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Formation of planar structures with InGaN layers for red wavelength

light sources
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Compared to the well-mastered blue-green range, the formation of InGaN-based structures that effectively emit

and are photosensitive in the red and infrared wavelength ranges is a difficult task for existing growth technologies.

Lowering the growth temperature is the main way to increase the In content in the InGaN solution and reduce

composition fluctuations, but this can lead to degradation of the crystalline quality and radiative properties of the

resulting layers. In the MBE PA method, in addition to temperature, the growth processes can be significantly

influenced by changing the stoichiometric ratios of the different InGaN components. In this paper, we study the

effect of growth temperature, the ratio of fluxes of III and V group elements on the formation features of planar

structures with InGaN layers, their structural perfection and radiative properties in the red wavelength range. It

is found that under growth conditions close to stoichiometric, a decrease in the growth temperature to 575 ◦C

allows increasing the efficiency of In incorporation and increasing its content in InGaN to 42%. However, in this

case, composition fluctuations in the InGaN layers increase significantly, and the surface roughness and density of

threading dislocations increase. It is demonstrated that at high growth temperatures of ∼ 605 ◦C, an increase in

the In flux compensating for its desorption from the growth surface allows obtaining a homogeneous InGaN layer

with an In content of up to ∼ 33.5% and smooth surface.
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1. Introduction

InGaN-based semiconductor heterostructures (GaN with

a small fraction of InN) occupy leading positions in LED

and laser applications in the short-wavelength, blue-green

part of the visible spectrum [1–3]. The progress towards

long wavelengths, into the red-orange range and further to

the infrared (IR) region of the spectrum is hindered by

the technological difficulties of obtaining InN and InGaN

ternary solutions with a In content of > 30%. For this

reason, red-band emitters are based on the AlInGaP system,

and even in full-color microdisplays based on GaN, the red

color currently is
”
covered“ by AlInGaP pixels, which is a

problem for monolithic integration of such systems. The

implementation of fully III-nitride displays is an urgent

task requiring the development of efficient red InGaN

micro-LED. The replacement of phosphides with nitrides as

sources of the red range is already being considered for

microdisplays and virtual (or augmented) reality glasses.

One of the problems of phosphides is the high rate of

surface recombination, which is significantly aggravated

when the size of light-emitting devices is reduced to micron

sizes and leads to a sharp decrease in the quantum efficiency

of their operation. Nitrides have a less pronounced problem,

which may lead to greater efficiency of their operation

compared to phosphides for micron-sized chips [4]. The

well-developed technology for forming high-quality GaN

epitaxial layers on silicon substrates is usually mentioned

among the traditional advantages of nitrides over AIIIBV

materials, which not only reduces the cost of production, but

also allows the integration of nitrides with silicon electronics

and photonics. Another advantage is the environmental

safety of nitrides compared to the production of structures

based on AIIIBV containing extremely toxic phosphorus and

arsenic.

The main problems of advancing nitrides into the red and

IR ranges are associated with an increase in the mismatch of

lattice parameters between the GaN buffer layers and InGaN

layers with an increase in the In content in them, as well

as the need to reduce the growth temperature to increase

the In incorporation coefficient in the growing InGaN layer,

which leads to an increase in the defectiveness of the

resulting structures [1–7]. In addition, as we move towards

solutions of
”
medium“ InGaN compounds, the problem of

phase decomposition of this compound worsens and the

surface roughness increases. All of the above has led to the

lack of commercial light sources based on this material in

the red and IR ranges [4]. Thus, obtaining homogeneous

InGaN layers with an In content of up to 50% and an

atomically smooth surface, demonstrating high crystalline
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quality and radiative characteristics, is an urgent task for

creating effective sources of the red wavelength range.

