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ABSTRACT

Growth of high material quality Aluminum Gallium Arsenide (AlxGaixAs) is known
to be challenging, in particular with an Al content x above 20%. As a result, the use of
AlxGaixAs in devices requiring high minority carrier lifetimes, such as solar cells, has
been limited. Nonetheless, it has long been established that the substrate temperature
is a key parameter in improving AlxGai«As material quality. In order to optimize the
growth temperature of 1.70-eV Alo22Gao.7sAs solar cells, five samples have been
grown by Solid-Source Molecular Beam Epitaxy (SSMBE) at 580°C, 600°C, 620°C,
640°C, and 660°C, respectively. A strong improvement in performance is observed
with increasing the growth temperature from 580°C to 620°C. An open-circuit voltage
above 1.21V has in particular been demonstrated on the sample grown at 620°C,
translating into a bandgap-voltage offset Wo. below 0.5V. Above 620°C,
performances — in particular the short-circuit current density — moderately decrease.
This trend is confirmed by photoluminescence, current density versus voltage
characterization under illumination, and external quantum efficiency measurements.
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1. INTRODUCTION

The ternary Il1-V compound Aluminum Gallium Arsenide (AlxGaixAs), with a
tunable direct bandgap ranging from 1.42eV (pure GaAs at x=0) to about 2.0eV (T'-
valley/X-Valley transition at x=0.45) [1-2] and a lattice parameter closely matching
the one of commercially available GaAs substrates [1], has been widely studied for
optoelectronic applications. It is commonly epitaxially grown by Molecular Beam
Epitaxy (MBE) and Metal-Organic Chemical VVapor Deposition (MOCVD).

The main challenge regarding the epitaxial growth of AlxGaixAs lies in the
substantial incorporation of contaminants — in particular oxygen [3] — during
deposition, leading to a high density of deep level defects related to AlI-O complexes
[4-5], and subsequently to a reduced minority carrier diffusion length [6] and lifetime
[7]. This issue has been reported for materials grown using MBE and MOCVD
systems [4-7]. As a result, the use of AlxGaixAs in applications strongly dependent on
long minority carrier lifetimes, such as photovoltaic solar cells, has been limited.

Extensive studies have been carried out in the past on high aluminum content
(x>20%) AlxGai-xAs solar cells grown by MBE [6,8-11] and MOCVD [12-15]. Most
of these early devices exhibit poor performances, in particular a low open-circuit
voltage (Voc) in regard of the bandgap of the active material. Consequently, although
I11-V based multijunction solar cells are commercially available for space and
concentrator applications, none of these high efficiency devices currently integrates
an AlxGaixAs subcell; and Ing49GaosiP is now the material of choice for high
bandgap (1.9eV) subcells.

AliGaixAs photovoltaic solar cells have recently experienced a renewal of interest
[16-17], due in part to the need of subcells with a bandgap between 1.4 and 1.9eV for
multijunction solar cells using four or more junctions [18]. Additionally, high
efficiency 1.9-eV Alo37GaossAs could replace Ino49GaosiP in current 3-junction
multijunction solar cells, avoiding the high cost associated with the use of indium
[17]. Finally, following the recent progress in the development of a low threading
dislocation density platform to monolithically integrate high material quality GaAs
and AlxGaixAs on Si [19-20], 1.70-eV Alo22Gao.78As presents a strong interest as a
top cell absorber material in tandem dual-junction I11-V/Si photovoltaic applications.
Such low threading dislocation density 1.70-eV Alo22Gao78As solar cells have been
recently grown by MBE on Si substrates [21-22]. However, these initial devices, all
grown at a substrate temperature of 580°C, have shown poor performances — in
particular low Vo values under 1150mV — even for the reference cells grown lattice-
matched on GaAs.

