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Abstract In the present paper, a comprehensive computer
simulation is used to determine optimal structure of the InP-
based GaInNAs quantum-well (QW) active region and to in-
vestigate a possibility of reaching room-temperature (RT)
continuous-wave (CW) single-fundamental-mode 2.33-µm
operation of vertical-cavity surface-emitting laser (VCSEL)
with such an active region. From among various considered
InP-based active regions, the one with the Ga0.15In0.85N0.015

As0.985/Al0.138Ga0.332In0.530As QW, i.e. with barriers lat-
tice matched to InP, seems to be optimal for the 2.33-µm
VCSEL performance. Its QW material is chosen for the re-
quired long-wavelength emission whereas its barrier is ex-
pected to ensure promising laser performance at room and
higher temperatures. The latter is mostly connected with the
QW conduction band offset equal in the above active re-
gion to as much as 413 meV, which is much larger than
those of its possible lattice matched to InP competitors,
e.g. 276 meV for the Ga0.47In0.53As barrier and 346 meV
for the Ga0.327In0.673As0.71P0.29 one. Our simulation re-
veals that from among various considered structures, a VC-
SEL with a 4-µm-diameter tunnel junction and two 6-nm
Ga0.15In0.85N0.015As0.985/Al0.138Ga0.332In0.530As QWs ex-
hibits the lowest calculated threshold current of 0.88 mA.
Its promising RT CW performance suggests that it may rep-
resent a very interesting alternative to GaSb-based VCSELs.
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1 Introduction

There is now increasing interest in the room-temperature
(RT) continuous-wave (CW) regime of mid-infrared semi-
conductor devices due to their possible applications such
as distant air monitoring, laser spectroscopy, medical di-
agnostics, thermovision measurements and wireless optical
communication. Semiconductor lasers emitting radiation of
wavelengths longer than 2 µm are currently grown on GaSb
substrates [1]. However, their manufacturing is relatively
expensive and complex and performance of these lasers is
still far from the expected one. An alternate substrate mate-
rial is InP [2], which is much cheaper than GaSb. Further-
more, InP-based devices can be manufactured using well-
known, much simpler and less expensive technology. There-
fore, there is a wide interest to replace in the above appli-
cations the GaSb lasers with the InP-based ones produced,
for example, using diluted nitrides such as InNAs, GaInNAs
and GaInNAsSb.

Dilute nitride alloys have some unusual properties in
comparison with most of the known semiconductors [3].
An increase in their nitride content leads to reductions of
both the lattice constant and the energy gap [4]. There-
fore, by choosing properly the mole fractions of indium
and nitrogen, the strain within these nitride structures and
their band gaps can be controlled as far as the layer thick-
ness remains below a critical limit for creation of misfit
dislocations. In GaAs-based vertical-cavity surface-emitting
lasers (VCSELs), their application enables reaching both the
1.31-µm and the 1.55-µm emission bands [5] used in fiber
optical communication. With the advanced InP-based tech-
nology, on the other hand, it seems to be possible to reach
even the 3.5 µm emission. An attempt to reach in an InP-
based laser long-wavelength emission (>2 µm) has just been
published [2].
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Fig. 1 RT energy-band alignments calculated for: the InP sub-
strate, three barriers, i.e. the Ga0.327In0.673As0.71P0.29, Al0.138Ga0.332
In0.530As and Ga0.47In0.53As ones, lattice matched (l.m.) to InP
and the compressively strained (ε = −1.9 %) Ga0.15In0.85N0.015
As0.985 QW

In this paper we investigate a possibility of reaching
RT CW single-fundamental-mode operation of 2.33 µm in
InP-based GaInNAs quantum-well (QW) VCSELs. Because
of strong absorption of this radiation by carbon monoxide
(CO), such VCSELs may be used in distant detection of
this poisonous gas. Generally, VCSEL devices are expected
to exhibit remarkable properties such as single-longitudinal-
mode operation, low-divergence circular output beam emis-
sion, high repeatability rate, wide wavelength tenability
without mode hopping, low power consumption and low-
cost mass production [6]. They are ideal light sources for
a large number of applications such as optical communica-
tion or gas sensing where small laser powers are sufficient.
First, in our comparative simulation we use the theoretical
model described in our previous publication [2] to calculate
the optical gain spectra. In our calculations, the following
active-region structures emitting radiation of wavelengths
longer than 2 µm with barriers lattice matched to InP have
been considered: GaInNAs/GaInAsP, GaInNAs/AlGaInAs
and GaInNAs/GaInAs strained QWs. Because of different
band offsets of the above QW barrier materials (Fig. 1), dif-
ferent QW depths in their conduction and valence bands are
obtained. After determination of the optimal QW structure,
we use the fully self-consistent optical–electrical–thermal-
recombination model to investigate the threshold charac-
teristics of the possible 2.33-µm InP-based GaInNAs QW
VCSEL.

