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Investigation of the characteristics of the InGaAs/InAlGaAs superlattice

for 1300nm range vertical-cavity surface-emitting lasers
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X-ray structural analysis and photoluminescence spectroscopy techniques were used to study heterostructures

based on InGaAs/InAlGaAs superlattice for active regions of 1300 nm range lasers grown by molecular beam

epitaxy. It is shown that the grown heterostructures have a high crystal quality. The perpendicular lattice mismatch

of the average crystal lattice constant of the InGaAs/InAlGaAs superlattice with respect to the crystal lattice constant

of the InP substrate is estimated at ∼ +0.01%. An analysis of the photoluminescence spectra made it possible

to conclude that the contribution of Auger recombination is insignificant in the studied range of excitation power

density. Studies of vertical-cavity surface-emitting lasers with an active region based on the InGaAs/InAlGaAs

superlattice made it possible to estimate the gain coefficient at a level of 650 cm−1 for the standard logarithmic

approximation of the dependence of the gain on the current density. The transparency current density of the laser

was 400−630A/cm2, which is comparable to the record low values for the case of highly strained InGaAs−GaAs

and InGaAsN−GaAs quantum wells in the spectral ranges of 1300 nm, respectively.
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Introduction

Vertical-cavity surface-emitting lasers (VCSELs) oper-

ating in the 1300 nm spectral range are promising for

creating active optical cables (optical interconnects) that

are needed for data transmission over relatively long

distances (in excess of 1 km). Lasers of this type

are also of interest in the context of hybrid integration

with silicon photonics [1], fabrication of silicon pho-

tonic [2] and electronic microchips and modulators. The

production of sensor systems and emission sources for

optical wireless data transmission is a separate field of

application of VCSELs operating in the 1300 nm spectral

range [3].

Although 1300 nm range VCSELs have several important

practical applications, their usability is limited by fundamen-

tal limitations set by the specifics of InAlGaAsP/InP and

InAlGaAs/GaAs material systems [4]. The problems with

monolithic (grown in a single epitaxial process) VCSELs

on InP substrates stem from the low contrast of refraction

indices and the poor thermal conductivity of layers of

distributed Bragg reflectors (DBRs) in the InAlGaAsP/InP

material system and from the complexity of implementation

of effective current optical confinement. The problem of

monolithic VCSELs on GaAs substrates stem, in turn,

is the lack of active regions emitting efficiently in the

wavelength range of 1250−1300 nm, although partially

successful attempts at converting an array of InAs quantum
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dots or strained InGaAs, InGaAsSb, GaInAsP, GaInNAs,

and GaInNAsSb quantum wells (QWs) into active regions

have already been made.

A combination of the burried tunnel junction (BTJ)
concept and hybrid integration of the Bragg mirrors, which

feature high thermal conductivity and reflectivity, with an

optical cavity based on InAlGaAsP/InP is a promising

solution for long-wavelength VCSELs. InAlGaAs QWs,

which have a relatively large thickness and thus provide

high values of longitudinal optical confinement factor Ŵz

(defined by the overlap of the fundamental mode with the

active region in the longitudinal direction), are used widely

as an active region. Such QWs are also more thermally

stable than InGaAsP QWs, which are characterized by

intense Auger recombination [5–7]. The concentration of

aluminum in QWs for VCSELs operating in the 1300 nm

spectral range needs to be increased considerably (up to

20%) relative to the one typical of VCSELs operating in the

1550 nm range [8]. On the one hand, this makes it possible

to raise the degree of localization of carriers in an active

region [9]. On the other hand, the Shockley−Read−Hall

(SRH) nonradiative recombination also intensifies, thus

inducing an increase in threshold currents [8,10].
The use of InGaAs QWs instead of InAlGaAs QWs

potentially allows one to evade problems associated with

the SRH nonradiative recombination of carriers. A reduced

barrier thickness combined with an increase in the number

of InGaAs QWs [11] provides an opportunity to maintain

relatively high (compared to InAlGaAs QWs) values of

factor Ŵz in this case [8,12]. At the same time, it should be

noted that the use of ternary InGaAs solid alloys instead of

quaternary InAlGaAs ones necessitates a reduction in QW

thickness. The resulting characteristic thickness of strained

InGaAs QWs for active regions of the 1300 nm spectral

range does not exceed 1 nm. This has a negative effect

on the modal gain (due to Ŵz reduction) and translates

into extremely weak localization of carriers in thin QWs

and, consequently, low temperature stability of VCSEL

parameters.

