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Abstract.

Thermophotovoltaic (TPV) diodes fabricated from InGaAsSb alloys lattice-matched to GaSb
substrates are grown by Metal Organic Vapor Phase Epitaxy (MOVPE). 0.53eV InGaAsSb TPV
diodes utilizing front-surface spectral control filters have been tested in a vacuum cavity and a TPV
thermal-to-electric conversion efficiency (ntev ) and a power density (PD) of nrpv=19% and
PD=0.58 W/cm? were measured for Tyagiator = 950 °C and Tgioge = 27 °C.  Recombination coefficients
deduced from minority carrier measurements and the theory reviewed in this article predict a practical
limit to the maximum achievable conversion efficiency and power density for 0.53eV InGaAsSb TPV.
The limits for the above operating temperatures are projected to be 1rpv=26% and PD=0.75 W/cm?.
These limits are extended to npy=30% and PD=0.85W/cm? if the diode active region is bounded by a
reflective back surface to enable photon recycling and a two-pass optical path length. The internal
quantum efficiency of the InGaAsSb TPV diode is close to the theoretically predicted limits, with the
exception of short wavelength absorption in GaSb contact layers. Experiments show that the open
circuit voltage of the 0.53eV InGaAsSb TPV diodes is not strongly dependent on the device
architectures studied in this work where both N/P and P/N double heterostructure diodes have been
grown with various acceptor and donor doping levels, having GaSb and AlGaAsSb confinement, and
also partial back surface reflectors. Lattice matched InGaAsSb TPV diodes were fabricated with
bandgaps ranging from 0.6 to 0.5eV without significant degradation of the open circuit voltage factor,
quantum efficiency, or fill factor as the composition approached the miscibility gap. The key diode
performance parameter which is limiting efficiency and power density below the theoretical limits in
InGaAsSb TPV devices is the open circuit voltage. The open circuit voltages of state-of-the-art 0.53eV
INnGaAsSb TPV diode are ~10% lower than the predicted semi-empirical limit to open circuit voltage
for a device having absorbing substrate; the voltages are ~17% below that for an Auger-limited device
having back surface reflector and two-pass optical design.



1.0 Introduction

Thermophotovoltaic (TPV) converters have attracted interest in the field of direct energy
conversion due to the potential for efficient electric generation. For TPV hot side temperatures of
approximately 1000-1500°C, achieving greater than 20% thermal to electric efficiency requires: (i)
spectral control which recuperates the large portion of below bandgap photons and transmits the above-
bandgap photons to the TPV diode [1-3] and (ii) efficient photovoltaic conversion of the above bandgap
photons to electric power. The highest reported thermal to electric TPV efficiencies for in-vacuum tests
at Tragiator ® 950 °C and Tgioge = 27 °C, are 22% for 0.6eV InGaAs/InP[4] and 19% for 0.53eV
InGaAsSh/GaSh systems [3]. The 4cm?® TPV diode/modules in references [3,4] utilized a front surface
plasma/interference spectral control filter [5-6]. The 0.6 eV InGaAs TPV diodes which demonstrated
the record conversion efficiency were grown using step graded InPAs buffer layers to accommodate the
lattice mismatch between the InGaAs active region and the InP substrate. The InGaAsSb material
system was investigated because it can be grown lattice-matched to GaSb substrates for bandgaps as
low as 0.5eV [7-11]. Low bandgap TPV diodes are of interest because of the greater power density
and better spectral performance associated with the smaller energy gap [1-3].

This article presents modeling predictions and experimental data detailing the influence of diode
architecture for 0.53eV InGaAsSb TPV diodes grown by Metal Organic Vapor Phase Epitaxy
(MOVPE) on GaSb substrates having double heterostructure confinement. Standard expressions and
numerical solutions for the semiconductor transport equations are used to predict TPV diode
performance. The recombination coefficients of 0.53eV InGaAsSb material have been estimated from
minority carrier lifetime measurements and are input as parameters in the simulations. These
simulations determine a semi-empirical efficiency and power density limit for the conversion of
thermal-radiation to electric power. Measured efficiency and power density indicate the 0.53eV
InGaAsSb TPV diode is well below the semi-empirical limit, primarily because the open circuit voltage
is limited by parasitic recombination which might be related to intrinsic defects of the antimonide
materials. Additional parasitics limiting the efficiency include parasitic absorption in the front surface
filter and GaSb contact layer. The following sections discuss: TPV efficiency (section 2) 0.53eV
InGaAsSb TPV modeling assumptions (section 3), the intrinsic limits imposed by Auger recombination
(section 4), the simulation and theoretical results (section 5), the experimental diode electrical/optical

results (section 6), bandgapdependence of dark current and quantum efficiency (section 7), measured



in-cavity TPV efficiency (section 8), and a discussion of results (section 9). An appendix is included
which gives detailed TPV diode and spectral assumptions.
2.0  Thermophotovoltaic Efficiency (mtev)

In this article the TPV thermal-to-electric conversion efficiency nrpy is defined as the maximum
electrical power output from the TPV diode/module divided by the total thermal power absorbed in the
diode. In the work presented here TPV efficiency is modeled and measured with a vacuum gap
separating the TPV diode module from the radiator thus the heat absorbed in the diode is due to
radiative heat transfer only. Because of the very large fraction of the unusable below bandgap photons,
it is convenient to evaluate the overall TPV efficiency in terms of the diode efficiency npjoge and the
spectral efficiency nspectrat [1,3].  The former term characterizes the efficiency of converting above
bandgap photons absorbed in the diode into electricity. The latter term, nspecrral , quantifies the ratio of
above bandgap photon power absorbed by the diode over the total radiative power absorbed in the
diode. The maximum power from the TPV diode/module under illumination is the product of the open
circuit voltage (Voc), the short circuit current (Isc), and the fill factor (FF) [12]. For a TPV cavity
having an effective emissivity ., above bandgap diode reflectivity R, parasitic absorbance
oparasitic(€.g. absorbance in the front surface filter), and diode area (A), the diode efficiency and spectral
efficiency can be generally written as:
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Where E, h, k, ¢ and T,agiator are photon energy, Planck's constant, Boltzmann's constant, the speed of
light and the radiator (hot side) temperature. The above calculations the effective emissivity takes into

account the spatial and energy dependence of the module's reflectivity and emissivity. This level of



detail and the assumptions made in spectral efficiency calculations for the predictions in this article are
given in Table Al of the appendix..

The thermodynamic limit to photovoltaic conversion efficiency is determined from fundamental
radiative processes and the intrinsic radiative currents between the hot radiator and cold diode and was
originally described by Shockley and Queisser for single bandgap diodes [13] and expanded to more
general photovoltaic devices such as tandem solar cells [14] and thermophotovoltaics [1]. The
thermodynamic limit to single bandgap TPV efficiency can be represented with a diode architecture
having: (i) perfect below-bandgap photon recuperation (ii) carrier generation/recombination in the TPV
diode occurring only via radiative processes (iii) the device has a perfectly reflecting back surface
which limits the escape of recombination radiation to the front surface only, and (iv) no parasitic (i.e.
free carrier) absorption at the cold side. For 0.53eV TPV the thermodynamic limit for Tragiator=1000°C
and Tpioge=27°C is nrpv(0.53eV) = 45% [1].

