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Abstract
This work presents the epitaxial growth and material properties of InGaAsN epilayers obtained by atmospheric pressure 
metal organic vapour phase epitaxy. The main goal was to obtain InGaAsN quaternary alloys lattice-matched to GaAs in 
order to apply them as an intrinsic thick absorber in p-i-n solar cells. It allows improvement of their photovoltaic parameters 
(e.g. short circuit current, open circuit voltage) by reducing the density of misfit dislocations. To overcome the main diffi-
culties connected with achieving InGaAsN composition with In/N ratio of ~ 3, which guarantees a lattice matching to GaAs, 
epitaxial processes were carried out with different concentration of gallium source in the gas phase. Diffraction curves, 
measured using HRXRD, indicated that the main aim of this work was achieved for the gas molar ratio Ga/(Ga + In) = 0.935. 
The optical quality and surface morphology of the investigated structures examined by PL, CER and AFM methods are also 
presented and discussed.

1  Introduction

The unique properties of dilute nitrides, such as GaAsN or 
InGaAsN with small concentrations of nitrogen, arise from 
a difference in size between N and As atoms, and a large 
electronegativity of N compared to Ga, In and As. These 
semiconductors reveal a negative and immense bowing 
coefficient (up to 40 eV) dependent on composition [1], 
a large conduction band offset and an effective electron 
mass comparable to holes [2]. Dilute nitrides with a low 
band gap (about 1 eV) grown on GaAs or Ge substrates 
are beneficial for telecom emitters and efficient multijunc-
tion solar cells (MJSCs) with a very high photovoltaic con-
version efficiency [3]. The epitaxial technology of dilute 
nitrides is highly complex, because even a small amount 
of nitrogen introduced into the GaAs or InGaAs crystalline 
structure strongly deteriorates their structural and optical 

properties. In addition, the nitrogen incorporation decreases 
minority carrier diffusion lengths, which degrades the per-
formance of solar cells. Moreover, these layers are almost 
exclusively grown by the molecular beam epitaxy (MBE) 
[4, 5], or low pressure metal organic vapour phase epitaxy 
(LP-MOVPE) [6–9]. Therefore, the growth of dilute nitrides 
has been scarcely studied in an atmospheric pressure metal 
organic vapour phase epitaxy (AP-MOVPE) [10, 11], which 
is a challenge for growers, but allows the reduction of the 
production cost of MJSCs based on these metastable com-
pounds. Our earlier experiments [12–15] indicated a high 
In/N composition ratio (10 ÷ 30) in InGaAsN alloys grown 
by AP-MOVPE. Consequently it was impossible to obtain 
thick (~ 1 µm) layers with good material quality. In this 
paper, we present the first results regarding optimization of 
gallium source concentration in the gas phase, in order to 
obtain InGaAsN epilayers lattice-matched to GaAs and Ge 
substrates for their application in p-i-n solar cell construc-
tions, with a thick absorption region. The influence of the 
Ga/(Ga + In) molar ratio in the gas phase on structural and 
optical properties of the investigated InGaAsN/GaAs het-
erostructures is presented and discussed.
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2 � Experimental details

The undoped InGaAsN/GaAs heterostructures were grown 
on Si-doped and semi-insulating (SI) GaAs (1 0 0) sub-
strates with misorientation of ± 0.05 ÷ 0.08° toward [1 1 0] 
in a horizontal AP-MOVPE AIX200 R&D Aixtron reac-
tor. Trimethylgallium (TMGa), trimethylindium (TMIn), 
tertiarybutylhydrazine (TBHy) and a 10% mixture of ars-
ine (AsH3) in H2 were used as growth precursors, while a 
high purity H2 was used as a carrier gas. Test structures 
consisted of 400 nm thick GaAs buffer and of ~ 100 nm 
thick InGaAsN epilayers. Constant process parameters 
during growth of InGaAsN were: the growth temperature 
Tg = 585 °C and the molar ratio of nitrogen source to the 
total group-V precursors in a gas phase N/(N + As) = 0.730. 
The GaAs buffer layer was deposited at the optimal growth 
conditions (Tg = 670 °C and V/III ratio of 68). In order 
to achieve the required In/N composition ratio of ~ 3, the 
gas phase molar ratio of gallium to the total amount of 
group-III precursors Ga/(Ga + In) was only increased 
from 0.821 to 0.970 by changing the flow rate of TMGa 
VTMGa = 13.8, 29.5, 43.2, 59, 78.6, 98.3 µmol/min (samples 
NI129, NI135, NI136, NI130, NI131, NI132) at the con-
stant flow rate of TMIn VTMIn = 3 µmol/min. We expected 
both a decrease of indium incorporation and an increase 
of the growth rate, which could result in increasing the 
nitrogen content in the growing InGaAsN alloys [12, 16].

