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Abstract: The properties of GaAsSbN and GaAsSb layers grown by liquid-phase epitaxy on n-GaAs
substrates were investigated in a comparative plan with a view of their possible application in multi-
junction solar cells. To avoid non-uniformity effects in the composition of these compounds with
two or three different group-V volatile elements, the crystallization was carried out from finite melt
with a thickness of 0.5 mm at low (<560 °C) temperatures. X-ray microanalysis and X-ray diffraction
were used to determine the composition, lattice mismatch, and crystalline quality of the epitaxial
layers. The morphology and surface roughness were examined by atomic force microscopy. Surface
photovoltage (SPV) spectroscopy at room temperature was applied to study the optical absorption
properties and the photocarrier transport in the samples. The long-wavelength photosensitivity
of the GaAsSbN and GaAsSb layers, determined from their SPV spectra, is extended down to
1.2 eV. Although GaAsSb has a slightly larger lattice mismatch with the GaAs substrate compared to
GaAsSDbN, it presents a higher photoresponse, since, in GaAsSbN, the incorporation of N induces
additional recombination centres. Therefore, GaAsSb could be an alternative to GaAsSbN for solar
cell applications.
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1. Introduction

Recently, there has been increasing interest in the development of different types
of new approaches and materials for achieving high-efficiency solar cells. For example,
notable progress has been made in perovskites by improving the hole transport layers [1,2]
and in materials for more stable organic solar cells [3]. However, up to now, multi-junction
solar cells based on III-V heterostructures exhibit the highest efficiency, of 47%, under
concentration light [4] and, according to the theoretical calculations, have the potential to
improve this value. Many experimental efforts have been made to reach higher efficiencies
with an appropriate combination of novel materials with different bandgaps.

One of the most intensively studied class materials for multi-junction solar cell appli-
cations is GaAs-based dilute nitride alloys such as GaAsN, InGaAsN, InGaAsSbN, and
GaAsSbN [5-14], because they offer the possibility of engineering their band gaps, keep-
ing the lattice matching to GaAs substrate, and can be used for the fabrication of middle
sub-cells in multi-junction solar cells [15]. However, there are still unresolved problems
related to trap-assisted recombination and low minority carrier diffusion lengths. The
incorporation of nitrogen into the crystal lattice generates a high density of N-related
clusters and point defects, which greatly affects the device performance. To improve the
device properties, post-growth annealing is usually applied [12,13].

The use of lattice-mismatched materials offers possibilities to overcome lattice match-
ing limitations, by integrating heterostructures with slightly different lattice constants, thus,
achieving the desired optical and physical characteristics. The III-V materials InGaAs and
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GaAsSb are the most appropriate compounds for the development of GaAs-based infrared
(IR) optoelectronic devices [16-23]. To reduce the influence of mismatch dislocations lo-
cated at the active region interface in semiconductor devices based on thick metamorphic
structures, additional barriers or graded layers are grown before the growth of the active
region [18,19]. Threading dislocations, which propagate up through the structure, are
the biggest problem for electronic devices, because they can create defect states such as
non-radiative and carrier-trapping centres, and destroy the device properties. On the other
hand, a small lattice mismatch between the epitaxial layer and the substrate is allowed, as
it still avoids the formation of many structural defects and threading dislocations in the
as-grown layers [22,23].

Epitaxial InGaAsN and InGaAs layers grown on GaAs are intensively studied for
optoelectronic applications [5-8,16-18]. In the last few years, an increasing interest ap-
peared in the growth of GaAsSbN [11-14] and GaAsSb [20-23] compounds. Most works
devoted to investigations of layers and structures based on these compounds deal with
samples grown by non-equilibrium methods such as molecular beam epitaxy (MBE) and
metal-organic chemical vapour epitaxy (MOCVD) [8-10]. In contrast to MBE and MOCVD,
the crystallization in liquid-phase epitaxy (LPE) is carried out under near-equilibrium con-
ditions. This allows for the obtaining of thick layers of higher material quality in terms of
lifetime, mobility, and lower defect concentration. However, there are significant difficulties
in the growing of GaAsSb and GaAsSbN, connected with the high volatility of the group
V elements in the As sublattice and the low nitrogen solubility at equilibrium conditions.
That is why there are only a few papers on GaAsSb and GaAsSbN grown by LPE [14,22,23].