The use of a system of tunnel-connected QWs (short-
period superlattice (SL)), where the splitting of size quan-

tization levels in tunnel-connected wells leads to the forma-

tion of energy minibands [13], is an alternative solution. It

potentially allows one to improve carrier localization and

obtain significantly higher values of Ŵz than those typical

of thin InGaAs QWs [14]. It should be noted that one

may adjust the miniband width efficiently by varying the

thickness of QWs and barrier layers. The sluggishness of

metalorganic chemical vapor deposition (MOCVD) makes

it hard to form sharp heteroboundary profiles [15,16], while

molecular beam epitaxy (MBE) offers exciting possibilities

for the fabrication of active regions based on short-period

SLs, since it allows for atomic-level control over the growth

of epitaxial layers.

In the present study, the results of examination of the

structural quality and analysis of the optical gain of short-

period MBE InGaAs/InAlGaAs SLs, which are proposed

to be used as active regions of VCSELs operating in the

1300 nm spectral range, are reported.

1. Experiment

Test structures on InP substrates were grown by MBE

using a Riber 49 setup to examine the structural and optical

characteristics of short-period InGaAs/InAlGaAs SLs. Thee

structures contained an In0.53Ga0.27Al0.2As carrier collection

layer with a thickness of ∼ 90 nm that was bounded from

the substrate and surface sides by In0.52Al0.48As barrier

layers with a thickness of 200 and 30 nm, respectively. In

order to prevent surface oxidation, a cap In0.53Ga0.27Al0.2As

layer with a thickness of 5 nm was also deposited. A

short-period SL with 24 pairs of alternating In0.6Ga0.4As

QW layers and In0.53Ga0.27Al0.2As barrier layers with an

overall thickness of ∼ 70 nm was positioned in the middle

of the In0.53Ga0.27Al0.2As carrier collection layer. The

thicknesses of QW and barrier layers of the test structure

were chosen so as to maintain intense photoluminescence

around 1300 nm [17].

The X-ray diffraction curves were measured with a

Bruker D8 Discover complex using the method of high-

resolution X-ray diffractometry. A high-brightness tube with

a rotating copper anode was used as the radiation source.

The half-width of the initial beam did not exceed 12′′ owing

to the use of a Ge (220) quadruple slit monochromator

crystal. The reciprocal space was mapped by measuring

sets of X-ray diffraction curves in the vicinity of symmetric

(004) and antisymmetric (224) InP reflections.

The optical properties of the test InGaAs/InAlGaAs SL

structure were examined using the photoluminescence (PL)
method. A solid-state Yag : Nd laser with an operating

wavelength of 532 nm and an output optical power up to

350mW was used to excite PL. The optical pump power

was adjusted controllably with the use of neutral light

filters, and the diameter of a focused laser spot was on

the order of 65µm. The optical system was used to focus

the sample PL emission onto the entrance slits of an MDR-

23 monochromator. The PL signal was detected by a single-

channel cooled Ge photodiode (SRS 510, Stanford Research

Systems) in the lock-in mode.

The amplification performance of the active region based

on an InGaAs/InAlGaAs SL was evaluated in accordance

with the procedure that involves the examination of static

VCSEL characteristics as functions of the optical losses [18].
The geometry of a vertical microcavity with intracavity

contacts and current confinement based on the BTJ concept

was used as the baseline VCSEL design. The VCSEL

heterostructure was formed by the sequential double fusion

of the InAlGaAs/InP optical cavity heterostructure with

the top DBR heterostructure based on 21.5 pairs of

Al0.91Ga0.09As/GaAs and the bottom DBR heterostructure

based on 35.5 pairs of Al0.91Ga0.09As/GaAs (this design

is hereinafter referred to as WF−VCSEL). A detailed

description of the heterostructure, the device design, and the

13 Technical Physics, 2022, Vol. 67, No. 15
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Figure 1. Results of X-ray diffraction analysis for the InGaAs/InAlGaAs SL test structure: a — experimental and calculated X-ray

diffraction curves for the symmetric (004) reflection; b, c — reciprocal space maps for the symmetric (004) reflection (b) and the

antisymmetric 224 reflection (c).

specifics of formation of the WF−VCSEL heterostructure

by wafer fusion is given in [19,20].

