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Influence of the ratio of group Ill and V fluxes on the structural, emissive

properties properties and stimulated emission of planar structures
with InGaN layers in the IR range
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The influence of the ratio of fluxes of elements of groups III and V on the formation features, structural,
emissive properties, as well as the possibility of obtaining stimulated emission in the IR range in planar structures
with InGaN layers with an In content of ~ 50—100% has been studied. It was found that at a growth temperature
of 470°C, in order to obtain InGaN layers of homogeneous composition, the III/V flow ratio must be reduced
compared to the stoichiometric (III/'V < 1) in order to suppress the processes of thermal decomposition and phase
separation. The critical III/V value required to obtain homogeneous InGaN solutions depends non-monotonically
on the composition. As the In content decreases to ~ 80%, this ratio increases from 0.75 to 0.85, which is due
to the stabilization of the InGaN solution, since the Ga-N atom bonds are stronger than the In-N bonds. With a
further decrease in the In content to ~ 50%, the III/V ratio must be reduced to suppress the processes of thermal
decomposition and phase separation. The optimal III/V ratio, from the point of view of the lowest stimulated
emission thresholds, is close to the critical III/V ratio for obtaining homogeneous InGaN of a given composition. At
III/V values greater than critical, processes of thermal decomposition and phase separation are observed in InGaN
solutions, and stimulated emission is not observed in such structures. If the III/V ratio decreases significantly
below the critical value, as a result of the development of surface roughness and an increase in optical losses, the
stimulated emission thresholds significantly increase.

Keywords: InGaN, molecular beam epitaxy, thermal decomposition, spinodal decomposition, stimulated emission

of radiation.

DOI: 10.61011/5C.2024.04.58850.6357H

1. Introduction

Group III metal nitrides (AIN, GaN, InN) and their
ternary solutions are the base material for effective opto-
electronic devices in the ultraviolet (GaN/AlGaN) and blue-
green (GaN/InGaN) spectral regions [1-3]. The quantum
efficiency of InGaN-based optoelectronic devices rapidly de-
creases with an increase of the operating wavelength, which
is associated with a deterioration of the crystalline quality of
the structure with an increase of the In content in InGaN.
This has led to the lack of commercial light sources based
on this material in the red and IR ranges [4]. The main
problems here are: high dislocation density, the presence
of phase decay, the need to reduce the epitaxy temperature
(due to low decomposition temperatures ~ 500°C of InN)
and the enhancement of the quantum-dimensional Stark
effect [1-7].

Due to the problems outlined above, the authors of
this paper has demonstrated only recently the stimulated
radiation (SR) from InGaN planar layers with a content
of In >75% in the near IR range at wavelengths of
1.1-1.65um [8]. Samples with InGaN layers with In
content of ~ 80—90% had the lowest excitation threshold,
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which is associated with lower Auger recombination coeffi-
cients compared to InN. At the same time, an increase of the
Ga content in InGaN to 25% resulted in a sharp increase of
the threshold, which was associated with a general deterio-
ration of the crystalline quality of InGaN as it progressed to
solutions of ,,medium®“ compositions, which was associated
with an intensification of the processes of phase decay and
decomposition. The authors of this paper showed that
it is possible to suppress decomposition and phase decay
in InGaN layers of ,,medium“ compositions (50—60%) by
lowering the growth temperature (to ~ 380°C), however,
this results in a significant degradation of the crystalline
quality and the radiative properties of InGaN [9]. However,
it is possible to obtain homogeneous solutions of InGaN
of ,,medium® compositions even at sufficiently high growth
temperatures (~ 470°C) by increasing the flow of the
nitrogen component (or lowering the flow ratio III/V),
which results in the suppression of decomposition and
phase decay processes while maintaining effective interband
luminescence [9,10].

This paper presents the results of a study of the ratio of
flows of elements groups IIT and V (III/V) for the possibility
of formation of homogeneous InGaN layers in a wide range
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of compositions with In content of 50—100% obtained
by plasma-assisted molecular beam epitaxy (PA-MBE) at
a fixed high growth temperature (~ 470°C). The impact
of growth stoichiometry on the achievability of stimulated
radiation in InGaN layers of these compositions was studied.

2. Experiment procedure

The studied InGaN layers were grown on 2-inch sap-
phire substrates (C-Al,O3) by the PA-MBE method using
STE 3N3 facility (AO ,,NTO“). High-temperature buffer
layers of AIN (200nm) and GaN (700 nm) were sequen-
tially grown on a sapphire substrate at temperatures (T )
of 820 and 710°C, respectively. Next, the InGaN layer
(~ 700nm) with In content of 50—100% was grown at
a much lower temperature of Ty ~ 470°C. This growth
temperature ensured a good crystalline quality and an
intense photoluminescence signal at room temperature for
InGaN layers of different compositions [8-10).

