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Abstract. Static, spectral and linewidth measurements of 1.3 µm-range vertical-cavity 
surface-emitting lasers based on InGaAs/InAlGaAs superlattice are presented. Minimum 
emission linewidth about 40-45 MHz was obtained at output power of ~3.3 mW and operating 
current of ~8 mA using the Fabry-Perot interferometer method. During a further increase in 
the output optical power the emission linewidth broadening could be observed due to the rise 
of a laser internal temperature (self-heating). Based on the analysis of the internal optical losses 
and internal quantum efficiency the linewidth enhancement factor (α-factor) was evaluated at 
about 7.7‒9 depending on population inversion factor of 2-1.5.
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Аннотация. В работе представлены результаты измерений статических и спектральных 
характеристик вертикально-излучающего лазера спектрального диапазона 1.3 мкм 
на основе сверхрешетки InGaAs/InAlGaAs. Минимальное значение ширины линии 
излучения, измеренное с помощью Фабри-Перо интерферометра, составило 40-45 МГц 
при выходной оптической мощности ~3,3 мВт и рабочем токе ~8 мА. При дальнейшем 
повышении выходной мощности наблюдается уширение линии излучения из-за роста 
внутренней температуры лазера (саморазогрев с током). Анализ внутренних оптических 
потерь и эффективности токовой инжекции позволил оценить значение α-фактора на 
уровне 7.7-9 в зависимости от значения фактора инверсной заселенности 2-1.5.

Ключевые слова: вертикально-излучающий лазер, сверхрешетка, технология спекание 
пластин, ширина линии, α-фактор
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Introduction
Today vertical-cavity surface-emitting lasers (VCSELs) and VCSEL-based matrixes are used 

in optical data communication systems, industrial heating, 3D sensing for consumer electronics, 
and LIDAR object recognition [1]. Recently, much attention has been paid to the possible imple-
mentation of single-mode VCSELs for optical spectroscopy and real-time analysis of industrial 
gases. However, the development of long-wavelength VCSELs is associated with a number of 
fundamental problems of the material systems InAlGaAs-GaAs and InAlGaAsP-InP. Today, the 
most promising approach to the creation of 1.3 µm-range VCSELs is the hybrid integration of 
the active region based on the InAlGaAsP-InP material system with semiconductor distributed 
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Bragg reflectors (DBR) GaAs/AlGaAs using the wafer fusion technology (WF-VCSEL) or with 
hybrid metal-dielectric mirrors based on high-contrast materials (HI-VCSEL) [2]. As the result 
of optimization of photon lifetime by variation of mirror losses and enhancement of differential 
gain by implementation of InAlGaAs quantum well active region the WF-VCSEL devices with 
the modulation bandwidth more than 12 GHz and error-free data transmission up to 10 km 
at 25 Gbps without any equalization technique were obtained [3]. As for the state-of-the-art 
HI-VCSEL, record modulation bandwidth more than 15 GHz [4] with the error-free data trans-
mission at 30 Gbps over 10 km [5] and up to 50 Gbps [6] over 15 km without and with pre-equal-
ization, respectively, were demonstrated for the devices with minimized mode volume (with 
shorter effective cavity length and smaller current aperture). Recently, we successfully tested the 
use of an InGaAs/InAlGaAs short-period superlattice (SL) as an active region of 1.3 µm-range 
WF-VCSELs [7,8].

In this paper, the results of studying the emission linewidth of 1.3 μm-range single-mode  
InGaAs SL-based WF-VCSEL are presented, and estimation of the α-factor is carried out.

Materials and Methods

WF-VCSEL designed in the geometry of a vertical microcavity with carrier injection through n-InP 
intracavity contacts and a composite tunnel junction (TJ) n+-InGaAs/p+-InGaAs/p+-InAlGaAs. 
For optical and current confinement, the concept of a buried tunnel junction (BTJ) was used, 
where mesas with 4 μm diameter were formed in the InGaAs layers of composite TJ. The active 
region was a short-period SL consisting of 24 pairs of In0.57Ga0.43As/In0.53Ga0.20Al0.27As layers with 
thicknesses of 0.8 and 2 nm accordingly [7]. A detailed description of the WF-VCSEL hetero-
structure and the fabrication of the WF-VCSEL chips are presented in [8]. After dicing into 
individual chips, the devices were mounted in TO-can package.

