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Abstract. This paper presents the results of experimental investigations of low-frequen-
cy relative intensity noise and phase noise of single-mode 89X nm-range vertical-cavity
surface-emitting lasers (VCSELs) with different photon lifetimes. The lasers are based
on a hybrid vertical microcavity design with carrier injection through intracavity con-
tact layers and composite Bragg gratings. Analysis of the low-frequency amplitude noise
of the VCSELs showed that the noise spectrum in the frequency range from 100 Hz to
10 kHz has a 1/f~noise trend, transitioning to white noise at frequencies above 10 kHz.
The dependence of the amplitude noise on the laser's optical power has a W-shaped form.
An increase in temperature leads to growth in both amplitude and phase noise, both at
a fixed operating current and at comparable optical power of laser radiation. In the fre-
quency range of 1—100 kHz, the achieved amplitude noise level does not exceed —120
dB/Hz. Meanwhile, in the 10—100 kHz frequency range, the phase noise level saturates
at 0.6—1.1-10° Hz?>/Hz (depending on temperature and optical power) for devices with a
characteristic photon lifetime of ~ 8.5 ps. The obtained results allow the use of the devel-
oped VCSELs in compact quantum sensors of various types.
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AnHotamus. B paGoTe mpuBeneHbl pe3yabTaThl SKCHEPUMEHTATbHBIX MCCIEI0BaHUM
HU3KOYaCTOTHBIX LIYMOB OTHOCUTEJIbLHON MHTEHCUBHOCTU U (Pa30BbIX LLIYMOB OJHOMOIO-
BBIX BEPTUKAIbHO-U3IYYalOlIMX JIa3epOB CHEKTpaJbHOTO Auana3doHa 89X HM ¢ pa3imy-
HBbIMM BpEMEHAMM XKU3HU (DOTOHOB B pe30HATOPE HAa OCHOBE I'MOPUIHONW KOHCTPYKUMU
BePTUKAJIBbHOTO MUKPOpPE30HATOPa ¢ MHXEKIMeH HOCUTeNeil 3apsiia yepe3 BHYTPUPE30-
HATOpPHbIE KOHTAKTHBIE CJIOM UM KOMITO3ULIMOHHBIe Oparrosckue peuretku (BUJT). Ana-
JIU3 HU3KOYACTOTHBIX aMIUIMTYyAHbIX ymoB BWJI mokaszan, 4yto crekTp IIYMOB B 4a-
crotHoM auanazoHe oT 100 I'm po 10 x['u umeer Bua 1/f~1muyma, a npu yactoTax BbIlIE
10 xI'u mepexonuT B Oeyiblil 1IyM. 3aBUCUMOCTb aMILUIUTYAHBIX IIYMOB OT ONTHUYECKOM
MOIIIHOCTH Jla3epa uMmeeT W-o0pa3Hbiii Bua. TToBbllIeHHE TeMmepaTypbl BeIeT K POCTY
AMIUTUTYIHBIX M (Da30BBIX IIIYMOB KaK Mpu (PUKCUpPOBAaHHOM pabovyeM TOKe, TaK U CpaB-
HUMOU ONTUYECKON MOIIHOCTU M3Jy4yeHUs Jazepa. B yactotHom nmamnaszone 1—100 kI’
JOCTUTHYTBI YpPOBEHb aMIUIMTYAHBIX IIYMOB He mpeBbinaeTr —120 16/, Torma kak
B muama3oHe vyactor 10—100 xI'm ypoBeHb (pa3oBBIX IIyMOB HACHILIAETCSI Ha ypOBHE
0,6—1,1-10° T'u?/Tu (B 3aBUCHUMOCTM OT TEMIIEPATYPhl M ONTUYECKOW MOIIHOCTH) IS
MpUOOPOB € XapaKTEPHBLIM BpeMeHeEM XKU3HU (POTOHOB B pe3oHaTope ~ 8,5 nc. [TonyyeH-
HbI€ pe3yJbTaThl ITO03BOJISIOT MCIIOJb30BaTh pa3padoraHHblie BJI B KOMIAaKTHBIX KBaH-
TOBBIX CEHCOpax pa3JIMYHOro THUMIA.
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Introduction

VCSELs are a promising type of injection laser for use in compact atomic sensors based on alkali
metals (quantum frequency standards, quantum magnetometers, and gyroscopes) [1]. These lasers
must meet a specific set of obligatory requirements: precise tuning of the radiation wavelength to
the line of atomic transitions of alkali metals in the gas cell, single-mode generation, emission
linear polarization in a fixed direction, small spectral linewidth, high speed at low operating
currents, low phase and amplitude noise, and the ability to operate at elevated temperatures. In
the overwhelming majority of studies devoted to VCSELs operating in the 79X nm [2 — 4] and
89X nm [5 — 7] spectral ranges, attention is primarily focused on the issues of stabilizing the
polarization state of the radiation, ensuring the required optical power in single-mode regime,
and/or laser response time at a given temperature. However, the issue of analyzing the relative
intensity noise (RIN, amplitude noise) and phase noise (frequency noise) in the low-frequency
region has received very little attention.