2. Results and discussion

Figure 1, a presents the experimental and calculated X-

ray diffraction curves for the symmetric (004) reflection of

the InGaAs/InAlGaAs SL test structure. Zero peak F0 of

the periodic structure, which corresponds to the average

SL composition, and first-order satellite peaks S−1, S+1,

which provide information on the SL period, are visible

in the rocking curve. The average composition peak (F0)

is located to the left of substrate peak S. According to

the results of numerical simulation of diffraction curves

within the dynamic theory of X-ray diffraction, the In-

GaAs/InAlGaAs SL consists of alternating layers of InGaAs

QWs with a thickness of 0.6 nm and InAlGaAs barrier

layers with a thickness of 2.2 nm; the average molar fraction

Technical Physics, 2022, Vol. 67, No. 15
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of indium in the SL layers was estimated at 0.55. It

should be noted that the aluminum and gallium content

of lattice-matched InAlGaAs layers was determined more

accurately with the use of PL spectroscopy. Mismatch

ε = (1a/a)⊥ = (sin θS/ sin θF0
− 1) between the average

lattice constant of the InGaAs/InAlGaAs SL and the lattice

constant of the InP substrate in the perpendicular direction

(hereinafter referred to as the lattice mismatch) is defined

by the difference in angular positions of the zero peak of

the periodic structure (θ0) and substrate peak θS [21]. The
estimate of lattice mismatch ε was ∼ +0.01%. This value

correlates with the data for the active region of VCSELs

operating in the 1300 nm spectral range based on strained

(ε = +1%) InAlGaAs QWs with strain compensation by

InAlGaAs barrier layers (ε = −0.9%) [22]. For comparison,

the lattice mismatch of layers of the active region of

the 1550 nm spectral range based on strained InGaAs

QWs (ε = +1.45%) and lattice-matched InAlGaAs barrier

layers is +0.29% [23], and the mismatch for strained

InAlGaAs QWs (ε = +1.25% and +1.75%) and lattice-

matched InAlGaAs barrier layers is as high as +0.57%

and +0.71%, respectively [24]. It should be noted that a

short-period InGaAs/InAlGaAs SL offers more degrees of

freedom in terms of strain management in SL layers than

an active region based on strained In(Al)GaAs QWs. This

is crucial for increasing the differential gain in the active

region.

To perform a more in-depth analysis, reciprocal space

maps were measured for the symmetric (004) and anti-

symmetric (224) reflections along the [110] direction at

a substrate rotation angle ϕ of 0 and 90◦ . The key

results are presented in Fig. 1, b, c). Characteristic peaks

corresponding to substrate peak S and zero peak F0 of

the periodic structure are seen in these reciprocal space

maps. The high intensity and small half-width of the

zero peak of the periodic structure and the lack of severe

distortions of peak shape in the reciprocal space maps

are indicative of a high degree of crystalline perfection of

the SL heterostructure. A small deviation in the direction

of the reciprocal lattice vector (Qx ) of the position of

zero peak F0 of the periodic structure with respect to the

position of substrate peak S found in measurements for the

antisymmetric (224) reflection is indicative of a slight strain

relaxation in the structure [25,26]. The estimated relaxation

value is ∼ 11%.