The motivation of the study is also related to the fact

that the authors of this work were the first to obtain

stimulated emission (SE) in planar structures with InN and

InGaN (with In content > 60%), grown by molecular beam

epitaxy with plasma nitrogen activation (PA-MBE) [8–10].
The high density of threading dislocations in InGaN is

one of the main factors determining the low temperature

(T < 200K) and high thresholds for the realization of

stimulated radiation. It was shown in Refs. [11,12] that

a decrease in the density of threading dislocations is an

important factor for increasing the efficiency of spontaneous

and stimulated radiation in the IR range from InN. One

of the ways to reduce the density of threading dislocations

is to form buffer layers that reduce the mismatch of lattice

parameters between the substrate and the active layer. Thus,

the growth of high-quality InGaN buffer layers with a low In

content and emitting in the blue range by gas-phase epitaxy

methods made it possible to form InGaN structures on them

with a higher In content and improved crystalline quality,

emitting in the yellow-orange wavelength range with an

external quantum efficiency of up to 18% [13]. Thus, InGaN
layers of high crystalline quality with an atomically smooth

surface and as high an In content as possible could serve as

a buffer layer for further formation of InN-based structures

on them for the IR range.

The present work is aimed at investigating the possibility

of obtaining homogeneous InGaN layers of high crystalline

quality and atomically smooth surface with an In content of

up to 50%.

2. Experimental procedure

The studied InGaN layers were grown on 2-inch sapphire

substrates (c-Al2O3) using the PA-MBE method on a STE

3N3 installation (CJSC
”
NTO“). High-temperature buffer

layers of AlN (200 nm) and GaN (700 nm) were sequen-

tially grown on a sapphire substrate at temperatures (Tg)
820 and 710 ◦C, respectively. The substrate temperature

was maintained at constant heater power. After the growth

of the high-temperature GaN/AlN buffer layers, the heating

power decreased, and the substrate temperature stabilized

for ∼ 30minutes before InGaN growth. There were no

changes in the pyrometer or thermocouple readings during

the InGaN growth process. Further, the InGaN layer was

grown for 2 hours at temperatures of Tg ∼ 575−605 ◦C.

The thickness of the InGaN layers was 490−600 nm,

depending on the composition. The Ga flux did not change

during the growth of all InGaN layers and amounted to

∼ 0.17µm/h. In the first series of samples, in which

the effect of growth temperature on the formation and

properties of InGaN layers was studied, the In flux was

∼ 0.14µm/h, and the flux of active nitrogen component

was ∼ 0.33 µm/h. In the second series of samples, in

which InGaN growth was studied at the highest considered

temperature of Tg ∼ 605 ◦C, the In flux varied from ∼ 0.14

to ∼ 0.26µm/h, and the nitrogen flux ranged from ∼ 0.33

to ∼ 0.45 µm/h.

For comparison with the results of other studies,

in which other units of measurement of flows were

indicated, well-known geometric relationships were

used. The concentration of Ga atoms for GaN in

a wurtzite type lattice is 4.38 · 1022 atom/cm3 [14].
1ML (monolayer) of GaN corresponds to c/2 = 0.259 nm

or ∼ 1.14 · 1015 atom/cm2 [15]. Thus, for the flux of Ga

atoms 1µm/h= 1.22 · 1015 atom/cm2
· s.

To create a flux of activated nitrogen, a plasma source

RF Atom Source HD 25 (Oxford Applied Research) was

used; the nitrogen flow during growth did not change

at 2 sccm (standard cubic centimeters per minute), the

discharge power of the nitrogen plasma source varied

in the range of 170−220W. The grown samples were

characterized by X-ray diffraction (XRD) using a Bruker

D8 Discover diffractometer, a Keyence VHX-1000E digital

optical microscope, scanning electron microscopy (SEM)
using a Supra 50VP microscope, photoluminescence spec-

troscopy, and the Hall effect. The dislocation density was

determined from the half-width of diffraction peaks detected

during scanning in the directions (0004) and (101̄2), in

accordance with the method described in Ref. [16]. To

determine the composition of the InGaN layers, maps of

the reverse space were taken, since incomplete relaxation

of elastic stresses was detected in them. The residual

elastic stresses ranged from ∼ 50% for InGaN layers grown

at 605 ◦C to ∼ 30% for InGaN layers grown at 575 ◦C.

The concentration of electrons, according to Hall effect

measurements, in the studied samples was ∼ 1017 cm−3.