This paper presents the results of experimental studies of the RIN and phase noise of single-mode
polarization-stable VCSELs operating in the 89X nm spectral range (hereinafter, 89X nm-range
VCSELs), implemented within the framework of a hybrid design of a vertical microcavity with
carrier injection through intracavity contact layers and composite Bragg gratings. The influence of
temperature and photon lifetime on the noise characteristics of the VCSEL is considered.

Materials and Methods
The studied single-mode 89X nm VCSELs are implemented based on a previously proposed
design with intracavity contacts, an optical resonator with InGaAs/AlGaAs quantum wells as the

© Bboopos M.A., broxun C.A., Kosau f.H., bioxun A.A., Manees H.A., Ky3smenkos A.T'., Mapuuit M.H., Bacunses A.I1.,
2026. Usznarenn: Cankr-IleTepOyprekuii moanTexHuyeckuii yuusepcurer Ilerpa Bemukoro.

106



4 Optoelectronic and nanoelectronic devices

active region, and a diamond-shaped oxide current aperture. A more detailed description of the
aforementioned VCSEL design is provided in [8]. Variation of the photon lifetime in the resona-
tor was achieved by controlling the output mirror losses through modification of the top dielectric
distributed Bragg reflector (DBR) reflectivity (by varying the number of DBR layer pairs and/
or the thickness of the phase-matching layer). Details of the method for determining the photon
lifetime are presented in [12].

Investigations of the 89X nm VCSELSs relative intensity noise (RIN) were performed using a
digital lock-in amplifier (SRS SR830 Lock-In Amplifier) operating in a mode measuring the noise
power spectral density within a 1 Hz bandwidth at a specified frequency offset from the carrier.
To improve the signal-to-noise ratio, low-noise components were used in the measurement setup,
including a Hamamatsu S3584 photodetector and a transimpedance amplifier. To account for the
nonlinearity of the electrical path and transimpedance amplifier, the corresponding frequency-de-
pendent transfer function was measured. The use of a low-noise power supply with an additional
low-pass filter minimized the contribution of technical noise. The noise level was calculated by
subtracting the thermal noise, measured in the absence of an optical signal, from the total noise
RMS signal, calculated based on the time-averaged in-phase and quadrature noise components,
followed by normalization to the transfer function. Variation of the frequency offset from the
carrier frequency yielded the frequency dependence of the amplitude noise, while the operating
current and the laser temperature were additionally changed to obtain RIN dependence on output
optical power or temperature.

Phase noise measurements of the 89X nm VCSELs were conducted using an optical frequency
discriminator which converted laser frequency fluctuations into intensity fluctuations. A gas cell
containing the cesium isotope '**Cs vapors and buffer gas N, was used as an optical frequency
discriminator. The linear part of the cell's absorption profile ensured proportional conversion of
frequency noise into amplitude noise. The gas cell parameters were chosen to ensure not on-
ly complete conversion of phase noise into amplitude noise (discriminator slope), but also the
complete dominance of the converted phase noise contribution over the direct contribution of
the laser's amplitude noise. A wide-aperture lens was introduced into the optical setup to form
a low divergent beam. In order to measure laser phase noise, individual 89X nm VCSEL chips,
mounted in TO packages, were tuned to the edge of the gas cell's absorption line to the point
of maximum discriminator slope. The position of this point was determined by the maximum
of the detected amplitude noise. The procedure for recording such amplitude noise is similar to
the methodology described above. It was carried out in an analogous manner — variation of the
frequency offset from the carrier frequency and measurement of the noise power spectral density
in a 1 Hz bandwidth yielded the frequency dependence of the phase noise.

Results and Discussion

Fig. 1 shows the current-optical power characteristics of 89X nm-range VCSELs with a selec-
tively-oxidized current aperture diameter of 2.5 um and different photon lifetimes in the resona-
tor, selected for the investigation of noise properties. It is evident that an increase in the photon
lifetime in the resonator leads to a reduction in the current threshold value and a decrease in
the differential efficiency. Analysis of the emission spectra and polarization state showed that the
devices operate in a single-mode lasing regime with a side-mode suppression ratio (SMSR) ex-
ceeding 30 dB and a fixed polarization direction with an orthogonal polarization suppression ratio
(OPSR) above 17 dB at operating currents up to ~3.2—3.4 mA (the current range corresponding
to a multimode lasing regime is highlighted in gray).