In our previous works, we studied metamorphic GaAsSbN [14] and GaAsSb [23]
layers grown by LPE using various experimental techniques. The aim was to obtain a
material with good photovoltaic quality for the production of solar cells with extended
IR photosensitivity compared to GaAs that can be applied in multi-junction solar cells as
a middle sub-cell. In this work, we continue our efforts in this direction, and investigate
the properties of GaAsSbN and GaAsSb epitaxial layers in a comparative plan to assess
their advantages and disadvantages in the application in photovoltaics. To overcome some
technological difficulties, the layers were grown from a finite melt at a low temperature
range. The composition of the layers was carefully chosen to ensure the same IR absorption
edge. The contactless and highly sensitive surface photovoltage (SPV) spectroscopy was
used to evaluate the IR photosensitivity of the grown structures.

2. Materials and Methods

Two series of GaAsSbN and GaAsSb layers were grown on n-type (100) GaAs:Si sub-
strates in a horizontal LPE quartz tube in a hydrogen ambient, as described in more detail
in [14,23]. To obtain more uniform layers, the crystallization was carried out from finite melt
with a thickness of 0.5 mm. The epitaxial layers were grown from mixed solutions with two
different compositions: 94.99% at% Ga + 4.5 at% Sb + 0.5 at% N + 0.01 at% As and 94.99%
at% Ga + 5 at% Sb + 0.01 at% As. The component calculations were performed according
to the theoretical and experimental data for the low-temperature phase diagram region
of the Ga—As-5Sb system [24,25]. Since the solubility of nitrogen in the Ga solution is very
small, 0.5 at% N was used for the growth of all GaAsSbN layers. High purity 99.9999 Ga
and 99.9999 Sb were used as solvents, while polycrystalline GaAs and GaN were used as
sources of As and N, respectively. Epitaxial layers were deposited at a temperature range
of 560-545 °C at a cooling rate of 0.6 °C/min. To prevent background N-incorporation
in GaAsSb, the quartz tube and the graphite boat were annealed for about 24 h in pure
hydrogen before the growing of GaAsSb layers not containing nitrogen.

High-resolution X-ray diffraction (XRD) (Empyrean PANalytical B.V., Malvern Pan-
alytical, Almelo, Holland) was used to determine the lattice parameter, lattice mismatch,
and crystalline quality of the grown layers. The measurements were performed in the
0/20 geometry on an X-ray diffractometer Empyrean PANalytical B.V., Almelo, Holland
with a copper anode. Scanning electron microscopy (SEM) (Tescan LYRA IXMU, Brno,
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Czech Republic) and energy-dispersive X-ray spectroscopy (EDX) (Quantax 200, Bruker,
Billerica, MA, USA) measurements were performed on the cross-section of cleaved samples
to measure the thickness of the layers and determine the Sb content [14,23]. The composi-
tion of the GaAsSbN and GaAsSb layers was determined by a combination of EDX and
XRD measurements, and confirmed by X-ray photoelectron spectroscopy (XPS). Atomic
force microscopy (AFM) (MFP-3D Origin, Asylum Research Corporation, Oxford Instru-
ments, Oxford, UK) in tapping mode was applied to characterize the surface morphology
using an Olympus AC240TS cantilever (Olympus Corporation, Tokyo, Japan), as described
in [14,23].

SPV spectra were measured at room temperature in the metal-insulator-semiconductor
operation mode [26] using light chopped at 94 Hz. The sample was positioned on a
grounded copper platform. The semi-transparent electrode was a SnO, film deposited on
the bottom side of quartz glass. A sheet of mica (15 pm) was introduced between the sample
and the probe electrode. The illumination of the sample was performed using a 250 W
halogen tungsten lamp along with a 0.22 m SPEX grating monochromator (600 gr/mm),
filters to cut off the high-order diffraction, and an optical chopper (300 CD). The scanning
was from long to short wavelengths, keeping the photon flux density constant. For that pur-
pose, part of the light was deflected towards an Oriel IR50 Golay detector (which has a flat
spectrum) and the signal from the detector was fed to a lock-in amplifier (Brookdeal 9530).
This feedback was used to adjust the position of a neutral density filter with graded optical
density, thus, achieving control of the photon flux density for each wavelength with an
accuracy of about 1% [27]. The SPV signal from the probe electrode relative to the ground
was fed to a high-impedance unity gain buffer acting as a voltage repeater. The output
of this buffer was directed to an SR830 lock-in amplifier to measure the amplitude and
phase of the SPV signal. The amplitude spectra were corrected for the voltage transmission
coefficient of the electric circuit. The SPV phase delay relative to the light excitation was
measured in a correct way, eliminating possible phase shifts from the electrical circuit
and the optical chopper. More details about the SPV setup and the applied measurement
procedure can be found in [27].