2 Theoretical model

The comprehensive three-dimensional (3D) optical–elec-
trical–gain–thermal self-consistent model of the 2.33-µm

InP-based GaInNAs QW VCSEL has been developed to in-
vestigate its threshold operation. The computer model con-
sists of four interrelated parts:

– The finite-element (FE) electrical model characterizes the
current spreading including carrier drift and diffusion pro-
cesses within the device volume between the top and the
bottom contacts, the injection of both electrons and holes
into the active region, and their radial diffusion within it
before their monomolecular, bimolecular and Auger re-
combinations.

– The FE thermal model gives details of heat generation in
both non-radiative recombination and reabsorption of ra-
diation as well as the volume and the barrier Joule heating
and its spreading from the heat sources toward the heat
sink and within it.

– The optical model describes, for successive radiation
modes, optical fields within the resonator. The model is
based on the effective frequency method [7]. The lasing
threshold is determined from the condition of the real
propagation constant.

– The gain model, based on Fermi’s golden rule, gives in-
formation about the optical gain spectra. A brief descrip-
tion of the theoretical model for calculating the optical
gain and electronic band structures of the strained QW ac-
tive regions may be found in our previous publication [2].

Besides, all important, usually nonlinear, interactions be-
tween the above physical phenomena are taken into account.
More details about the simulation model may be found in
our previous publications, e.g. Refs. [8–11]. General rules
of the advanced modeling of VCSEL operation were also
formulated by Osiński and Nakwaski [12].

Electrical conductivities of semiconductor layers depend
on their doping and free carrier concentration [13]. Their
values are determined using experimental data reported in
Refs. [14–34] and [26–31, 35], respectively. The rest of the
electrical conductivities are taken from Refs. [36–40]. Con-
tact resistances are assumed to be equal to that determined
in Ref. [41]. The recombination coefficients, and the am-
bipolar diffusion coefficient used in the simulation, are taken
from Ref. [42]. RT thermal conductivities of semiconductor
layers are calculated from thermal resistivities for binaries
given in Refs. [43–47] using interpolation formulas found in
Ref. [48] and bowing parameters taken from Refs. [49–54].
Their temperature dependences and analogous expressions
for α-Si, SiO2 and copper may be found in Ref. [55]. Be-
cause of extremely thin QW layers, the whole active region
is assumed to exhibit the thermal conductivity of the barri-
ers. For the indium solder, we used the constant value taken
from Ref. [56]. RT values and temperature dependences of
the band parameters for binaries and the bowing coefficients
used in the gain calculations are taken from Refs. [57–60].
Interpolation schemes for the ternary and quaternary alloys
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are given in Refs. [61, 62]. The energy gap and the elec-
tron effective mass in GaInNAs are calculated using formu-
las taken from Refs. [63] and [2], respectively. The refractive
indices are taken from Refs. [64–72]. The absorption coeffi-
cients of semiconductor layers are determined using exper-
imental data reported in Refs. [73–78]. Absorption coeffi-
cients for α-Si and SiO2 can be neglected [79, 80]. For the
p++-AlGaInAs/n++-AlGaInAs tunnel junction (TJ), the ab-
sorption coefficients are assumed to be equal to 1000 cm−1

and 100 cm−1, respectively. The latter value is also assumed
for the absorption coefficient of the AlGaInAs barriers. RT
values of all the material parameters discussed in this section
are collected in Table 1.