Fig. 2, a shows the RIN dependence on optical power at different detection frequencies, using
Laser 4 as an example. The dependence of the amplitude noise on the laser's output optical power
exhibits a W-shaped form. Specifically, as the output optical power increases in the spontaneous
emission regime, an initial decrease in the RIN level is observed, followed by a sharp increase in
noise as the laser approaches threshold. In the stimulated emission regime, a pronounced drop in
RIN is evident, reaching a local minimum (which slightly exceeds the shot noise level) which is
consistent with the results reported in [7, 9]. However, for optical powers exceeding 0.5 mW, this
trend reverses despite the continued increase in optical power. An increase in the laser tempera-
ture does not fundamentally alter the characteristic behavior of the RIN; however, it leads to an
increase in the RIN level both at a given output optical power and at a fixed operating current
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Fig. 1. Evolution of output optical power as functions of current (a) and optical spectra for different
operating currents (b) measured at 20 °C, the inset in panel (b) shows the OPSR

(see Fig. 2, b). This observed behavior could be attributed to both thermal effects due to laser
self-heating and the noise from higher-order transverse modes at elevated operating currents.
Nevertheless, in the frequency range of 1—100 kHz, the RIN level does not exceed —120 dB/
Hz. This result correlates with findings from studies on single-mode, polarization-stable 89X nm
VCSELs with a classical vertical microcavity design [7, 9].
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Fig. 2. RIN noise as a function of output optical power for VCSEL 4 with a 2.5 um current oxide
aperture, measured at 20 °C (a) and 80 °C (b).
The dashed straight line shows the calculated shot noise level as a function of the detected radiation level

Fig. 3, a shows a RIN as a function of photon lifetime in the resonator for single-mode
89X nm-range VCSELs. The devices featured a characteristic selectively-oxidized current aper-
ture size of 2.5 um and were measured at a temperature of 20°C with a fixed output optical power
of 0.3 mW. The characteristic behavior of the laser's RIN in the low-frequency region follows a
1/f noise (flicker noise) trend with a roll-off rate of ~11 dB/decade, transitioning to white noise
at frequencies above 10 kHz. The level of this white noise significantly exceeds the detectable
shot noise level of the photodetector. With an increase in photon lifetime from 1.7 ps to 8.5 ps,
a reduction in the amplitude noise of the 89X nm VCSELs is observed: the white noise level
decreases from —130 dB/Hz to —145 dB/Hz. However, a further increase in photon lifetime above
9.5 ps leads to an increase in amplitude noise. This observation can be explained by the fact that
to maintain the specified output optical power level (~0.3 mW) with a sharp drop in differential
efficiency, a significant increase in the operating current is required. Narrow-aperture VCSELs
are characterized by stronger self-heating of the active region (higher internal laser temperature)
compared to broad-aperture lasers at comparable output power levels, due to their higher thermal
resistance. This increased self-heating leads to the observed rise in RIN.
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VCSEL with a 2.5 um current oxide aperture with a 2.5 pum characteristic selectively-oxidized
and different photon lifetimes, all measured current aperture size. The characteristic behavior
at an output optical power of 0.3 mW and a of the phase noise in the 1—1000 Hz frequency
temperature of 20 °C. range follows a 1/f noise trend, whereas in the
The dashed horizontal line shows the calculated shot 10—100 kHz frequency range, saturation occurs at
noise level corresponding to a detected optical a level of 0.5—1.1-107 Hz?>/Hz, depending on the
power of 0.3 mW degree of current exceeding the threshold current.
This result correlates with findings reported in
[7, 9]. A reduction in the photon lifetime within the resonator leads to an expected increase in
the phase noise level, which correlates well with the data from direct measurements of the spectral
linewidth of 89X nm VCSELs using a scanning Fabry—Pérot interferometer [8]. The reason is
that the white phase noise is closely related to the instantaneous fundamental laser linewidth;
however, since the phase noise spectrum in a real laser is enriched by flicker noise, the integral
of the phase noise spectral density contains information about the actual laser linewidth [10].
Fig. 4, b shows the frequency dependence of the phase noise for a device with a characteristic
selectively-oxidized current aperture size of 2.5 pm and a photon lifetime of ~8.5 ps, measured
at a laser temperature of 60°C. The fundamental characteristic behavior of the phase noise does
not change with increasing temperature; however, an additive increase in noise is observed. This
correlates well with the broadening of the spectral linewidth of 89X nm VCSELs with rising
temperature [11]. Consequently, the white phase noise at frequencies above 10 kHz reaches a
level of 0.6—1.1-10° Hz?>/Hz.
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Fig. 4. Frequency dependences of phase noise for 89X nm-range VCSELs with a 2.5 um characteristic
current oxide aperture: influence of the VCSEL photon lifetime at a measurement temperature of
20 °C (a); influence of the measurement temperature for the VCSEL with a photon lifetime of
8.5 ps at 60 °C (b)

Conclusion

Thus, a comprehensive study of the amplitude and phase noise of an 89X nm-range VCSEL
with intracavity contacts was conducted. Increasing temperature leads to an increase in the
amplitude and phase noise levels. Increasing the cavity lifetime reduces the amplitude and phase
noise levels, but a sharp drop in differential efficiency ultimately leads to an increase in internal
temperature and, consequently, an increase in both noise levels.
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