While the thermodynamic limit provides a theoretically based maximum limit to TPV
conversion efficiency, real TPV diodes will have further energy losses and entropy sources beyond the
radiative limit which must be quantified both with experimental data and mathematical models. This
article uses established semiconductor theory and empirically determined values of InGaAsSb material
coefficients [15-17] and TPV front surface spectral control filters parameters [5-6] to provide a
practical engineering limit to TPV conversion efficiency for the 0.53eV InGaAsSb TPV material
system. We refer to this practical limit for 0.53eV InGaAsSb TPV as the semi-empirical limit,
originally named in reference [13] to distinguish predictions based on empirically determined material
constants from material-independent thermodynamic analyses.

3.0 0.53eV InGaAsSb TPV modeling assumptions

In this work we used the spectral control characteristics that are achieved using front surface
filters with properties similar to those measured in state of the art TPV filters[5-6] However for ease of
calculations we assumed a step-function profile for the semi-empirical limits. The Appendix provides

the specific details and numerical values used for spectral efficiency calculations.

3.1 Spectral Control
From angle and wavelength dependent transmission and reflection measurements of front

surface TPV spectral control filters (tandem interference and plasma filters), spectral efficiencies of



Nspectra~80% and above bandgaptransmission of 79% have been demonstrated for Tragiaor=950°C and
cutoff wavelengths of ~0.53eV[1,5-6]. For simplicity, the efficiency calculations in this article assume
a simplified step function spectral reflection profile where the filter reflects 97% of below
bandgapphotons, 15% of above bandgapphotons and has a ~2% parasitic absorbance of above
bandgapphotons. Table Al of the appendix details the spectral efficiency calculations, where the step
function approximation gives a value of 7spectral(Ec~0.53€V, Tradiator=950°C) = 87%. This value
estimates a semi-empirical limit to 0.53eV TPV spectral efficiency based on the materials and designs

currently used in state-of-the-art front surface filters.

3.2 TPV Diode Assumptions

Simulation of the photovoltaic conversion of above bandgap energy (Equation 1) was performed
using PC-1D, a numerical photovoltaic simulator which solves the steady state carrier transport
equations for electrons and holes, Poisson's equation, and carrier continuity equations. The diode
architectures considered are shown in Figure 1. Electron-hole generation rates were computed from the
radiation power spectrum and absorption coefficient of the 0.53eV InGaAsSb material. The net
recombination rates (R;) in the diode are modeled using the standard equations listed below (egns. 4-7).
The net radiative recombination rate, will differ from the value calculated via the radiative
recombination rate predicted from the Shockley van Roosebroek (SvR) detailed-balance model [18],
because of photon recycling in the active region. The photon recycling resulting from photons
produced from electron-hole pair recombination is a function of the optical boundary conditions and
thickness of the diode and the net radiative recombination coefficient must be corrected by a photon
recycling factor ¢ [19,20]. The net radiative recombination rate used in the simulation, after correcting

for photon recycling, effects is given by equation (4)
B
Reed =$(np—nf) @)

Where B is the radiative recombination coefficient calculated via SvR relation and ¢ (in the absence of
free carrier absorption) is the inverse ratio of the sum of the photon flux exiting the diode's front and
back surfaces to the total number of radiative recombination events occurring within the diode volume.
The photon recycling factor must be calculated outside of the numerical simulator for the diode

architecture under investigation-using the equations given in Table A2. The quantities n and p in



equation (4) are the electron and hole carrier densities under illumination and n; is the intrinsic carrier
density.
The net Auger recombination rate is given by equation (5)
Rug =(Con+Cyp)(np-nf) 5)
and the Shockley Read Hall (SRH) and surface/interface recombination (SRV) rates are modeled by

equations (6) and (7) respectively
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where the material recombination coefficients t,, (Shockley Read Hall lifetime for electrons and
holes), Sy (surface/interface recombination velocity), and C,, (Auger recombination coefficients) were
parametrically varied in the simulations about the values reported in minority carrier lifetime studies of
the p-type 0.53eV InGaAsSb materials[15-17]. SRH and SRV recombination are assumed to occur
through deep levels defects with energies centered near mid-gap. Unless otherwise stated we assumed

the recombination coefficients were equivalent for the p-type and n-type InGaAsSb.

4.0 Intrinsic Auger limitations to TPV diode efficiency

As discussed in the introduction, radiative recombination/generation represents the minimum
loss (or entropy generation) in photovoltaics because of the principle of detailed balance between
generation and recombination of carriers required to maintain thermal equilibrium with the background
photon population at Teoq. Semiconductor photovoltaic diodes will have additional contributions to the
thermal generation/recombination rates due to non-radiative processes (e.g. impact ionization/Auger
recombination). The total thermal equilibrium carrier generation/recombination rates determine the
diode dark current which is used to mathematically describe the current-voltage relationship of a
photovoltaic diode[1,12-14]. The standard mathematical model shows that the open circuit voltage

Voc, and thus mpiode, are proportional to the logarithm of the ratio of light generated current to the dark
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current: V. = %—In( 'I'gm j . The diode parameters, FF and lsc, in the numerator of equation (1) are



determined primarily by optical design and minimization of parasitic resistance (note that theoretically,
the fill factor also depends on dark current [1] for negligible parasitic resistances) .

The minimum radiative component of the dark current is achievable with a back surface
reflector (BSR) in place of a partially absorbing substrate/back contact that is often used in photovoltaic
devices. The BSR eliminates the large density of photon modes, that would be available in a high index
semiconductor substrate (i.e. the Nrfractive’ Tactor is eliminated in the radiative dark current expression
for devices having perfect BSR) [1]. In real photovoltaic diodes non-radiative recombination are
additive losses which degrade device efficiency, primarily by increasing the diode's dark current above
its radiatively limited value. If the non-radiative losses become so severe that the electron and hole
diffusion lengths becomes small compared to the active region thickness, the quantum efficiency will
also degrade.

In concept, non-radiative recombination due to Shockley Read Hall defects might be eliminated
via improving material quality; however, Auger recombination/generation is a fundamental process
which cannot be eliminated by design or by material improvements other than reducing the layer
thickness of the absorbing active region and reducing background carrier densities in highly doped
active regions [21]. The calculations performed in this work, using empirically determined values of
the material recombination coefficients, predict that the Auger recombination will set the maximum
obtainable limit to Voc and npioge in 0.53eV InGaAsSbh TPV. The high injection Auger recombination
rate is the minimum Auger recombination rate possible and is determined by the steady state electron-
hole population under illumination, (not the background carrier density).