3 Active-region design

The optimal active-region structure is expected to ensure
low-threshold RT emission of the desired radiation, this time
the radiation of wavelengths longer than 2 µm. Performance
of the QW laser depends mostly on its QW active-region
structure, which means on compositions and thicknesses
of its layers. Besides, it may be modified by mechanical
stresses possible within the QW structure and by changing
the barrier material. In this section, an impact of parameters
of the InP-based GaInNAs QW laser structure (including in-
tentionally introduced stresses) and barrier material on an
active region performance will be considered. In this way,
an optimal QW active region for the laser emitting the mid-
infrared long-wavelength radiation is expected to be deter-
mined.

As can be seen from Fig. 2, increases in the compressive
strain (in this case it corresponds to an increase in indium
mole fraction) and the nitrogen mole fraction y in the QW
active region result in a considerable increase in the wave-
length value for which the optical gain peak is observed.

Let us consider the compressively strained (ε = −1.9 %)
single QW Ga0.15In0.85N0.015As0.985/Ga0.327In0.673As0.71

P0.29 active region (dQW = 6 nm) of the InP-based device for
which the gain peak wavelength observed in Fig. 2 is close
to 2.33 µm. Its RT band structure determined with the aid of
the model presented in Ref. [2] is shown in Fig. 3a. Electron
and hole energy QW states as well as depths of successive
potential barriers are indicated. As one can see, two electron
states as well as three heavy-hole states and one light-hole
state are confined within the QW. The transition between
the first QW electron (e1) and hole (hh1) states corresponds
to the wavelength of about 2394 nm. This wavelength is
much longer than possible wavelengths for analogous tran-
sitions between QW states in similar lasers grown on GaAs
[5], which may enable manufacturing efficient laser sources
emitting such a long-wavelength radiation.

Gain spectra, maximal gain and wavelength for the gain
peak determined for the same QW active region (dQW =

Table 1 RT values of electrical, thermal, optical and gain parameters
used in the simulation of the 2.33-µm QW TJ-VCSEL

Electrical conductivity

α-Si 3 × 10−3 �−1 m−1

SiO2 1 × 10−8 �−1 m−1

n+-Ga0.47In0.53As 122933 �−1 m−1

n-InP 18354 �−1 m−1

p-InP 607 �−1 m−1

Tunnel junction 5 �−1 m−1

n-GaAs 26436 �−1 m−1

n-Al0.90Ga0.10As 2081 �−1 m−1

n-GaAs substrate 68555 �−1 m−1

Electrode 20 �−1 m−1

Recombination and diffusion coefficients

Monomolecular recombination 1 × 10−8 s−1

Bimolecular recombination 4 × 10−10 cm3 s−1

Auger recombination 2.43 × 10−28 cm6 s−1

Ambipolar diffusion 10 cm2 s−1

Thermal conductivity

α-Si 0.98 W m−1 K−1

SiO2 1.44 W m−1 K−1

Ga0.47In0.53As 4.41 W m−1 K−1

InP 68.03 W m−1 K−1

Tunnel junction 4.13 W m−1 K−1

Active region 4.05 W m−1 K−1

GaAs 44.05 W m−1 K−1

Al0.90Ga0.10As 25.53 W m−1 K−1

Indium solder 84 W m−1 K−1

Heat sink 400.8 W m−1 K−1

Gain parameters

QW energy gap 0.420 eV

QW depth in conduction band 0.413 eV

QW depth in valence band 0.121 eV

Waveguide depth in conduction band 0.133 eV

Waveguide depth in valence band 0.266 eV

Spin–orbit splitting 0.360 eV

Lorentz broadening 0.1 ps

QW refractive index 3.8

QW electron effective mass 0.061m0

QW heavy hole effective mass 0.284m0

QW light hole effective mass 0.038m0

Barrier electron effective mass 0.050m0

Barrier heavy hole effective mass 0.318m0

Barrier light hole effective mass 0.079m0
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Table 1 (Continued)

Optical parameters

Refractive indexAbsorption coefficient

α-Si 3.6 0 cm−1

SiO2 1.433 0 cm−1

n+-Ga0.47In0.53As 3.2 12 cm−1

n-InP 3.120 1 cm−1

p-InP 3.120 16 cm−1

p++-Al0.21Ga0.26In0.53As 3.405 1000 cm−1

n++-Al0.21Ga0.26In0.53As 3.405 100 cm−1

Ga0.15In0.85N0.015As0.985 QW 3.8 –

Al0.138Ga0.332In0.530As barrier3.440 100 cm−1

n-GaAs 3.328 2.1 cm−1

n-Al0.90Ga0.10As 2.911 6.9 cm−1

Fig. 2 RT gain peak wavelengths of the compressively strained 6-nm
Ga1−x InxNyAs1−y /Ga0.327In0.673As0.71P0.29 QW active region deter-
mined for the active-region carrier concentration of n = 4×1018 cm−3

and various strains ε and nitrogen mole fractions. Numbers below data
points represent values of In content (in %) in GaInNAs

