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Study of active regions based on multiperiod GaAsN/InAs superlattice
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The results of a study of nitrogen-containing active regions based on superlattices grown on GaAs substrates

are presented. Active regions based on alternating InAs and GaAsN layers were fabricated by molecular-beam

epitaxy using a nitrogen plasma source. Based on the XRD analysis, the thicknesses and average composition

of superlattice layers are estimated. The study of dark-field images obtained by transmission electron microscopy

showed the presence of interdiffusion of InAs into GaAsN. The results of a study of the photoluminescence and

electroluminescence spectra at different pump levels are presented. Efficient electroluminescence is demonstrated

near 1150 nm with a full width at half-maximum of about ∼ 90meV.
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1. Introduction

Due to the small value of chromatic dispersion at a

wavelength of 1300 nm in silicon fibers, the use of Vertical

Cavity Surface-Emitting Lasers (VCSELs) of this spectral

range is the most preferable in terms of increasing the

volume and range of data transmission (bandwidth) in

comparison with communication lines based on the VCSELs

of the spectral range 850−1060 nm.

To date, two main approaches have been used to

implement the high-speed VCSELs in the spectral range

of 1300 nm. The first approach is to use active regions

of InAlGaAs-InP with the formation of a buried tunnel

junction (BTJ) for current and optical Confinements, along

with the use of high-contrast dielectric distributed Bragg

reflectors based on CaF2/Si [1–3]. The second approach

is to use the technology of double wafer fusion [4–8].
In this case, the heterostructure of the active region

In(Al)GaAs-InP with BTJ is fused with heterostructures

of the upper and lower distributed Bragg reflectors on

GaAs substrates, followed by the formation of mesa struc-

tures [9].
The creation of monolithic (grown in one epitaxial

process) long-wave VCSELs are of the greatest interest

for practical applications, however, due to physical and

technological limitations, the parameters of these devices

are still significantly inferior to the parameters of VCSELs

based on the approaches discussed above. The latest results

on the metamorphic growth of VCSELs on InP substrates,

presented in [10], showed an output optical power of

∼ 1.5mW, which did not allow us to study the modulation

characteristics of lasers.

In turn, monolithic VCSELs of the spectral range

1300 nm based on nitrogen-containing active regions on

GaAs substrates made it possible to realize higher output

characteristics [11–14], and also presented the results of a

study of the reliability of this type of VCSEL [15,16]. At the
same time, it is worth noting that no significant progress

has been demonstrated since the first results on nitrogen-

containing VCSELs. In 2008, the frequency of low-signal

modulation was implemented at the level of decline of 3 dB

f 3dB ∼ 10GHz (corresponds to 10Gb/s), the output optical

power of Pout was 4mW [11]. In 2020, an increase in the

data transfer rate to 12Gb/s [17] is shown, however, the

value of Pout was 0.6mW [11].

The implementation of VCSELs of the spectral range

of 1550 nm based on the InGaAsN quantum well (QW)
leads to the need to increase the nitrogen composition

to 4% and indium to 40%, which leads to the need

for further reduction of growth temperatures to 390◦C

and negatively affects the output characteristics of the

devices [18]. Epitaxy at higher temperatures is possible

due to the transition from the InGaAsN material system
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to InGaAsNSb compounds, however, the characteristics

of VCSELs in the spectral range of 1550 nm based on

InGaAsNSb QW remain very low (frequency f 3dB ∼ 4GHz

Pout ∼ 0.3mW [19]) in comparison with the VCSELs

of the spectral range 1300 nm based on InGaAsNSb

QW [17].

