has proven to be suitable for production. Currently, only
TPV generators based on GaSb solar cells are available on the market [1].

Nevertheless, materials with band gaps lower than GaSb are desirable for low-
temperature (< 1000°C) non-wavelength-selective TPV radiators. Therefore, in this
work, together with GaSb (Eg = 0.72 eV), semiconductors with a lower Eg - Ge (E; =
0.66 V), InGaSb (E, = 0.60 V), InGaAsSb (Eg = 0.55 ¢V) and InAsSbP (Eg=039
eV) - are studied for TPV cells.

To form pn-junctions in I1I-V materials, we used the most simple and productive
method — low-temperature (from 340°C for InAsSbP to 480°C for GaSb) pseudo-
closed-box Zn diffusion from the vapor phase. One-layer n-type epitaxial structures
were grown by liquid phase epitaxy prior to the Zn diffusion only in the case of In-
GaAsSb and InAsSbP.

Further ways to simplify the technology of 11I-V TPV cells and reduce their price
include using polycrystalline substrates and/or ternary substrates such as InGaSb. In
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this work, a first attempt to fabricate an InGaSb TPV cell from a polycrystalline boule
material was made.

It was determined that a careful optimization of the Zn diffusion profiles in TPV
cells leads to a significant improvement of device performance [2,3]. The formation
of strong built-in electrical fields near the emitter surface provides a dramatic de-
crease in the surface recombination losses. Thus high-efficiency TPV cells can be fab-
ricated without any passivating window.

The main obstacle to the large-scale application of III-V TPV cells is the high cost
of III-V substrates (including polycrystalline). Ge TPV cells made on substrates that
are 6-7 times less expensive than those of GaSb, can be a cost-effective alternative to
II-V cells. In this work, Ge cells were fabricated using diffusion of P into p-type sub-
strates.

EXPERIMENTAL

TPV cells based on single crystal GaSbh, InGaAsSb, InAsSbP and Ge, as well as on
polycrystalline GaSb and InGaSb structures fabricated at Fraunhofer ISE, AstroPower
and RPI were tested at Fraunhofer ISE and JPL.

A schematic of a TPV cell with a diffused emitter investigated in this work is pre-
sented in Figure 1. Description of the cell parts is given in Table 1.
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FIGURE 1. Scheme of TPV cells with a diffused emitter investigated in this work. Description of the
cell parts is given in the Table 1. Numbers refer to column 1 of Table 1. Different contact grid designs
used in this work are described in [4].

TABLE 1. Materials used for different parts of the studied TPV cells.

Part of the cell GaSb-cell InGaSb-cell | InGaAsSb-cell | InAsSbP-cell Ge-cell
1. Substrate n-GaSb n-InGaSb n-GaSb n-InAs p-Ge
single and polycrystal- single crystal single crystal | single crystal
polycrystalline line
2. Epitaxial base none none n-InGaAsSb n-InAsSbP none
3. Diffused emitter p-GaSb p-InGaSb p-InGaAsSb p-InAsSbP n-Ge
4. Front side contact Ti/Ni/Au Ni/Au-Ge
5. Backside contact Au-Ge Ti/Pd/Ag
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Details of the Zn diffusion process applied for I1I-V cells are published in Ref. [5].
Liquid phase epitaxy is used to grow base n-InGaAsSb or n-InAsSbP layers. Details
of the epitaxial growth are described elsewhere [6].

Diffused n-type emitters in p-Ge (p = 3-5x10"" cm™) substrates are formed through
diffusion of phosphorus. Two different methods of phosphorus diffusion are used: (i)
diffusion during the MOCVD growth of InGaP on Ge, and (ii) diffusion from phos-
phorus spin-on dopants. In the case of method (i) the epitaxial InGaP layer is selec-
tively removed from the Ge substrate after the diffusion. Method (i) in comparison
with method (ii) seems to be too complicated. However, InGaP/Ge structures may be
available as a sub-product of multi-junction solar cell fabrication.

Carrier concentration in Ge was measured by electrochemical CV profiling. Figure
2 shows the carrier concentration profile of a Ge cell that exhibited the best device
parameters in this work (see below).
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FIGURE 2. Carrier concentration profile in the Ge cell considered in this work. The profile is meas-
ured by electrochemical CV-profiling.

RESULTS AND DISCUSSION

Figure 3 shows the external quantum efficiency (EQE) spectra of a typical GaSb
TPV cell together with other single crystal and polycrystalline TPV cells studied in
this work.

The larger the long wavelength sensitivity of the TPV cell, the lower can be the ra-
diator temperature. Hence if one considers only the photosensitivity range, InAsSbP
cells with their sensitivity up to 3500 nm look to be the most promising for the low-
temperature TPV generators. However, decrease of the bandgap inevitably causes re-
duction of the generated voltage. Thus, a trade-off between the increasing current and
falling voltage must be found. Regarding the InAsSbP cells, problems with achieving
sufficient voltage and FF impede their application. The open-circuit voltage (Vec)
achieved in these cells has been limited to about 0.1 V both in the cells with epitaxial
[7] and diffusion emitters (this work).
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FIGURE 3. External quantum efficiency spectrum of the TPV cells (long wavelength part) measured
in this work. Antireflection coating (anodic oxide) was applied only to the GaSb cell. Shadowing losses
caused by the contact grid were within 15-20%. The spectrum of the JPL IR bandpass filtered large
area pulsed solar simulator (LAPSS) irradiance (solid line, right axis) is shown for comparison.

