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Emission linewidth and α-factor of 1.55µm-range vertical-cavity

surface-emitting lasers based on InGaAs/InGaAlAs quantum wells

© S.A. Blokhin 1, Ya.N. Kovach 1,2, M.A. Bobrov 1, A.A. Blokhin 1, N.A. Maleev 1, A.G. Kuzmenkov 1,

A.V. Babichev 2, I.I. Novikov 2, L.Ya. Karachinsky 2, E.S. Kolodeznyi 2, K.O. Voropaev 3,
A.V. Kulikov 2, A.Yu. Egorov 4, V.M. Ustinov 1

1 Ioffe Institute, St. Petersburg, Russia
2 ITMO University, St. Petersburg, Russia
3 OAO OKB-Planeta, Veliky Novgorod, Russia
4 Connector Optics LLC, St. Petersburg, Russia

e-mail: blokh@mail.ioffe.ru

Received June 29, 2023

Revised August 28, 2023

Accepted August 29, 2023

The emission linewidth of single-mode vertical-cavity surface-emitting lasers with an active region based on

strained InGaAs/InGaAlAs quantum wells in the spectral range of 1.55 µm was studied. The removal of degeneracy

in polarization of the fundamental mode (splitting of the resonance wavelength) and polarization switching (type
I) associated with the transition from lasing via the short-wavelength mode to lasing via the long-wavelength one

were observed. As the output optical power increased, the emission linewidth dropped to ∼ 30MHz for both

orthogonally polarized modes and was limited by the residual linewidth. The value of the α-factor was estimated:

for the short-wavelength mode it reached 5, while for the long-wavelength mode it increased to ∼ 9. At an output

optical power of more than 1mW, the emission line broadening is observed, which can be associated with a gain

saturation and the increased α-factor caused by a strong self-heating of the investigated laser.
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In recent years, the interest in the problems of developing

long-wavelength (more than 1.2µm) vertical-cavity surface-

emitting lasers (VCSEL) has increased again [1–3]. This

type of lasers is of interest not only for the development

of gas sensors and systems of object recognition at a

distance [4], but also for the development of a new

generation of high-speed optical interconnects, including

the use of spatial-division multiplexing technology [5], as

well as integration with photonic integrated circuits [6].
Promising options for developing long-wavelength VCSELs

for large-scale production are the hybrid integration of an

effective active area based on the InAlGaAs/InP system and

distributed Bragg reflectors (DBR), which provide the opti-

mal combination of sufficient thermal conductivity and high

reflectivity [7]. Two approaches can be distinguished here

that have demonstrated their effectiveness for development

of VCSELs in a spectral range of 1.3/1.55 µm: the use of

dielectric DBRs based on CaF2/ZnS or AlF3/ZnS materials

that have a high contrast of refraction indices [5,6,8,9]
(hybrid-integrated VCSELs or HI-VCSELs), and the wafer

fusion technology that allows the use of DBR advantages in

the AlGaAs/GaAs system materials [1,2,10,11] (wafer-fused
VCSELs or WF-VCSELs).

Although the spectral linewidth is an important parameter

for classical fiber-optic communications and coherent data

transmission, in the case of long-wavelength VCSELs, only

a few studies can be identified that address this issue. Thus,

the linewidth and the spectral line broadening factor, also

known as Henry factor or α-factor, have been quite well

studied for HI-VCSELs [12,13] and monolithic VCSEL [14]
based on InAlGaAs quantum wells (QW) in a spectral range

of 1.55 µm.

This study presents the results of investigating the

linewidth and α-factor of single-mode WF-VCSELs based

on InGaAs QWs in a spectral range of 1.55 µm.