6 nm), the active-region carrier concentration n = 4 ×
1018 cm−3 and for various ambient temperatures T are
plotted in Figs. 4a and 5. As expected, an increase in the
active-region temperature is followed by a red shift of the
whole gain spectrum and leads to lower optical gain values.
Maximal optical gain of about 2425 cm−1 has been deter-
mined for about 2342 nm and of about 1826 cm−1 for about
2407 nm for temperatures equal to 300 K and 350 K, respec-
tively.

Let us now consider the technologically simpler struc-
tures without the phosphorus within their barriers. One of
such structures is the compressively strained (ε = −1.9 %)
Ga0.15In0.85N0.015As0.985/Ga0.47In0.53As QW. As one can
see in Fig. 3b, this time the heavy-hole confinement is
very weak due to a much smaller QW depth in the valence

Fig. 3 RT band structures of the active regions with the compres-
sively strained (ε = −1.9 %) 6-nm Ga0.15In0.85N0.015As0.985
QW and with following three barriers lattice matched to
InP, i.e. (a) Ga0.327In0.673As0.71P0.29, (b) Ga0.47In0.53As, (c)
Al0.138Ga0.332In0.530As barriers. The wavelength e1-hh1 determined
for the transition between the first electron and heavy-hole levels is
shown

band, which results in a lower number of hole QW energy
states. The transition between the first QW electron (e1) and
hole (hh1) states corresponds to the wavelength of about
2445 nm.
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Fig. 4 Gain spectra of the compressively strained (ε = −1.9 %)
6-nm Ga0.15In0.85N0.015As0.985 QW and with the following three bar-
riers lattice matched to InP, i.e. (a) Ga0.327In0.673As0.71P0.29, (b)
Ga0.47In0.53As, (c) Al0.138Ga0.332In0.530As barriers determined for
various active-region temperatures T and the active-region carrier con-
centration of n = 4 × 1018 cm−3

Corresponding gain spectra, maximum gain and wave-
length for the gain peak determined for the same QW active
region (dQW = 6 nm), the active-region carrier concentra-

Fig. 5 Maximal gain and gain peak wavelength determined for various
ambient temperatures T and for the active regions considered in this
work

tion n = 4 × 1018 cm−3 and for various ambient tempera-
tures T are plotted in Figs. 4b and 5. Maximal optical gain
of about 1269 cm−1 has been determined for about 2393 nm
and of about 811 cm−1 for about 2464 nm for temperatures
equal to 300 K and 350 K, respectively. As can be seen, re-
placing the GaInAsP barrier by the GaInAs one leads to the
active region which offers a longer wavelength but, due to
worse confinement for holes in the valence band, the offered
optical gain is much lower.

Another possible active region without phosphorus is
the compressively strained (ε = −1.9 %) Ga0.15In0.85N0.015

As0.985/Al0.138Ga0.332In0.530As QW. The number of the
electron and heavy-hole energy states is the same as in
the case of the Ga0.15In0.85N0.015As0.985/Ga0.47In0.53As
QW, but this time they are strongly confined due to a
larger QW depth in both the conduction and valence bands
(Fig. 3c). The transition between the first QW electron (e1)
and hole (hh1) states corresponds to the wavelength of
about 2389 nm and is comparable with the result obtained
for the Ga0.15In0.85N0.015As0.985/Ga0.327In0.673As0.71P0.29