Growth temperature has long been established as a key parameter in order to reduce
oxygen contamination, and thus to enhance the material quality and performance of
AlxGaixAs solar cells [6,8-9,11], with the optimal temperature greatly dependent on
the Al content x. In this contribution, we present and discuss recent progress in the
MBE growth of 1.70-eV Alo22Gao.7sAs solar cells on GaAs substrates. The growth
temperature in particular has been optimized: five samples have been grown at 580°C,
600°C, 620°C, 640°C, and 660°C, respectively. A clear improvement is demonstrated
with increasing the growth temperature from 580-600°C to 620°C. Above 620°C, the
performance of the cells declines moderately. At 660°C, the Al to Ga ratio in the cell
starts to be impacted, with a lower Ga incorporation, and the bandgap of the cell is
increased above the desired 1.70eV value.



2. EXPERIMENTAL METHOD

2.1. Samples growth

The five samples were grown in a Veeco GEN930 Solid-Source Molecular Beam
Epitaxy (SSMBE). Growth temperatures were monitored using a thermocouple
mounted on the back of the wafer holder and an external infrared pyrometer. All the
growth temperatures reported hereafter correspond to estimate real temperatures,
extrapolated from the thermocouple readings. The well-documented transition of the
Reflection High Energy Electron Diffraction (RHEED) pattern at 580°C [23] —
characteristic of the in-situ thermal desorption of the native oxide present on the
substrate prior to growth — was used to calibrate this linear extrapolation. The
epilayers were doped using Si (n-type regions) and Be (p-type regions) solid sources.
All growth runs have been performed on standard n-type GaAs (100) substrates.

The structure of the cells is presented in FIGURE 1. After in-situ desorption of the
native oxide layer present on the surface of the substrate, controlled through RHEED,
a 200nm-thick n*-GaAs (Nqg=1.4x10'8cm3) buffer is grown, followed by a 1um-thick
n*-Alo2,Gao7sAs (Ng=1.1x10%cm®) contacting layer, in order to allow eventual
contacting from the top after mesa etching. The cell itself consists of a 2um-thick n-
type Alo22Gao7sAs base (Ng=2x10'7cm3), a 120nm-thick p*-type Alo2.Gao7sAs
(Na=1x10%cm=3) emitter, and a 50nm-thick p*-AlAs/AlosGagsAs (Na=4x10%cm)
superlattice window layer. The cell is capped by a highly doped 50nm-thick p*-GaAs
(Na=1x10%m) contacting layer. This contacting layer also protects the underlying
AlAs/AlosGaosAs superlattice from oxidation. The structure grown does not include a
Back Surface Field (BSF).

Ti/Pt/Au contact

p*-GaAs contacting and capping layer (50nm)
p*-AlAs/Al, ;Ga, ;As superlattice window (50nm)

p*-Aly 5,Gag ;5As emitter (120nm)

n-Alg;,Ga, ;3As base (2000nm)

n*-Al, »,Ga, ;5As contacting layer (1000nm)

n*-GaAs Buffer (200nm)

n-GaAs Substrate

Ni/AuGe/Ni/Au contact

Figure 1. Structure of the samples, grown and processed into devices.

2.2. Device fabrication

Following growth, contact to the n-type region was thermally evaporated on the full
back surface of the samples. A Ni/AuGe/Ni/Au (5nm/100nm/30nm/200nm) contact
structure was deposited and subsequently annealed at 390°C for 60s. Individual
devices’ front grids were defined by standard photolithography techniques before
sputtering of the Ti/Pt/Au (20nm/50nm/400nm) contact to the p-type region. After
contact lift-off, another photolithography step was performed to delimit the surface of
the devices. Wet mesa etching was then carried out using a H2SO4:H202:H,0
(1:10:80) selective etching solution, thus electrically isolating 5mmx5mm and
3mmx3mm square devices. No anti-reflection coating was deposited. Moreover, in



order to protect the underlying AlAs/AlosGaosAs superlattice window, the top GaAs
capping and contacting layer was not etched around the contacts. This leads to a non-
negligible parasitic absorption in the lower bandgap (1.42eV) 50nm-thick GaAs
contacting layer. Using a classic Beer-Lambert absorption model, the associated
short-circuit current density (Jsc) loss has been evaluated at around 5.5mA.cm™ to
6mA.cm, in addition to reflection losses.