The samples were excited for PL measurements by a

continuous wave laser (CW) operating at a wavelength of

450 nm. The radiation of the sample was analyzed by a

lattice monochromator and detected using a silicon CCD

array (Princeton Instruments).

3. Models of growth processes

When considering the effect of growth temperature on

the composition of InGaN layers by the MBE method, only

two processes are usually mentioned — desorption of In

atoms from the growth surface and thermal decomposition,

which implies bond breaking In-N [17,18].
The thermal decomposition is the next important process

determining the composition of the growing InGaN layer.

The temperature range in which InGaN layers are obtained

by the PA-MBE method is usually 450−650 ◦C [19].
Thermal decomposition of GaN and desorption of Ga from

the growth surface are not observed in this temperature

range. Therefore, the InGaN composition at a given growth

temperature is determined by the rates of decomposition of

In-N bonds, In desorption, and the ratios of Ga, In, and

active nitrogen fluxes (N∗) [17,19]. In the case of nitrogen-

enriched growth conditions, the In content in the InGaN
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layer will be given by

x In = (FIn − Fdes
In )/(FIn − Fdes

In + FGa),

Fdes
In = CIn exp

(

−E In
a /kT

)

, (1)

where x In is the proportion of In in InGaN, FIn and

FGa are the fluxes of In and Ga entering the growth

surface, Fdes
In is the flux of evaporating In from the growth

surface. It is important to note that nitrogen-rich growth

conditions are not just a condition FIn + FGa − Fdes
In < FN,

and a more stringent condition that takes into account the

partial decomposition of In-N bonds:

FIn + FGa − Fdes
In + Fdec

InN < FN, (2)

where Fdec
InN is the rate of decomposition of In-N bonds [19].

For the case of metal-enriched growth conditions

x In = 1− FGa/
(

FN − Fdec
InN

)

, (3)

where the rate of decomposition of In-N bonds depends on

the composition of InGaN (x In) and is determined by the

expression

Fdec
InN = CInNx In exp(−E InN

a /kT ), (4)

where E InN
a is the decomposition activation energy InN,

CInN is the decomposition rate constant. As a result, the

full expression for the In content in the InGaN solution for

the case of metal-enriched growth:

x In =
(

FN + B −

(

(FN + B)2 − 4B(FN − FGa)
)1/2

)

/2B,

B = CInN exp(−E InN
a /kT ). (5)

There are a number of significant drawbacks to the

dependence of the composition of the growing InGaN layer

on the fluxes and temperature of growth described above.

First, the desorption process is considered independently of

the InGaN composition and the amount of In on the surface,

and the activation energy of this process Edes
In is assumed to

be 2.49 eV [18,19], which corresponds to the evaporation

of In from the metal phase. Another disadvantage is noted

by the authors of the above model and is related to the

dependence of E InN
a on the composition of InGaN [15]. It

was experimentally shown in Ref. [17] that the activation

energy of InGaN decomposition monotonously varies from

3.48 for binary InN to 3.81 eV for GaN. At the same

time, the authors of Ref. [19] describe the experimental

data by using the composition-independent activation energy

of decomposition E InN
a = 1.84 eV. Thus, the dependences

of the decomposition rate of In-N-bonds obtained by

different authors on the compositions of InGaN solutions

obtained in different ratios of material flows and growth

temperatures lead to the fact that the composition of InGaN

layers is determined largely experimentally. The results

of the model described in Ref. [19] and calculated using

formulas (1)−(5) will be compared in this paper with our

experimental results. More comprehensive studies, includ-

ing the dependence of surface roughness, crystal quality,

and radiative properties on the growth conditions for InGaN

”
red“ wavelength range layers, are presented in the literature

by isolated papers. A scientific group from the A.F.Ioffe

Institute of Physics and Technology demonstrated that in

case of the growth by the PA-MBE method [20] significant
fluctuations in composition were observed already with

an increase of the average In content in InGaN from 10

to 17%, and the width of the integrated photoluminescence

signal increased significantly, demonstrating the signal from

the green region of the spectrum to the red one. This

highlights the difficulty of forming homogeneous InGaN

solutions for the red wavelength range, which requires a

In content of ∼ 40−50% [21].