QW (Fig. 3a).
Corresponding gain spectra, maximal gain and wave-

length for the gain peak determined for the same as the
above QW active region (dQW = 6 nm), the same active-
region carrier concentration n = 4 × 1018 cm−3 and for var-
ious ambient temperatures T are plotted in Figs. 4c and 5.
This time, maximal optical gain of about 2299 cm−1 has
been determined to take place for about 2334 nm and of
about 1694 cm−1 for about 2398 nm for temperatures equal
to 300 K and 350 K, respectively. As can be seen, the GaIn-
NAs/AlGaInAs QW active region offers emission of radia-
tion of almost the same wavelengths as those in the GaIn-
NAs/GaInAsP QW. Gain spectra of this QW are shifted
only by about 8 nm in comparison with those of the GaIn-
NAs/GaInAsP QWs. The maximal gain values calculated
for various temperatures for the GaInNAs/AlGaInAs QWs
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are only slightly smaller than those observed for the GaIn-
NAs/GaInAsP one, but the temperature impacts on their
maximal gain values are very similar. That is why this
non-phosphorus active region can be a very good alterna-
tive to the GaInNAs/GaInAsP QWs. Then this interesting
and promising approach may be used to replace the InP
claddings by the GaInAs ones lattice matched to InP. Then
such a structure may be applied to eliminate P from the
whole structure because such lasers can be grown in the
same reactors as GaAs-based lasers.

Summarizing an influence of three different barriers on
optical gain characteristics of GaInNAs QWs, it is clearly
visible that the AlGaInAs barrier is a very promising so-
lution in this case. Temperature sensitivities of the calcu-
lated gain peak wavelength and the maximal gain for the
considered QW active region with the AlGaInAs barrier
are equal to 1.28 nm/K and −12.1 cm−1 K−1, respectively.
These results are similar to analogous values of 1.30 nm/K
and −12.0 cm−1 K−1 obtained for the GaInAsP barrier. For
the GaInAs barrier, the calculated maximal gain sensitivity
equal to −9.16 cm−1 K−1 is slightly smaller, but the analo-
gous sensitivity of the gain peak wavelength of 1.43 nm/K
is higher.

4 InP-based GaInNAs QW 2.33-µm VCSEL

In this section we investigate the threshold characteris-
tics of the possible 2.33-µm InP-based QW VCSEL with
the GaInNAs/AlGaInAs active region selected on the ba-
sis of the results from Sect. 3. The general concept of
the modeled structure (Fig. 6) is similar to the currently
most modern 2.33-µm GaInAsSb/AlGaAsSb GaSb-based
VCSEL proposed in Refs. [81–83]. Its intentionally un-
doped active region is assumed to be composed of the 6-nm
Ga0.15In0.85N0.015As0.985 QWs separated by the 10-nm
Al0.138Ga0.332In0.530As internal barriers. External 30-nm
barriers manufactured from the same material as the in-
ternal ones are assumed on both active-region edges. The

Fig. 6 The tunnel-junction (TJ) GaInNAs/AlGaInAs QW 2.33-µm
VCSEL structure under consideration

active region is sandwiched by InP spacers, doped with sili-
con (5 × 1017 cm−3) or zinc (5 × 1017 cm−3) on the n and
p sides, respectively. Above the p-type spacer, the tunnel
junction (TJ) composed of 15-nm p++-Al0.21Ga0.26In0.53As
doped with carbon (2 × 1019 cm−3) and 15-nm n++-
Al0.21Ga0.26In0.53As doped with silicon (2 × 1019 cm−3)
is located. To minimize the absorption loss, the TJ is situ-
ated at the standing-wave node. The upper spacer is manu-
factured from InP doped with silicon up to 5 × 1017 cm−3.
The 3-λ cavity is terminated on both sides by distributed
Bragg reflectors (DBRs): the four-pair α-Si (162 nm)/SiO2

(407 nm) top DBR and the fused [84, 85] 36.5-pair GaAs
(175 nm)/Al0.90Ga0.10As (200 nm) bottom DBR. The bot-
tom DBR is doped with silicon up to 2 × 1018 cm−3

(Al0.90Ga0.10As) and 5 × 1017 cm−3 (GaAs). The bottom
DBR diameter is assumed to be equal to 60 µm, whereas the
upper DBR diameter is larger by 6 µm than the TJ one. The
top contact is produced in a form of a ring of 10-µm width.
It is separated from the top spacer with the 200-nm-thick
highly silicon-doped (5 × 1018 cm−3) n+-Ga0.47In0.53As
contact layer. The whole bottom 60-µm-diameter surface
of the 200-µm GaAs substrate doped with silicon up to
2 × 1018 cm−3 is covered by the bottom contact. The laser
is attached to the cylindrical (height = diameter = 5 mm)
copper heat sink with 3-µm indium solder.