Using the same methodology developed by Green et al. [21] for silicon photovoltaics, we can
predict minimum values of the interface recombination velocity and SRH lifetime required to approach
the intrinsic Auger limited open circuit voltage assuming a simple geometry. The authors of reference
[21], used the expressions given equations (4-7) to solve the Poisson and continuity equation for the
open circuit voltage as a function of light generated current density J.ign: for a thick absorbing region of
doping Ng and thickness W. The SRH lifetime in p-type absorbers should be greater than the values
specified by equations 8 and 9, so that SRH recombination does not reduce the diode's open circuit
voltage below the Auger limited value. An is the steady-state excess carrier density under
illumination, and C,, and C, are Auger coefficients in p-type and n-type material. Equation (8) states
that the low injection SRH lifetime must be greater than the low injection Auger carrier lifetime in p-

type material. By removing doping, the Auger recombination lifetime increases until the illuminated



diode reaches high-injection and the SRH lifetime must be greater than the quantity given in equation
(9) in order to achieve the intrinsic Auger limited open circuit voltage. Equation (9) represents the

optimal condition.
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For TPV current densities of approximately \]Light:SA/cm2 the SRH lifetime should be greater than tsgy
> 1us to approach the intrinsic Auger limit when assuming Cpp =~ 1x10%cm®/s. Using the same
approach again from [21] the SRV needs to be ~100cm/s or less. Similar calculations solving for
equations 5 and 6 indicate that the photon recycling factor must be ¢ >> 5 under steady state
illumination (J|ight~3A/cm2), to achieve the Auger limited open circuit voltage. This means the
InGaAsSh TPV diode requires a back surface reflector to limit the radiative dark current (see Table
A2). Minority carrier lifetimes in p-type InGaAsSbh estimate the SRH lifetime to be in the range of
(0.5us < Tsrh < 1.1 ps) and values of SRV~10%10%cm/s [15-17]. Preliminary investigations of the
minority carrier lifetime in n-type InGaAsSb indicate the SRV at the AlGaAsSh/InGaAsSh and
GaSb/InGaAsSb interfaces are less than a few ~10%cm/s, however there is evidence of greater SRH
activity in n-type InGaAsSb because of a strong excitation dependence of the measured low-injection
carrier lifetime in n-type InGaAsSh.. A precise estimate for the SRH lifetime for the relevant light
injection levels in n-type InGaAsSb (Te-doped) does not exist, however the preliminary results set a

lower bound at tsgy > 0.1pus.

5.0  Numerical simulations of 0.53eV InGaAsSb TPV efficiency

Since intrinsic Auger recombination sets a practical efficiency limit for high quality crystalline
material, the importance of determining the Auger coefficients used in equation (5) is of great
importance for modeling predictions. Figure 2a and 2b shows predicted efficiency and power density
limits as a function of Auger coefficient C,, for 0.53eV InGaAsSb diodes having a back surface
reflector, negligible defect/interface recombination and the spectral control values given in Table Al
(solid symbols). The authors of reference [15] obtained an Auger coefficient of 2x102%cm®s with an

approximate uncertainty of +1x10%%cm®s for p-doped 0.53eV InGaAsSbh.  Previous literature [7]



revealed that there is a significant scatter among the published reports for Auger coefficients in low
bandgaplll-V semiconductors. The predicted efficiency and power densities are also plotted for
0.53eV InGaAsSb diode temperatures of 27 °C, 50°C and 100 °C. Upon raising the diode
temperatures from 27°C to 100°C the efficiency limit drops from 30% to ~20%, with a corresponding
decrease in power density when the Auger coefficient is assumed ~10%cm®s. A strong temperature
dependence is due to the increase of n, the intrinsic carrier density. These diode temperatures were
chosen because they illustrate the strong temperature effect on TPV diode performance and may give
more appropriate semi-empirical performance limits for systems constrained to operate at higher cold-
side temperatures. The open-symbols of figure 2a and 2b also shows the predicted efficiency and
power density for 0.53eV InGaAsSb TPV diodes having non-negligible bulk and surface recombination
for emitter and base regions of the diode, illustrating the stringent material requirements necessary to
approach the intrinsic Auger limited performance. The decrease of efficiency and power density
predicted for increasing values of Auger coefficients, increasing diode temperatures, and increased
defect recombination is primarily due to reduction of diode open circuit voltage.

Open circuit voltage can depend on the device architecture. Figure 3a and 3b shows the
parametric studies of the 0.53eV InGaAsSh diode open-circuit voltage as a function of P-type acceptor
doping (Na)for varying SRVs for radiator temperatures of 950°C (J.ight~3A/cm2). Figure 3a shows
the simulations for an 0.53eV InGaAsSb architecture having a back surface reflector. In high-level
injection (Na < 5x10" cm™) the intrinsic Auger recombination rate limits the Voc to 370 mV.

However, as the SRV increases beyond a few 100 cm/s, Voc decreases and becomes interface limited
for low-to-moderate dopings. At dopings Na> 5x10'"cm™, the Vocis limited by the low-injection
Auger carrier lifetime. Figure 3b shows the simulated curve for the 0.53eV InGaAsSbh diode
architecture having an absorbing back surface. Because of the absorbing substrate/back contact of
refractive index (Nrefractive), the maximum achievable open-circuit voltage of Voc = 340mV is below the
intrinsic Auger limit due to the greater than order of magnitude increase of radiative dark current. A
second effect which lowers the predicted open circuit voltage limit of devices with absorbing back
substrates is the 2X increase of diode thickness required to account for the reduction of the two-pass to
a one-pass optical path length.

The same trends shown in Figure 3a and 3b are observed when the SRH lifetime is
parameterized (not shown), and again gives good agreement with the previous analysis stating that the

SRH lifetime need be greater than tsgy > 1us to approach the intrinsic Auger limit. Maximum



measured open circuit voltage of 0.53eV InGaAsSb TPV diodes at room temperature to date is about
320mV at current density of 2-3A/cm? both with absorbing substrate and with an hybrid back surface
reflector [21].

For the TPV parameter range discussed here, the simulated quantum efficiency peaked at
~100% was nearly independent of SRV and SRH-lifetime values investigated in the simulations,
however at doping levels approaching 10*°cm™, where Auger recombination is expected to reduce the
diffusion length below the layer thickness, the predicted quantum efficiency (thus short circuit current)
is observed to degrade. Quantum efficiency is also predicted to degraded when surface recombination
velocities greater than 10*cm/s and SRH lifetimes less than 0.1ps are simulated. However considering
the TPV device performance discussed in the next sections, the measured values of interface
recombination velocity and carrier lifetimes [15-17], we believe the parameter range considered in this
article are appropriate; thus Voc is the primary diode parameter of equation (1) which is most sensitive
to the values of the material recombination coefficients.

Figure 3 illustrates that to obtain the semi-empirical efficiency and power density limits shown
in Figure 2, that the 0.53eV InGaAsSh TPV diode requires a back surface reflector and low values of
interface recombination velocity (<<500cm/s) and long Shockley Read Hall lifetimes >1pus to approach
the intrinsic Auger limited open circuit voltage. However, even with nearly perfect material quality, the
high-injection Auger recombination rate limits the open circuit voltage to 0.37 Volts in comparison to

~0.430 Volts which is the absolute thermodynamic limited open circuit voltage [1].