4. Results and discussion

In this paper, the growth of InGaN layers in the first series

of samples took place nominally under slightly enriched

conditions (flow ratio III/V ∼ 0.94). The main parameters

of this series of samples and the growth conditions are

shown in Table 1. If there were no processes of In re-

evaporation, InGaN decomposition and phase decomposi-

tion, then one would expect the formation of a solution

with a In content of ∼ 45%, according to the formula (1).

A homogeneous solution with a In content of ∼ 29% is

formed as a result of growth at the highest temperature of

605 ◦C (sample 1), according to X-ray diffraction analysis

(Figure 1, a). This means that only about half of the In

atoms entering the growth surface were embedded in the

InGaN layer, and the incorporation coefficient of In (KIn
incorp),

calculated as the ratio of the flux of embedded In to the

incident flux of In, is ∼ 0.5.

Using SEM methods, it was found that sample 1 has a

smooth two-dimensional InGaN layer surface, and there are

no metal In droplets on it (Figure 1, b). It follows from

this that one part of the incident In flux is embedded in

InGaN, the other has evaporated, which means that the

InGaN composition in this sample is determined by the

rate of desorption of metallic In. Temperature decrease to

Table 1. Main parameters of the studied structures with InGaN

layers of the first series

Sample No. Tg ,
◦C x In, % ND, cm

−2 KIn
incorp Droplets of In

1 605 29 8.9 · 1010 0.5 None

2 595 35 9.5 · 1010 0.65 None

3 585 37 1.8 · 1011 0.71 Present

4 575 39 2 · 1011 0.78 Present

Note. The growth temperature (Tg ), the proportion of indium (x In) in the

composition of the ternary solution, the dislocation density (ND), the In

incorporation coefficient (KIn
incorp

), which is equal to the ratio of the fluxes

of In embedded in InGaN to the growth that fell on the surface, as well as

the presence of droplets of metallic In on the surface of the InGaN layer.
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Figure 1. a — (0004) ω−2θ X-ray diffraction spectra of samples 1, 2, 3, and 4 with InGaN layers grown at different temperatures

are shown in Table 1 (curve numbers correspond to sample numbers). The blue arrows for sample 4 show InGaN signals with different

contents of In (39% — main peak, right and 43% —
”
arm“, to the left of the main peak). The GaN and AlN reflexes correspond to

the buffer sublayers. b — temperature dependence of InGaN composition: green diamonds — experimental data for samples 1, 2, 3

and 4; red circles — calculation of InGaN composition under conditions of metal-enriched growth (according to (3)), with C InN and E InN
a ,

taken from Ref. [19]; blue circles — calculation of InGaN composition under conditions of nitrogen-enriched growth (according to (1)),
with C In and E In

a , taken from Ref. [17]; red line (solid and dashed) — calculation of InGaN composition under conditions of metal-enriched

growth (according to (3)), with C InN and E InN
a specified in this paper; blue line (solid and dashed) — calculation of InGaN composition

under conditions of nitrogen-enriched growth (according to (1)), with C In and E In
a specified in this paper. SEM images of samples 1 (top

right) and 4 (bottom left). The black dashed line shows the In content in InGaN (0.45 or 45%) for the case of its complete embedding

(KIn
incorp = 1 or 100%).

595 ◦C (sample 2 from Table 1), according to SEM data, did

not lead to the accumulation of metallic In on the surface,

which also indicates a growth regime in which the amount

of embedded In is limited by the rate of its desorption.

