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Abstract

III-Sb semiconductors cover the whole 0.29-1.64 eV bandgap range, allowing us to grow several subcells of a
multi-junction solar cell lattice-matched to GaSb. Among III-Sb alloys, AllnAsSb exhibits the broadest range of
direct bandgaps, making it a promising material for photovoltaic applications. In this work, the behavior of two
AllnAsSb/GaSb tandem photovoltaic cells is studied. Material characterization and physics-based 1D modeling
are carried out to analyze and discuss performance of the cells. An efficiency of 5.2% is achieved under 1-sun
illumination, limited by the AllInAsSb quaternary-alloy properties.
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I. Introduction

GaSb-based alloys are attractive materials for applications in the near-IR spectral range. Particularly, GaSb
(0.7 eV) and GalnAsSb (0.5 eV) currently draw scientific attention in the photovoltaic field for the realization of
narrow-bandgap absorbers. Initial trials on their mechanical introduction into 4- and 5-junction structures have
already been reported making use of GalnAsSb [1,2]. Numerous studies have addressed the optimization of the
GaSb solar cell architectures grown either on GaSb [3] or more conventional substrates such as GaAs or Si [4,5].
Although mechanical stacking and wafer bonding offer the possibility of combining subcells originating from
different substrates, the fabrication of all-lattice-matched multi-junction solar cells remains the simplest solution.
In this context, quaternary III-Sb alloys are promising candidates for the realization of narrow- and medium-
bandgap subcells (0.5-1.6 eV). However, the AlInAsSb compositions falling in this range exhibit a large miscibility
gap [6], often leading to unstable structures prone to phase separation, even when grown using non-equilibrium
techniques [7]. In the case of successful attempts, improvements to the growth conditions are still required to
provide an accurate control of the quaternary composition and sufficient material quality, particularly at high Al-
contents, i.e. high-bandgap alloys [7,8].

The strategy proposed here is to investigate AllnAsSb alloys as the active layer of a medium-bandgap subcell.
AlInAsSb has the highest attainable direct bandgap among ITI-Sb alloys and can be grown lattice-matched to GaSb
and InP [9]. It has been extensively studied for InP-based solar cells in literature [10—12], resulting in an efficiency
as low as 0.9% delivered by a stand-alone Alo.58Ino.42As0.91Sbo.09 device under 1 sun AM1.5G illumination [13].
This poor result was attributed to a high absorption of the front grid metal and a short diffusion length of minority
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carriers. Our group has previously reported preliminary results on an AllnAsSb/GaSb tandem cell [14]. However,
a deeper analysis of the material and device physics is required to evaluate its potential for integration into a multi-
junction solar cell.

Herein, we report on the growth, fabrication, characterization and numerical analysis of AllnAsSb/GaSb
tandem cells. The target composition of the quaternary alloy is Alg75Ino.25As0.27Sbg.73, corresponding to a bandgap
value of 1.33 eV. The motivation underlying this choice is that the subcell could be also used as a 3™ and 4
junction in 4- and 6-junction solar cells, respectively. Optimization of the growth and performance of
AllnAsSb/GaSb tandem cells is therefore the first step towards a successful development of I1I-Sb multi-junction
solar cells. To begin with, this work focuses on the AllnAsSb alloy characterization carried out to analyze its
crystalline structure and to derive the optical and electrical parameters necessary for numerical simulations. The
cells performance is then studied by means of 1D modeling and discussed in terms of material quality.

