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ABSTRACT
The effect of different arsenic species (As2 or As4) on the
quality of molecular beam epitaxy (MBE) grown GaNAsSb
materials (samples A and B) and GaAs/ GaNAsSb/GaAs
+ - +
p n n devices (samples C and D) were investigated. The
improvement in material quality in sample B, as well as the
improvement in diode and solar cell characteristics in
sample C, may suggest a successful defect density
manipulation using As2 overpressure for GaNAsSb growth.
INTRODUCTION
In the III-V photovoltaic sector, the implementation of III-V
compound semiconductor lattice-matched to GaAs or Ge,
and with bandgap in the 0.9 - 1 eV range is especially
attractive due to its potential in realizing high energy
conversion efficiency leading towards >40-50 %.[1] The
research methodology towards this goal is to improve the
1 sun energy conversion efficiency of a multijunction solar
cell application, and then employ solar concentrator
technique to boost energy conversion efficiency and to
reduce cell cost. One important effort involved the
implementation of lattice-matched 0.9-1 eV in the existing
40.7% efficient AlGaInP/GaInAs/Ge triple-junction solar
cell to improve the spectral utilization of sunlight. In this
respect, the dilute nitride material is one potential
candidate [2]. However, this effort had suffered from the
difficulty in growing high quality 0.9 – 1 eV Ga1-yInyNxAs1-x
layer with y = 3x. For example, a high unintentional carrier
concentration in the GaInNAs layer led to a low carrier
mobility and diffusion length [3]. Other GaInNAs related
devices implementations were usually hampered by short
minority carrier lifetime in bulk GaInNAs material due to
the presence of deep level traps [ 4 ]. A short minority
carrier lifetime (τ) is associated with a larger
recombination related reverse saturation current ( Jo ) with
ideality factor (n) much larger than 1, which will in turn
lead to smaller open circuit voltage (Voc ).[5] To date, there
is a lack of success in the use of lattice-matched dilute
nitride in multijunction III-V solar cell applications [2,4].
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Hence, more scientific investigation will be required to
solve the current issue.
This research focuses on the implementation of GaNAsSb
for solar cell applications to fill the research gap in GaAsand Ge-lattice-matching 1 eV solar cell applications. In
order to avoid the detrimental effect of In-N clustering and
embrace the beneficial effect of Sb [6] in possibly reducing
the N migration and hence suppressing the formation of Ncomplex [7,8], indium were avoided. Also, unlike GaInNAs
laser applications, where a high compressive-strain was
required and was achieved by In composition of ~40%,[7]
dilute-nitride solar cell layer structure lattice-matched to
GaAs or Ge does not need the incorporation of indium,
and lattice-matched GaNAsSb can be achieved by simply
tuning the N, As and Sb composition, as demonstrated in
this paper.
EXPERIMENTAL METHODS
In this study, a molecular beam epitaxy (MBE) system in
conjunction with radio-frequency (RF) nitrogen plasma
was used to grow GaNAsSb materials. The GaNAsSb
growth process was modified [9] from earlier experiences
in 0.94 eV GanAsSb photodetector work [10,11]. By tuning
the compositions of N, As and Sb in the GaNAsSb
material, one can achieve ~1 eV semiconductor energy
gap and lattice-matching to GaAs or Ge substrate
simultaneously. The samples A - D discussed in this paper
were grown on (001) GaAs substrate. Nevertheless, the
growth process for transferring the III-V layers onto Geterminating substrate has already been developed earlier
[12] for future integration onto Ge substrate or SiGe-based
substrate.
The first part of this investigation will present the
characterization of GaNAsSb / GaAsSb material structure
in sample A and sample B by X-ray diffraction (XRD) in
order to confirm that the desired material characteristics
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were achieved. The photoluminescence (PL) spectroscopy
was then used to examine the quality of GaNAsSb
materials grown under As4 and As2 overpressure in
sample A and B, respectively.