In content in the sample 2 increased to 35%, which is

associated with a decrease in the rate of desorption of In

with a decrease in Tg . The In evaporation rate according to

Ref. [19]:

Fdes
In = CIn exp(−E In

a /kT )

= 3.4 · 1028 atom/cm2
· c exp(−2.49 eV/kT ). (6)

Calculated according to these data, the In content in

InGaN according to the formula (1) should be significantly

less than that detected by X-ray diffraction analysis in

samples 1 and 2 (Figure 1, b). In order for our experimental

data on the In content in InGaN layers of samples 1

and 2 to be described by the model, it is necessary

that CIn = 1.2 · 1029 atom/cm2
· s, and E In

a = 2.63 eV (Fi-
gure 1, b). A noticeable increase in the activation energy

of evaporation In may be due to the fact that E In
a = 2.49 eV

describes In evaporation from the metallic phase — when a

bilayer In is formed on the growth surface, and its excess is

formed in metal droplets [18]. E In
a can increase when < 2 In

ML is on the surface. It is known from the literature that the

activation energy of Ga evaporation from the GaN surface

varies depending on the thickness of the Ga adlayer from 0

to ∼ 2ML, from 3.7 to 3.1 eV [22]. Namely, during the for-

mation of a Ga bilayer on the GaN surface and the
”
droplet“

growth mode, evaporation of Ga from the GaN surface

corresponds to evaporation from the metal phase. A similar

transient mode for the adlayer from 0 to ∼ 2ML is also

present for In, but is not considered in detail in the literature.

According to X-ray diffraction analysis, the InGaN layer in

the sample 2 remained homogeneous, despite the fact that

the density of threading dislocations increased. Decrease

of the growth temperature to Tg ∼ 585 ◦C leads to the

appearance of droplets of metallic In on the InGaN surface,

which indicates the transition to the
”
classic“ metal-enriched

growth mode with the formation of a metal bilayer on the

surface and the accumulation of its excess in droplets on

the surface (SEM image in Figure 1, b). In this growth

mode, the composition of the InGaN layer in the sample 3

is determined by the rate of breakage of In-N bonds using

the formulas (3)−(5). X-ray diffraction analysis shows

that the layer is homogeneous, and the In content in it is

∼ 42% (see Table 1). When the growth temperature drops

to Tg ∼ 575 ◦C, the
”
classic“ metal-enriched growth mode

with the presence of In droplets on the surface remains.

Constants for calculating the rate of decomposition of In-N

bonds are determined in Ref. [19]:

B = CInN exp(−E InN
a /kT )

= 2.55 · 1025 atom/cm2
· c exp(−1.84 eV/kT ). (7)
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Table 2. Main parameters of the studied structures of the second series with InGaN layers

Sample No.
In flux, N∗ flux,

x In, % ND , cm
−2 KIn

incorp In droplets
µm/h µm/h

1 0.14 0.33 29 8.9 · 1010 0.5 None

5 0.18 0.33 33.5 7.3 · 1010 0.5 None

6 0.23 0.33 35 9.3 · 1010 0.42 Present

7 0.23 0.45 39 1.8 · 1011 0.5 Present

Note. The In and N∗ fluxes entering the growth surface (Tg ), the share of indium (x In) in the composition of the ternary solution, the density of dislocations

(ND), the In incorporation coefficient (KIn
incorp

), which is equal to the ratio of the fluxes of In embedded in InGaN to the In fluxes incident on the growth

surface, as well as the presence of droplets of metallic In on the surface of the InGaN layer.

Calculated according to these data, the In content in

InGaN according to the formula (5) should be less than

that detected by X-ray diffraction analysis in samples 3

and 4 (Figure 1, b). However, in order for our experimental

data to be described by the model, the activation energy

E InN
a = 1.84 eV must be reduced to ∼ 1.4 eV, and CInN to

2.4 · 1022 atom/cm2
· s. The difference in our estimate of

E InN
a and that obtained in Ref. [19] may be due to the

presence in the X-ray diffraction spectrum of sample 4 of

two peaks from InGaN — the main peak corresponding

to the content of In ∼ 39%, and less intense peak, corre-

sponding to the content of In ∼ 43% (Figure 1, a). This

indicates that the average content of In in the InGaN layer

of sample 4 is slightly higher than the In content used in

the calculations (In ∼ 39%). This fact will increase the

value of E InN
a and bring it closer to the value obtained

in Ref. [19]. The appearance of two peaks in the X-ray

diffraction spectrum of sample 4 can be attributed to a

further shift to the region of spinodal decay with a decrease

in the growth temperature [23]. Therefore, the processes

of phase decay and composition fluctuations are amplified,

which leads to the apparent appearance of InGaN signals of

different compositions in the sample 4.