1I. Experimental details

The AllnAsSb alloy studied in this work was grown by molecular beam epitaxy (MBE) on epi-ready GaSb
(001) substrates. The substrate was deoxidized in-situ under Sb flux at 550°C, followed by the deposition at 500°C
of a 200 nm-thick GaSb buffer layer. The substrate temperature was determined with a pyrometer calibrated by
the (1x3) to (2x5) reconstruction change (which occurs at 415°C under a 1 ML/s Sb-flux [15]). Preliminary
analyses, published in [8], allowed us to define suitable growth conditions for AllnAsSb alloys of reasonable
quality: growth temperature of 400°C, 1 ML/s growth rate (group III elements) and a V/III beam equivalent
pressure (BEP) ratio between 6 and 9. The AlInAsSb alloy was grown as a random alloy, i.e. by opening all shutters
at the same time, rather than using the digital alloy technique as recently reported in literature [16]. The target
composition was Alg7sIng25As027Sbo.73. The epitaxy was monitored in-situ by reflection high-energy electron
diffraction (RHEED). Ex-situ, high-resolution X-ray diffraction (HRXRD), scanning transmission electron
microscopy (STEM), Hall Effect and ellipsometry measurements were combined to determine and correlate the
material properties. The elemental composition was estimated by a combination of RHEED and XRD
measurements, and further confirmed by the (S)TEM analysis. The (S)TEM analysis was carried out by the
INNANOMAT group at the University of Cadiz and at the Ernst Ruska-Centre for Microscopy and Spectroscopy
with Electrons in Jiilich. The samples were characterized under high-resolution transmission electron microscopy
(HRTEM) and aberration-corrected, high-angle, annular dark field (HAADF) imaging conditions. Energy-
dispersive X-ray spectroscopy (EDX) was also used to establish chemical mapping of the distribution of
constituents. The optical constants (n, k) of the alloy were determined by spectroscopic ellipsometry using a Sopra
ellipsometer (GES-5E). The Tauc-Lorentz and Gaussian oscillator functions were combined to estimate the
refraction index and extinction coefficient values of the Alg75Ino.25As0.26Sbo.74 sample. Hall Effect measurements
using the van der Pauw technique were carried out on an Ecopia HMS-5500 system at 300 K in order to evaluate
the electron and hole mobilities of the AllnAsSb layer. Dedicated samples were prepared for these measurements.
AllnAsSb layers with 2-3 different doping concentrations (for each doping type) were grown on (001)-oriented
semi-insulating GaAs substrates.

Two solar cells, SC1 and SC2, were grown using a similar process (structure depicted in Fig. 1). After
deposition of the buffer, the bottom GaSb subcell was grown at 500°C, comprising a 25 nm back surface field
(BSF), a 3 um base and a 100 nm emitter. The temperature was then lowered to 400°C for the remainder of the
growth: the 25 nm bottom subcell window, the 20/20 nm GaSb/InAs tunnel junction and the entire AllnAsSb
subcell (25 nm BSF, 1.5 pm base, 100 nm emitter and 25 nm window). Tellurium and Beryllium were used for n-
and p-type doping, respectively. The final structure was capped with 10 nm of GaSb to prevent oxidation of the
high-Al-content alloys. The difference between SC1 and SC2 resides in the quaternary alloy composition. Indeed,
as detailed below in the XRD analysis, the growth conditions of SCI resulted in an AllnAsSb layer under
compressive stress, i.e. with a smaller lattice parameter than GaSb. For the growth of SC2, we attempted to reduce
this lattice mismatch by slightly increasing the As flux. No other growth parameter was changed. After growth,
the solar cells were processed in a class 10000 clean room at the Centrale de Technologie en Micro et
Nanoélectronique of the University of Montpellier, based on an identical protocol. A Ti/Au 30/250 nm-thick front
metallic grid was first deposited by electron-beam evaporation. 5 pm-deep trenches were then etched by reactive
ion etching to isolate the cells from each other. Afterwards, a 106 nm-thick SiNy anti-reflective coating (ARC)
was deposited by plasma-enhanced chemical vapor deposition on the full wafer and etched above the busbars to
allow wiring. Finally, a 5/200 nm-thick Pd/AuGeNi alloy was deposited by sputtering on the whole back surface
of the wafer. The individual cells were mounted on TO-8 holders. They were 0.5 cm x 0.5 cm wide.
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Fig.1 Schematic representation of studied tandem solar cells.

The external quantum efficiency (EQE) setup was composed of an Xe arc lamp (spectral coverage: 350-
1800 nm), a monochromator equipped with two gratings, a four-filter wheel blocking higher orders of diffraction
and an optical chopper modulating the incident light on the solar cell at a certain frequency. A lock-in amplifier
was used for data acquisition. The setup was calibrated using commercial Si and Ge photodiodes. The individual
characterization of the tandem subcells required both light and voltage biasing [17,18]. A halogen lamp filtered
for A <1000 nm provided infrared optical bias to the bottom subcell while studying the top subcell. Conversely,
the top subcell was saturated with a green light source when the bottom subcell was measured. The examined
subcell was also maintained under short-circuit conditions by adjusting the external voltage bias to the open circuit
voltage of the saturated cell. An additional measurement of the spectral response of the SC2 cell was carried out
at the University of Lleida. The measuring setup was based on the same operating principle.