6.0 0.53eV InGaAsSb TPV Diode Electrical/Optical Characteristics

Various 0.53eV InGaAsSb double heterostructure TPV diode architectures were grown by
MOCVD. TPV diodes with area 1x0.5 cm? and 13% front grid shading were fabricated using standard
photolithography and metal evaporation. The front surface of the TPV diodes are passivated with
either GaSh (Eg= 0.73eV) or AlGaAsSb (E;~ 1.0eV) windows. A doped GaSb contact layer was
grown subsequent to the window layer to enable ohmic contact formation for the metal contact grid and
prevent oxidation of AlGaAsSb layer. Both GaSb and AlGaAsSb back surface fields (BSF) were
investigated to confine minority carriers at the rear of the active diode. Diode illuminated current
voltage (IV) characteristics and quantum efficiency (QE) were measured at room temperature. The
measured reflection for uncoated epitaxial TPv diode layers was approximately 35% in the range of

800nm-2600nm which was used to calculate for the internal quantum efficiency. Temperatures were
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controlled during measurement with a thermoelectric cooler, and the IV curves are measured using 4-
point measurement technique. Low (< 10mQ) series resistance and good fill factors of ~70% were
routinely observed for all P/N and N/P InGaAsSb TPV diodes at current levels of ~1-3A/cm?. The
electrical and optical measurements discussed in section 6 were performed out of cavity with no-front
surface filter or anti-reflection coating on the diodes and were illuminated by lamps rather than a

blackbody radiator.

6.1  Quantum Efficiency Measurements of 0.53eV InGaAsSb TPV diodes.

Figure 4 shows the typical internal quantum efficiency (IQE) for both N/P and P/N architectures
measured for InGaAsSb TPV diodes and the simulated fit assuming S,,=1000cm/s, tsry=1ps. and
Cn,p:1028cm6/s. The measured IQE degrades in both architectures at short wavelength due to
absorption in GaSb front contact layers, however the IQE is practically the same for either N/P or P/N
architectures having the same GaSb cap thickness. The decrease in quantum efficiency is observed
only for wavelengths shorter than 1600nm, the bandgapwavelength of GaSb, and was much more
pronounced for thicker GaSb window/cap layers The shape of the IQE can be fit to the parabolic
absorption model for 0.53eV InGaAsSh, except for the long wavelength tail observed for IQE < 20%.

Although the carrier lifetimes and diffusion lengths are sufficient to achieve unity internal
quantum efficiency, the TPV diode requires the surface passivating window layer (AlGaAsSb or GaSb)
[8-10] and the GaSb contact layer for ohmic contact formation. Absorption in these inactive layers
reduces the internal quantum efficiency below unity. Figure 5 shows the measured internal quantum
efficiency for an N/P 0.53eV InGaAsSb TPV diode having GaSh window and contact layer before and
after chemically thinning the GaSh contact layer. A thick GaSh contact layer was grown with a
thickness between 400 and 600nm and was subsequently thinned via chemical etching of that sample.
The IQE at 1000nm wavelength prior to etching was about 50%. After removing approximately 50-
70% of the GaSh cap, the IQE at 1000nm increased to 80% which is in agreement with the simulation.
The free GaSb surface is simulated with a surface recombination velocity of 5x10°cm/s and the
absorption coefficient was taken from measured optical data [24]. Figure 5 also shows the simulated
curve for the diodes having only a 10nm thick GaSb (not obtainable experimentally via our chemical
etching technique) showing the unity IQE predicted from a diode having very thin GaSb

window/contact layer.
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Figure 6 shows the IQE curves for two N/P 0.53eV InGaAsSb TPV diodes having equivalent
GasSh contact layer thicknesses, however one has a thin AIGaAsSb window layer
(taiGaassb-window<<tcasb-contact) t0 passivate the n-type emitter (refer to figure 1) and the other has a thin
GaSb window layer. Figure 6 reveals that the presence of the thin AlGaAsSb causes additional 1QE
degradation below the cutoff wavelength of the GaSbh. The degradation can be explained by the high
bandgap of the AlGaAsSb layer relative to both the GaSb cap and the InGaAsSb active region, which
effectively acts as a barrier to minority carriers generated in the GaSb cap. When using a GaSb
window, the IQE is greater because the minority carriers generated in the GaSb cap may either diffuse
into the InGaAsSb active layer and be collected as current or recombine at the free front surface.
Structures having the AIGaAsSb minority carrier barrier between InGaAsSb active region and GaSh
cap will prevent nearly all minority carriers generated in the GaSb cap from diffusing into the active
region. The generic band diagrams with AlGaAsSb window and GaSb windows illustrating the
barriers for minoirity carrier diffusion in the vicinity of the n-type emitter are shown in the inset of
Figure 6.

6.2 Current Voltage measurements of N/P and P/N 0.53eV InGaAsSb TPV diodes having

GaSb or AlGaAsSb double-heterojunction confinement

Figure 7 shows the open-circuit-voltage vs. short-circuit-current density (Voc-Jsc) relation
measured for various illumination intensities of six different 0.53eV InGaAsSb TPV diodes having
different architectures (refer to Figure 1 for the general epitaxial layer schematic). All diodes had
double heterostructure confinement composed of either lattice-matched AlGaAsSb or GaSb for the (i)
front window used to passivate the emitter surface and (ii) back surface field (BSF) to confine carriers
within the active diode's volume. The V-Jsc of both P/N (thick p-type emitter/thin n-type base) and
N/P (thin n-type emitter/thick p-type base) are included. These electrical characteristics are
representative of a large number of diodes grown over several year time frame and fill factors for all
architectures were meausured to be FF~70%. The shape of the Voc-Jsc curve reveals the ideality (n)
and dark current density Jo(A/cm?). The ideality may vary between n=1 and n=2 with illumination level
according to the Shockley drift/diffusion and Shockley-Read-Hall generation/recombination theory[12],
However, in general we observe near unity ideality for all diodes. The lowest dark currents were
achieved for the 0.53eV P/N InGaAsSb TPV diodes passivated with p-type AlGaAsSb windows for the
front surface and N/P devices having either GaSb or AlGaAsSb front surface passivation. The P/N

12



TPV diode’s dark current appears to be insensitive to whether the n-type back surface field (BSF)
material is formed by either a GaSh/InGaAsSb or AlGaAsSb/InGaAsSb interface. The lowest
measured room temperature dark current is J,=1.5x10" A/cm? with an ideality of n=1 for diodes with p-
type AlGaAsSb window layers; P/N diodes with P-type GaSb window layers show room temperature
dark current of J,=2.5x10 A/cm? with an ideality of near unity. Shallow emitter N/P have recently
been enabled by the development of low-temperature annealed shallow contacts to n-type GaSb [23]
and the electrical characteristics are also included in Figure 7. Low dark currents of J,=1.5x10"°A/cm?
(n=1) are also observed for all N/P architectures, and are independent of whether AIGaAsSb or GaSb is
used to confine minority carriers on either the p-side or n-side. Only two measurement points were
available for the N/P TPV diode having both n-type and p-type GaSb window and BSF, because of
sample breakage.