A thin InGaN layer (~ 15nm) was formed by metal
modulation epitaxy (MME) at 430°C at the initial stage
of growth of the InGaN active layer for reducing the
density of mismatch dislocations arising from the difference
in the parameters of the InGaN lattices and the GaN
buffer layer [11]. The In and Ga flows turned on and off
simultaneously with the growth of the MME and did not
change with the growth of the main InGaN layer. Therefore,
the average InGaN composition remained unchanged. Since
the total amount of accumulated metal in the phase of metal-
enriched MME growth did not exceed 2 ML, InN/InGaN
superlattice was not formed during MME growth, which
was confirmed by X-ray diffraction analysis [11]. The total
rate of metal deposition (In+Ga) during the deposition of
the InGaN base layer for all samples remained unchanged
and amounted to 0.3—0.35 um/h. Plasma source RF Atom
Source HD 25 (Oxford Applied Research) was used to
create a stream of activated nitrogen; the nitrogen flow
during growth remained unchanged at 2scem (standard
cubic centimeters per minute), the discharge power of the
nitrogen plasma source varied in the range 160—200W,
ensuring a ratio of III/V ~ 0.6—0.9.

The grown samples were analyzed by X-ray diffraction
(XRD), scanning electron microscopy (SEM), photolumi-
nescent (PL) spectroscopy and Hall effect measurements.

The dislocation density was determined by the half-width
of diffraction peaks recorded during scanning in the direc-
tions (0004) and (1012), in accordance with the method
described in Ref. [12], and the electron concentration was
determined using the Hall effect measurement data.

The samples were excited for PL measurements by a
continuous wave laser (CW) operating at a wavelength of
650nm. The spectrum was recorded using Action 23001
lattice spectrometer with an InGaAs diode matrix (OMA-V,
Princeton Instruments) cooled with liquid nitrogen. The
stimulated radiation mode was realized with an excitation by
a pulsed optical parametric generator, tunable in the range
of 1 = 0.45—-2.3 um, with a pumping power density up to
300kW/cm? at a pulse duration of 10ns and a repetition
frequency of 10 Hz.

The main parameters of the studied structures with InGaN layers.
The proportion of indium (Xm) in the composition of the ternary
solution, the ratio of element flows (III/V) during growth, dislo-
cation density (Np), background electron concentration (ne) and
threshold (Py) of transition to stimulated emission (if available)
for temperature T = 77K are indicated

Number . Np, Ne, P,
of sample | X1 % | IV | 10-10 002 | 10" em ™ | kW/em?
1 53 0.65 24 19 —
2 67 0.88 7.3 2 —
3 52 0.88 20 12 —
4 62 0.64 59 1.7 110
5 61 0.74 6.2 1.6 —
6 72 0.71 6.1 19 35
7 70 0.67 49 1.7 20
8 68 0.65 5 1.5 90
9 70 0.62 54 1.6 90
10 65 0.83 12 2 —
11 82 0.69 32 1.7 52
12 78 0.6 4.5 1.8 55
13 57 0.7 12 1.2 —
14 90 0.75 42 1.9 40
15 100 0.65 29 14 60

3. Results and discussion

The X-ray diffraction method in which the form of the
swing curve w — 20 of reflection (0004) was analyzed
played the main role in the study of the homogeneity of
the InGaN layers obtained, the establishment of signs of
thermal decomposition or phase decay of the deposited
layer in them. The homogeneity (symmetry) of the main
InGaN peak and the presence of a response corresponding
to InN were evaluated. The typically measured XRD
spectra of structures with an active InGaN layer are shown
in Figure 1,a to illustrate the approach used (the curve
numbers correspond to the sample numbers in the table).

Here, the curve I (with a symmetrical peak of InGaN
reflection) corresponds to the formation of a homogeneous
InGaN layer, the curve 2 (containing the response of
the binary InN) corresponds to the layer with a partial
decomposition, and the curve 3 (with signal from InN and
with an arm at the main peak from InGaN, indicating the
presence of the InGaN phase with a composition other than
the main one) corresponds to layers with pronounced phase
decay and partial decomposition.