The J-V characteristic curves of the solar cells were measured with a Keithley 2400 Source Meter by standard
four-point measurements. The solar cells were tested under a Newport ORIEL Sol 3A solar simulator equipped
with an AM 1.5G filter. The curves were acquired under both dark and 1 sun illumination conditions. The 1 sun
irradiance power was calibrated with regard to the current density of the limiting subcell, as extracted from
quantum efficiency measurements and including the impact of the metallic grid shading.

II1. Description of the model

One dimension (1D) numerical simulations of multi-junction solar cells are carried out using various in-house
developed solvers on the MATLAB platform. According to our previous work, this suite of numerical modeling
tools has proven successful for the modeling of GaSb single-junction cells [3]. The model is based on fully-coupled
Poisson and continuity equations solved in one direction. A double-valued mesh-points technique is included to
account for the heterointerfaces. Bulk recombination mechanisms, i.e. Auger, radiative and SRH recombination
are considered. Furthermore, the surface recombination velocities are implemented at each layer interface. The
device’s optical generation is calculated in the entire device via the transfer matrix method using the optical
properties (n, k) of each layer. The latter are either taken from literature [19,20] (GaSb, InAs, AISb) or determined
experimentally based on ellipsometry measurements (AllnAsSb, SiNy). Each subcell is individually simulated in
this 1D physics-based solvers.

Fig. 2 illustrates the electrical modeling principle of the tandem cells. The tandem cell J-V curve was computed
with a circuit solver by connecting in series the subcells and a resistor corresponding to the tunnel junction. Indeed,
the broken-gap alignment of the GaSb/InAs tunnel junction provides a very low resistance (Rumnel ~ 4-5-107
Q.cm?) [23,24]. Shunt and series resistors are also included, representing the other contributions of resistive losses
such as current leakage in mesa edges and series resistances related to contact losses.
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Fig 2. Schematic diagram of the electrical simulation (1D physics-based solver/circuit solver) of tandem cells.

An optimization algorithm, based on the Levenberg-Marquardt method, was used to fit the experimental J-V
and EQE curves of the tandem cells. The varying parameters are the shunt and series resistances, the density of
states for the quaternary compound and the electron and hole SRH lifetimes for both quaternary and GaSb alloys.
For a realistic variation range of the input parameters, the algorithm converges towards a single set of values. The
material parameters of GaSb and AllnAsSb used for the simulations are summarized in Table I. For GaSb, most
of parameters are taken from the literature [19,21]. Due to the lack of experimental data for AllnAsSb, some
parameters are estimated from a linear interpolation scheme [22] or assumed to be identical to GaSb (radiative and
Auger recombination parameters). The free parameters adjusted for fitting will be discussed in the section V.

Table 1. Material parameters used for simulations (at 300 K).

GaSb Alo.75In0.25A80.26Sbo0.74
Electron affinity x (eV) 4.06 (a) from [19] 3.86 (b) from [22]
Bandgap Eg (eV) 0.726 (a) from [19] 1.33 (¢

Relative permittivity &

15.7 (a) from [19]

12.7 () from [22]

Nc (cm™) 2.1x10"(a) from [19] 2.0x10!8 )
Density of states
Nv (cm?) 1.8x10" (a) from [19] 1.2x10% (q)
850 + ——22_ (a) from [21]
pn (cm?/V.s) 1o(Matem®) 168 (N=1.6x10'7 cm™?) (d)
Mobility
p (cm?/V.s) 85 + W (@) from [21] 342 (Ng=1x10"" cm™) (d)
Ci=Cp (cm®/s) 5x1073 (a) from [19] 5x1073 )
Recombination B (cm’/s) 8.5x10°'! (a) from [21] 8.5x10° (¢)
parameters

TSRHe, TSRHh (118)

See Table II1. ()

