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Abstract. Static, spectral and linewidth measurements of 1.3 pm-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 (a-factor) was evaluated at
about 7.7-9 depending on population inversion factor of 2-1.5.
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AnHoTtanus. B paboTe npencraBiieHbl pe3yIbTaThl U3MEPEHUN CTATUYECKUX M CTIEKTPAIBbHBIX
XapaKTepUCTUK BEePTUKAJIbHO-M3JTYJalOlIero Jiazepa CIEeKTPaJbHOTO auarnaszoHa 1.3 MKMm
Ha ocHoBe cBepxpeiuieTku InGaAs/InAlGaAs. MuHuUMaNbHOE 3HAYEHUE IIUPUHBI JUHUU
n3JydeHns1, usmepeHHoe ¢ nomoinbio Madpu-Ilepo nnrepdepomerpa, cocrapuiao 40-45 MTI'xg
MPU BBIXOJHOM ONTUYECKO MouIHOCTH ~3,3 MBT 1 padoueM Toke ~8 MA. Ilpu manpHeiem
MOBBIIIEHUM BBIXOJHOI MOIIHOCTU HAOIIOAAeTCsl YIIMpPEHUe JIMHUM U3Jy4eHUsT M3-3a PoCTa
BHYTPEHHEN TeMIIepaTyphl jlazepa (caMmopa3orpeB ¢ TOKOM). AHaJIM3 BHYTPEHHUX ONTUYECKUX
morepb U 3(PHEKTUBHOCTY TOKOBOW WHXKEKIIMU TO3BOJIMJI OLIEHUTh 3HaUeHUE a-(akTopa Ha
ypoBHe 7.7-9 B 3aBUCHUMOCTH OT 3HayeHUs1 (aKToOpa MHBEPCHOM 3aceseHHOCTH 2-1.5.

KioueBbie cjioBa: BepTUKaIbHO-U3IYyYAIOLIMiA JJa3ep, CBePXpeIIeTKa, TEXHOJIOTHS CIeKaHue
IUTACTUH, IIUPUHA JUHUH, 0-(HaKTop
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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 pm-range VCSELSs is the hybrid integration of
the active region based on the InAlGaAsP-InP material system with semiconductor distributed

© Kogsau {.H., biroxun C.A., boopos M.A., biroxun A.A., ManeeB H.A., Ky3sbmenkoB A.T., ['magsies A.T'., Hosukos U.A.,
Kapauunckuii JI.S., Bopomaes K.O., EropoB A.1O., Ycrunos B.M., 2023. M3narens: CankT-I1eTepOyprckuii MoanTeXHUIeCKIA
yHuBepcuteT Ilerpa Benukoro.

10



Physical Opti
? ysical Optics -

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 um-range
WF-VCSELs [7,8].

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

Materials and Methods

WEF-VCSELdesigned inthe geometry ofa vertical microcavity with carrierinjection 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 pm diameter were formed in the InGaAs layers of composite TJ. The active
region was a short-period SL consisting of 24 pairs of In ,,Ga, . As/In ,Ga , Al ,.As 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-VCSELSs 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-VCSELSs, 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]:

Av—&(l+a)+Av (1)
4nP, n 1 o

out""j " p

where n, is the population inversion factor, ng, is the slope efficiency, e is the elementary charge,
P . is' the output optical power, n. is the internal quantum efficiency,
Av, is the residual linewidth, 1 is the photon lifetime.

Accordlng 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
Av, 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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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
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Fig. 2. Emission linewidth measured at 20 °C and the estimated internal
laser temperature against inverse output optical power

With the intension to verify such assumption the study of the laser internal temperature was
conducted. In accordance with [10], internal temperature rise of VCSELSs could be evaluated as:

AT

int

- R (f)diss - R)ut )’ (2)

where R, is the thermal resistance, P, is the dissipated electrical power.

Device R, is defined by the resonance wavelength shifts with temperature AL /AT and with
dissipated electrical power AL /AP, . With the study of optical spectra for different operating cur-
rent and different heat-sink temperatures the dissipated power shift AL /AP, at fixed heat-sink
temperature 7' (Fig. 3,a) and the temperature shift AL /AT at fixed d1s51pated electrlcal power P,
(Fig. 3,b) were evaluated as 0.22 nm/mW and 0.09 nm/ C accordingly. So, calculated thermal
resistance value R, = (AL /AP, )/( AL/AT) 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 R, compared with work [7] could be explained
by higher P, value (lower slope efficiency) and peculiarities of chip packaging. As shown in
Fig. 2, the sharp rise of laser internal temperature AT, revealed for output optical power more

than 2 mW (operating current over than 5.5 mA).
12
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Dependence of photon lifetime in cavity on mirror losses 7/ and internal optical losses 4,
could be described as follows [9]:

T, =1/v (T, +4,,), (3)

where v, is the group velocity (~10' cm/s). Values of 4, and n,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 n, is difficult to determine separately from the
a-factor. Using expressions (1) and (3) the value of the a-factor was estimated to be about 7.7—9
at 20 °C for n, in range 2—1.5, respectively.
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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 a-factor [13] despite the further increase
in the output optical power [14].

Conclusion

In this work, we analyzed the emission linewidth of 1.3 um-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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