2.3. Characterization

Structural properties of the samples have been investigated using Atomic Force
Microscopy (AFM) and X-Ray Diffraction (XRD). AFM imaging has been carried
out at room-temperature in a Veeco Nanoscope Dimension V 3100 SPM system, in
tapping mode. A Jordan Valley D1 instrument has been used for XRD measurements.
Given the narrow difference in lattice parameters between GaAs and AlxGaixAs, we
assume no relaxation of the epilayers. The Al content x of the samples can thus be
extracted from the XRD ®-20 graphe, by analyzing the difference between the
substrate intensity peak and the epilayers intensity peak.

Steady-state room-temperature photoluminescence (PL) emission spectra of the
grown samples were acquired in a Nanometrics RPM2000 rapid photoluminescence
mapping system, allowing direct comparison between the samples.

Current density versus voltage (J-V) characteristics under illumination, illumination
intensity versus open-circuit voltage (Suns-Voc) measurements and External Quantum
Efficiency (EQE) measurements were acquired in order to analyze the photovoltaic
and diode properties of the fabricated devices.

J-V characteristics were acquired using a Keithley 2400 sourcemeter coupled with
ReRa Tracer 3.0 software. A LOT solar simulator, fitted with a filtered xenon lamp
calibrated to reproduce the AM1.5G spectrum at 100mW.cm?, was used for
measurements under illumination. As the front grid contact to the p-type region
covers a non-negligible portion of the fabricated devices (4.29mm? for the 5x5mm
devices, 1.93mm? for the 3x3mm devices), the current density results presented
hereafter correspond to the designated area of the devices (20.71mm? for the 5x5mm
devices, 7.07mm? for the 3x3mm devices) in order to allow meaningful comparison
between devices of different size.

Suns-Voc measurements were performed in a Sinton Instruments system. In order to
rectify the strong spectral mismatch between the 1.70-eV Alo22Gao.7sAs measured cell
and the 1.12-eV Si cell used to determine the illumination intensity [24], a Schott
KG3 short pass filter was placed in front of the illumination intensity monitoring cell.
This reduced the difference in measured Vo at 1 sun between the J-V setup and the
Suns-Voc system to 5 to 10 mV, depending on the spectral response of the sample. An
additional spectral mismatch coefficient was consequently calculated for each device
to match the J-V and Suns-V,c measurements [24].

Room-temperature EQE measurements were performed with a SpeQuest Quantum
efficiency system from ReRa.

2.4. Results analysis

The bandgap of the grown material can vary from one sample to another, and even
from device to device on the same wafer for high temperature growth runs. As a
result, the Vo of an individual cell, directly dependent on the bandgap, can be a



misleading parameter to evaluate the material quality of the device. The bandgap-
voltage offset Woc, defined as:

E
VVOCZFQ_VOC (l)

presents the advantage of allowing comparison between samples with different
bandgaps. As a result, a precise evaluation of the bandgap is needed. As presented in
ref. [25], for direct bandgap materials, the difference between the photons energy Epn
and the bandgap Egq verifies:

[Epn X In(1 — EQE)]” o Epp, — Eg )

The bandgap can be precisely calculated for each device, based on the device EQE,
by linearly fitting the left part of Equation (2) and finding the intersection of this
linear fit with the horizontal axis.

3. RESULTS AND DISCUSSION

3.1. Structural characterization
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Figure 2. Atomic Force Microscopy imaging of the samples grown at 580°C (a),
600°C (b), 620°C (c), 640°C (d) and 660°C (e). All images show a 1x1um surface
with identical -1.5nm to +1.5nm color bar scales. The root mean squared surface
roughness as a function of the growth temperature is also displayed (f).

AFM images of the five samples grown are displayed in FIGURE 2a-2e, each image
representing a surface of lumx1lum with a -1.5nm to +1.5nm scale. The root mean