Results and Discussion

The investigation of WF-VCSELs demonstrated lasing with a threshold current of ~3 mA and a 
differential efficiency of ~0.68 W/A. Due to the laser self-heating effect, output optical power reached 
saturation at operating currents above 10 mA (Fig. 1,a). According to analysis of the emission spectra 
of the WF-VCSELs, those devices demonstrate lasing through the fundamental mode with a side-
mode suppression ratio (SMSR) of more than 30 dB in the entire current range (Fig. 1,b). In addi-
tion, the polarization degeneracy of the fundamental mode was observed, which can be explained by 
the transverse asymmetry of BTJ mesa and/or the elasto-optical effect. Polarization-resolved study 
revealed the predominance of short wavelength mode with polarization along short axis of BTJ mesa 
with an orthogonal polarization suppression ratio (OPSR) of more than 20 dB in the entire operating 
range of currents and without the presence of polarization switching (Fig. 1,a).

To measure WF-VCSEL emission linewidth a SA30-144 scanning Fabry–Perot interferometer 
was used; a chemical current source was used to minimize noise, and an optical isolator was used 
to suppress optical feedback. According to the Schawlow-Townes-Henry theory, the emission 
linewidth of the semiconductor injection lasers could be described by the following equation, 
which considers the dependence of the refractive index on the carrier density [9]:

2
02 (1 ) ,

4
sp SE

out j p

n n e
v v

P n
∆ = + α + ∆

π τ
(1)

where nsp is the population inversion factor, nSE is the slope efficiency, e is the elementary charge,  
Pout is the output optical power, nj is the internal quantum efficiency,  
Δν0 is the residual linewidth, τp is the photon lifetime. 

According to Fig. 2, at first, the laser emission linewidth of the WF-VCSEL decreased inversely 
proportional with increase in the output optical power down to 40–45 MHz (at ~3.3 mW and 
operating current of ~8 mA). The linear approximation gives the value of the residual linewidth 
Δν0 about 6.5 MHz, which can be associated with 1/f-noise (fluctuations of the charge carri-
ers) and/or mode competition. However, with a further increase in the output optical power a 
broadening of the laser emission line could be observed, which, apparently, connected with the 
laser self-heating.
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With the intension to verify such assumption the study of the laser internal temperature was 
conducted. In accordance with [10], internal temperature rise of VCSELs could be evaluated as:

( ) ,int th diss outT R P P∆ = − (2)

where Rth is the thermal resistance, Pdiss is the dissipated electrical power.
Device Rth is defined by the resonance wavelength shifts with temperature Δλ0/ΔT and with 

dissipated electrical power Δλ0/ΔPdiss. With the study of optical spectra for different operating cur-
rent and different heat-sink temperatures the dissipated power shift Δλ0/ΔPdiss at fixed heat-sink 
temperature T (Fig. 3,a) and the temperature shift Δλ0/ΔT at fixed dissipated electrical power Pdiss 
(Fig. 3,b) were evaluated as 0.22 nm/mW and 0.09 nm/°C accordingly. So, calculated thermal 
resistance value Rth = (Δλ0/ΔPdiss)/( Δλ0/ΔT) was 2.46 °K/mW, which is significantly lower than 
thermal resistance of long-wavelength HI-VCSELs with the same BTJ mesa diameter [11]. It 
should be noted that such high calculated value of Rth compared with work [7] could be explained 
by higher Pdiss value (lower slope efficiency) and peculiarities of chip packaging. As shown in 
Fig. 2, the sharp rise of laser internal temperature ΔTint revealed for output optical power more 
than 2 mW (operating current over than 5.5 mA).

a)	 b)

Fig. 1. Evolution of an output optical power with OPSR as functions of current (a) 
and optical spectra for different operating currents (b) measured at 20 °C

Fig. 2. Emission linewidth measured at 20 °C and the estimated internal 
laser temperature against inverse output optical power
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Dependence of photon lifetime in cavity on mirror losses Tm and internal optical losses Aint 
could be described as follows [9]:

( )1/ ,p g m intv T Aτ = + (3)

where vg is the group velocity (~1010 cm/s). Values of Aint and nj were found from iterative varying 
of mirror losses by the deposition of the thin dielectric layer on the top DBR mirror as was con-
ducted in [12]. According to Fig. 4., rise of heat-sink temperature leads to the increased internal 
optical losses of WF-VCSEL, which could be explained by stronger free-carrier absorption in the 
doped region and/or interband absorption in the InGaAs layers. As for the drop in the internal 
quantum efficiency, it may be due to the overflow of charge carriers as the threshold currents 
increase with temperature. 

Note that the population inversion factor nsp is difficult to determine separately from the 
α-factor. Using expressions (1) and (3) the value of the α-factor was estimated to be about 7.7–9 
at 20 °C for nsp in range 2–1.5, respectively.

a)	 b)

Fig. 3. Dependences of the wavelength shift on dissipated electrical power 
at fixed heat-sink temperature of 20 °C (a) and the wavelength shift 

on heat-sink temperature at fixed dissipated electrical power (b)

Δλ 0
/ΔP diss

 = 0.22 nm/m
W

Δλ 0
/ΔT = 0.09 nm/K

Fig. 4. Estimated internal quantum efficiency and internal 
optical losses as function of heat-sink temperature
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Additionally, it can be observed that the gradual decrease in the internal quantum efficiency 
and the increase in the internal optical losses due to a rise in the laser internal temperature led 
to the decrease in the slope efficiency and the photon lifetime, which, according to expression 
(1), could potentially cause the laser emission linewidth broadening. However, it is more likely 
that the observed broadening is associated with the gain saturation at the higher operating cur-
rents and the decrease in the material gain at the higher laser internal temperature. Both effects 
led to the reduction of the differential gain at the higher carrier density and/or laser internal 
temperature [9],which finally resulted to the rise of the α-factor [13] despite the further increase 
in the output optical power [14].

Conclusion

In this work, we analyzed the emission linewidth of 1.3 µm-range InGaAs/InAlGaAs 
SL-based WF-VCSELs. For 20 °C, the linewidth drops to 45-40 MHz at 3.3 mW. The linewidth 
enhancement factor of 9‒7.7 was estimated assuming population inversion factor of 2-1.5.
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Meissner P., Amann M.-C., Linewidth of InP-based 1.55 [micro sign]m VCSELs with buried tunnel 
junction // Electron. Lett. 2003. Vol. 39, № 24. P. 1728. 10.1049/el:20031143.

THE AUTHORS

KOVACH Yakov N. 
j-n-kovach@itmo.ru
ORCID: 0000-0003-4858-4968

BLOKHIN Sergey A. 
blokh@mail.ioffe.ru 
ORCID: 0000-0002-5962-5529

BOBROV Mikhail A. 
bobrov.mikh@gmail.com 
ORCID: 0000-0001-7271-5644

BLOKHIN Alexey A. 
bloalex91@yandex.ru
ORCID: 0000-0002-3449-8711

MALEEV Nikolai A. 
Maleev@beam.ioffe.ru
ORCID: 0000-0003-2500-1715

KUZMENKOV Alexander G. 
Kuzmenkov@mail.ioffe.ru
ORCID: 0000-0002-7221-0117

GLADYSHEV Andrey G. 
andrey.gladyshev@connector-optics.com 
ORCID: 0000-0002-9448-2471

NOVIKOV Innokenty I. 
innokenty.novikov@itmo.ru 
ORCID: 0000-0003-1983-0242

KARACHINSKY Leonid Ya. 
leonid.karachinsky@connector-optics.com 
ORCID: 0000-0002-5634-8183

VOROPAEV Kirill O. 
kirill.voropaev@novsu.ru 
ORCID: 0000-0002-6159-8902

EGOROV Anton Yu. 
anton.egorov@connector-optics.com
ORCID: 0000-0002-0789-4241

USTINOV Victor M.
Vmust@beam.ioffe.ru
ORCID: 0000-0002-6401-5522

Received 30.06.2023. Approved after reviewing 31.07.2023. Accepted 01.08.2023.