The authors of reference [16] reports lower (by at a factor of ~3) effective surface
recombination velocities in double heterostructure p-type 0.53eV InGaAsSb lifetime samples using p-
type AlGaAsSb confinement rather than p-type GaSb. Our dark current measurements comparing p-
GaSb and P-AlGaAsSbh confinement provide further insight on the results of reference [16]: using P-
type AlGaAsSb front surface windows reduces the P/N diode's dark current compared to using P-type
GaSb windows; however, p-type AlGaAsSb and p-type GaSb back surface fields both result in same
dark currents for N/P diodes. This indicates that p-type AlGaAsSbh passivation layer is suppressing
minority carrier diffusion to the free surface of the GaSb contact layer, rather than actually reducing the
number of defect states at the interface between active region and passivation layer. If the AlGaAsSb
actually reduced the effective SRV through a reduction of the number electrically active interface
states, than N/P architectures having p-type GaSb back surface field would result in ~70% increase in
dark current observed using p-type GaSb windows in P/N architectures.

Two different simulated Voc-Jsc curves are also shown in figure 7, assuming Cy,=10cm®s,
tsrn = 1 ps, and: (i) An absorbing back surface and front and back SRV's ~ 1000 cm/s, and (ii) a BSR
architecture and SRV's = 20 cm/s. The simulated Voc-Jsc curve in case (ii) approaches the high-level
injection Auger-limited open-circuit voltage and shows the semi-empirical limit to open circuit voltage
(at the thickness considered in this work) as a function of light generated current density. The
simulations illustrate the potential gains in diode open circuit voltage which are achievable by
improving the optical boundary conditions of the diode (increased photon recycling) and minimizing
defect/interface recombination.
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6.3  Influence of doping on 0.53eV InGaAsSb TPV diode performance

Section 5 discussed that the shape and magnitude of the predicted open circuit voltage curves
vs. doping were dependent on the material quality, the front and back surface recombination velocities,
and whether a back surface reflector is used. The measured open circuit data presented in this section
corresponds to that from both N/P and P/N architectures where the n-type and p-type doping were
varied. The measured open circuit voltage (at JLight~2.5A/cm2), normalized to the diode bandgap vs.
acceptor doping in the p-type absorbing region is shown in Figure 8. A similar variation of the donor
doping in the thin n-type region is shown in Figure 9. The error bars assume a ~5mV variability in
both measured open circuit voltage and determination of bandgap via quantum efficiency
measurements. The open circuit voltage was normalized to the bandgap to account for slight variations
in diode bandgap observed during the many growth runs performed. Fill factors for all the devices
were ~70% at 2-3A/cm? and measured quantum efficiencies were independent of doping.  Included
also in Figure 8 is the 0.53eV InGaAsSh Hybrid back surface reflector device reported in [22] and the
P/N InGaAsSh diode having p-GaSbh windows (high SRVs). Several simulated curves are shown in
Figure 8 and 9 for 0.53eV InGaAsSbh TPV devices having (i) back surface reflector and negligible SRH
and SRV recombination (i.e. the semi-empirical intrinsic Auger limit) and (ii) absorbing substrate
architectures with various material SRV values and SRH defect recombination lifetimes. The
descriptions of simulated curves in the legend of Figure 8 and Figure 9 of low SRV and negligible bulk
defect limited material corresponds to tsgr>1us and SRV<100cm/s, while bulk defect limited and
surface limited simulations correspond tsgy=0.5us and SRV~2000cm/s.

Figures 8-9 reveal no significant change in open circuit voltage for n-type and p-type dopings
ranging from approximately high 10*°cm™ to low 10™cm™ and no increase when incorporating a back
surface reflector into the device architecture. The only observable change in open circuit voltage factor
was observed when p-AlGaAsSh was incorporated as front surface window layer instead of p-GaSb
shown again in Figure 8. The open circuit voltage factor did not observable increase when reducing
doping and the p-type InGaAsSb/AlGaAsSh SRV from 10°cm/s to <10%cm/s, and incorporating a back
surface reflector, which is predicted if defect recombination do not limit the device (see dashed line).
The observed independence of Vo on these architectural parameters follows the behavior predicted
from that of a diode limited by Shockley Read Hall defect recombination or perhaps surface
recombination velocity at the n-type interface. A high p-type surface recombination velocity is ruled
out because minority carrier lifetime measurements show that values as low of 100cm/s can be
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achieved. A direct measurement of minority carrier lifetime in nominally undoped InGaAsSb material
provides a lower bound of tsru(p-type) > 500ns for the active region of 0.53eV InGaAsSb diodes;
extrapolation to zero carrier concentrations indicate that the minority electron tsgy lifetime is 1300ns in
bulk p-InGaAsSb [15]. Preliminary results for n-type InGaAsSb have provided asymptotic limits for
defect recombination lifetimes in n-type InGaAsSb: a minimal value of tsgy(n-type) > 100ns and a
maximum SRV of about 10%cm/s have been determined via the direct measurement of carrier lifetime.
Unlike p-type InGaAsShb, the minority carrier lifetime in n-type InGaAsSb samples exhibit a strong
dependence on excitation power of their low-injection lifetime, indicating Shockley Read Hall defect
activity. 0.53eV TPV diodes having material recombination coefficients near these n-type asymptotes
are predicted to be limited by SRH recombination in the bulk and n-type interface in agreement with
simulations shown in Figures 8 and 9.

Figures 8 and 9 show that the measured open circuit voltage for both n-type and p-type dopings
above 10™cm™ are greater than the limits predicted by low-injection Auger lifetime and that the open
circuit voltage does not degrade at high doping levels. This suggest that the current 0.53eV InGaAsSb
TPV diode is not limited by Auger recombination. Further evaluation of Auger recombination in
InGaAsSb TPV material is warranted since the deviation at high dopings suggest either the model used
in equation (5) or the coefficient values in [15] do not completely describe the recombination processes

in InGaAsSh or the model is not valid at high doping levels.