squared surface roughness Rrms is also displayed as a function of the growth
temperature (FIGURE 2f). All samples, except from the one grown at 600°C, exhibit
very smooth surfaces with Rrws in the order of magnitude of 0.2nm. On the other
hand, the sample grown at 600°C exhibits a poor surface morphology, with an Rrms
close to 0.6nm. AFM characterization of additional samples grown at 600°C, 620°C,
and 640°C with an undoped emitter gave comparable results: the additional samples
grown at 620°C and 640°C exhibit smooth surfaces with an Rrus around 0.2nm, while
the sample grown at 600°C presents a poor surface morphology, with a similar
directional streaky pattern and an Rrms around 0.6nm. The surface roughness for the
growth at 600°C is thus reproducible. The existence of a “forbidden temperature
window” for the growth of high Al content (x>20%) AlxGaixAs — with samples
grown in that temperature window exhibiting a poor surface morphology — has been
widely reported [26-27]. Although the exact mechanism responsible for this so-called
“forbidden window” is still unclear, the authors believe that, in the present case, the
poor surface morphology of the samples grown at 600°C is an occurrence of such a
“forbidden temperature window”.

The Al content of the samples, extracted from XRD, are compiled in TABLE 1, as well
as the corresponding difference between the substrate and epilayers intensity peaks in
the ®-20 graph. The samples grown at or under 640°C exhibit Al contents close to the
22% expected from the Ga/Al flux ratio calibrated through RHEED intensity
fluctuation, assuming a sticking coefficient equal to one for both atomic species. The
sample grown at 660°C, however, presents a higher Al content of 28.0%. This is
caused by the re-evaporation of Ga from the growth surface above 650°C [28],
leading to a Ga incorporation below unity while Al adatoms are still fully
incorporated. As a result, a higher bandgap is expected for the sample grown at
660°C.

T Rrwms ®-20 Al content
[°C] [nm] [arcsec] [%6]

580  0.200 79 21.7
600  0.596 80 21.9
620  0.187 80 21.9
640  0.209 80 21.9
660  0.227 102 28.0

Table 1. Root mean squared surface roughness Rrms — calculated from AFM —and Al
content x — extracted from XRD — of the samples grown at different temperatures T.
The ®-26 difference between the XRD intensity peaks of the GaAs substrate and the
AlxGaixAs epilayers is also reported.

3.2. Photoluminescence

A PL comparison of the samples is displayed in FIGURE 3. The PL measurements are
taken from the center of the wafers, where the temperature is measured by the
thermocouple during growth. The four samples grown at 580°C (magenta diamonds),
600°C (black crosses), 620°C (red asterisks) and 640°C (blue squares) exhibit a peak



intensity wavelength between 726.6nm and 728.7nm, corresponding to the 1.70-eV
bandgap expected from Alo22Gao78As, in agreement with the Al content extracted
from XRD. On the other hand, for the sample grown at 660°C (green circles), the PL
signal peaks at 701nm, corresponding to a bandgap of 1.77eV, again in agreement
with the Al content of x=28% calculated from XRD.

It is to be noted that, in contrast with the other samples, the wafer grown at 660°C
presents a gradient of peak intensity wavelengths across its surface: from 700nm in
the center of the wafer to 727nm on its edge. This unusual PL distribution originates
from the use of a single-filament substrate heater, leading to a temperature gradient
across the wafer, with a higher temperature in the center of the wafer and a lower
temperature on the edge, where thermal losses are stronger due to geometry. Although
the growth temperature in the center of the wafer (660°C) is above the re-evaporation
temperature of Ga (650°C) [28], leading to a limited Ga incorporation, the
temperature on the edges is likely under this threshold and the sticking coefficient of
Ga is close to 1. Consequently, the PL peak wavelength on the edge of the wafer is
closer to the 729nm expected from a 1.70-eV bandgap material.
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Figure 3. Photoluminescence (PL) comparison of the samples grown at 580°C
(magenta diamonds), 600°C (black crosses), 620°C (red asterisks), 640°C (blue
squares) and 660°C (green circles). The higher material quality with a growth
temperature of 620°C is apparent, as well as the higher bandgap due to the lower Ga
incorporation with a growth temperature of 660°C, resulting in a strong blue shift of
the PL peak intensity.

Comparatively low peak intensities have been measured for the samples grown at
580°C and 600°C, with the sample grown at 600°C exhibiting a lesser signal. This is
in agreement with the poor surface morphology of that sample, observed by AFM.
The strongest PL peak intensity is obtained at 620°C and decreases at higher growth
temperatures, indicating a superior Alo22Gao7sAs material quality at a growth
temperature of 620°C. This is in accordance with the lower surface roughness
measured by AFM.