The structural properties of the investigated InGaAsN/
GaAs heterostructures were measured by means of a high 
resolution X-ray diffraction (HRXRD) and an atomic force 
microscopy (AFM). HRXRD studies were performed 
using a PANalytical X’Pert Pro high-resolution X-ray 
diffractometer in the following configuration: Cu Kα1 
(λ ≃ 1.5406 Å) radiation, four-bounce Ge (4 0 0) hybrid 
monochromator and three-bounce Ge (2 2 0) analyzer. The 
diffraction measurements of the ω/2θ curves and recipro-
cal space maps (RSMs) were performed in the triple-axis 
geometry. The surface morphology of InGaAsN epilayers 
was observed in the air by means of the Bruker Multimode 
V atomic force microscope, using the tapping mode and a 
standard silicon probe (nominal tip radius < 10 nm). The 
optical peculiarities were examined on the basis of pho-
toluminescence (PL) and contactless electro-reflectance 
(CER) spectroscopies, both carried out at room tempera-
ture. Photoluminescence spectra were measured using a 
YAG laser operating at 532 nm with the optical power of 
60 mW. The contactless electro-reflectance spectroscopy 
was applied to determine the band gap energy of the inves-
tigated InGaAsN epilayers, to check if the desired value 
of approximately 1 eV was achieved, as well as to support 
an analysis of the measured diffraction rocking curves. 
This method is a classical modulation spectroscopy, in 

which the electric field inside the sample is modulated 
by an external electric field, which leads to changes in 
optical reflectance (the sample is placed in a light trans-
parent capacitor). The thickness and composition of all 
InGaAsN epilayers were determined from the simulations 
of the measured diffraction curves for the symmetrical (0 0 
4) reflection, taking into account the bandgap value evalu-
ated from the CER spectra. Detailed information about the 
algorithm used was previously published [17, 18].

3 � Results and discussion

All obtained InGaAsN/GaAs heterostructures were inves-
tigated by means of HRXRD, AFM, PL and CER tech-
niques, and the following sections contain the obtained 
results and discussion.

3.1 � Calibration curves

The dependencies of the composition (In and N contents in 
a solid phase) and growth rate (GR) of InGaAsN epilayers 
on the Ga/(Ga + In) molar ratio determined on the basis of 
simulation of the measured diffraction curves are depicted 
in Fig. 1.

According to our expectations, the incorporation of 
indium drastically decreases, while nitrogen concentra-
tion increases with increasing gallium concentration in the 
gas phase. For the highest value of Ga/(Ga + In) = 0.970, 
indium content in InGaAsN alloy is negligible, while nitro-
gen content increases more than double. For the lower val-
ues of Ga/(Ga + In) = 0.821, 0.908, 0.935 (samples NI129, 
NI135, NI136), InGaAsN epilayers reveal a composition 
inhomogeneity [19–25] typical for dilute nitrides, with a 
linear increase of indium content toward the sample sur-
face. In the case of the growth rate, the obtained depend-
ence is more complex (Fig. 1b). Initially, the value of GR 
decreases with increasing Ga concentration in the gas 
phase, while above the value of Ga/(Ga + In) = 0.93 ÷ 0.94 
slightly increases. It shows that the epitaxial growth of 
InGaAsN alloys is mainly promoted by In incorporation 
(more probability of InGaAs crystallization than GaAsN), 
which confirms a very low N incorporation efficiency in 
GaAs under the applied growth conditions. The GR and 
composition for all the investigated structures are sum-
marized in Table 1. In the case of the samples NI129, 
NI135 and NI136, the values of In/N ratio were calculated 
for the highest values of In content located at the surface, 
which has the greatest effect on the stresses generated in 
the InGaAsN layer.