See Table II1. ()

at AllnAsSb/GaSb
heterointerfaces
Surface recombination

Si=Sp=10% cm/s (d)

velocity )
at homointerfaces

Si=Sy=0 cm/s (d)

(a) Material parameters from the literature

(b) Material parameters from a linear interpolation scheme
(c) Material parameters determined from experimental measurements

(d) Free parameters used for fitting

(e) Material parameters assumed to be identical to GaSb due to the lack of data in the literature
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IV. Material characterization of AlInAsSb

In this section, structural, optical and electrical characterization of the AllnAsSb alloy are addressed. The data
extracted were used as input parameters for the 1D model to help gain a better understanding of tandem cell
performance.

A. (S)TEM measurements

The AllnAsSb samples (as-grown and annealed) were characterized using TEM-related techniques. Upon
initial observation, the alloy seemed homogeneous and no particular pattern was detected under the microscope.
The optical microscope images are provided in the Supplementary Material. The alloy was subsequently annealed
for 1h in the MBE reactor (475°C) to test its thermal stability and to reproduce the thermal treatment undergone
during the cell processing steps. The chemical composition of the alloy was obtained by means of STEM-EDX
analyses (Fig. 3). The EDX data confirmed the overall alloy stoichiometry, which is in agreement with the target
value (Alo.75Ino25A80.27Sbo.73). Slight deviations of the Al content may be attributed to preferential sample
oxidation, mainly affecting the Al species. EDX measurements carried out at higher magnification levels in the
annealed sample revealed the alternation of As- and Sb-rich regions with a period of 2-3 nm (6-10 monolayers).
Such modulation is further observed when studying the sample under diffraction contrast conditions (two-beams)
at selected Bragg reflections, sensitive to chemical variations (Fig. 3b). The As and Sb content variation between
consecutive layers is about + 5%. When paying attention to the Al EDX signal, a modulation can also be inferred.
Previous statistical analyses on data obtained by means of atom probe tomography (APT) on these quaternary
alloys grown on InP have already revealed small compositional variations at nanometer sub-volumes [11,25],
leading to In- and Sb- rich domains within epitaxial layers. Such chemical fluctuations could potentially be hidden
or underestimated in the 2D data attainable with (S)TEM measurements. These observations are consistent with a
recent study by Lyu et al. [26]. The periodic compositional fluctuations were not observed in the non-annealed
samples, but their presence should not be discarded (see Supplementary Material). Annealing could increase (pre-
)existing compositional fluctuations or induce them by facilitating diffusion. Dim compositional fluctuations may
therefore have gone unnoticed in the EDX analyses, requiring more sensitive techniques in order to be detected. It
should be noted that solar cell architectures result in long growth times (> 2 h) during which the already-grown
material is effectively annealed until the end of the device growth. Thus, it is likely these chemical variations are
present in the solar cells shown in the remainder of this work. Such compositional inhomogeneities can induce
potential fluctuations that create localized states which can trap the charge carriers and lower their diffusion length
[27]. The localized states can impact both the photocurrent density (diffusion length) and open-circuit voltage
(bandgap). Compositional inhomogeneities have also been shown to hinder dislocation glide in metamorphic
epitaxial growth and could thus lead to an increased defect density, again affecting the carrier diffusion length,
hence the cell’s current density [28]. More detailed epitaxy and annealing studies remain to be undertaken to
improve the quaternary material homogeneity and stability.
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Fig. 3. (S)TEM analysis carried out on the annealed Al 7sIng,sAs26Sbo74 sample. The Z-contrast image (a) shows the overall architecture,
while the diffraction contrast image (b) reveals the periodic chemical modulation of the quaternary alloy. (c) Z-contrast atomic resolution
image of the AllnAsSb alloy. (d) EDX results showing the 2D distribution of the constituents in the AllnAsSb layer and (e) an extracted
profile along the white arrow in (d), evidencing the chemical modulation.

B. HRXRD measurements

HRXRD analyses of individual AllnAsSb alloys grown at different temperatures have been published
previously [8]. Fig. 4 shows in solid lines the ®-26 scans for the (004) reflections of the AllnAsSb/GaSb solar
cells. The data were analyzed with the Panalytical Xpert Epitaxy software (dashed curves in Fig. 4).