Thus, the ratio between V. and the potential difference at the pn-junction in the
used InAsSbP (E, = 0.39 V) is only 0.25. It is noteworthy that nearly the same low
voltages (0.12 V) were observed in polycrystalline InGaSb cells, where the above
mentioned ratio was even lower: 0.20. For comparison, this ratio equals 0.5 - 0.6 in
GaSb and InGaAsSb. One can assume that it is the surface leakage that prevents ob-
taining a Vo of around 0.2 V in InAsSbP. In the case of the polycrystalline InGaSb,
both the surface and the bulk can cause the reduced voltage.

Let us now consider the InGaAsSb cell that has the next longest wavelength re-
sponse up to 2250 nm (Fig. 3). In contrast to the InAsSbP cell, relatively high voltages
were achieved in such a cell using an optimized diffused emitter [2]. Thus as shown
below, InGaAsSb is a very promising candidate to replace GaSb in the low-
temperature TPV applications.

Device parameters of GaSb, InGaAsSb and Ge TPV cells were measured under dif-
ferent illumination conditions including the JPL IR bandpass filtered large area pulsed
solar simulator (LAPSS). The spectrum of the filtered LAPSS irradiance is shown in
Figures 3 and 6. Output electric power densities of the measured devices is shown in
Figure 4. The InGaAsSb cell demonstrated a superior performance under the LAPSS
illumination. Ge cells showed the worst EQE (Fig. 3) and thus the lowest current. The
voltage of Ge cells was relatively poor as well (Fig. 5) - lower than of the InGaAsSb
ones despite the higher bandgap of Ge.

Concerning the LAPSS measurements one should note the following. It is clear
from Figure 6, that even the blackbody spectrum (T = 1610 K, 3206-fold attenuated)
that is the closest to the LAPSS spectrum does not match it very closely. That is the
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reason why additional calculations of the output power were performed for different
blackbody spectra.
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FIGURE 4. Output power density of Ge, GaSb and InGaAsSb TPV cells measured with the JPL
LAPSS at different incident power densities at a cell temperature of 30°C.

Experimentally determined [V-characteristics and EQE-spectra allow an accurate
calculation of TPV cell performance for any blackbody illumination at any tempera-
ture. Figure 7 shows the calculated output power of GaSb and InGaAsSb TPV cells
as a function of the blackbody temperature. Taking into account optical losses in a
TPV system, we assumed that the blackbody illumination of the cell is "scaled" (its
intensity at all wavelengths is proportionally reduced). The scaling factor was as-
sumed to-be 0.6. Figure 7 shows that the low bandgap InGaAsSb TPV cells are advan-
tageous for low radiator temperatures if no filters or selective emitters are used. For
example, at T = 973K the output power of the InGaAsSh cell is 1.6 times higher than
that of the GaSb one.
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FIGURE 5. Open-circuit voltage of Ge, InGaAsSb and GaSb TPV cells vs. short-circuit current at
25°C.
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FIGURE 6. Comparison of the JPL LAPSS spectrum with the closest fit attenuated blackbody 1610 K
spectrum.
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FIGURE 7. Calculated output power density of GaSb and InGaAsSb TPV cells as a function of black-
body temperature for the blackbody spectra with a scaling factor of 0.6. The calculations are performed
for a cell temperature of 25°C and are based on measured device parameters (EQE, V., FF). The ratio
between the output power generated in the InGaAsSb and GaSh cells is shown on the right axis.

It is commonly believed that TPV cells operate at elevated temperatures. In this
work, we determined temperature coefficients (TC) of short-circuit current (Isc), Voo,
FF of GaSb, InGaAsSb and Ge cells using the JPL LAPSS. As the bandgap of semi-
conductors decreases with temperature, the spectral range of the photosensitivity wid-
ens into the long wavelength part. It is the prime reason why the TC of I is usually
positive. However, the exact value of the TC of Isc is dependent on illumination spec-
trum and thus can be used only for the relative and not absolute cell comparison. TCs
of Vo and FF are not spectrum dependent and can be compared with the results of
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other authors. Table 2 shows the absolute and relative temperature coefficients of Vi
and FF at different LAPSS illumination.

TABLE 2. Absolute and relative temperature coefficients of V,. and FF at different LAPSS il-
lumination.

ncident power
ensity | Pioc=1021 mW/em? | Py =3037 mW/em® | Py = 6029 mW/cm®
Cell material

Open-circuit voltage (Vo)

| TnGaAsSb -1.525mV/°C ~1.496 mV/°C - 1.465 mV/°C
- 0.49 %/°C - 0.43 %/°C 0.40 %/°C

- 0.00079 /°C - 0.00108 /°C -0.00128 °C
0.13 % /°C -0.17 %/°C - 0.19 %/°C
- 0.002

L

The lowest absolute and relative TCs of Vo were determined at Py =6 Wiem?’: -
1.465 mV/°C (in InGaAsSb-cells) and -0.33 % /°C (in GaSb-cells), respectively. The
lowest absolute and relative TCs of FF were measured in InGaAsSb-cells at P; = 1
W/em?: -0.00079 /°C and 0.13 %/°C, respectively. TCs of V and FF in Ge-cells were
essentially worse.

CONCLUSIONS

Device parameters of GaSb-, InGaAsSb-, InGaSb-, InAsSbP- and Ge- TPV cells
were compared. GaSb- and InGaAsSb- based TPV cells showed the best performance.

Compared to GaSb, InGaAsSb cells demonstrated better parameters when meas-
ured under the JPL LAPSS or calculated on the basis of experimental results. The ad-
vantage of InGaAsSb cells is especially large if low-temperature blackbody radiators
without filters are used.

Although Ge TPV cells exhibit lower efficiencies and worse temperature charac-
teristics than GaSb and InGaAsSb ones, the relatively low cost of Ge may still make ;
TPV Ge cells attractive.

Polycrystalline InGaSb- and single crystal InAsSbP-based cells demonstrated high
photocurrent. However, their voltage and FF need to be improved. '
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