16218	 Journal of Materials Science: Materials in Electronics (2019) 30:16216–16225

1 3

Fig. 1   The influence of the Ga/(Ga + In) molar ratio on composition (a) and growth rate (b) of investigated InGaAsN epilayers

Table 1   Growth rates and composition of investigated InGaAsN epilayers obtained for different Ga/(Ga + In) molar ratios

Bold value indicates the parameters of InGaAsN layer the best lattice-matched to GaAs

Technological/
material param-
eter

Sample NI129 Sample NI135 Sample NI136 Sample NI130 Sample NI131 Sample NI132

Ga/(Ga + In) 0.821 0.908 0.935 0.952 0.963 0.970
GR (nm/min) 12.5 9.7 11 9.2 11 10.4
Composition In = 7.5÷11.2%

N = 0.4%
In = 0.3÷4.8%
N = 0.7%

In = 0.5÷2.8%
N = 0.7%

In = 0.67%
N = 0.77%

In = 0.15%
N = 0.78%

In = 0%
N = 0.91%

In/N 28 6.86 4 0.87 0.19 0

Fig. 2   The measured diffraction curves for (0 0 4) reflection of InGaAsN/GaAs heterostructures grown at different gas Ga/(Ga + In) molar ratios 
(a) and the dependence of the lattice mismatch of InGaAsN layers on the Ga/(Ga + In) molar ratio (b)
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3.2 � Structural properties

The obtained diffraction curves of the samples grown at the 
gas Ga/(Ga + In) molar ratio changed from 0.821 to 0.970 
are shown in Fig. 2a. For the lowest Ga/(Ga + In) values 
of 0.821 and 0.908 (samples NI129, NI135; blue curves), 
which favours higher In incorporation, the broad and blurred 
signal corresponding to the InGaAsN layer is placed to the 
left (for the smaller Bragg angles) of the main high inten-
sity peak coming from the GaAs substrate. It indicates that 
the lattice parameter of these InGaAsN epilayers is greater 
than the GaAs which corresponds to In/N ratio higher than 
3 (In/N = 3 guarantees a lattice match to GaAs [3]). For Ga/
(Ga + In) > 0.908 (samples NI130-132 and NI136, red and 
black curves in Fig. 2a) the indium incorporation decreases, 
and the InGaAsN-related signal shifts to the bigger Bragg 
angles towards the GaAs substrate. For sample NI136, it is 
nearly overlapped with GaAs, while for Ga/(Ga + In) > 0.935 
(samples NI130, NI131, NI132), it appears distinctly to the 
right of the GaAs peak. This means the last three men-
tioned samples have the lattice parameter smaller than the 
GaAs which corresponds to In/N ratio below 3. The simula-
tions of the measured rocking curves of the compressive 
strained InGaAsN alloys with the highest In content (sam-
ples NI 129, NI135, NI136) reveal a composition gradation 
[20, 24, 25] typical for dilute nitrides. The indium content 
increases linearly toward the sample surface, while the N 
content remains constant (Table 1, subsection 3.1). This ten-
dency is not observed for the tensile strained InGaAsN with 
In content below 1% (samples NI130, NI131, NI132), which 
exhibit a homogeneous composition. Figure 2b presents the 
dependence of the lattice mismatch ∆a/a (where ∆a is a dif-
ference between InGaAsN layer lattice parameter and GaAs 
substrate lattice parameter a), determined from the rocking 

curves for all investigated samples on the Ga/(Ga + In) molar 
ratio. The best lattice matching of InGaAsN to GaAs was 
obtained for the Ga/(Ga + In) molar ratio of 0.935 (sample 
NI136). This layer is compressively strained with the lattice 
mismatch ∆a/a = 605.61 ppm. A linear approximation of the 
obtained results (the equation is shown in Fig. 2b) allowed 
estimation of the value of Ga/(Ga + In) = 0.94, which guar-
antees the lattice matching of InGaAsN to GaAs (the zero 
place of the determined linear function, ∆a = 0).