Similarly, a stability diagram of the high-temperature
PA-MBE growth of InGaN layers depending on the nominal
composition of the layer and the ratio of flows I1I/V was
constructed based on the analysis of the XRD spectra
of a set of studied samples. This diagram, shown in
Figure 1,b, displays the three growth modes indicated
above, conditionally separated on the parameter plane by
dashed lines, and differing in the role of surface diffusion
of adatoms. For instance, the greatest enrichment with the
nitrogen component (III/V ~ 0.65—0.7) contributes to the

Semiconductors, 2024, Vol. 58, No. 4



XXVIII International Symposium ,Nanophysics and Nanoelectronics* 213
InGaN GaN
. ¢ o90fF , E
: AIN o
A *
= 0.85f
5 InN : . . . .
o : | 250l I
2t ! ! |\ 2080 . .
12} l I Y = I II * *
g | I I = 0751 S .
3 i ! > .
© 1 I P = 3 1
a g \ "\ = 0.70L ¢ ~ 2 ..
> ¢ Homogeneous layer
3 065F . o ® El}l;%’rgﬁil;ig)composmon A
| A Thermal decomposition and
3 ” ¢ phase separation
L 1 L 1 L 1 L 1 L 1 L 1 L 0.60 1 L 1 L 1 L 1 L 1 L 1
30 31 32 33 34 35 36 37 50 60 70 80 90 100

®—20, deg

Indium content, %

Figure 1. a — (0004) w — 20 X-ray diffraction spectra of samples 1, 2 and 3 from the table. The GaN and AIN reflexes correspond to
buffer sublayers. b — stability diagram of high-temperature PA-MBE growth of InGaN layers depending on the nominal composition of
the layer and the ratio of flows III/V. A dashed line (drawn for clarity) separates the parameter area where homogeneous InGaN layers
(I) can be obtained from the area where thermal decomposition of the InGaN layer (II) is observed. A double dashed line (drawn for
clarity) separates the parameter region where thermal decomposition is observed (II) from the region where thermal decomposition with

phase decay is observed (III).

suppression of diffusion processes and the rapid embedding
of metal adatoms into the growing layer; a homogeneous
layer is formed in this mode (I in Figure 1, ) for all tested
compositions of the InGaN triple solution. As the flow
of the nitrogen component decreases (the ratio of III/V
increases), the prevailing incorporation of Ga atoms and
desorption of In determine the transition to InGaN growth
with the accumulation of indium metal on the growth
surface (IT in Figure 1, 5). The InN phase visible in the XRD
spectra is formed here at the end of the InGaN layer growth,
when the sample is held in a nitrogen plasma stream during
cooling [10]. Pronounced fluctuations in the composition
and phase decay of the growing layer occur in the case of a
further increase of the ratio of III/V and an approximation
to metal-enriched growth conditions (IIT in Figure 1,5).
Apparently, this regime is ensured by high surface diffusion
of metal adatoms due to the formation of the metal bilayer
which is well-known from the literature [13,14].

It can be noted that the critical value of the ratio III/V for
the beginning of decomposition increases with a decrease of
the In content from 100 to 80%, and as it decreases when
approaching the ,average” compositions. This suggests
that the rate of decomposition of InGaN at the selected
growth temperature behaves in a similar way — a lower
nitrogen flow than in the case of growth of binary InN or
InGaN with In content of ~ 50% is needed to suppress
the decomposition of InGaN solutions with In content
of ~ 80%. A similar behavior of the critical temperature of
InGaN decomposition from the composition was observed
in Ref [15]. The addition of a small number of Ga
atoms (up to ~ 20%) first stabilizes the InGaN solution,
since Ga-N bonds are stronger than In-N bonds, which
results in an increase of the decomposition temperature of
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InGaN. However, the decomposition temperature sharply
drops with a further increase of the Ga content, which is
associated with intensifying phase decay processes. It is
also worth noting that no phase decay is observed in this
paper (~ 470°C) in InGaN layers with a decrease of the In
content to ~ 70°% regardless of the ratio of III/V at InGaN
growth temperatures. Apparently, the formation conditions
for the growth temperatures used are significantly closer to
equilibrium compared to ,,average compositions for InGaN
solutions with In content of > 70% and the manifestation
of phase decay is not observed even in case of the transition

XRD counts, log. scale

30 31 32 33 34 35
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Figure 2. (0004) w — 20 X-ray diffraction spectra of sam-
ples with IngsGagsN-layers grown with III/V ratio of ~ 0.74
(sample 5, with decomposition) and with III/V ratio of ~ 0.64
(sample 4, homogeneous).
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Figure 3. Dependence of the stimulated emission thresholds of
samples with InGaN layers, with In content of ~ 70%, on the
ratio of III/V (see table, samples 6—9). The gray color indicates
the region of parameters of III/V, where decomposition of InGaN
layers of this composition is observed and there is no stimulated
emission.

to metal-enriched growth conditions. At the same time,
InGaN decomposition begins first for the composition range
of 50—60%, with an increase of the ratio of III/V flows,
and a phase decay is additionally observed with a further
increase of III/V.