7.0  0.5-0.6eV InGaAsSb TPV diodes lattice matched to GaSb

Flexibility in TPV diode band gap, while maintaining lattice matching is an important
consideration when choosing a TPV material because the optimal diode bandgap depends on both Tpiode
and Tragiator- Reference [9] reported high quantum efficiency InGaAsSb TPV diodes having bandgaps
ranging from 0.54eV to 0.49eV, however that report showed decrease in open circuit voltage and fill
factor as the bandgap was reduced from 0.54eV to 0.49eV (the fill factor decreased from FF=66% to
58% and open circuit voltage factor (Voc/Egap) from 57% to 48% in reference [9]). In this section we
present 0.5eV, 0.53eV, and 0.6eV InGaAsSb DH TPV diodes grown also by OMVPE, where the
bandgap is estimated from the external quantum efficiency (EQE) which is shown in Figure 10 The
diodes that are presented in Figure 10 had fill factors of 68%,70%, and 72% for 0.5eV, 0.53eV, and
0.6eV respectively and the voltage factors (Voc/Ec) were nearly constant at 58% for ~ 2A/cm? light
generated current at Tgioge=27°C. The open circuit voltage and fill factor of the InGaAsSb TPV diodes
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presented in this article do not significantly degrade as the InGaAsSb bandgapis reduced. This might
be attributed to differences in growth conditions between the original work of reference [9] and recent
TPV diodes. Because the InGaAsSb alloy begins to phase separate near 0.5eV, the material quality is
dependent on the growth conditions, most importantly the growth temperature which must be optimized
to minimize/prevent phase separation and the defects associated with them [9]. Figure 11 shows the
measured diode dark current density and ideality factor vs. InGaAsSb bandgapof the same diodes
presented in Figure 10. The average dark currents and standard deviations represent statistical data take
from batch-processed sets of 24,24, and six 0.5cm? TPV diodes (the six diode batch corresponds to the
larger error bars in the figure). The ideality factor is near unity for all bandgaps and the dark current
density decreases proportionally to the square of the intrinsic carrier density which is proportional to
exp(-Eqap/KT): these observations suggest that the material quality is nearly constant over this bandgap

range.

8.0 In-cavity measurements of thermal-to-electric TPV conversion efficiency (mrev)

The performance of a TPV module using 0.5cm? P/N 0.53eV InGaAsSb DH TPV diodes has been
measured in a prototypic test cavity, described in reference [3,4,25]. Thermal-to-electric efficiency in this
test was measured as the ratio of peak module electric power to total module heat absorption rate. These
parameters were measured simultaneously to assure validity of the final efficiency value. Modules were
built with both a 1cm? (2 cells) and 4 cm? (8 cells) area. A front surface filter, with spectral efficiency
calculated from reflection data to be nspectra=79%, is joined to both modules with epoxy. The photonic
cavity is prototypical of a flat-plate TPV generator design, where the radiator is a large flat silicon carbide
surface. The TPV module was fixed to the top of a copper pedestal to facilitate heat absorption
measurements. The test was run in vacuum to eliminate conductive and convective heat transfer. The
photonic cavity provides an optimal test environment for TPV efficiency measurements because it
incorporates all known phenomena found in a practical operating TPV system, such as: non-ideal radiator
emissivity, full radiator spectral and angular dispersion, photon recycling, and complex module geometry.

Table 1 gives the efficiency and output power parameters of 0.53eV InGaAsSb TPV diodes
measured in-cavity, where the measured diode voltage and current represents an average value for each
InGaAsSh TPV diode in the module. Both 1cm?® and 4cm? diode modules were tested with equivalent
results. The performance parameters are quoted for three different TPV diode temperatures which were
approximately 30°C, 50°C, and 70°C. As predicted the open circuit voltage, power density, and efficiency
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decrease rapidly with increasing temperature, and to a lesser extent the fill factor decreases also.
Repeatable measurements yield a thermal-to-electric conversion efficiency of ntpy~19.7% at a radiator
temperature of 950°C and diode temperature of ~30 °C using 0.53eV InGaAsSbh TPV diodes with front
surface spectral control filters. The semi-empirical TPV limit to the diodes used for this module is
Nrev=26% at 0.75W/cm?® with absorbing substrates/back contacts and absolute intrinsic Auger limited
performance is nrpy=30% at 0.85W/cm?. At room temperature, the average 0.53eV InGaAsSbh TPV diode
and efficiency is only 2/3 of the intrinsic Auger limited efficiency where the largest fraction of the

difference being the limited experimental open circuit voltage.

Table 1. Measured thermal-to-electric efficiencies for nominal 0.53eV InGaAsSb TPV diode

modules.
TPV Diode Parameter Tioge = 30°C Tgioge = 50°C Tioge = 70°C
Voc (Volts) 0.306 0.273 0.247
Jsc (amps/cm?) 2.92 3 3
Module Fill Factor (%) 67 63 60
Power Density (W/cm?) 0.6 0.52 0.45
Thermal to Electric Efficiency (%) 19.7 16.9 14.6

The primary factors attributed to the difference between measured 0.53eV InGaAsSb TPV
performance and the semi-empirical limits are:

I.  Spectral efficiency was calculated to be 79% based on reflection and transmission data,
the semi-empirical limits assume 87%

Ii. The semi-empirical limit of n1py=30% at 27°C requires recombination to be dominated
by intrinsic Auger recombination; the previous results and discussion section of
Section 9.0 indicate that the open circuit voltage of the 0.53eV InGaAsSb TPV diodes
are limited by Shockley Read Hall defect recombination

iii.  The semi-empirical limits assume 90% active area, the measured module is 84% active
area

iv. The diodes in this module do not have a back surface reflector.
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9.0  Discussion of InGaAsSb TPV diode modeling and experimental results

Semi-empirical limits to 0.53eV InGaAsSh TPV efficiency and power densities provide an
upper limit to the thermal-to-electric conversion efficiency and power density of 0.53eV InGaAsSh
TPV diodes of ntpv=30% and PD~0.85W/cm? for Tragiar=950°C and Tgioge=27°C compared to
measured values of nrpy=20% and PD~0.60W/cm® The primary diode performance parameter
responsible for this absolute difference, Antowa = [NTeVv(SEMIi-empirical limit)-ntpy(measured)] ~ 10%,
is the open circuit voltage. The open circuit voltage of these devices reduces the actual measured
efficiency from the semi-empirical limit by Anvec = 4-5% absolute.  The fill factor, which is
theoretically linked to open circuit voltage accounts for nge =1.5% absolute.  Additional sources of
discrepancy between the measured and semi-empirical limit to efficiency are differences between
assumed and spectral efficiency used in the in-cavity testing (mspectral ® 1.5% absolute).  Additional
losses could be contributed to (i) less than unity internal quantum efficiency at short-wavelengths
(<1600nm) and at the filter edge (~2400nm) and the (ii) additional inactive area in the measured TPV
diode module compared to that assumed in the semi-empirical limit. Theoretically, the fill factor and
open circuit voltage are both Ilimited by the diode dark current, thus the carrier
generation/recombination dynamics appear to be the primary limitation to 0.53eV InGaAsSh TPV
diode performance. Sections 3-5 established theoretically the influence of material defects, interface
recombination, and parasitic absorption on the diode's open circuit voltage and the requirements
necessary to approach the semi-empirical Auger limited performance.