Fig. 2 shows the PL spectra of the InGaAs/InAlGaAs

SL test structure measured at 25 and 100◦C. It is evident

that the PL spectrum at low pump power densities has

its maximum at a wavelength of ∼ 1320 nm (0.93 eV),
which corresponds to the transition energy of the lower

SL miniband formed by the ground size quantization

levels of tunnel-connected InGaAs QWs. As the optical

pump power density increases from ∼ 0.01 to 5 kW/cm2

(this corresponds to an optical pump power range of

∼ 0.3−150mW), the PL maximum shifts gradually to-

ward shorter wavelengths due to the filling of states

800 16001000 1200 1400

Wavelength, nm

P
L

 i
n
te
n
si
ty

, 
a
. 
u
.

a
210 W/cm
235 W/cm

20.15 kW/cm
20.5 kW/cm
21.5 kW/cm

25 kW/cm

InGaAlAs
SL

T = 25°C

800 16001000 1200 1400

Wavelength, nm

P
L

 i
n
te
n
si
ty

, 
a
. 
u
.

b235 W/cm
20.15 kW/cm

20.5 kW/cm
21.5 kW/cm

25 kW/cm

InGaAlAs
SL

T = 100°C

Figure 2. Photoluminescence spectra of the InGaAs/InAlGaAs

SL test structure corresponding to different levels of optical pump

power measured at 25 (a) and 100◦C (b).

in the lower SL miniband. In addition, the PL spec-

trum width increases with increasing pump power den-

sity owing to the intensification of PL in the short-

wavelength part of the spectrum. Apparently, this is

attributable to the existence of several size quantization

levels in the initial InGaAs QWs, which translates into

the emergence of several SL minibands. At optical

pump power densities in excess of ∼ 0.5 kW/cm2, the

PL spectra contain a well-pronounced peak in the region

of 1220 nm from the InAlGaAs carrier collection layer.

This is indicative of the gradual saturation of emission

through optical SL transitions. The shapes of spectra

measured at different temperatures vary in a similar fashion;

the only difference is that the PL spectrum maximum

shifts toward longer wavelengths as the temperature in-

creases.

The results of measurements of PL spectra may be used

to analyze the dependence of the integrated PL intensity

on the optical pump power density. The ABC model of

recombination processes is convenient for this purpose [27].
If the system is in equilibrium, the recombination rate R

13∗ Technical Physics, 2022, Vol. 67, No. 15
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may be equated to the carrier generation rate G:

G ∼ R = An + Bn2 + Cn3, (1)

where n is the carrier density (under the assumption that the

densities of electrons and holes are equal), An is the SRH

recombination (nonradiative recombination) rate, Bn2 is

the radiative recombination rate, and Cn3 is the Auger

recombination rate. The optical pump power density P is

proportional to the carrier generation rate G. At low levels

of the optical pump power density, the SRH recombination

mechanism is dominant, while Auger recombination prevails

at high pump power densities, since higher-order terms start

producing a more significant contribution to the recombina-

tion process as the optical pump power density increases. At

moderate optical pump power densities, the Bn2 radiative

recombination mechanism should be dominant.

The relative contributions of different recombination

processes to emission may be estimated by analyzing the

dependence of the integrated PL intensity on the optical

pump power density and approximating this dependence

with power function Pk . Fig. 3 shows the experimental

dependences of the integrated PL intensity (IPL) on the

optical pump power density (P) measured at 25 and 100◦C

and plotted in log-log scale. It can be seen that power

exponent k is close to unity at a temperature of 25◦C and

a low optical pump density. At higher pump power levels,

k increases to ∼ 1.8, which is likely to be attributable to

the increasing contribution of emission from the InAlGaAs

carrier collection layer, where the nonradiative recombina-

tion process is more pronounced [8,10], to the overall PL

intensity. As the temperature grows, the initial section with

the PL intensity proportional to the optical pump power

density (k ∼ 1) vanishes; at 100◦C, power exponent k
becomes close to ∼ 1.7. The obtained experimental data

suggest that the contribution of Auger recombination is

insignificant even at elevated temperatures and remains

1 10 00010 100 1000

Excitation power density P, W/cm2

In
te

g
ra

te
d

I
P

L
.

P
L
, 
a
. 
u

25°C

100°C

I PPL ~ k

k25°C ~1.8

k25°C ~1
k100°C ~1.7

Figure 3. Dependence of the integrated photoluminescence

intensity on the optical pump power density and approximating

Pk curves at different temperatures.

imperceptible within the entire studied range of optical

pump power densities.