The main reason for the lack of progress in the creation

of nitrogen-containing VCSELs on GaAs substrates is the

complexity of the growth conditions necessary to obtain

nitrogen-containing QWs of high structural quality [20]. An
increase in growth temperatures leads to a fluctuation in the

composition of the QW along the heterointerface (diffusion
effect in the plane of the layers) [21]. Despite the fact

that high-temperature annealing of samples reduces the

number of nonradiative recombination centers, especially

for structures with a nitrogen concentration of > 1% [22],
annealing leads to an undesirable short-wave shift of the

emission wavelength [23]. This shift in the emission

wavelength and an increase in the intensity of photolumi-

nescence (PL) can be caused by the formation of In-N

clusters during high-temperature annealing [24]. Moreover,

the effect of flattening of heterointerfaces (increasing the

homogeneity of the composition along the QW layer) is

not observed [21]. Also, after high-temperature annealing,

the effect of indium and gallium interdiffusion between

the QW layers and barriers is typical [25] along with the

diffusion effect in the plane of layers. To exclude this

effect of interdiffusion In-Ga, in some cases additional

layers Ga(N)As are used, located between QWs and

barriers [26].

In turn, the use of active regions based on short-

period superlattices (SLs) consisting of alternating layers of

InAs and GaAsN allows minimizing the effect of nitrogen

diffusion from the QW [22]. At the same time, the presence

of a mini-band in the superlattice, which is located both

in the QWs region and in the region of barriers, makes

it possible to significantly increase the overlap integral of

a standing light wave with a region that amplifies light,

and thereby provide a significant increase in the modal

gain [5,6,27] compared with heterostructures based on QW.

As a consequence, it is to be expected that the creation of

VCSELs based on SLs, consisting of alternating layers of

InAs and GaAsN, will increase not only the output optical

power, but also the speed of nitrogen-containing VCSELs

due to potentially greater modal gain.

This paper presents the results of a study of nitrogen-

containing active regions based on SLs grown by molecular

beam epitaxy (MBE).

2. Experimental samples

During the experiment, active regions based on SLs

consisting of alternating layers of InAs and GaAsN were

formed by the MBE. Four types of heterostructures (here-
inafter structures 1−4) have been studied, which were

grown on GaAs (100) substrates. For all structures, the

temperature during epitaxy of the SLs layers was 540◦C

(according to the thermocouple), and the plasma power of

the radio frequency nitrogen source was fixed at 400W,

which corresponded to a nitrogen flow of 0.25 standard

cubic centimeters. The structure 1 was designed for

optical measurements and included a buffer layer of GaAs

with a thickness of 200 nm, unalloyed layers of SLs and

a covering layer of unalloyed GaAs with a thickness of

50 nm. SL is formed on the basis of 54 alternating layers

of GaAsN(2.1%)/InAs with a thickness of 7 nm/0.303 nm

(1 monolayer, ML). Immediately after the deposition of the

coating layer, a high-temperature annealing of the sample

was carried out in an epitaxial chamber at a temperature

of 700◦C with a duration of 3min at an excess pressure of

arsenic.

Structures 2−4 were designed to study electrolumi-

nescence (EL), and therefore epitaxy was performed

on GaAs(100) doped substrates with a concentration of

Si(0.8−4.0) · 1018 cm−3. The structures 2−4 differed in

the design of the layers of the active region. The

structure 2 included silicon doped (impurity concentration

was 3 · 1018 cm−3) the lower contact layer of GaAs with

a thickness of 200 nm, the unalloyed layers of SL and

the covering layer of unalloyed GaAs with a thickness

of 30 nm, as well as the upper contact layer GaAs layer

with a total thickness of 200 nm and doped with beryllium

along a gradient with a concentration of dopant in the

range of (1−50) · 1018 cm−3. The active area is formed

on the basis of two types of SLs: 50 alternating layers of

GaAsN(1.9%)/InAs with a thickness of 8 nm/0.303 nm and

50 alternating layers of GaAsN(1.5%)/InAs with a thickness

of 10 nm/0.303 nm. Immediately after the deposition of the

covering layer of GaAs with a thickness of 30 nm, a high-

temperature annealing of the sample was carried out in an

epitaxial chamber at a temperature of 700◦C with a duration

of 3 minutes, after which the deposition of the GaAs contact

layer was carried out. The design of the structure 3 is

identical to the structure 2, taking into account the difference

in the layers of the active region, which includes three

types of SLs: 54 alternating layers of GaAsN(2.1%)/InAs
with a thickness of 7 nm/0.303 nm, 48 alternating layers of