Carrier collection (Quantum efficiency) is not predicted to be a major source of loss in the
thermal-to-electric conversion process for the carrier recombination coefficients and radiation spectum
(Tradiator=950°C) assumed in this work. Measured internal quantum efficiencies (IQE) show peak IQEs
of unity however the measured quantum efficiency decreases at wavelengths below 1600nm, the
bandgap wavelength of the GaSb contact layer. The dominant loss mechanism in the quantum
efficiency of 0.53eV InGaAsSb TPV diodes is in the absorption of short wavelength photons in this
GaSb layer. We have shown experimentally that the short-wavelength IQE degradation can be
alleviated by chemically thinning the GaSb cap and quantum efficiency simulations give good
agreement with measurements for various cap thicknesses. The high bandgap of AlGaAsSb window
layers, while successfully acting as a barrier to minority carriers generated within the active InGaAsSb
layer, also prevents minority carrier diffusion into the active InGaAsSb layer from carriers generated in
the GaSb contact layer. This further reduces the short wavelength quantum efficiency. However
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simulations indicate that process/growth optimizations incorporating very thin GaSb caps (a few 10's of
nanometer) will enable near unity quantum efficiency. In addition the authors of reference [22]
indicated a small increases in quantum efficiency are possible with two-pass back surface reflector
designs.

Unlike the quantum efficiency, the diode's open circuit voltage is predicted to sensitive to the
values of the minority carrier recombination coefficients that were considered in these simulations.
The semi-empirical limits predict that room temperature open circuit voltages of ~370mV can be
obtained in 0.53eV InGaAsSb diode architectures having back suface reflectors, negligible defect
recombination, and the appropriate doping levels. We have found however that the actual measured
open circuit voltage is constrained to approximately 310-320mV for a number of various architectures,
including a back surface reflector TPV diode. Experimental observations are summarized in the
following list:

e The 0.53eV InGaAsSh TPV diode's open circuit voltage, fill factor, and quantum efficiency is
independent of the choice of the shallow-emitter-N/P or thick-emitter-P/N architecture. This
indicates there is not an asymmetrical growth asymmetry influencing performance such as
surface roughening in Te-doped layers. It also suggests the surface is effectively passivated in
P/N diodes by AlGaAsSb windows, since shallow emitter N/P devices reduce dark current if
the front surface is dominating dark current. ~ The previous work of reference [8] discussed
InGaAsSb diodes having thick n-type absorbers that show very poor performance, however not
all the diodes investigated in this previous report had double heterostructure surface
passivation.

e For P/N device architectures, a p-type AlGaAsSb passivating window produces a higher open
circuit voltage (lower dark current) than for a p-type GaSb window. This gives good
agreement with minority carrier lifetime measurements in double hetoerostructure lifetime
samples that show a 3X decrease in effective surface recombination velocity when using p-
type AlGaAsSb confinement. The dark current of P/N InGaAsSb TPV diodes having p-GaSh
window layers appear to be limited by front surface recombination.

e For N/P devices use of p-GaSb or p-AlGaAsSh heterostructure confinement as the p-side back
surface field (BSF) produces the same open circuit voltage and low dark current as the best
P/N devices. Considering the previous observation, this result suggests that the p-AlGaAsSb

prevents minority carrier electrons from diffusing across the thin p-GaSb contact layer to the
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front surface of the P/N architectures, however p-AlGaAsSbh does not significantly affect the
number of interfacial defect states at the p-InGaAsSb/AlGaAsSh interface compared to p-
InGaAsSh/GaSh.

e Switching from n-type AlGaAsSbh or GaSh as confinement for either P/N or N/P TPV diodes
does not affect the open circuit voltage for either P/N or shallow emitter N/P devices.

The open circuit voltage was not observed to change when (i) P-type InGaAsSh/AlGaAsSb
interface recombination velocity was reduced from ~10°cm/s to 10%cm/s. This suggests that
the best performing (high Vo) 0.53eV InGaAsSb TPV diodes are not limited by surface
recombination at the p-AlGaAsSh/InGaAsSb interface.

e The open circuit voltage was not observed to change when a partial back surface reflector was
incorporated into a 0.53eV InGaAsSb TPV device, indicating that the open circuit voltages of
state-of-the art 0.53eV InGaAsSb TPV diodes are not dominated by radiative recombination.

e The open circuit voltage did not degrade at high n-type and p-type doping levels which is the

predicted if Auger recombination begins to dominate the diode dark current. No signifcant

dependence of open circuit voltage on either n-side or p-side doping levels was observed.

Comparison of measured open circuit voltage vs. doping and simulation presented in Section 6.3
suggests that the measured open circuit voltage vs. p-type and n-type doping levels follow the behavior
predicted for a TPV device limited by defect (Shockley-Read-Hall) recombination. The above bulleted
list provides evidence that the state-of-the-art 0.53eV InGaAsSb TPV diodes are not limited by surface
recombination velocity, Auger recombination, or radiative recombination. Thus the experimental open
circuit voltage and TPV efficiency of 0.53eV InGaAsSb TPV diodes are most likely limited by defect
recombination.  While reference [15] reports a bulk Shockley Read Hall recombination lifetime of
1.3us in p-type material by extrapolating to zero doping, direct measurements of carrier lifetime set a
lower bound to the SRH lifetime of 500ns in p-type InGaAsSbh. The experimental lower bound in n-
type InGaAsSb is >100ns, however a better estimate for the actual value is not available, and
preliminary investigation of the excitation dependence of carrier lifetime in n-type InGaAsSb is
indicative of greater SRH activity than in p-type InGaAsSb. As reference to other IlI-V
semiconductors, Shockley Read Hall lifetimes of 5-14us [26,27] have been reported in GaAs solar
photovoltaics, suggesting that there is more defect activity in InGaAsSb materials. High densities of

anti-site defects in GaSh-based material are responsible for the high p-type background concentration
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and most donor-dopant species have been reported to be also be associated with deep levels [28]. There
is not however sufficient published defect spectroscopy and previous work on InGaAsSbh opto-
electronic devices to correlate the anti-site defects with diode dark current. Further work determining
the defect structure in p-type and n-type InGaAsSb and the Shockley-Read-Hall lifetime in n-type
tellurium doped InGaAsSb will provide additional feedback.

10.0 Summary

InGaAsSb TPV diode modules integrated with front surface filters have demonstrated over 19%
thermal-to-electric efficiency and ~0.6W/cm? power density for hot side temperatures of 950°C and
diode temperatures of 27°C. Approaching the semi empirical limit of 30% conversion efficiency will
require (i) aggressive processing techniques to achieve 87% spectral efficiency and a highly reflective
back surface with negligible parasitic absorption (requiring GaSb substrate removal and BSR design)
(ii) reduction of n-side and p-side InGaAsShb surface recombination velocities of <<300cm/s and
material quality improvements to approach the intrinsic Auger limited open circuit voltage. Systematic
investigations of state-of-the-art in 0.53eV InGaAsSb TPV diode and comparison with theoretical
simulations suggest that the diode open circuit voltage, thus efficiency, is limited by Shockley Read
Hall recombination. Further insight could be gained with better understanding of the defect levels and
densities in both the n-type and p-type InGaAsSb TPV material.
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Appendix

Table Al.