108 |
[ — SC1
302
10t |
AllnAsSb —

10?

Intensity (counts/s)

10°

Fig. 4. (004) reflection XRD ®-26 scans acquired on SC1 (red) and SC2 (blue). Each solar cell includes two subcells, a tunnel junction and a
cap layer. The experimental curve of SCI is up-shifted for clarity. Best fits are down-shifted for clarity and plotted with dashed lines.

The AllnAsSb peaks, corresponding to a thickness of about 1.6 pm, are noticeably broader than the substrate
peak with a FWHM of 310” and 520” for SC1 and SC2, respectively. For XRD simulation purposed, we have
considered that the AllnAsSb layers underwent a composition gradient: from Alo75Ing25As026Sbo7s to
A10,751n0A25ASO.27Sb0A73 for SC1 and from A10A751110A25ASO,27Sb0A73 to A10A751n0A25AS()A3()Sb0A70 for SCZ, respectively. Such
a composition gradient could be induced by the increasing As background pressure during growth, As being more
difficult to pump than other elements in MBE. The XRD simulations presented in Fig. 4 also considered fully
strained layers and unity sticking coefficients for the group-III elements. The quaternary alloy in SC1 appears
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slightly lattice-mismatched to GaSb (Aa/a = 6.2x10*) under compressive stress. SC2 was grown with a slightly
increased As flux and the quaternary alloy was, in this case, lattice-mismatched under tensile stress (Aa/a = -
5.9x10-%). This illustrates the extreme sensitivity of the alloy composition to the growth conditions, namely the
substrate temperature and As flux, which had already been observed during the calibration growths. Both mismatch
values were calculated at room temperature. Taking into consideration the different thermal expansion coefficients,
the growth temperature mismatch increases towards the low (1-2)x107 range. According to numerous studies on
[I1-V materials, these mismatch values are still generally considered too low to provoke significant stress relaxation
[29,30].

Despite our best efforts, the ®-20 curve fitting does not reproduce the signal very well on the left side of the
peak (lower ®-20 values). This could stem from growth defects and texture that broaden and shift the XRD peaks,
preventing good agreement between the fitting and the experimental data. These observations, added to the broader
peaks measured, seem to indicate that the crystalline quality of the alloy can still largely be improved. It is worth
noting that, usually, the growth of high-quality Al-rich compounds requires high temperatures which cannot be
implemented during the AlInAsSb growth due to its miscibility issues.

C. Carrier transport properties

Hall Effect measurements were carried out on dedicated samples composed of AllnAsSb layers with various
doping concentrations. The experimental data of electron and hole mobilities of Alg75Ing25As026Sbo.74 alloys are
shown as a function of doping level in Figs. 5a and b. Ternaries endpoints of the GaSb-lattice matched Al.In;.
«AsySb.y alloy are InAso.91Sbo.oo and AlAse.0sSbo.oz respectively for x=0 and x=1. In the absence of data for these
ternary compounds, the data of InAs and AISb binaries are provided.

These experimental data give a general trend of the variation of the mobility as a function of the doping level
for the AllnAsSb quaternary alloy. These results provide reasonable values as starting guess for simulations.
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Fig. 5. Experimental data of electron a) and hole b) mobilities of Al 75Ing25As026Sbo.74, InAs [31], InAsg.01Sboge [32] and AISb [9] alloys.
D. Ellipsometry measurements

The optical properties of the quaternary compounds were also investigated. The evolution of the refractive
index, n, as a function of the wavelength, 4, as extracted from the ellipsometry measurements, is depicted in Fig.
6a for AllnAsSb, AISb and InAs. Fig.6b shows the experimental absorption coefficient of the materials, a(1). As
expected, in both cases the AllnAsSb behavior lies between the curves corresponding to the endpoint binary
compounds (InAs and AlSb). The optical properties of the quaternary alloy, however, cannot be determined by
applying Vegard’s law as it fails to estimate the evolution of the absorption band edge. The abrupt decrease in a
of around 1.24 eV for AllnAsSb suggests a direct bandgap at this value, in agreement with the value (~ 1.21 eV)
presented by Maddox et al. [16]. However, a preliminary photoluminescence (PL) study carried out on very thin
AlInAsSb layers (50-100 nm-thick) indicated a bandgap situated at 1.33 eV [8]. This discrepancy could be due to
the presence of compositional fluctuations, inducing a decrease in the apparent bandgap [13]. These fluctuations
have a high impact on thicker layers (1.6 um), which could explain the difference in bandgap values extracted
from the ellipsometry and PL measurements. It is important to note, however, that they do not seem to significantly
influence the overall optical properties of this alloy as the presence of a below-bandgap tail has not been detected.
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Fig. 6. Optical properties of GaSb-lattice-matched AllnAsSb alloy (xa= 0.75). The refractive indices a) and absorption coefficients b) of the
quaternary compound are presented along with the curves of the endpoint binary compounds (InAs, AlSb) [19,20].