3. Structural Characterization
3.1. XRD Measurements

High-resolution XRD (004) scan spectra of GaAsSbN/GaAs and GaAsSb/GaAs sam-
ples are plotted in Figure 1. Two prominent peaks are seen in each spectrum. The sharp
peaks with high intensity are associated with the GaAs substrate, while the weak broad
peaks originate from the relaxed metamorphic GaAsSbN and GaAsSb layers. The thickness
of the epitaxial layers measured by SEM is about 0.5-0.6 um, i.e., above the critical thickness
value of 250 nm, determined theoretically and experimentally in refs. [28,29], respectively.
The lattice mismatch Aa/ag, estimated from the distance between the XRD peaks, is about
0.48% for GaAsSbN [14] and 0.63% for GaAsSb [23]. The smaller mismatch of GaAsSbN is
explained by the effect of nitrogen, which partially compensates for the lattice extension by
the large Sb atoms. Using the Sb content of 6.8%, found separately by EDX, and applying
Vegard’s law for the lattice constant of relaxed layers, we estimate the N content in the
crystal lattice of GaAsSbN to be ~0.1% [14]. The Sb content in GaAsSb determined from the
XRD spectrum is 8%, which is in agreement with the EDX and XPS results [23].



Energies 2022, 15, 6563

40f9

—— GaAsSbN
—— GaAsSb

Intensity (a.u.)

64 65 66 67
2Theta (degrees)
Figure 1. High-resolution X-ray diffraction (004) curves of GaAsSbN and GaAsSb layers.

3.2. AFM Measurements

AFM is a simple method to identify the dominant type of defects from the surface
morphology. Figure 2a,b show the 3D AFM images of a 20 x 20 um? area of the as-grown
GaAsSbN and GaAsSb layer surfaces. They reveal a cross-hatch structure with strong
anisotropy in the two orthogonal <110> directions. Well-defined ridges oriented along the
[110] directions are clearly seen, while those along the orthogonal directions are less visible.
This relief depends on the plastic relaxation of the metamorphic layer and the generation
of misfit dislocations at the layer/substrate interface [30-32]. Such a type of anisotropic
relaxation inhibits the creation of threading dislocations in the grown layers [33,34]. Some
breaking of a few ridges is seen in the AFM image of GaAsSbN, which could be explained
by N-related defects, in addition to misfit dislocations at the interface. The RMS roughness
values of the two samples are 7.5 nm for GaAsSb and 3.3 nm for GaAsSbN. The higher
roughness of GaAsSb is due to the higher lattice mismatch between the GaAs substrate
and the epitaxial GaAsSb layer.

34 nm 55nm

0nm
0Onm

[119)
(a) (b)
Figure 2. AFM surface topography image of (a) GaAsSbN and (b) GaAsSb layers.

4. Characterization of the Photoresponse

The SPV amplitude spectrum is known to emulate the optical absorption spectrum,
while the SPV phase indicates the direction of the photocarrier transport in the sample [26,27].
Figure 3 presents the SPV amplitude and phase spectra of GaAsSbN and GaAsSb layers
grown on GaAs substrates using the same temperature regime. Both amplitude spectra
reveal a step at low energies, which finishes as a broad peak at around 1.32 eV. This spectral
structure results from band-to-band optical transitions in the epitaxial layer of GaAsSbN
or GaAsSb. The SPV phase in this range is in the IV!" quadrant (Figure 3b), indicating an
upward energy band bending in the epitaxial layers in the direction toward the surface and
n-type residual doping [27]. Therefore, the photogenerated electrons in the layers move
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SPV Amplitude [mV]

toward the substrate, while the holes move towards the surface. The bandgap energy of
the layers was determined by Tauc plots, as shown in Figure 4 for GaAsSb. Similar values
are found for the two layers, namely, 1.193 eV for GaAsSbN and 1.194 eV for GaAsSb.
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Figure 3. Surface photovoltage amplitude (a) and phase (b) spectra of GaAsSbN/GaAs (black circles)
and GaAsSb/GaAs (red squares) structures.
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Figure 4. Tauc plot of the SPV spectrum of GaAsSb.