The proposed InGaAs/InAlGaAs SL was proven

to be a fine active region of VCSELs operating

in the 1300 nm spectral range that were fabricated

by wafer fusion (WF−VCSEL), with carrier injection

via n-type intracavity contacts and a composite n+-

InGaAs/p+−InGaAs/p+−InAlGaAs TJ [20]. To strike a

compromise between relatively low threshold currents and

high differential gain at moderate temperatures (20−60◦C),
the SL layer thicknesses were adjusted so that the projective

resonance wavelength of the microcavity got shifted by

∼ 20 nm toward longer wavelengths relative to the peak of

the PL spectrum of the active region, which is correlated

tentatively with the maximum of the gain spectrum. It

should be noted that the reduction in QW thickness and the

increase in barrier layer thickness lead to a short-wave shift

of the PL peak corresponding to the lower miniband [17].
However, the power exponent of function Pk is not affected

visibly by variations of the thickness ratio of QWs and the

SL barrier layer if the primary PL peak remains within the

wavelength range of 1260−1320 nm.

As is known, the condition for the initiation and stabi-

lization of steady-state lasing consists in achieving a balance

between modal gain Gth and the sum of optical losses [4]:

Gth = ŴzŴtr g th = αint + αm, (2)

where g th is the material gain of the active region at the

lasing threshold, αm are mirror losses, αint are internal optical

losses, and Ŵz and Ŵtr are the longitudinal and transverse

optical confinement factors, respectively.

In the case of VCSELs, factor Ŵz is commonly calculated

within the 1D model of a vertical microcavity using the

transfer matrix method [28], while factor Ŵtr may be

estimated using the two-dimensional effective waveguide

model [29]. The value of Ŵz of the WF−VCSEL with an

SL active region is more than 1.5 times higher (as high

as ∼ 4.7%) than the corresponding parameter of VCSELs

with an active region based on InAlGaAs QWs [30]. When

the BTJ concept is implemented, the degree of transverse

optical confinement depends on the lateral size of the

BTJ mesa, the TJ etching depth, and the modification

of surface relief, which was formed in TJ layers, in the

process of subsequent regrowth with the intracavity contact

layer. The needed calculations were carried out within the

simplified two-dimensional model of a five-step effective

waveguide [31]. The value of Ŵtr for the fundamental mode

of the studied WF−VCSEL structure is close to 100%

for wide-aperture devices (with an BTJ mesa diameter

≥ 6µm).
Several major mechanisms of internal optical losses may

be identified for VCSELs: optical absorption, lateral leakage

of optical modes (so-called waveguide modes), and lateral

losses due to light scattering on local refraction index

inhomogeneities in the lateral direction and (or) diffraction

at the optical aperture that provides transverse optical

Technical Physics, 2022, Vol. 67, No. 15
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Figure 4. Dependences of the material gain at the lasing threshold

on the threshold current density at different temperatures for the

WF−VCSEL with an active region based on an InGaAs/InAlGaAs

SL and an BTJ mesa diameter of 6 µm.

confinement [4]. Taking the results of numerical modeling

of lateral losses in WF−VCSELs [32] and the nature of

variation of watt–ampere characteristics of the fabricated

WF−VCSELs with temperature into account, one may as-

sume that the internal optical losses should be minimized in

wide-aperture lasers (with an BTJ mesa diameter ≥ 6µm)
with the optical absorption at free carriers and the interband

absorption producing the primary contribution to internal

losses αint. The level of internal optical losses may be

estimated by analyzing the dependence of external quantum

efficiency η on the mirror losses with the use of methods

for the variation of the reflection coefficient of the output

DBR at the resonance microcavity wavelength [18,33] in

accordance with the following expressions:

η−1 = η−1
int (1 + αint/αm), (3)

αm = − ln
√

RT RB/Leff, (4)

where ηint is the efficiency of current injection of carriers,

Leff is the effective cavity length with account for penetration

of the electromagnetic field into mirrors (∼ 2.4µm), and

RB and RT are the reflection coefficients of the near 100%

mirror (bottom DBR) and the output mirror (top DBR) at

the resonance VCSEL microcavity wavelength, respectively.

The dependences of refraction indices of DBR materials

on the wavelength and temperature [34,35] were taken

into account in calculations of the reflection coefficients of

mirrors by the transfer matrix method.

