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ABSTRACT 

A novel implementation for GaInAsSb/AlGaAsSb/GrtSb TPV cells with an internal 

back-surface reflector (l3SR) formed by wafer bonding to GaAs is demonstrated. The 

SiOx/Ti/Au internal BSR enhances optical absorption within the device, while the 

dielectric layer provides electrical isolation. This configuration has the potential to 

improve TPV device performance; is compatible with monolithic series-interconnection of 

TPV cells for building voltage; and can mitigate the requirements of filters used for fiont- 

surface spectral control. At a short-circuit density of 0.4 A/cm2, the open-circuit voltage 

of a single TPV cell is 0.2 V, compared to 0.37 and 1.8 V for 2- and IO-junction series- 

interconnected TPV cells, respectively. 

*This work was sponsored by the Department of Energy under AF Contract No. F19628-00-C-0002. The 
opinions, interpretations, conclusions and recommendations are those of the author and are not necessarily 
endorsed by the United States Government, 



GaInAsSb-based thermophotovoltaic (TPV) devices are being developed for high- 

eficiency TPV systems that generate electricity from thermal radiation. '#* The GaSb- 

based LII-V semiconductor alloys are attractive for TPV devices since the bandgap of the 

active layer can be independently adjusted over a wide energy range (0.28 to 0.72 eV) 

while maintaining lattice-matching to the GaSb substrate. Consequently, the bandgap of 

the TPV cell can be optimized for a given thermal radiator temperat~re.~ Alternative 

materials based on lattice-mismatched InGaAs/InP are also being studied, and advanced 

TPV cell designs, which include a back-surface reflector @SR) and series connection of 

cells in a monolithically interconnected module (MIMJ, are being developed to improve 

TPV system performance.48 The BSR, which was deposited on the backside of the 

substrate, was used to provide both spectral control of below bandgap photons and device 

improvement through the increased probability of above bandgap photons that are not 

absorbed in the first pass to be reflected back into the active layer for second-pass 

absorption. Furthermore, since the epitaxial device structure was grown on a semi- 

insulating substrate, cells were monolithically series interconnected to build voltage. 

Similar approaches for GaSb-based TPV devices are extremely limited since the 

effectiveness of the BSR is significantly reduced by free-carrier absorption in the GaSb 

s~bstrate ,~ and the lack of a semi-insulating GaSb substrate' precludes series 

interconnections. Consequently, fi-ont-surface spectral control techniques are critical for 

improving TPV system eficiency. la An alternative approach for fabrication of GahAsSb- 

based MlMs for voltage building was recently reported using a cell-isolation-diode, and an 

open circuit voltage V,, of 0.42 V was reported for a T 5-junction MIM. 
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This paper reports a new approach for the implementation of both a BSR and the 

MIM architecture in GaInAsSb-based TPV cells, shown in Figure 1. The GaInAsSb TPV 

cell is fabricated with an internal dielectridAu mirror, which is formed by wafer-bonding 

the epitaxial layers directly to a GaAs handle wafer. M e r  bonding the epitaxial layers, the 

GaSb substrate is removed. This concept of wafer-bonding using metal as an adhesive 

layer is similar to that developed for integration of dissimilar materials” and for 

fabrication of internal mirrors for photovoltaic cells,13 light emitting diodes,14 and vertical- 

cavity surface-emitting lasers. ’’ The resulting wafer-bonded GaInAsSb TPV device 

structure consists of a broad-band high-reflectivity mirror sandwiched between the device 

layers and the GaAs handle substrate. Consequently, free-carrier absorption due to the 

GaSb substrate is not an issue and the internal BSR can effectively increase the opt~cd 

thickness so that active layers can be thinner and photon recycling effectsI6 can be 

enhanced, both of which are advantageous for reducing dark current and increasing open- 

circuit voltage. In addition, reflection of below bandgap photons back to the radiator can 

aid in spectral control. Finally, since the epitaxial layers are electrically isolated from the 

handle substrate by the dielectric layer, TPV cells can be interconnected in series to 

fabricate MIMs. 

GaInAsSb/AlGaAsSb/GaSb TPV device structures were grown lattice matched to 

5-cm-diam GaSb substrates by organometallic vapor phase epitaxy. Epitaxial layers 

were grown in a reverse sequence compared to conventional TPV structures”” in order to 

obtain a p-on-n structure after wafer bonding. In addition, to aid in complete GaSb 

substrate removal, an InAsSb layer was grown as an etch-stop layer. The as-grown 

inverted TPV structure consists of the following layers grown on a (001) n-GaSb substrate 



miscut 6' toward (1-11)B: u-GaSb buffer layer, u-InAsSb etch-stop layer, p-GaSb contact 

layer, p-AlGaAsSb window layer, p-GaInAsSb emitter Iayer, n-GaInAsSb base layer, and 

n-GaSb lateral conduction layer PCL). Although the InAsSb etch-stop layer is eventually 

removed during fabrication of wafer-bonded epitaxial TPV structures, it is critical that this 

layer is also lattice matched to GaSb since the GaInAsSb active layers are grown on top of 

the InAsSb etch-stop layer. 