GaAsN(1.9%)/InAs with a thickness of 8 nm/0.303 nm and

38 alternating layers of GaAsN(1.5%)/InAs with a thickness

of 10 nm/0.303 nm. The design of the structure 4 is identical

to the structure 2, taking into account the difference in the

layers of the active region, which includes four types of

SLs. A detailed description of the structure of 4 is given

in Table 1.

To assess the structural quality of the QCD heterostruc-

ture, X-ray diffraction analysis and transmission electron

microscopy (TEM) methods were used. Measurements of

X-ray diffraction swing curves were carried out near the

symmetric (004) GaAs reflex on a diffractometer in parallel

geometry of the X-ray beam. A tube with rotating copper

anode (λ = 0.15406 nm) is the 6 kW X-ray radiation source.

The analysis of X-ray diffraction curves was carried out

using the Diffrac.Leptos (Bruker) software package.
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Figure 1. The X-ray diffraction curves of the investigated heterostructures. a and b — experimental (solid line) and model (dotted line)
curves for structure 1 and structure 4, respectively.

Table 1. Description of the heterostructure layers 4. The layers

forming the SLs are highlighted in bold

Material
Number

Thickness, Å
repeated layers

GaAs 1 2000

GaAs 1 300

InAs
32

3.03

GaAsN(1.25%) 120

InAs
38

3.03

GaAsN(1.5%) 100

InAs
48

3.03

GaAsN(1.9%) 80

InAs
54

3.03

GaAsN(2.1%) 70

GaAs 1 2000

Substrate GaAs 1 350microns

The TEM studies were carried out for structure 4

on a transmission electron microscope JEM2100F (Jeol),
located at the Federal Research Center

”
Materials Science

and Diagnostics in Advanced Technologies“ Ioffe Institute.

A generally accepted method of preparing samples for

cross-sectional geometry studies was used: thinning by

precision grinding and spraying with argon ions at the final

stage before perforation.

Quantitative analysis of the determination of the deep

profile of the content of matrix elements nitrogen and

indium, as well as beryllium and silicon impurities was

carried out for structure 4 using a microprobe secondary

ion mass spectrometer (SIMS) with a magnetic sector type

mass analyzer with double focusing IMS 7f (Samesa).
Measurements of photoluminescence (PL) spectra at a

temperature of 300K were carried out using an Nd : YLF

laser operating in continuous mode to excite the PL. The

laser wavelength was 527 nm, the power varied in the

range (0.3−3.7)mW, which corresponds to the pump power

density of 40−490 kW/cm2 . The PL signal was directed

to the input slots of the MS5204i monochromator (Sol
Instruments). Detection of the PL spectra was performed

using a cooled InGaAs detector (Andor).
To measure the electroluminescence (EL) of the samples,

mesas with a diameter of 250microns were formed by

liquid etching through a mask based on layers of upper

metallization (Au-Zn), followed by the application of lower

metallization to the substrate (Au-Ge). Current pumping

was carried out using a 2401 (Keithley) power supply in

the current range of 10−100mA. EL emission was collected

from the side wall of the mesa using the lens 20× M Plan

Apo NIR (Mitutoyo). To detect the EL spectra at room

temperature, a monochromator FHR1000 (Horiba) and an

InGaAs CCD-matrix Symphony (Horiba) were used.

3. Results and discussion

Fig. 1 shows experimental X-ray diffraction curves of the

swing along with model data for structure 1, which includes

one type of SLs, and structure 4, which includes four types

of SLs. For the structure 1, a peak from the substrate

(maximum intensity) is observed on the XRD curve, as

well as a set of satellite peaks characteristic of the periodic

structure SLs.