The discovered structural features of InGaN layers have
a significant effect on their optical properties. Figure 2,a
shows the results of the X-ray diffraction analysis of two
samples with InGaN layers with In content of ~ 60%, but
with a different III/V ratio of ~ 0.74 and 0.64 (see table,
samples 4 and 5). InGaN decomposition is observed in the
first case — a weak signal from the binary InN is present
in the XRD spectrum, the InGaN layer is homogeneous
in the second case. Both samples have a similar density

of threading dislocations and background electron concen-
tration according to the XDA data and measurements of
the Hall effect, which indicates a similar level of structural
perfection of the samples (see table). However, experiments
for the observation of stimulated radiation showed that SR
is not observed in a sample with partial decomposition of
InGaN, and homogeneous InGaN demonstrates SR with a
threshold of ~ 110kW/cm? at 77K (see table).

It is assumed that the absence of SR, despite intense
PL, in a sample grown in the decomposition conditions
is associated with metal-enriched growth conditions, since
metal In is present on the surface. As mentioned above,
it is its presence when the sample is held in a nitrogen
plasma stream during cooling that results in the formation
of the InN phase visible in the XRD spectra. Previously, we
showed that the growth of InN in metal-enriched conditions
results in the formation of deep p-type levels associated
with the presence of excess In atoms, which are apparently
responsible for rapid recombination by the Shockley—Reed—
Hall mechanism, and SR is also not observed in such InN
layers [16].

Figure 3 shows the dependence of the observed stimu-
lated radiation thresholds for InGaN samples with In content
of ~ 70% (data from the table for samples 6—9).

SR was observed only in samples with homogeneous In-
GaN layers (the uncolored area in Figure 3) in experiments
aimed at recording stimulated emission, at that time, sam-
ples with InGaN obtained in the decomposition conditions
did not demonstrate SR regardless of the In content (gray
area in Figure 3). The lowest SR thresholds for a fixed
InGaN composition were observed at ratios of III/V close to
the critical ratios of beginning of decomposition. A further
decrease of the ratio of III/V resulted in an increase of
the SR observation threshold (Figure 3). The density of
threading dislocations weakly depends on the ratio of III/V
for homogeneous InGaN layers with In content of ~ 70%
according to the XDA, like the background electron concen-
tration according to the Hall effect data (see table), which
indicates a similar level of crystalline quality.

Figure 4. SEM images of the surface of samples 6 and 9 with homogeneous Ing 7Gag 3N-layers grown with a ratio of III/'V of ~ 0.71 (a)

and 0.62 (b).
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The study of the chips and the surface of structures
using SEM methods found that surface roughness develops
(Figure 4,a and b) with a decrease of III/V which is
characteristic of the epitaxy of the growth of nitrides
of group III by the PA-MBE method [13,14,16].

Previously, we showed that it is the development of
surface roughness and the increase of associated optical
losses that are responsible for an increase of the SR
threshold in InGaN layers with an increase of growth
temperature, despite an improvement of crystalline quality
and an increase of the photoluminescence signal [17]. Thus,
it is the development of surface roughness that is considered
the main possible reason resulting in an increase of the SR
threshold with a decrease of the III/V ratio in homogeneous
InGaN layers.

4. Conclusion

Therefore, this paper studied the possibilities of obtaining
by high-temperature PA-MPE growth of high-quality InGaN
planar layers with an indium content in the range of
50—100%, which do not demonstrate any signs of thermal
decomposition and phase decay. Only such homogeneous
structures demonstrate stimulated emission in the IR range,
and it is shown that they can be obtained in the entire range
of triple solution compositions under consideration due to
growth under nitrogen-enriched conditions (III/V < 1). It
should be noted that a decrease of the ratio of III/V below
the required values results in the development of roughness
of the growth surface and an increase of optical losses,
which determines the non-monotonic dependence of the
SR threshold on the ratio of III/N at a fixed nominal
composition of the InGaN active layer, with an optimum
near the boundary of thermal decomposition of InGaN.
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