Figure 3 presents the reciprocal space maps around the 
asymmetrical reflection (2 2 4) of heterostructures contain-
ing InGaAsN with the highest In content (sample NI129), 
InGaAsN with the best lattice-matched to GaAs (sample 
NI136) and InGaAsN with the largest N content (sample 
NI132). They show that all investigated structures are fully 
strained. In the case of the most compressively strained 
InGaAsN layer (sample NI129, Fig. 3a), a diffused scattering 
along the horizontal axis representing the in-plane scattering 
vector component Qx is distinctly visible. It may be caused 
by the presence of structural defects [26] or morphological 
peculiarities. This scattering was described by full width 
at half maximum (FWHM) of main peak, determined from 
(0 0 4) symmetrical space maps reflection (not included 
here). For sample NI129, the highest value of 12 arc sec 
was obtained, while only 7 arc sec revealed the samples 
NI136 and NI132. It confirms the results coming from AFM 
measurements, which showed the worst surface roughness of 
sample NI129, which is probably connected with 2-D and/
or 3-D island growth modes.

3.3 � AFM analysis

The main aim of the AFM measurements was to evaluate the 
surface roughness of the investigated structures depending 

Fig. 3   Reciprocal space maps around the asymmetrical reflection (2 2 4) of InGaAsN/GaAs heterostructures grown at different Ga/(Ga + In) 
ratios: a 0.821 (sample NI129); b 0.935 (sample NI136) and c 0.970 (sample NI132)
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on the gas Ga/(Ga + In) molar ratio, which directly corre-
sponds to In and N contents in the InGaAsN solid phase, 
the composition inhomogeneity and the induced local 
strains. Typical for dilute nitrides growth conditions: low 
growth temperatures, a small amount of AsH3 together (in 
our case) with the use of the atmospheric pressure process, 
preventing the step-flow mode growth and favouring quasi-
two-dimensional (2-D) or three-dimensional (3-D) growth 
modes [27–30].

Figure  4 shows the AFM images (10 × 10, 5 × 5 and 
2 × 2 μm2 scans) and the evaluated root mean square rough-
ness (RRMS) for: the reference GaAs layer (Fig. 4a) grown 
under the same conditions as GaAs buffer in the test struc-
tures, InGaAsN with the highest In content (sample NI129, 
the greatest compressive strains—Fig.  4b), InGaAsN 

lattice-matched to GaAs (sample NI136, the smallest value 
of the introduced stress—Fig. 4c) and InGaAsN with the 
largest N content and negligible In content (sample NI132, 
the greatest tensile strains—Fig.  4d). The surface mor-
phology of the investigated InGaAsN epilayers distinctly 
differs in comparison to the reference GaAs layer with a 
very smooth (RRMS = 1.69 ÷ 2.04 Å) step/terrace structure, 
characteristic of the step-flow mode growth. In the case 
of InGaAsN, the visible surface features indicate 2-D/3-D 
island formation on terraces and a different way of their sub-
sequent coalescence. As previously mentioned, this island 
structure is the most likely for our InGaAsN growth param-
eters as: a low growth temperature (Tg = 585 °C) resulting 
in a small surface adatom diffusion length, a low AsH3 
concentration in the gas phase (As/(As + N) molar ratio of 