The WF-VCSEL under study is designed as a vertical

InAlGaAsP microcavity confined by AlGaAs/GaAs semi-

conductor DBRs, in which charge carriers are injected

through the n-InP intracavity contact layers and the n+/p+-

InAlGaAs tunnel junction (Fig. 1). The active region con-

sists of seven strained InGaAs QWs (the lattice mismatch

parameter is ∼ 1.4%) separated by InAlGaAs barrier layers,

which are lattice-matched with the InP substrate. Layer

doping profiles are optimized to minimize the absorption

on free carriers. Optical and current confinments in the

transverse direction are implemented within the concept of

buried tunnel junction (BTJ) [15] with the choice of the

BTJ mesa diameter and the etching depth of the tunnel

junction layers to ensure single-mode lasing depending on

the degree of planarization of the surface relief buried

under an intracavity contact layer [16]. The active region

is placed at the antinode of the longitudinal distribution

of electromagnetic field of the fundamental mode, and the

heavily doped layers are located at the nodes. Details of
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Figure 1. Longitudinal profiles of the distribution of refraction index n, the intensity of electromagnetic field of the fundamental mode |E2|
and the doping level N along the optical microcavity. Legend: DBR — distributed Bragg reflector, ICL — intracavity contact layer, TJ —
tunnel junction, QWs — quantum wells.

the WF-VCSEL heterostructure design and features of its

formation, as well as features of the manufacturing WF-

VCSEL chips, are given in [17]. Individual WF-VCSEL

chips with a BTJ mesa diameter of 7µm were mounted in

microwave packeges with a fiber-optic outlet based on SMF-

28 fiber (hereinafter referred to as the WF-VCSEL module);
more details of the assembly design can be found in [18].
Fig. 2, a shows static characteristics of the WF-VCSEL

module under study. The device demonstrates lasing with

a threshold current of less than 1.3mA and a maximum

differential efficiency of more than 0.16W/A. At currents

above 10mA, the self-heating effect manifestation begins,

which ultimately limits the maximum output optical power

at a level of 1.8mW. It should be noted that the slope effi-

ciency shows an anomalous behavior (Fig. 2, b): above the

lasing threshold, there is first an increase in the differential

efficiency with increasing current, which is accompanied

by an abrupt change in the differential resistance (section
A), followed by saturation (section B) and a drop in the

differential efficiency due to thermal effects (section C).
Such behavior is usually associated with a drastical

change in the mode composition of the lasing emission [19].
However, the analysis of the laser emission spectra revealed

only the removal of the degeneracy of the fundamental

mode in polarization (inset in Fig. 3, a) and the appearance

of spectral splitting between two orthogonally polarized

modes (∼ 20GHz) caused by the asymmetry of the BTJ

buried mesa (Fig. 3, b) and the elasto-optical effect [20,21].
It should be noted that after dividing the wafer into

individual WF-VCSEL chips, a decrease in the splitting

is observed, which can be associated with a decrease

in mechanical stresses arising after double wafer fusion.

According to the data presented in Fig. 1, 2, the lasing

begins via a shorter-wavelength fundamental mode (SW)
with linear polarization along the crystallographic direction

corresponding to the short axis of the BTJ mesa (section A),
however, then an increase in the emission intensity of the

longer-wavelength fundamental mode (LW) is observed re-

sulting in a drop in the side-mode suppression ratio (SMSR).
The appearance of abrupt changes in the dependences of

the slope efficiency and differential resistance in section A

(Fig. 2, b) corresponds to the lasing via two modes, when

the SMSR coefficient is close to zero (Fig. 3, a). A

further increase in the operating current leads to switching

of the lasing to predominantly via the LW mode with

a linear polarization along the crystallographic direction

corresponding to the long axis of the BTJ mesa, and an

SMSR of more than 30 dB (sections B−C). In this case,
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Figure 2. (a) Voltage-current curve (black line) and light-current curve (red line); the inset shows a specific implementation of the

fiber-to-laser coupling. (b) Dependences of differential resistance (black line) and differential efficiency (red line) on the operating current.