As a result of studies of a series of InGaN samples (flux
ratio III/V ∼ 0.94) grown with a temperature change, it

was found that a decrease in the growth temperature leads

to degradation of their crystalline quality, despite the fact

that there is a slight increase in the In content in the InGaN

layers (see Table 1). Moreover, the surface roughness of

InGaN layers increases (SEM images in Figure 1, b) with

a decrease in the growth temperature according to SEM

data even in case of growth in metal-enriched conditions

(with the presence of In droplets on the surface).
The next series of InGaN-layered samples was grown

at the highest temperature of 605 ◦C to ensure the high

crystal quality of InGaN. In addition, intensive evaporation

of In at temperatures of ∼ 600 ◦C and above allows for

growth in metal-enriched conditions, which helps to obtain

an atomically smooth surface without the formation of

droplets of metallic In on the growth surface. As we defined

above, at this temperature, the composition of the InGaN

layer is determined by evaporation of In from the growth

surface. In this series of samples, we increased the In flux

to determine how far it is possible to advance into the field

of compositions with an In content of 40−50%, necessary

for sources of the red wavelength range. The transition from

the nominally nitrogen-rich conditions in sample 1 to the

nominally metal-rich conditions of sample 4 (the ratio of

incident fluxes III/V∼ 0.94 and 1.06) led to a significant

increase in the In content in the InGaN layer from 29

to 33.5% (Table 2).
At the same time, no droplets of metallic In are observed

on the surface of sample 5. Consequently, we are still

in a regime where the composition is determined by the

desorption of In from the growth surface. An increase in

the ratio of fluxes III/V to ∼ 1.2 increased the In content

in InGaN to 35% (Table 2). Moreover, the appearance of

droplets of metallic In on the InGaN surface was detected

using an optical microscope (see the inset in Figure 2, b).
The appearance of droplets of metallic In indicates that

the flux of In falling onto the surface exceeds the rate

of its desorption (Fdes
In ). The flux of a non-embedded

In is defined by the expression FIn(1− KIn
incorp). For

sample 5, the value of this expression is less than Fdes
In ,

and for sample 6 it is greater than Fdes
In . This means

that 0.08 µm/h < Fdes
In < 0.14 µm/h. If we calculate Fdes

In

using the formula (6) for a temperature of 605 ◦C, we

get Fdes
In ∼ 0.11 µm/h, which coincides well with the data

we obtained. And the constants CIn and E In
a obtained in

Ref. [19] well describe the In desorption in the case of the

formation of droplets of metallic In on the growth surface,

i. e. from the metallic phase.

The compositions of the InGaN layers in samples 5 and 6

are similar, their growth took place at the same temperature,

therefore, it can be assumed that from the point of view

of the thermodynamic instability of the solid solution, the

phase decay processes in them should also proceed with the

same intensity [23]. However, these processes were clearly

manifested only in sample 6 as an additional signal from the

InGaN phase with In content of ∼ 42% (Figure 2, a). It is
assumed that the surface diffusion of adatoms, responsible

for material redistribution and phase decay, is significantly

accelerated for nitrides during truly metal-enriched growth,

when a bilayer of metal atoms forms on the surface [24].
Bulk diffusion during epitaxial growth of semiconductor

crystalline films is usually neglected [25].
With an increase in the active nitrogen flux (FN) in

sample 7 by ∼ 1.5 times compared with sample 6, the In

Semiconductors, 2025, Vol. 59, No. 7
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Figure 2. a — (0004) ω−2θ X-ray diffraction spectra of the second series of samples from Table 2 (curve numbers correspond to sample

numbers). The GaN and AlN reflexes correspond to the buffer sublayers. The arrows for samples 6, 7 show InGaN signals with different

contents of In. b — dependence of InGaN composition on the active nitrogen flux (FN). Green diamonds correspond to experimental

data for samples 6 and 7. Dashed line — calculation of InGaN composition under conditions of metal-enriched growth (according to (3)):
blue line — with C InN and E InN

a specified in this paper; red line — with C InN and E InN
a taken from Ref. [19].