Fig. 4   AFM images and evaluated the RRMS roughness for: a GaAs reference sample; b–d InGaAsN epilayers grown at the gas Ga/(Ga + In) 
molar ratios of 0.821, 0.935 and 0.970, respectively
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0.27) and the use of the atmospheric pressure MOVPE pro-
cess, causing a higher amount of incorporated impurities 
during InGaAsN growth (mainly organic precursor debris). 
Additionally, a small misorientation of GaAs substrates 
(± 0.05 ÷ 0.08°) causes a large step separation, which also 
favours the 2-D nucleation on the middle area of the terraces 
[27]. All InGaAsN surfaces show a high density of nanome-
ter-size islands initiating the nucleation process. Their height 
(4.0 ± 0.5 nm) and diameter (35 ± 2 nm) were determined 
based on detailed AFM imaging performed with a super-
sharp AFM tip (radius < 2 nm) in order to minimize the 
effect of a tip shape on the measured surface features. The 
exemplary 150 × 150 nm2 surface image of sample NI136 
and the measured profiles used for calculating the islands’ 
dimension are presented in Fig. 5a and b, respectively. 

The formation of these islands can be connected with the 
precursor debris [12] and/or the disrupted step edges [27, 
28]. In the case of the compressively strained InGaAsN layer 
(sample NI129, Fig. 4b), elongated bulges (about 0.5 µm 
in length) beside these islands are also visible. The surface 
roughness RRMS changes from 11.7 Å (2 × 2 μm2 scan) to 
17.5 Å (10 × 10 μm2 scan), which indicates the 2-D and/or 
3-D island growth mode. The elongated shape of the formed 
islands can be connected with a higher mobility and a higher 
surface-diffusion length of the Ga and In adatoms (the lowest 
Ga/(Ga + In) ratio of 0.821) [27, 29]. The surface morphol-
ogy of lattice-matched InGaAsN (sample NI136, Fig. 4c), 
grown at a higher Ga/(Ga + In) molar ratio of 0.935, shows 
a mesh-like structure described in [30]. Firstly, they are 
locally formed and randomly distributed islands, which in 
the second stage join together to create the observed mesh 
morphology. The RRMS roughness is varied from 10.05 Å 
(2 × 2 μm2 scan) to 11.83 Å (10 × 10 μm2 scan), which is 
smaller in comparison to the most compressively strained 

NI129 sample. The observable effect of increasing the root 
mean square roughness parameter with enlarging the AFM 
image size (which is most pronounced for NI129 sample) is 
connected with the roughness area dependence mechanism 
[31, 32]. It shows the scaling behaviour of surface topogra-
phy, when, by extending the sampling area, the larger-scale 
surface topography components are included in the RRMS 
parameter calculation, resulting in its increase. In the case 
of the highest Ga/(Ga + In) molar ratio of 0.970, when the 
most tensile-strained InGaAsN was obtained with a negligi-
ble In content (probably the GaAsN epilayer with N content 
of 0.91% was grown based on HRXRD results), the surface 
morphology shows a slightly elongated network structure 
similar to tangled “spaghetti” (sample NI132, Fig. 4d). 
The evaluated RRMS roughness is comparable to the lattice-
matched InGaAsN (samples NI136). The presented AFM 
studies suggest that the network morphology of InGaAsN 
epilayers created for the highest values of Ga/(Ga + In) is not 
directly connected with introduced strains, but is probably 
related to the decreased group III adatom surface mobility 
(diffusion-length) resulting from an increase of Ga concen-
tration in the gas phase. It is also confirmed by the changes 
of the RRMS parameter for the samples NI129, NI136 and 
NI132 (2 × 2 μm2 and 5 × 5 μm2 scans). With the increas-
ing Ga/(Ga + In) molar ratio, the RRMS parameter firstly 
decreases, and then increases again. It can be explained 
by the competitive influence of the strains and group III 
adatoms surface mobility on InGaAsN layers roughness. The 
smaller roughness of sample NI136 in comparison to sample 
NI129 means that a distinct reduction of compressive strains 
for Ga/(Ga + In)=0.935 has a greater impact on improve-
ment of InGaAsN layer flatness than the lower adatoms 
mobility, in this case, worsens its surface quality. For sample 
NI132, grown at highest value of Ga/(Ga + In)=0.970, the 

Fig. 5   The exemplary high resolution AFM surface image of the sample NI136 (a) and the measured profiles used for calculating of the islands 
dimension (b)
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RRMS parameter slightly increases in comparison to sample 
NI136, but remains smaller than for sample NI129. It means 
the tensile strains introduced into this layer (much lower 
than for sample NI129) have a negligible influence on the 
InGaAsN surface quality, and a formation of the network 
morphology with a higher roughness is related to exceed-
ingly low group III adatoms mobility.