At higher energies, the SPV amplitude continues increasing, which is due to the
inclusion of optical absorption in the GaAs substrate. Indeed, keeping in mind the thickness
of the epitaxial layers and a typical value for the GaAsSb (N) optical absorption coefficient
2 x 10* cm~! [35], part of the impinging photons reach the GaAs substrate and generate
free carriers via band-to-band transitions. The SPV phase at these energies is also in the IVt
quadrant, which shows that the bending of the energy bands at the interface layer/substrate
is also upward. Such bending is expected because of the high n-type doping of the substrate.

The shape of the SPV phase spectrum is very similar to, and practically follows, the
SPV amplitude spectrum for both types of structures. Bearing in mind that the photon flux
density is kept constant during the scan, the increase in the photon energy is accompanied
by increasing the optical absorption coefficient. The SPV phase changes anti-clockwise
with increasing the photon energy. This means that the SPV phase delay, relative to the
optical excitation, decreases with increasing the optical absorption coefficient [27]. Such
behaviour of the SPV phase delay suggests a decrease in the effective carrier lifetime with
increasing the generation rate of free carriers, i.e., a non-linear recombination regime in the
GaAsSbN and GaAsSb layers [27]. We suppose that this is connected with the domination
of carrier recombination via defect levels in the bandgap. As discussed in [36], in such
conditions, the effective carrier lifetime depends on the free carrier generation rate, leading
to non-linear recombination kinetics because the concentration of excess minority carriers
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(holes in this case) cannot be neglected relative to their equilibrium concentration, which is
very low. Therefore, the observed SPV phase behaviour suggests a large concentration of
defect levels in the bandgap, which act as effective recombination centres.

Although GaAsSbN and GaAsSb have similar values of the IR photosensitivity edge,
the photoresponse signal from the GaAsSb/GaAs structure is more than three times higher
than the signal from the GaAsSbN/GaAs structure. This is more pronounced for photon
energies corresponding to the absorption in the epitaxial layer, as can be seen from the
normalized spectra, presented in Figure 5. The weaker SPV signal from the GaAsSbN/GaAs
structure could be explained by a higher concentration of recombination centres in the
GaAsSbN layers that deteriorate the optical and photovoltaic quality of the material.
Nitrogen atoms are incorporated primarily in the As sublattice, replacing As atoms, which
is associated with the appearance of different N-related point defects. They affect the
quality of the compound since they introduce bandgap levels, which increase carrier
recombination in their transport process and decrease carrier collection efficiency. The
most common among them are Asg, antisite, interstitial Ga, and split interstitial N-As
complexes [37,38]. In addition, carrier-trapping centres, such as N-Si defect complexes,
exist in the bulk layers [39]. Nitrogen-related recombination centres destroy the optical
quality of the compounds more than defects arising from the interface in GaAsSb/GaAs
with lower crystal quality. The lower SPV signal originating from the GaAs substrate in the
case of GaAsSbN/GaAs compared to GaAsSb/GaAs could be explained by the diffusion of
N atoms into the substrate during LPE growth. The small amount of nitrogen deteriorates
the optoelectronic properties of the GaAs material [40,41]. Despite its lower crystalline
quality, GaAsSb exhibits a significantly higher photoresponse, since it does not contain
nitrogen-induced recombination centres.
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Figure 5. Normalized SPV spectra of GaAsSbN/GaAs (black circles) and GaAsSb/GaAs (red
squares) structures.

5. Conclusions

Two series of GaAsSbN and GaAsSb metamorphic layers were grown on GaAs sub-
strates by low-temperature LPE. Characterization of their structural properties and pho-
toresponse was carried out in a comparative plan. The GaAsSbN layers have better crystal
quality because of the smaller lattice mismatch with the GaAs substrate, due to the compen-
sation effect of N atoms in the As sublattice. The epitaxial layers of GaAs 931Sbo.068No0.001
and GaAs 9ySby og exhibit similar IR photoresponse edges of ~1.2 eV. However, N-related
point defects and complexes in GaAsSbN introduce recombination centres in the bandgap,
which decreases the photoresponse compared to GaAsSb. The possibility to obtain a higher
photoresponse from metamorphic GaAsSb layers makes this material an alternative to
GaAsSbN for solar cell applications. The obtained results highlight the potential of the
LPE method to grow GaAsSb layers with a high photoresponse. They can be the basis for



Energies 2022, 15, 6563 7 0of9

further development of the technology to incorporate GaAsSb as a middle sub-cell into
multi-junction solar cells based on III-V materials.
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