Fig. 4 shows the dependences of material gain g th at the

lasing threshold on threshold current density Jth obtained

at different temperatures under varying mirror losses for

the WF−VCSEL with an BTJ diameter of 6µm. The

diffusion length of carriers in the active region (∼ 2.2µm),
which was determined by analyzing the dependence of the

threshold current on the BTJ size, was taken into account

in calculations of the current density. The obtained g th(Jth)
dependences are approximated closely in a wide range of

current densities by a logarithmic function that factors in

the gain saturation at high carrier densities:

g = g0 ln(ηintJ/Jtr), (5)

where g0 is the gain parameter and Jtr is the transparent

current density. It should be noted that this empirical

relation characterizes well the optical gain of bulk materials

and QWs [36], but does not take into account the specific

features of shape of the gain spectrum of the active

region and its variation with current and temperature.

Specifically, this leads to a significant deviation of the

g th(Jth) dependence from the logarithmic function at high

current densities, which correspond to a high level of mirror

losses αm, due to the variation of the actual value of spectral

mismatch between the resonance wavelength and the gain

spectrum (induced by self-heating effects).
Exponential functions with a characteristic temperature

are used often to characterize the temperature behavior

of the gain parameter and the transparent current density

of edge-emitting lasers similar to the temperature behavior

of the differential efficiency (exponential reduction) and

the threshold current density (exponential growth) [37,38].
Temperature dependence Jtr(T ) of the transparent current

density is defined by the relation between nonradiative,

radiative, and Auger recombination processes for each

specific laser type and material system of the active region.

For example, lasers with InGaAsP−InP QWs dominated

by Auger recombination feature a low temperature de-

pendence of the transparent current with characteristic

temperature Ttr ∼ 50−80K [37], while the transparent

current in lasers with InGaAs−GaAs QWs dominated

by nonradiative recombination is almost independent of

temperature (characteristic temperature Ttr > 300K) [38].
Although the maximum material gain decreases at higher

temperatures due to the broadening of the Fermi−Dirac

distribution function [6], gain parameter g0 for lasers based

on InGaAsP−InP QWs [37], highly strained InGaAs−GaAs

QWs [37], and InGaAsN−GaAs QWs [39] has a low

temperature sensitivity (the corresponding characteristic

temperature is Tg > 250K). Thus, in view of the PL

spectroscopy results, the gain parameter and the transparent

current density for the InGaAs/InAlGaAs SL is expected to

be only weakly sensitive to temperature variations.

Fig. 5 presents the values of g0 and Jtr at different

temperatures calculated based on the experimental g th(Jth)
dependences for the WF−VCSEL with an BTJ diameter

of 6µm. While the threshold gain in the analysis of

edge-emitting lasers corresponds to the maximum of the

gain spectrum, a similar analysis for VCSELs is practically

performed at the resonance wavelength of the microcavity.

Therefore, one needs to take into account the effect of

spectral mismatch between the resonance wavelength and

the gain spectrum peak in the analysis of temperature

Technical Physics, 2022, Vol. 67, No. 15
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dependences of g0 and Jtr values measured for VCSELs.

Owing to this effect, the temperature dependences of the

threshold gain and the threshold current of VCSELs are

more complex than those of edge-emitting lasers [40,41].
According to Fig. 5, the transparent current density and

the gain parameter first increase with temperature, but

start decreasing at temperatures above 60◦C. Since the PL

spectra are in a first approximation correlated with the

gain spectrum, we assume that the studied devices have

zero spectral mismatch (i.e., the gain peak coincides with

the resonance wavelength of the VCSEL microcavity) at

a temperature of 50−60◦C. This is the temperature range

where one may obtain reliable data on the maximum optical

gain and the transparent current of the active region based

on the InGaAs/InAlGaAs SL. The following values were

determined for the transparent current density and the gain

parameter: ∼ 630A/cm2 and ∼ 650 cm−1.