The GaNAsSb layer will be closely matched to GaAs as
long as the N composition is ~2.8 times the Sb
composition. By growing the undoped GaNAsSb / GaAsSb
double-layer structure on (001) GaAs substrate, the N and
Sb compositions can be conveniently determined during
X-ray
diffraction
(XRD)
dynamical theory simulation using the strain-balance effect
of N and Sb incorporation (see Figure 1(a)). The GaAsSb
layer was grown to estimate the Sb composition and the N
composition was then estimated by taking the same Sb
composition for the GaNAsSb layer during the above
simulation. Sample A has N = 1.25% and Sb = 5.7% while
sample B has N = 1.6% and Sb = 6% as determined from
XRD dynamical theory simulation (see dotted curves in
Figure 1). The results showed that low and comparable
lattice-mismatch values of 0.19% and 0.14% were
successfully achieved for samples A and B, respectively.
Since the N composition in sample B’s GaNAsSb layer
(1.6%) is higher than that of sample A (1.25%), it is
expected that the full-width at half-maximum (FWHM) of
the photoluminescence (PL) spectra for the GaNAsSb
layer in sample B will therefore be larger compared to that
of sample A.[8]
On the contrary, Figure 2 showed the 5K PL full-width at
half-maximum (FWHM) values for GaNAsSb in sample A
(65 meV) was larger than that of sample B (60 meV).
Since As4 and As2 overpressure were used during the
growth of GaNAsSb in sample A and sample B,
respectively, it was believed that the As2 species
suppressed the existence of certain point defects that
gave rise to non-radiative recombination center (or defect
center), leading to a narrower FWHM in the GaNAsSb
layer in sample B.
To obtain further scientific insight into the role of the above
defect center in GaNAsSb device, the electrical
+ - +
characteristics of GaAs / ~1eV-GaNAsSb / GaAs p n n
devices, namely sample C and sample D, were
2
investigated. The 0.25 mm vertical diode structures with
top and bottom Ohmic contacts were used for this purpose.
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Figure 1:

Plot of (004) X-ray diffraction
curves for: (a) sample A, and (b)
sample B, which were grown under
As4 and As2, respectively.
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The current transport mechanisms of GaAs / ~1eV+ - +
GaNAsSb / GaAs p n n devices, namely sample C and
sample D, were investigated with the GaNAsSb grown
under As2 overpressure and As4 overpressure,
respectively. The n ~1eV-GaNAsSb layer were grown at
~400 °C, and whereas the growth temperature for the
GaAs layers were 580 °C. It is noted that the 580 °C
temperature may have introduced some annealing effect
into the devices.
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Figure 2:

Plot of 5K photoluminescence
spectrum of the GaNAsSb layers
in sample A and sample B, which
were grown under As4 and As2
overpressure, respectively.
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As mentioned, the 1eV GaNAsSb layer in sample C and
sample D were grown under As2 overpressure and As4
overpressure, respectively, and by keeping all other
growth conditions constant. It is known that As2 have
larger sticking coefficient value compare to As4 during
GaAs growth, and the use of As2 was found to promote 2D
nucleation growth mode during GaNAs grow [13], which
resulted in an improve PL characteristics. It is believe that
this will similarly affect the growth kinetics of the GaNAsSb
layer in sample C and sample D, and resulted in a lower
defect density in sample C.
As a result, it is expected that the carrier dynamics in both
samples will also be different. This is evident in Figure 3(a)
and (b), where the reverse dark current density at -2V
-6
2
( Jr,dark,-2V ) for sample C (~10 A/cm ) was significantly
-2
2
lower than that of sample D (~10 A/cm ). This indicated a
significant contribution of a dominant recombinationgeneration center (RG center), in sample D with the
GaNAsSb layer grown under As4 overpressure. This is
further supported by the observation at 0.3 V forward bias
voltage ( Jf,dark,0.3V ), where sample C showed a larger
ideality factor, n ~ 1.46, while sample D showed n ~ 1.6,
indicating a larger effect of RG center in sample D. The
observations were consistent with the results obtained
from the PL FWHM study in Figure 2.
The RG center was detrimental to the minority carrier
lifetime (τ ), and the higher RG current may reduce the
open-circuit voltage (Voc) in solar cell implementation. To
estimate the degree of change in the minority carrier
lifetime, It is noted that the typical diode current density (J)
– voltage (V) equation consisted of the following double
exponential terms, with the first and second exponential
terms representing the diffusion and recombinationgeneration current density components [14], respectively:
J = J01.e

qVa / kT

+ J02 .e

qVa / 2 kT

(1)