3.4 � Photoluminescence spectroscopy

The obtained PL spectra reveal composition inhomogene-
ity (except of the samples NI135 and NI136, best lattice-
matched to GaAs), visible as broad or splitting spectra 
shown in Fig. 6a. This inhomogeneity is typical for meta-
stable alloys, such as dilute nitrides, and is spontaneously 

created during their growth, especially at higher process 
temperatures that enhance phase segregation [33]. This fact 
can be explained by a dominance of surface kinetics, the 
nonlinear dependence of N incorporation on In content [34], 
and of the strain gradient [25]. Both alloy content fluctua-
tions and an inhomogeneous distribution of the N-related 
defects result in a band gap variation [35]. It is distinctly 
visible in the PL spectra recorded for InGaAsN with the 
highest In (sample NI129) and N (sample NI132) con-
tents—Fig. 6b. They exhibit overlapping emissions: a main 
PL peak at about 1.21 ÷ 1.22 eV (band gap-related emis-
sion), and some response at about 1.16 ÷ 1.17 eV (labeled 
as E2 in Fig. 6b). The broadening of PL spectra FWHMPL is 
the largest (75 ÷ 79 meV) for the structures with the highest 
N content (samples NI130 ÷ NI132), which results from a 

Fig. 6   RT PL spectra recorded for all investigated InGaAsN/GaAs 
heterostructures (a); RT PL spectra of InGaAsN grown at the Ga/
(Ga + In) molar ratios of 0.821, 0.935, 0.970 (b) and a relation 

between the parameters evaluated from RT PL spectra—EPLmax and 
FWHMPL and the applied Ga/(Ga + In) molar ratios (c)
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broad emission (E2), probably connected with a high density 
of N-related states localized close to the conduction band 
minimum [35]. In the case of sample NI129 with the highest 
In content, the value of FWHMPL is smaller (66 meV), and 
a distinct split between the main emission signals is clearly 
visible, which suggests an influence of a phase separation 
effect.

The PL spectrum of the InGaAsN layer, the best lattice-
matched to GaAs presented in Fig. 6b (sample NI136), 
shows a well-resolved band gap-related emission at 1.2 eV, 
with a small broadening (FWHMPL = 55 meV). The depend-
ence of the parameters evaluated from the PL spectra 
(EPLmax—the energy of PL signal maximum and FWHMPL—
the PL signal broadening) on the applied Ga/(Ga + In) molar 
ratio is presented in Fig. 6c. All determined parameters are 
listed in Table 2.

3.5 � Contactless electro‑reflectance spectroscopy

The measured CER spectra of the test InGaAsN/GaAs heter-
ostructures recorded at room temperature (RT) are presented 

in Fig. 6a. They exhibit, besides distinct optical transitions 
related to GaAs at energy of 1.43 eV, the weak resonances 
detected at about 1.2 eV associated with the InGaAsN layer. 
Additionally, CER spectra related to InGaAsN with three 
specific composition ratios: In/N = 28 (the highest In con-
tent, sample NI129), In/N ratio = 4 (the best lattice-matched 
to GaAs, sample NI136) and In/N = 0 (indium absence, sam-
ple NI132), are shown in Fig. 7b.

The band gap energy (Eg) of the InGaAsN epilayers and 
CER transition broadening (Γ parameter) were estimated 
by fitting the corresponding resonances using a low-field 
electro-modulation Lorentzian line shape functional form, 
described in [36, 37]. The values of the obtained parameters, 
as well as the calculated ratio of InGaAsN to GaAs CER 
signal amplitudes AInGaAsN/AGaAs, are listed in Table 3.