3.3. Photovoltaic properties

The Current density versus Voltage (J-V) characteristics, acquired under illumination,
of the highest efficiency devices fabricated on each sample are displayed in FIGURE 4
(solid lines). No evident difference has been observed between the 3x3mm and the
5x5mm devices. Hereafter, they are consequently reported in an undifferentiated



manner. The pseudo J-V characteristics, extracted from Suns-Voc measurements, are
also displayed (dashed lines). The main parameters of these best-performing cells are
reported in TABLE 2. As expected from PL and AFM studies, the sample grown at
620°C (red lines with asterisks) exhibits the best performances, in terms of short-
circuit current density (Js¢) as well as in terms of open-circuit voltage (Vo) and
efficiency. Moreover, a strong improvement in performance is achieved by increasing
the growth temperature from 580-600°C to 620°C. The sample grown at 600°C,
presenting a poor surface morphology, exhibit a particularly low V. Above 620°C
the performance moderately decrease, in particular due to a reduction of Jsc.
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Figure 4. Current density versus Voltage (J-V) characterizations (solid lines),
acquired under illumination, and pseudo J-V characterizations (dashed lines),
extracted from Suns-Voc measurements, of the highest efficiency device fabricated
from each sample grown.

T Voc Jsc FF Efficiency Pseudo FF Pseudo Efficiency
[(Cl1 [mV] [mAcm?] [%] [%] [%0] [%0]
580 1145 6.75 79.3 6.12 82.0 6.34
600 1058 6.68  78.0 5.52 81.0 5.72
620 1212 7.85 81.7 .77 82.4 7.84
640 1194 7.58 81.8 7.39 81.5 7.37
660 1207 7.34 80.5 7.12 81.9 7.25

Table 2. Main parameters of the highest efficiency devices fabricated from each
sample. The open-circuit voltages (Voc), short-circuit-currents (Jsc), Fill Factors (FF)
and efficiencies have been extracted from the J-V curves presented in FIGURE 4. The
pseudo FF and pseudo efficiencies have been extracted from the corresponding
pseudo J-V curves, also in FIGURE 4.

For each sample, 22 to 44 devices have been fabricated, depending on the size and the
geometry of the portion of wafer processed. In order to better assess the trends at play
and to eliminate possible inconsistencies arising from inhomogeneities during growth
or fabrication, the main metrics of the highest efficiency device (red diamonds) and,
for each of these considered metrics, of the 25% best performing cells (black cross



and dashed line = average value, whiskers = distribution) for each sample are
displayed in FIGURE 5. The open-circuit voltages Vo (2), bandgap-voltage offsets Woc
(b), short-circuit currents Jsc (c) and efficiencies (d) are reported.
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Figure 5. Comparison of the open-circuit voltage Voc (a), bandgap-voltage offset Woc
(b), short-circuit current Jsc (c) and efficiency (d) of the highest efficiency device
fabricated on each sample (red diamonds) and of the 25% best performing devices for
the given metric (black cross and dashed lines = mean value, whiskers = range).

In agreement with sections 3.1 and 3.2, the sample grown at 600°C presents poor Vo,
Woc, and efficiency for the best device, as well as a wide distribution of these metrics
across the best performing devices. The Jsc is however weakly impacted, with a
distribution of highest Jsc values similar to the other samples. The distribution of
bandgap across the sample grown at 660°C is also apparent, with this sample
exhibiting the highest Vo values, although the Wqc values are similar to the ones
obtained at 620-640°C. In particular, the highest efficiency device reported in FIGURE
4, fabricated from the extreme edge of the wafer — where the Al content and thus the
bandgap is lower — is not amongst the 25% highest Vo values measured across the
wafer, as higher bandgap devices from the center of the wafer achieve higher Vo
values.