The full width measured at half-height (FWHM) of the

satellite peaks was 87−96”. According to numerical mod-

eling, the average SLs period was 7.34 nm. Due to the fact

Semiconductors, 2022, Vol. 56, No. 10
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Figure 2. Cross-sectional images (1−10) of the structure 4 obtained from various sites: a — near the border with the substrate; b —
near the border with the upper covering layer; c — collage of images from SLs sections of all 4 types; d — dark-field image in bi-beam

conditions with an active diffraction vector g = (002), sensitive to changes in chemical composition.

that indium and nitrogen introduce mechanical deformations

of different signs, it is a very difficult task to determine

their individual compositions [28]. In this regard, it seems

more reliable to determine the
”
average“ composition of

solid alloy layers according to SLs, which according to the

simulation results was In0.073Ga0.927As0.981N0.019.

For the structure 4, which includes four types of SLs

on the XRD curve, there is a peak from the substrate,

as well as a set of satellite peaks characteristic of various

types of SLs. The FWHM value of the satellite peaks

was 96−106”. According to numerical modeling, the

average period of the four types of SLs was 7.38, 7.90,

9.92 and 11.78 nm, respectively.
”
Average“ composi-

tion of layers of solid solutions in four types of SLs,

was In0.057Ga0.943As0.985N0.015, In 0.053Ga0.946As0.986N0.014,

In0.042Ga0.958As0.988N0.012, In0.036Ga0.964As0.991N0.009.

The results of studies of the structure 4 by transmission

electron microscopy are shown in Fig. 2. The images clearly

show the planarity of the GaAsN/InAs layer heterobound-

aries both inside each type of SLs (Fig. 2, c) and with the

substrate (Fig. 2, a), as well as with the covering (Fig. 2, b)
layers. However, it can be noticed that in some places

the GaAsN layers corresponding to the darker contrast

in the images have slight thickening. One can assume

that these thickenings arose due to the nonuniformaty

of the diffusion of indium into the surrounding GaAsN

during high-temperature annealing at the final stage of

fabricating the structure. It was previously shown that

the indium diffusion length for the case of epitaxy by

the MBE is 1.2 nm [29] in InGaAs/InAlAs; 2.9 nm [30]
in InGaAs/GaAs structures. Thus, after high-temperature

annealing, the effect of diffusion of indium [31] into the

barrier layers is observed, leading to InAs blurring, i.e., to

an increase in InAs thickness with a simultaneous decrease

in indium content. In all areas available for TEM studies,

no extended defects were detected, which confirms the fact

that their concentration is smaller than the detection limit,

i.e. < 1 · 106 p/cm2.

The thickness of the layers was measured using TEM

images obtained near the axis of the zone [1–10]. The

main difficulty in measuring the thicknesses of thin layers

with smooth boundaries was to determine the position of

these boundaries. Therefore, the statistical error of such

measurements turns out to be greater than the instrumental

error of the microscope (5%) and the division price
”
of

the ruler“. To measure the thickness of the GaAsN and

5 Semiconductors, 2022, Vol. 56, No. 10
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Table 2. Results of estimation of average thicknesses in four types of SLs for structure 4

QW Type Thickness, Thickness Thickness Average Average

superlattices nm barrier, nm period of SLs, nm QW composition layer composition

1 1.3± 0.2 6.1± 0.31 7.31± 0.37 0.32 0.057

2 1.4± 0.3 6.6± 0.40 7.93± 0.40 0.30 0.053

3 1.6± 0.3 8.3± 0.42 9.84± 0.50 0.26 0.042

4 1.7± 0.2 10.0± 0.50 11.71± 0.60 0.25 0.036

InAs layers, an image intensity profile was constructed along

the growth direction (perpendicular to the layers) with an

averaging width of 10 nm. The boundaries of the layers

were determined by the middle of the intensity transition

from one layer to the next. The thickness of all layers in

one image was measured, then averaged and the average

value was determined. The results of measurements of the

thickness of the layers are given in Table. 2.