The InGaAsN epilayers with the highest and the low-
est In/N composition ratios (the most lattice-mismatched to 
GaAs) have a very week CER signal, whereas the narrowest 
resonance reveals sample NI129 with the highest In con-
tent. A similar relationship was observed for the InGaAs 
structures with decreasing In content of 12.8, 8.9 and 3.4% 

Table 2   The parameters (EPLmax, E2 and FWHMPL) determined from fitting RT PL spectra of InGaAsN/GaAs heterostructures grown at different 
molar ratios Ga/(Ga + In) 

Bold values indicate the parameters of InGaAsN layer the best lattice-matched to GaAs

Estimated parameters/composi-
tion ratio (gas phase molar ratio)

Sample NI129 Sample NI135 Sample NI136 Sample NI130 Sample NI131 Sample NI132

EPLmax (eV) 1.218 1.205 1.200 1.199 1.199 1.207
E2 (eV) 1.164 – – 1.173 1.174 1.169
FWHMPL (meV) 66 53 55 75 79 75
In/N 28 6.86 4 0.87 0.19 0
(Ga/(Ga + In)) (0.821) (0.908) (0.935) (0.952) (0.963) (0.970)

Fig. 7   The RT CER spectra of InGaAsN/GaAs haterostructures grown at: a all applied Ga/(Ga + In) molar ratios; b three chosen values of Ga/
(Ga + In) = 0.821, 0.935, and 0.970 related to In/N composition ratio 28, 4, and 0, respectively
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for which the values of Γ parameter were 12.6, 13.9 and 
17.2 meV, respectively [38]. Samples NI135 and NI136 (the 
best lattice-matched to GaAs) have the best optical proper-
ties, which exhibit the strongest InGaAsN-related transition 
with its broadening (Γ parameter) below 50 meV. The deter-
mined value of the InGaAsN band gap is about 1.2 eV for 
all investigated heterostructures. Therefore, an increase of 
the gas phase molar ratio Ga/(Ga + In) allows to increase the 
N content and a growth of InGaAsN alloys lattice-matched 
to GaAs, but further investigations are needed for lowering 
their band gap to the applications value of 1.0 eV, required 
for SCs.

4 � Conclusions

The work presents the impact of the Ga/(Ga + In) molar ratio 
changed by gallium source concentration in the gas phase 
on the composition, growth rate and properties of InGaAsN 
alloys grown by atmospheric pressure metal organic vapour 
phase epitaxy. The main investigative task was to obtain 
InGaAsN epilayers lattice-matched to GaAs suitable for 
application in p-i-n solar cells with a thick absorption region. 
The analysis of the measured diffraction rocking curves con-
firmed our expectations that gallium concentration in the 
gas phase efficiently controls InGaAsN composition, result-
ing in In- or N-rich alloys. Based on the determined linear 
dependence of the lattice mismatch of InGaAsN on the Ga/
(Ga + In) ratio, the value of 0.94 was estimated for achiev-
ing a lattice matching to GaAs. AFM images showed a net-
work morphology of InGaAsN grown at the highest values 
of Ga/(Ga + In) which is related to the decrease of group-III 
adatoms surface mobility. However, the worst surface rough-
ness was obtained for InGaAsN with the highest In content 
grown at the lowest Ga/(Ga + In). PL and CER measure-
ments revealed a good optical quality, and the lowest band 
gap of 1.2 eV for InGaAsN layer the best lattice-matched 
to GaAs (sample NI136, ∆a/a = 605.61 ppm). The obtained 
results coming from structural and optical studies suggest 
that a simultaneous increase in both the gallium and indium 

concentrations in the gas phase at the constant estimated 
value of Ga/(Ga + In) = 0.94 could result in the lowering of 
the InGaAsN band gap to 1 eV required for photovoltaic 
applications. Thus, our future research will be focused on 
verifying this assumption.
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