For an application of the considered VCSEL as a source
of the carrier wave used in gas-sensing applications, it is of
primary importance to obtain the stable single- fundamental-
mode LP01 emission. Although in the TJ-VCSELs, contrary
to oxide-confined devices, it may be achieved even for large
diameters, we restrict our discussion to TJs with small di-
ameters for which, as will be shown later, threshold currents
are relatively low. Wavelengths of the LP01 modes as a func-
tion of the TJ diameter and a number of QWs are plotted in
Fig. 7. For all calculated cases, the simulated laser shows

Fig. 7 RT dependence of the wavelength of CW emitted radiation as
a function of the number of quantum wells determined for various tun-
nel-junction diameters dTJ of GaInNAs/AlGaInAs QW 2.33-µm VC-
SEL
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Fig. 8 RT dependence of the CW threshold current as a function of
the number of quantum wells determined for various tunnel-junction
diameters dTJ of GaInNAs/AlGaInAs QW 2.33-µm VCSEL

LP01 operation with emission wavelength close to 2.33 µm
and can cover a strong absorption line of CO. In Fig. 7, a
monotonic increase in lasing wavelength is observed. The
reason is that the amplitude of the intensity within the ac-
tive region is a slowly changing function of the position.
Such behaviour originates in the interference of the stand-
ing wave. Any interface between two regions of different
refractive indices contributes to the reflection of the wave. It
is not the case if the interface coincides with an antinode of
the wave. The observed change of the amplitude is triggered
by the slight misalignment between interfaces of the QWs
and the antinode of the wave, which is the expected effect.

Optimal structures of GaInNAs QW TJ-VCSELs have
been determined by comparing their threshold currents
(Fig. 8). For all TJ diameters dTJ, the lowest thresholds have
been found for two QWs. The threshold increase observed
for single QWs follows from a too weak optical gain in such
an active-region configuration. Then carriers of increasing
concentration should be injected into the active region be-
cause of which the Auger recombination is increased, which
is followed by an analogous increase in the lasing threshold.
An increase in a number of QWs over two leads to a mono-
tonic increase in VCSEL lasing threshold. An increased pen-
etration of passive areas around QWs (Fig. 9) is a reason for
the somewhat different behaviour of the curve plotted for the
smallest TJ diameter, i.e. for dTJ = 3 µm. Then this curve is
distinctly shifted up as compared with the others.

5 Conclusion

The anticipated performance characteristics of InP-based
GaInNAs QW active regions and a possibility of reaching

Fig. 9 RT relative intensity distributions as a function of a distance
r from the laser axis plotted for different TJ diameters dTJ of GaIn-
NAs/AlGaInAs QW 2.33-µm VCSEL

a RT CW single-fundamental-mode 2.33-µm lasing opera-
tion of a VCSEL with GaInNAs QWs have been investi-
gated in the present paper with the aid of our comprehensive
computer model. In the simulation, three different barrier
materials lattice matched to InP have been selected to de-
termine the optimal active-region structure for an efficient
emission of the above long-wavelength radiation at various
temperatures. Very good results have been obtained for the
Ga0.15In0.85N0.015As0.985/Al0.138Ga0.332In0.530As active re-
gion, for which the conduction band offset equal to 413 meV
is much larger than that of 276 meV for the Ga0.47In0.53As
barrier and that of 346 meV for the Ga0.327In0.673As0.71P0.29

one. The GaInNAs/AlGaInAs active region has been incor-
porated into the 2.33-µm VCSEL structure and the RT CW
emission wavelengths and threshold currents have been cal-
culated for various diameters of the TJ and various numbers
of QWs. The results indicate that single-fundamental-mode
operation of the above laser is possible. The lowest threshold
current of 0.88 mA has been obtained for a VCSEL with a
4-µm-diameter TJ and two 6-nm GaInNAs/AlGaInAs QWs.
The promising RT CW performance of the modeled 2.33-µm
InP-based VCSEL with GaInNAs/AlGaInAs QWs suggests
that it may represent a very interesting alternative to GaSb-
based VCSELs.
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