J01 and J02 are the saturation current density component
for n close to 1 and 2, respectively, while, q, Va, k and T
have their usual meaning, i.e. applied voltage, Boltzmann
constant and absolute temperature, respectively.
With n values much greater than 1 in Figure 3, the J-V
characteristics of sample C and D were both much
affected by the recombination-generation current
components; though a smaller n of 1.46 indicated that
sample C was less affected by RG center compared to
sample D. To quantify this effect, it is noted that the RG
center related saturation current density at a reverse bias
voltage of a few kT/q can be approximated by the
following equation, with ni, Wd, and τ represent the intrinsic
carrier concentration, depletion width and carrier lifetime
under the influence of RG center, respectively: [14]
J02 = ( q ni Wd ) / ( 2 τ )

(2)

The saturation current density for sample C and D are J02
-6
2
-4
2
_C ~ 1x10 A/cm and J02 _D ~ 1x10 A/cm , respectively,
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near the origin. If it is assumed here that the ni values are
similar for both GaNAsSb material, and the introduction of
defects will only affect Wd and τ. To evaluate Wd, the
capacitance vs. voltage characteristics for the diode
structure for sample C and D were measured. The
capacitance and the corresponding depletion width for
sample C near 0 V were 47 pF and ~500nm (i.e. fully
depleted), respectively; while that of sample D were 92 pF
and ~300 nm, respectively. This will then translate into
recombination lifetime of sample C much longer than that
of sample D by ~170x. A shorter lifetime for sample D may
point to a higher density of RG center.
The above discussions are by no means complete and
this is our first attempt to demonstrate an improvement in
the GaNAsSb material for solar cell implementation.
Therefore there are still many questions that need to be
answered to fully understand the observation reported
here. The time-resolved PL measurements will be required
to verify the change in lifetime as a result of the change in
defect density under the influence of As2 or As4 species. It
is also noted that the exact origin of the RG center or
defect center will require further deep level transient
spectroscopy (DLTS) investigation, and will be reported in
due course.
Nevertheless, the beneficial effect of growing GaNAsSb
under As2 species has been clearly demonstrated in this
paper. This represents a significant milestone in GaNAsSb
100
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Figure 3: Dark current density vs. voltage
characteristics of: (a) sample C with
GaNAsSb layer grown under As2
overpressure, and (b) sample D with
GaNAsSb layer grown under As4
overpressure.
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Figure 4: One sun illuminated current density and power density vs. voltage characteristics of: (a)
sample C with GaNAsSb layer grown under As2 overpressure, and (b) sample D with
GaNAsSb layer grown under As4 overpressure.
material research and the newly discovered process
conditions can potentially be a viable method to solve a
similar problem faced in dilute-nitride research. Such
improvement is likely due to a reduction in a major defect
density within the 1 eV GaNAsSb material. Again, this will
required further deep level transient spectroscopy (DLTS)
investigation to ascertain the characteristics of the
contributing defect center.

As2. A consistent improvement was also demonstrated in
the much improved solar cell FOMs for sample C. Moving
forward, the characteristics of the above-mentioned RG
center will be identified so that further defect control
methodologies can be discovered.

Finally, the GaNAsSb solar cell characteristic in sample C
showed a consistent improvement when the one sun
2
illuminated J-V curve of the 4.4 mm solar cells were
2
examined. The 4.4 mm solar cell pattern discussed in
2
Figure 4 and the 0.25 mm diode pattern discussed in
Figure 3 were designed on the same masks so that both
can be fabricated on the same wafer in one process run.
The figure of merits (FOM) for samples C and D are
shown in Figure 4(a) and 4(b), respectively. The figuresof-merit (FOM), such as Jsc, Voc, Jmax, Vmax and fill factor,
for sample C were much more superior than that of
sample D, respectively, due to the use of As2 species
during the growth of GaNAsSb layer.
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CONCLUSIONS
This work represents the first intentional attempt to discard
indium in the implementation of 1eV dilute nitride solar cell
lattice-matched to GaAs or Ge. The GaNAsSb PL FWHM
characteristic, as well as diode and solar cell J-V results
suggested that RG center or defect center can be
significantly suppressed by changing the As species to
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