Spectral assumptions made in modeling for 0.53eV TPV

Radiator temperature

Area

Radiator emissivity

TPV cell reflectivity

Parasitic absorbance

Area weighted cell
emisivity

Effective emissivity of
radiator / cell
combination

Total heat absorbed
that can be converted
to electricity

Total heat absorbed

Spectral efficiency

TPV efficiency

950°C

A, = 1cm? Total cell area
A,=0.9cm? Active cell area
€ra1=0.9 above bandgap
€ra02=0.9 below bandgap

R;=0.97 <Eg, active area
R,=0.15 >Eg, active area
R3=0.97 <Eg,, inactive area
R,=0.97 >Eg,, inactive area

Apa\rasitic:O .02

€mod1 =

AR )+(1-2)(1-R,) > Ee
Al( 2)+( Al)( »)

A A
dz:iz 1-R, 1--2 1-R, 1 < Eg,
€mo Al( )+( A, X )

E
Sem:[ ! + 1 —] > Eg

8radl 8m(:rdl
11 N
_ '<E
Eeft 2 —( + - J ¢

€ rad 2 8mod 2

Pi=A, Bs Eeff1 2TEE3dE

.
€mod1 hscz(e%T _1)\ 2 parasitic )
3
P= A, Ec €1 ZﬂEIVdE (1_R2)
€mod1 hic?(e/kT —1)
3
+ (A-AY) Eeff1 ZnEEdE (1-R,)
£ €mod1 hscz(eAT _1)
3
+A, [Fe Eeff 2 ZnEEdE (1-R)
€mod 2 hscz(eAT _1)
s € 3
+ (A-A,) Es Eeif2 2nE°dE (1-R.)

Emaz hc?(e ¥ ~1)

G 89 ’
AZ E, ff 1 an/ (l— RZ - AParasitiC )dE
TMspectral = Emod1 hgcz(e T-1)
E 2nE*® - 2nE*®
N N
h3cz(e KT _1) ¢ hSCZ(e kT _1)
_ V_.xl..xFF
Ntpv = o ;C X Nespectral — M biodel * M spectral
1

=87%
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Table All. 0.53eV InGaAsSb device parameters used in simulations

TDiode/ EG
Density of states

Intrinsic
electron density

Refractive index

Absorption
coefficient

Radiative
recombination
coefficient [18]

Transmission
coefficient for
recombination
photons internal
to diode
(forward
direction)
[19,20]

Photon
recycling factor
[19,20]

Auger
coefficient

SRH Lifetime
SRV

Electron and
hole mobility
model [29]

Free carrier
absorption in
active region

T = 300K / Eg= 0.53eV
Nc = 1.5x10"em™®, Ny = 7x10"%cm™ [24]

ni2 = NN, exp(— ) = 4.5x10%cm™®

300K

n=3.45
a(E)=A(E-Eg )" where A, =2.6umeV °°

N

N7 020 ¢=0

ar(E)

sin OdEd ¢d6
a 0000

(cm®-s)
2 -1
where or(E) _ 23EZ [exp[E)—lj (cm?-s-ev -sr)*
O0E0p0O h°c KT

B ~ 1x10cm?/s

—(z +W)a}

1-R.« )R
( back ) front exp[ cos e

—20W
1- Rone Roack €X
( front * *back p|: COSO :D
—2aW }

R ¢ont Roack €XP
— 70 front * “back cos 0

cos 6} o
(1— R front Roack exp{ cos 0 B

Toaee " (0,E) =

Tf:zmard (e E ) ( front )exp[

z=Wn/2 ¢=2n ( )
f efo JOIE . (E)aaneT(e E)sin6dEd¢dedz
4 _ Surfaces PETT R ( ) (Cm3 'Sil)
f f f I (E) SlnedEdq)dedz
2=0 0=0 ¢=0

integrate the term in the numerator for both front and back surfaces and for photons originating in both the
forward and reverse directions

PRroack=100% = 40, Qroack=0% = 4

Cn= C, = 1x10?°cm®s unless otherwise indicated

Assume tsgy = 0.5 to 1us for electrons and holes
S,=S, varied from 10cm/s to 2000cm/s [14,15]

cm? 8500 2
n u, =110 cm 500

V-s 1+( ND jOJ V~S+1 NA 0.66
-5 | —r
5x107 cm™ 9x107cm™

Assumed to be negligible

n, =420
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Figure 1. Cross sectional schematic of 0.53eV N/P and P/N InGaAsSb TPV diode architectures.
Figure 2. The semi-empirical efficiency (a) and power density (b) limits for T agiator=950°C of ~0.53eV

InGaAsSb TPV diodes for three different TPV diode temperatures, plotted as a function of
Auger recombination coefficient. The predictions assume the diode has a back surface
reflector and (i) negligible bulk and interface recombination (solid markers) and also show

the influence of (ii) non-negligible material/defect recombination (open markers).

Figure 3 (a) Simulated open circuit voltage for a two-pass photon recycled TPV architecture having a

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

back surface reflector (b) Simulated open circuit voltage for a single pass architecture
(absorbing substrate/back contact). In the simulations the SRV and SRH-lifetime are
assumed to be equal for both n-side and p-side.

Internal quantum efficiency for 0.53eV N/P and P/N double heterostructure InGaAsSb TPV
diodes.

Measured internal quantum efficiency (markers) for 0.53eV N/P InGaAsSb TPV diode
grown with a thick GaSb contact layer before and after chemically etching ~300nm of the
GaSh. Simulations are shown for 550nm GaSh, 250nm, and 10nm thick GaSb (lines).
Measured internal quantum efficiency of 0.53eV N/P InGaAsSb TPV diode with equivalent
GaSb contact layer thicknesses having thin AlGaAsSb (triangles) and thin GaSb (squares)
window layers. The inset shows the schematic energy band diagrams of the n-type GaSh
contact layer, the window layer, and the emitter for each architecture.

Plot of measured Voc Vvs. Jsc data (markers) for various light-illuminations for 0.53eV P/N
and N/P InGaAsSb TPV diodes. The inset provides information on whether GaSb or
AlGaAsSb was used for the passivating window and back surface field. Simulations are
shown as lines in the figure and are described in the text and the figure legend.

Open circuit voltage (normalized to the diode band gap) vs. acceptor (zinc) doping in the
thick p-type absorbing region for nominal 0.53eV InGaAsSb TPV diodes. Included also is a

Hybrid back surface reflector device reported in [21].

Figure 9. Open circuit voltage (normalized to the diode band gap) vs. donor (tellurium)

doping in the thin n-type region for nominal 0.53eV InGaAsSb TPV diodes .

Figure 10. Measured external quantum efficiency curves for 0.5, 0.53 and 0.6eV

InGaAsSh TPV diodes.
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Figure 11. Fitted values of dark current density and ideality factor vs. bandgapfrom

measured illuminated current-voltage characteristics.
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