The thickness of the SLs period was calculated by

measuring the thickness of the maximum number of periods

in one image (10−13), followed by dividing by their

number. Thus, the error in determining the boundaries of

the layers decreases by an order of magnitude and the main

error was the instrumental error of the microscope.

The composition of InGaAs layers was estimated using

dark-field TEM images (Fig. 2, d) obtained under bi-beam

conditions with the effective diffraction vector g = (002).
Under these conditions, the intensity of the image is

proportional to the square of the difference of the atomic

scattering factors of elements in the III and V sublattices

and, thus, reflects changes in chemical composition. It is

known that the contrast from the layer InxGa1−xAs changes

non-linearly with increasing
”
x“. In the work [32] it is

shown that it has a minimum at x ≃ 0.18. Having this

reference point, an estimate of
”
x“ in QW was made,

which is in the range (0.20−0.35). At the same time,

it is impossible to determine the distribution profile of

indium from dark-field images, due to the small thickness

of the QW.

The results of measurements of the thickness of the QW

allow us to conclude that the average thickness of the QW

decreases from the surface to the substrate. This fact can

be observed if the indium diffusion length turned out to

be shorter for deeper layers. Usually, during the MBE

growth, heating occurs from the substrate/substrate holder,

so it is incorrect to assume that the temperature of the

deep layers was lower during the final annealing of 800◦C

with due to non-equalization of the temperature gradient.

Rather, on the contrary, it could be a little bigger. As a

result, the activation energy of indium diffusion increased

for deep layers due to changes in the properties of the

surrounding GaAsN layers, for example, due to a decrease

in the concentration of point defects. Since the thickness

of the InAs QW turned out to be different, the indium

content in them should be greater for thin layers of SLs 1

compared to SLs 4. Using the values of the thicknesses of
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Figure 3. The SIMS depth distribution profile of the epitaxial

structure 4 of the content of matrix elements nitrogen and indium

and impurities of beryllium and silicon.

the GaAsN/InAs layers from TEM studies and the values of

the average SLs compositions obtained by modeling X-ray

diffraction curves, it is possible to once again estimate the

indium content in the QW. The evaluation results are given

in Table 2.

The results of the study by the SIMS-profiling of the depth

distribution of the epitaxial structure 4 of the content of

matrix elements nitrogen and indium, as well as beryllium

and silicon impurities are shown in Fig. 3. No modulation

of these values, characteristic of multilayer heterostructures,

was found on the dependences of the content of group III

elements and nitrogen on the depth of ion etching. The

reason for this behavior may be both the roughness of the

initial surface of the structure inherited by the bottom of the

ion etching crater, comparable in magnitude to the thickness

of the narrow-band layer of the superlattice (InAs), and

the diffusion of indium from the ultrathin narrow-band

layers of the superlattice into its wide-band layers during

epitaxial growth and/or during annealing of the structure,

discussed above. Previously, the effect of interdiffusion

In-Ga in GaInNAs QW, as well as interdiffusion N-As

in barrier layers was confirmed by the SIMS method for

GaInNAs/GaAs QW-based structures separated by thick

barriers [33,34] in comparison with current structures based

on SLs GaAsN/InAs.
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Fig. 4, a shows the PL spectra of the studied structures

obtained at a temperature of 300K (pumping power density

76.5 kW/cm2). The line corresponding to the SLs PL is

observed in the wavelength range of 950−1200 nm. The

maximum intensity of the PL structure 1 is located at a

wavelength of 1114 nm. The addition of additional SLs

types to the heterostructure in structures 2−4 with an

increase in the thickness of the GaAsN barrier layers and a

simultaneous decrease in the nitrogen fraction in them leads

to a short-wave shift in the position of the maximum PL.