V. Solar cell performance and discussion

Figs. 7a and 7b plot the experimental J-V curves of the investigated tandem cells (circles), along with their 1D fits
(solid lines). Table II summarizes the figures of merit. As can be noticed, SC2 exhibits a better performance with
a conversion efficiency of 5.2%, vs 2.3% for SC1, mainly owing to a lower current density generated by SCI.

The comparison of both dark J-V curves is shown in Fig. 8. The estimated shunt and series resistances (Rghunt and
R, respectively) are given is Table II. It can be seen that the SC2 cell exhibits a higher reverse dark current density
than SC1, due to the lower shunt resistance. The reverse dark current is known to be highly dependent on the
leakage current due to perimeter recombination [33]. This effect is exacerbated for small solar cells with high
perimeter-to-area ratio. This might be associated with the cleanroom manufacturing process as some steps, such
as photolithography or mesa etching, have a considerable impact on the non-passivated sidewalls quality. Hence,
it can be concluded that an unintentional manufacturing defect, enhancing the perimeter recombination, was
introduced into the SC2 device during cleanroom processing.

16 16
e SC1 O Experimental Tandem cell SC2 O  Experimental Tandem cell
14l ‘\\ = Modeled Tandem cell 14he s Modeled Tandem cell
N == === Modeled Bottom subcell ~\ == == = Modeled Bottom subcell
1 == === Modeled Top subcell \‘ == === Modeled Top subcell
12} \ 12
— 1 —
o~ ‘ N
£ £
o 10 1 L 10
< 1\ <
E £
= 1 >
@ 1 Gz 8
g ! g
= 1 =
c 5 6
£ £
3 3
4
o
2 1
1 o
r 0 L L rl r FaY
0.8 1 0 0.2 0.4 0.6 0.8 1
Voltage (V) Voltage (V)



O J o U bW

AN UTTUUTUTUTUTUTUTUTOTE BB DD B DS DWWWWWWWWWWNNNONNNONNNMNNNR R RR R PR PR e
PR WNRFROWVWOJNTDRWNRPROWOW®O-JIAAURWNR,OW®OW-JdNUTIBRWNRFROW®OW-JNUREWNROW®O-TI0U N WN R O WO

Fig. 7. Experimental (black dots) and modeled (black solid line) J-V curves of a) SC1 and b) SC2 cells. The modeled curves of the individual
subcells are also presented (colored dashed lines).
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Fig. 8. Experimental dark J-V curves of both SC1 and SC2 AllnAsSb/GaSb tandem cells.

Table I1. Measured figures of merit for the two tandem cells under 1-sun illumination.

Sample Jsc (mA/cm?) Voo (mV) FF (%) 7 (%) Ry(Qcm?) Ryt (MQ.cm?)
SC1 6.5 769 45 2.3 4 10
SC2 12 904 47.6 5.2 4 0.3