As expected from AFM and PL measurements, the sample grown at 620°C presents
the best performance in terms of Jsc, Woc and efficiency. The measured Ve (1212mV)
is close to the record value of 1.22V reported for 1.70-eV Alo22Gao78As solar cells
grown by MBE [10]. This is especially significant given the comparatively low Js
achieved in this study; due to parasitic absorption in the GaAs top capping and



contacting layer (not-etched) and the lack of an anti-reflection coating. Assuming a
doubling of the Js. with an improved fabrication process, including etching of the
GaAs capping layer and deposition of an anti-reflection coating, an expected Vo of
1241mV has been calculated from the Suns-V,. measurements, as a result of the
improved quasi-Fermi levels separation due to stronger light absorption.
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Figure 6. External Quantum Efficiency (EQE) of the highest efficiency device
fabricated from each grown sample.

The trend in material quality is particularly apparent from the analysis of the Js
values (FIGURE 5c), with a strong improvement from 580-600°C to 620°C and a
moderate decrease above 620°C. Notwithstanding the sample grown at 600°C, this
trend is confirmed by the analysis of the efficiencies of the best devices.

EQE measurements of the highest efficiency device from each sample are reported in
FIGURE 6. Absolute EQEs have been calculated based on the Jsc measured during J-V
characterization under AM1.5G illumination. The improvement in material quality
when increasing the growth temperature from 580°C to 620°C is apparent, with an
enhancement of the quantum efficiency — especially for lower energy photons —
indicating an increase in minority carrier diffusion length. Above 620°C, the quantum
efficiency is reduced at longer wavelengths as the material quality and thus the
minority carrier diffusion length decrease. The stronger response around 550nm for
the sample grown at 640°C is of unknown origin and further characterization is
needed to fully understand the phenomenon at play.

The lower EQE at longer wavelengths, with a characteristic shoulder in the EQE
curve close to the band-edge, is a well-known phenomenon for AlxGaixAs solar cells
[8-12]. It has been demonstrated that this issue can be addressed by using Se instead
of Si as the dopant for the n-type regions [15].

4. CONCLUSION

In order to optimize Alo2Gag7sAs material quality, 1.70-eV Alo22Gag.78As
photovoltaic solar cells have been grown by Molecular Beam Epitaxy (MBE) at
580°C, 600°C, 620°C, 640°C, and 660°C. Analyses of the surface roughnesses and
photoluminescence (PL) peak intensities show an improvement in material quality
with increasing the growth temperature from 580°C to 620°C. Notably, the sample
grown at 600°C presents a poor surface morphology, leading to limited optoelectronic
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performance. The best material properties are achieved at 620°C, with both surface
roughness and PL peak intensity gradually degrading when increasing the growth
temperature above 620°C.

In contrast with the samples grown at lower temperatures, a greater Al content of
28.0% is obtained when the growth temperature is increased to 660°C, as
demonstrated by X-Ray Diffraction (XRD) measurements. This is due to Ga re-
evaporation from the growth surface above 650°C, leading to a Ga sticking coefficient
below unity while Al incorporation is not impacted. As a result, the Ga to Al ratio is
reduced and the Al content is increased. The bandgap of the sample is thus widened,
as confirmed from PL measurements.

Optoelectronic characterization of the devices fabricated from the five grown samples
confirms the trend outlined by the surface roughness and PL analyses, with a clear
improvement of photovoltaic properties when increasing the growth temperature from
580-600°C to 620°C, and a moderate decrease beyond 620°C. The trend is
particularly apparent when analyzing the highest short-circuit currents (Jsc) measured
across each sample: contrary to the open-circuit voltage (Vo) and bandgap-voltage
offset (Woc) — which can suffer from an eventual contamination at the p-n interface —
the Jsc is directly linked to the minority carrier diffusion length, and hence the
lifetime, throughout the epilayers. In case of a potential contamination specific to the
depletion region, the Js is therefore a good metric to assess the bulk material quality.

Overall, the sample grown at 620°C exhibits the best material properties and
photovoltaic performance, with the lowest Wqo. and the highest Jsc and efficiency
measured. An open-circuit voltage of 1212mV has been demonstrated, corresponding
to a Woc below 500mV. Further improvement could be achieved by selective etching
of the top GaAs contacting layer and deposition of an anti-reflection coating, thus
greatly boosting the Js, in order to achieve current-matching with an underlying Si
bottom cell.
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