the orthogonal polarization suppression ratio (OPSR) does

not exceed 10 dB in both modes, which is due to the large

contribution of spontaneous emission in the arrangement

used for emission the coupling into the single-mode fiber

(a conical microlens formed at the end of the SMF-28

fiber with an input efficiency of more than 40%, insert

in Fig. 2, a). The observed switching of polarization from

the short-wavelength mode (SW) to the long-wavelength

mode (LW) (the so-called type I) is associated with a

change in the spectral mismatch of the mode wavelength

relative to the maximum of the gain spectrum and/or a drop

in the material gain of the active region with a change in the

internal temperature of the laser (self-heating) [22]. Thus,

the detected anomalous behavior of the slope efficiency in

the single-mode lasing is apparently due to the imperfect

coupling of the fiber with the VCSEL chip, because the

asymmetry of the optical confinment leads to a modification

of the shape of orthogonally polarized modes and, as a

consequence, to a difference in the near and far field

patterns.

Fig. 4 shows the results of measuring the WF-VCSEL

emission linewidth using a Thorlabs SA30-144 scanning

Fabry-Perot interferometer. To suppress the noise in the

power supply circuit, a chemical source was used, and

to attenuate the effects associated with optical feedback,

a Thorlabs IO-H-1550APC fiber optical isolator with an

isolation coefficient of 29 dB was installed at the output

of the WF-VCSEL. A Thorlabs LPNIR100 optical polarizer

with an extinction coefficient of 40 dB was also introduced

into the optical configuration for selecting the modes with

orthogonal polarization. As the output optical power

increases, which is indicated here taking into account the

correction for the actual efficiency of the coupling the WF-

VCSEL emission into the single-mode fiber, the classical

behavior is first observed: a decrease in the linewidth of

the WF-VCSEL emission at a rate of ∼ 3.5MHz·mW to

∼ 30MHz with an output optical power of ∼ 0.37mW.

Then, there is an abrupt increase in the linewidth to

45−50MHz associated with the switching of lasing to

the long-wavelength mode (section B in Fig. 2), and

a repeated sharp drop in the linewidth at a rate of

∼ 11MHz·mW to ∼ 30MHz (with an output optical power

of ∼ 1.15mW). In this case, the residual linewidth of

the WF-VCSEL for both orthogonally polarized modes are

comparable (20−25MHz), which can be explained by a

common source of noise (for example, flicker noise). The

obtained data correlates well with the data for HI-VCSEL

based on InAlGaAs QWs at a comparable output optical

power [12].

The magnitude of the α factor can be estimated on

the linear portion of the dependence of the emission

linewidth 1νL on the output optical power P using the

modified Schawlow-Townes expression in a way similar to
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Figure 3. (a) Dependence of the side-mode suppression ratio (SMSR) (taking into account the removal of degeneracy of the fundamental

mode) on the pump current; inset: lasing spectra. (b) Dependence of the orthogonal polarization suppression ratio (OPSR) on the

operating current; the inset shows a schematic cross-sectional image and an image of the BTJ mesa surface before wafer fusion, obtained

using atomic force microscopy.

that described in [12,13]:

1νL = 1νo +
qnsp ηSEυ

2
g(Tm + Aint)

2

4πPF
(1 + α2),

where ηSE is slope efficiency, q is electron charge, F is

fraction of optical power through the upper DBR, υg is

group velocity (∼ 1010 cm/s), Tm is mirror loss, Aint is

internal optical loss, ns p is population inversion factor. The

mirror loss can be calculated from the value of ηSE using

the data from the estimate of internal optical loss and the

efficiency of current injection for a given type of VCSEL.