content in InGaN increases from 35 to 39% (Table 2).
At the same time, metal-enriched growth conditions are

preserved, as evidenced by the presence of droplets of

metallic In on the surface of the InGaN layer of the

sample 7. According to formulas (3)−(5), the In content in

the InGaN layer was calculated for the growth temperature

of 605 ◦C depending on the active nitrogen flux both

using CInN from Ref. [19], and using the value obtained

in the first part of this paper (Figure 2, b). As can be

seen from Figure 2, b, both curves poorly describe the

experimentally observed change of In content in InGaN

with an increase of FN. A slight change in composition

with a significant increase in the nitrogen flux may be

associated with a sharp increase in the rate of decomposition

of In-N bonds (Fdec
InN) with an increase in the In content to

∼ 40% or, in other words, according to the formula (4),
with a significant decrease in the activation energy of the

breakage of In-N bonds. A significant increase in the

rate of InGaN decomposition when approaching
”
medium“

compositions may be associated with an increase in the

enthalpy of formation of InGaN compounds of
”
medium“

compositions due to an increase in the enthalpy of mixing

of InGaN solutions [26,27]. It is also possible to notice a

decrease in the rate of phase decay in sample 7 compared to

sample 6 — it shows an almost uniform peak from InGaN

with In content of ∼ 39% with an implicit
”
arm“-InGaN

phase with In content of ∼ 43%. This may be due to a

shift in growth conditions towards more nitrogen-rich ones

and a decrease in the rate of surface diffusion responsible

for phase decay.

When studying the photoluminescence spectra of the

second series of samples (Figure 3), it was found that the
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Figure 3. PL spectra of samples 1, 5, 6, 7 with InGaN layers

grown at 605 ◦C, but with different f In and N∗ fluxes from

Table 2 (curve numbers correspond to sample numbers). The

measurements were performed at 77K.

peak of the PL signal shifts towards lower energies as the

In content in the InGaN layer increases, which is obviously

related to a decrease in the band gap [21]. An interesting

result is the weak dependence of the PL peak width on

the InGaN layer composition (110−120meV at 77K) in

the In composition range of 31−42% (Figure 3). At the

same time, many scientific groups observed a significant

broadening of the PL spectrum as the In content in InGaN

Semiconductors, 2025, Vol. 59, No. 7
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increased, which was associated with increased composition

fluctuations as they approached solutions of
”
medium“

compositions [20,28]. The PL results may indicate good

uniformity of the samples of the second series, despite

increased fluctuations in composition in some of them

(Figure 2, a).

5. Conclusion

Thus, the paper studies the possibility of obtaining ho-

mogeneous InGaN layers of high crystalline quality with In

content up to 50% by PA-MBE method. A decrease in

the growth temperature makes it possible to increase the In

content in InGaN solutions, but it leads to an increase in the

density of threading dislocations and an increase in surface

roughness. It has been shown that when Tg is reduced to

∼ 585 ◦C, homogeneous InGaN solutions with an In content

of up to 37% can be obtained. A further decrease in the

growth temperature to Tg ∼ 575 ◦C leads to an increase

in the processes of phase decay and the formation of an

heterogeneous InGaN solution.

An increase in the In flux for the highest of the

Tg ∼ 605 ◦C considered in this paper allows the formation

of homogeneous InGaN solutions with an In content of

up to ∼ 33.5%, demonstrating an intense PL signal and

a smooth two-dimensional surface. The possibility of

increasing the In content in InGaN at Tg ∼ 605 ◦C to

∼ 35% has been demonstrated due to an even greater

increase in the In flux, however, droplets of excess metallic

In and fluctuations in the composition of such an InGaN

solution are observed on the growth surface. An increase in

the nitrogen flux by ∼ 1.5 times increases the embedding of

In and its content in InGaN to ∼ 39% for Tg ∼ 605 ◦C and

reduces the heterogeneity of the resulting InGaN solution.
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