The line in the wavelength range 800−950 nm corresponds

to the radiation of the contact layer p+ GaAs. The value

of the FHWM of the SLs PL line of structures 1−4 is in

the range of 64−75meV. Earlier, smaller values of the half-

width of the peak of the PL were demonstrated for nitrogen-

containing active regions (30−37meV [35] for a set of

GaInNAs QW and 18−20meV for the single QW [36–39]).

These values of FWHM are smaller than the magnitude of

thermal broadening in the bulk material (1.8× kT , where

k — Boltzmann constant [40], T — temperature), which is

due to the type of the density function of states in QW. The

presence of a fluctuation of the composition in nitrogen-

containing active regions leads to a 2−3 fold increase in the

half-width of the PL line in GaInNAs QW in comparison

with InGaAs QW [41]. Moreover, an increase in the number

of QWs in the active region leads to an additional increase in

the fluctuation of the composition and a broadening of the

peak of PL in structures based on several QWs. In the case

of a set of QWs [42], the total thickness of the active region

can be ∼ 0.2 microns. The transition to multi-period SLs

leads to a further increase in the total thickness of the active

region, at least up to 0.4microns and, as a consequence, to

an additional broadening of the line of PL clusters.

With an increase in the pumping power from 0.3 to

3.7mW, a linear increase in the intensity of PL is observed

for each of the structures without any signs of intensity

saturation (Fig. 4, b). The identical nature of the slope of the

obtained dependencies indicates the absence of additional

sources of nonradiative recombination in structures 2−4

when using other types of SLs. In addition, the dependence

of the maximum position of the PL structures on the optical

pumping power is investigated (the obtained dependence

on the example of the structure 2 is shown in Fig. 5). At

the optical pumping level in the range of 0.02−0.4mW, the

position of the maximum of the PL spectrum practically

does not change. As shown earlier [43], the absence of a

shift of the radiation wavelength to the short-wavelength
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Figure 5. Dependence of the position of the maximum intensity

of the PL line on the pumping power for the structure 2.
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region of the spectrum with an increase in the level of

optical pumping, along with the preservation of the half-

width of the PL line, may indicate a low level of localization

of charge carriers in the studied samples, which can be

neglected at room temperature. A further increase in

the pumping power leads to a shift in the wavelength

of radiation to the long-wavelength region associated with

overheating of the structure under the action of laser

radiation.

Fig. 6, a shows the normalized spectra of EL structures

2−4 at a pump current of 100mA (corresponds to a current

density of 204A/cm2). The wavelength of the position of

the maximum of the EL spectrum and its half-width for

each of the samples did not change with an increase in the

pumping current from 10 to 100mA. Fig. 6, b shows the

dependence of the EL intensity on the pumping current for

the structure 2. The linear nature of this dependence is also

observed for other structures.

4. Conclusion

Studies of heterostructures of nitrogen-containing active

regions based on multiperiod GaAsN/InAs superlattices

created by molecular beam epitaxy have been carried out.

The data of X-ray diffraction analysis, as well as the data

of TEM studies, confirm the high structural perfection and

uniformity of the thicknesses and composition of layers in

various parts of the superlattices. At the same time, it is

worth noting the presence of the effect of indium interdif-

fusion from InAs layers after high-temperature annealing of

samples. The depth distribution of the epitaxial structure of

the content of matrix elements nitrogen and indium, as well

as beryllium and silicon impurities, was studied.

Active regions based on GaAsN/InAs superlattices exhibit

photoluminescence near 1100 nm with a characteristic half-

width of ∼ 70meV. The effective electroluminescence of the

studied structures near 1150 nm was demonstrated. Further

experiments will be aimed at the realization of nitrogen-

containing active regions based on superlattices emitting in

the spectral range of 1250−1300 nm due to a systematic

change in the ratio of the thicknesses of the GaAsN and

InAs layers in the superlattice.
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