The inverted TPV structure on the GaSb substrate and the handle semi-insulating 

GaAs wafer were prepared for bonding with a dielectric/reflector. First, both GaSb and 

GaAs surfaces were solvent cleaned and etched in HCI and W O H  to remove native 

oxides. The GaSb epitaxial TPV structure was sputter-coated with a three-layer reflector 

consisting of 200 nm SiO,/S nm Ti/2 pm Au, while the GaAs was sputter-coated with 5 nm 

TU2 pm Au. SiO, not only provides electrical isolation of the epitaxial layers but also 

increases above band-gap reflectivity. To bond the wafers, the two Au surfaces were 

placed in contact, and the wafers were heated under vacuum to a temperature of 250 "C 

and a mechanical pressure of 250 psi was applied. The low bonding temperature is 

compatible with subsequent wafer processing. 

The 5-cm-diam bonded wafer was cut into four quarters for ease of handling and 

processing, and the GaSb substrate was spin-etched with H202:HzO:NaK tattrate 

tetrahydrate to remove the bulk of the substrate. The remaining GaSb buffer layer and 

substrate were selectively etched using CrO3:HF:HzO until the InAsSb layer was exposed. 

Finally, the InAsSb etch-stop layer was removed with HZOZ saturated with citric acid. The 

resulting wafer-bonded epitaxy and unbonded control structures, were characterized by 

high-resolution x-ray diffraction (€€RXRD), photoluminescence (PL) at room temperature, 
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and near normal incidence reflectivity. TPV devices were fabricated using standard 

photolithographic processes and chemical etching to define the TPV cells. l 1  In numerous 

tests, the integrity of the Au-bonded epitaxial layers was maintained throughout a11 

processing steps. 

The HRXRD rocking curves for the control GaInAsSb/AlGaAsSb/GaSb TPV 

device structure on a GaSb substrate and a wafer-bonded GaInAsSb/AlGaAsSb/GaSb TF'V 

structure after removal of the InAsSb etch-stop layer and GaSb buffer layer and substrate 

are shown in Figures 2a and 2b, respectively. The control structure is well lattice matched 

to the substrate, and thickness fringes due to the GaSb contact layer are observed. The 

diffraction intensity is lower for the wafer-bonded TPV device structure because the GaSb 

substrate has been removed. Thickness fringes from a slightly thicker contact layer are 

also observed, and the x-ray peak of the wafer-bonded structure is only slightly broadened 

as a result of residual stress from wafer bonding. 

Figure 3 shows 300 K PL spectra for the control and wafer-bonded GaInAsSb TPV 

structures. Multiple peaks in the PL spectrum of the wafer-bonded sample are due to thin- 

layer interference effects discussed below. The PL peak intensity of the wafer-bonded 

epitaxy is over two times greater than that of the control TPV structure. These results 

suggest that the optical efficiency is enhanced as a result of the internal BSR, and there is 

negligible material degradation after wafer bonding and substrate removal. 

The reflectivity of the wafer-bonded GaInAsSb TPV device structure with and 

without an anti-reflection (AR) coating on the front surface of the TPV structure is shown 

in Figure 4. Without the AR coating, resonant absorption is observed across the whole 

wavelength range due to destructive interference between reflections from the air/GaSb 
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(R-34%) and GaSb/SiO,/Ti/Au interfaces. An AR coating designed for above bandgap 

photons (< 2.5 p) minimizes resonant absorption. Although this thin layer interference 

effect will reduce the eficiency of the internal BSR,'* the overall reflectivity from 2.5 to 

15 pm is nearly 78%. 

The peak external quantum efficiency of uncoated wafer-bonded 

GaInAsSb/AlGaAsSb/GaSb TPV devices is 62%, which is comparable to conventional 

TPV cells." Figure 5 shows results of the short-circuit current density J,, versus open- 

circuit voltage Vw. The single cell exhibits VOc - 0.2 V for J,, = 0.4 NcmZ, which is 

slightly lower compared to previously reported values for conventional TPV cel1s,l7 and 

may be due to higher leakage currents in the smaller area cells reported here. For the 2- 

and 10-junction devices, V,, is 0.37 and 1.8 V, respectively at this same current density, 

which is indicative of voltage budding. The fill factor FF for the 2-junction device is about 

5 1%. 

At higher J,, - 2.1 A/cm2, V,, is - 0.470 and 2.0 V for the 2- and 10-junction 

devices, respectively. The FF degrades to about 38% for the 2-junction device. There is 

some saturation of V, with respect to J,, in the regime of high J,, levels, as shown in 

Figure 5 .  The degradation in FF and saturation of the open-circuit voltage at high J,, levels 

is related to the finite series resistance in the cell-to-cell interconnections. Improved 

metallization and reduced resistance in the LCL should improve FF. 

In conclusion, wafer bonding of epitaxial GaInAsSb/AlGaAsSb/GaSb TPV device 

structures to GaAs substrates with a high-reflectivity broad-band mirror was achieved, and 

MIMs with an internal BSR were demonstrated. The structural and optical properties of 

the wafer-bonded TPV device layers are maintained after fabrication. GaInAsSb TpV 
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devices could be monolithica1ly interconnected in series and voltage-building was 

demonstrated. These results indicate that this approach is extremely attractive for GaSb- 

based TPVs fabricated with MIM architecture. The wafer bonding process is not limited to 

GaAs substrates, and alternative handle substrates can also be considered. 
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Foti, C.T. Harris, S. Hoyt, J.M. Porter, and P.M. Nitishin of MIT Lincoln Laboratory for 
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was sponsored by the Department of Energy under AF Contract No. F19628-00-C-0002. 
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