Figs. 9a and 9b illustrate the EQE measurements of SC1 and SC2, respectively, including 1D fits. For the
purpose of comparison, Fig. 9b also displays the EQE results obtained at the University of Lleida. Both sets of
measurements are in agreement, thereby confirming their accuracy. The EQE curves reveal that in both cases the
current generated by the top subcell limits the overall performance of the tandem cell. In particular, a significantly
unbalanced current is found for SC1, whereby the GaSb subcell produces almost 2.5 times higher current density
than the AllnAsSb subcell. This disparity is significantly reduced in the case of SC2.
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Fig. 9. Experimental (dots) and modeled (solid lines) EQE measurements of the top and bottom subcells of a) SC1 and b) SC2.
1D numerical simulations were carried out in order to provide a deeper understanding of the origin of the

factors limiting the performance of individual subcells. Good agreement between the modeled and experimental
curves was obtained by adjusting the densities of states and the mobilities of the Al .75Ino25As0.26Sbo.74 alloy (given
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in Table I), as well as the carrier lifetimes (summarized in Table III). Same values of mobilities are used for both
samples. These values are consistent with the experimental values estimated from Hall effect measurements. It can
be noted that, for both tandem cells, the carrier lifetimes extracted for AlInAsSb (in the order of picoseconds) are
significantly poorer than those for GaSb (in nanoseconds). These low values are due to the presence of deep level
defects in the quaternary alloy, acting as recombination centers. This is corroborated by previous PL
measurements, whereby the Al .75sIno25As0.26Sbo 74 alloy exhibited no signal at room temperature suggesting high
non-radiative recombination rates [8]. It has already been demonstrated that Al-rich alloys are prone to a fast and
unintentional incorporation of oxygen leading to the creation of numerous deep level defects [34]. The extracted
AlInAsSb lifetimes correspond to the minority carrier diffusion lengths of 50 nm and 100 nm in the SC1 and SC2
absorbers, respectively, which is of the same order of magnitude as the value reported in [13]. Moreover, it is
worth noting that the depletion region also contributes to the current production and spreads over about 900-1000
nm in the base of the top subcells.

Interestingly, a minor difference in the efficiency of the bottom subcells can also be observed despite the similar
architecture. The GaSb subcell generates a current density of 16.2 mA/cm? and 14.4 mA/cm? in SC1 and SC2,
respectively. As can be observed from the EQE curves, the SC2 cell exhibits a more inclined plateau region,
indicating a poorer carrier collection for long wavelengths. Consequently, the extracted bulk lifetime in the base
of the SC2 bottom subcell is lower than in SC1. It is noteworthy that a 1D model does not allow us to dissociate
the bulk recombination from the perimeter recombination related to the surface recombination occurring at the
mesa sidewalls. We believe that the difference in performance is unlikely due to bulk recombination. The
difference between lifetime values could be more likely induced by manufacturing defects generated during clean
room processing (surface contamination, material contamination by diffusion, non-ideal sidewalls passivation,
etc...). However, the exact nature of the difference cannot be explained at this time and requires further
investigations.

Due to low SRH bulk lifetimes found for AllnAsSb and GaSb, the Surface Recombination Velocities (SRV)
at the interfaces of constituent layers do not affect the J-V curves. This suggests that their value is low (< 10* cm/s),
which is in agreement with the values reported for III-Sb compounds [35].

The AllnAsSb optical constants estimated from ellipsometry measurements are used to model the optical
generation taking place within both tandem cells. The discrepancy between the modeled and experimental EQE of
the bottom subcells could possibly be attributed to a slightly overestimated absorption of the quaternary alloy over
the 700-900 nm wavelength range.

Table III. SRH lifetimes extracted from 1D numerical simulations.

Sample 7 sre (AllInAsSb) T srin (AllnAsSb) 7 sge (GaSb) 7 sern (GaSb)
SCl1 0.5 ps 3ps 0.5 ns 2 ns
SC2 0.5 ps 10 ps 0.2 ns 33 ns

VI. Conclusion

This work reports on the experimental results of AllnAsSb/GaSb tandem solar cells and the corresponding
AlInAsSb epilayers characterization. The solar cells performance levels are analyzed by means of 1D physical
modeling. It is demonstrated that the current produced by the AllnAsSb top subcells restricts the global
performance of the tandem cells. This limitation is attributed to high carrier-recombination rates within the
quaternary epilayers. Thus, the crystal quality of AllnAsSb remains to be improved in order to provide
photovoltaic-grade material. Until then, the digital alloy growth technique remains the most promising approach,
by providing better control over the alloy composition. Beyond necessary technological improvements, the
promising efficiency of 5.2% paves the way to the use of AllnAsSb alloys in GaSb lattice-matched, multi-junction
solar cells.
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