It appears to be not quite correct to compare the obtained

data directly with the published reports on edge-emitting

lasers, since the vertical microcavity of a VCSEL is designed

so that optical emission generated in the active region

propagates perpendicularly to its plane, thus imposing

a strong restriction on the modal gain. At the same

time, although 1300 nm range VCSELs based on three

InGaAsN–GaAs QWs [42], InGaAsNSb–GaAs QWs [3], or
six InAlGaAs–InP QWs [8,30] have been fabricated and

tested successfully, the material gain and the transparent

current density for the indicated active regions have not

been reported. Therefore, a direct comparison is impossible.

It should be noted that the restriction on the number of

QWs in these types of active regions stems from the techno-

logical specifics of the epitaxial synthesis of strained QWs.

Potentially feasible versions of QW-based active regions

may be examined to perform a plausible comparison of an

active region based on a short-period InGaAs/InAlGaAs SL

with alternative designs. The obtained g0 values correlate

well not only with the data obtained at 20−25◦C for

InAsP−InP QWs emitting in the 1300 nm spectral range

(g0 ∼ 650−720 cm−1) [43], InGaAsP−InP QWs emit-

ting at 1550 nm (g0 ∼ 466 cm−1) [36], InGaAs−InP QWs

emitting at 1550 nm (g0 ∼ 516−630 cm−1) [36,44], and

InAlGaAs–InP QWs emitting at 1300 nm (∼ 884 cm−1),
but also with the parameters of InGaAsN−GaAs QWs

emitting in the 1300 nm spectral range in the considered

range of temperatures 50−60◦C (g0 ∼ 750 cm−1) [39]. In

addition, the attained value is consistent with the data

referred to the actual number of wells for highly strained

InGaAsN−GaAs QWs emitting in the 1300 nm spectral

range (∼ 84−240A/cm2 per 1 QW at 20◦C) [39,45,46]
and strained InAlGaAs–InP QW emitting at 1300 nm

(∼ 177−250A/cm2 per 1 QW at 20−60◦C) [47].

Conclusion

Original heterostructures for active regions based on

short-period InGaAs/InAlGaAs superlattices emitting in the

1300 nm spectral range were proposed and fabricated. The

use of molecular beam epitaxy ensured high structural

quality of heterostructures, which was verified by high-

resolution X-ray diffractometry. The analysis of reciprocal

space maps did not reveal any significant shape distortions

of the average SL composition peak, but provided the

evidence of strain relaxation (∼ 11%) in the structure.

According to the results of numerical analysis, the average

molar fraction of indium in the short-period SL based on

alternating In0.6Ga0.4As QW layers and In0.53Ga0.27Al0.2As

barrier layers with an overall thickness of ∼ 70 nm is 0.55.

This corresponds to a mismatch of ∼ +0.01% between the

lattice constants of the SL and the substrate.

According to the results of photoluminescence spec-

troscopy, heterostructures based on the InGaAs/InAlGaAs

SL have the capacity for efficient luminescence in the

1260−1320 nm wavelength range. Adjusting the QW and

barrier layer thicknesses, one may control the position of the

PL peak corresponding to optical transitions in the lower

SL miniband. It follows from the results of analysis of

the integrated PL intensity at different levels of pumping of

the SL-based active region heterostructure within the ABC
model of recombination processes that the contribution of

Auger recombination is insignificant in the studied pump

power range.

The optical gain and the transparent current density

at various values of the spectral mismatch between the

resonance wavelength and the gain spectrum peak were

estimated by examining the influence of outcoupling losses

and temperature on the parameters of a VCSEL with an

active region based on the InGaAs/InAlGaAs SL. The gain

parameter was estimated at ∼ 650 cm−1 using the common

logarithmic approximation of the dependence of gain on

the pump current density at zero spectral mismatch. Since

the corresponding longitudinal optical confinement factor
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is 1.5 times higher than the one for an active region

based on InAlGaAs QWs, the resulting modal gain is fairly

high. A transparent current density of ∼ 630A/cm2 at

60◦C was achieved. This value is comparable with the

results for strained InAlGaAs−InP QWs and highly strained

InGaAsN−GaAs QWs emitting in the 1300 nm spectral

range. Moderate values of the transparent current density

coupled with a greater (compared to active regions based on

strained InAlGaAs QWs) flexibility of strain management

in short-periodic SL layers offer ample opportunities for

enhancing the differential gain of active regions emitting in

the 1300 nm spectral range.
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