The population inversion factor can vary in a wide range

and depends on the threshold gain [22]. The experimental

studies of long-wavelength WF-VCSEL with an active area

based on InGaAsP QW used the value of nsp = 1.1 [23], and
for the first HI-VCSELs based on InAlGaAs QW the values

of nsp = 1.6−2 [12,13] were used. Assuming nsp = 1.5, the

α-factor can be estimated as ∼ 5 for the short-wavelength

fundamental mode, which correlates well with the data for

a monolithic VCSEL [24] and HI-VCSEL [25] based on

InAlGaAs QW. At the same time, for the long-wavelength

fundamental mode, estimates give a higher value of the α-

factor: ∼ 9. On one hand, the authors of [14] did not

reveal a significant difference in the magnitude of α between

orthogonally polarized fundamental modes in a monolithic

VCSEL based on InAlGaAs QW. On the other hand, the

authors of [26,27] theoretically predicted the variation of

the α-factor in the presence of anisotropic deformation in

the active region. The higher value of the α-factor for the

long-wavelength mode is apparently due to a drop in the

differential gain with increasing charge carrier concentration

in the microcavity [25].

However, at relatively high levels of the output optical

power (more than 1.5mW), an anomalous line broadening

is observed (Fig. 4, a), which can be associated with

both laser self-heating effects and non-linearity of the

gain at a high density of charge carriers and photons

in the microcavity [13,14]. In the case of VCSEL, the

issue of ensuring effective heat removal from the pumped

part of the active region is extremely urgent, because

the thermal conductivity of the ternary and quaternary

materials used in DBR is significantly lower than that

for binary compounds. According to the analysis of

lasing spectra, the shift of the resonant wavelength of the

devices under study with increasing dissipated electrical

power ∂λ/∂Pdiss achieves ∼ 0.15 nm/mW, and the shift

of the resonant wavelength with increasing temperature

∂λ/∂T amounted to ∼ 0.08 nm/K (inset in Fig. 4, b). It
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Figure 4. (a) Dependence of the emission linewidth on the reciprocal of the output optical power for two orthogonal polarizations.

(b) Dependence of the change in the internal temperature of the laser 1Tact on the reciprocal value of the output optical power; the insets

show the wavelength shift with dissipated electrical power at 20◦ and the temperature shift of the cold cavity wavelength (the dissipated

electrical power is 0mW).

should be noted that for an adequate assessment of the

temperature shift ∂λ/∂T , we used the approximation of the

dependences λ(Pdiss) to the value of the dissipated electrical

power Pdiss = 0 (the cold microcavity mode) measured

at different temperatures. Fig. 4, b shows the internal

temperature of WF-VCSEL calculated by the following

formula: 1Tact = Pdiss · (∂λ/∂Pdiss)/(∂λ/∂T ). It can be seen

that even with an output optical power of more than 1mW,

a rapid increase in the internal temperature begins, which

correlates with section C on the light-current curve of the

devices. As a result, strong self-heating of the laser leads

to gain saturation and an increase in the α-factor, which

ultimately leads to a broadening of the spectral line of

the WF-VCSEL emission, despite a further increase in the

output optical power [13,14].

This study has analyzed the static, spectral, and polar-

ization characteristics of a single-mode WF-VCSEL with a

spectral range of 1.55 µm and with an active region based

on strained InGaAs/InAlGaAs QWs. It was found that the

lasing starts via a shorter-wavelength fundamental mode,

however, then switches to a longer-wavelength fundamental

mode with an orthogonal polarization. As the output optical

power increases, the laser emission linewidth first decreases

to ∼ 30MHz (at 0.37mW). With a further increase in

optical power, the polarization switches resulting in an

abrupt increase in the emission linewidth, which again drops

to ∼ 30MHz (at 1.15mW). With a subsequent increase in

the output optical power, line broadening is observed due

to thermal effects. Estimates of the broadening factor of

the emission spectral line showed that there is a significant

difference in the values of the α-factor for short-wavelength

and orthogonally polarized long-wavelength optical modes.

This behavior most likely due to a drop in the differential

gain with increasing charge carrier concentration in the WF-

VCSEL microcavity.
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