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In this work, we study the spectral density of the relative intensity noise (amplitude noise) of the 89Xnm

range single-mode vertical-cavity surface-emitting lasers with hybrid microcavity and carrier injection through

the intracavity contacts and composite Bragg reflector. Carried analysis of the laser amplitude noise behavior

demonstrated 1/ f -noise dependance for low frequencies with the transition to white noise at 10 kHz and higher.

The amplitude noise dependance from the laser optical power showed W -like shape behavior. An increase in

temperature led to an increase in amplitude noise both at a fixed operating current and at a comparable laser

optical power. It was shown that developed lasers have amplitude noise lower than 1− 100 kHz in the frequency

range −120 dB/Hz (depending on temperature and optical power) which allows to use them in compact atomic

sensors of various types.
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In recent years, significant attention has been given

to the development of compact quantum sensors based

on vapors of alkali metal atoms (133Cs, 85Rb or 87Rb),
where laser emitters are used for optical pumping and/or

detection [1,2]. The most promising direction is the use of

vertical-cavity surface-emitting lasers (VCSELs) [3]. Laser

emitters for compact atomic sensors must meet a specific

set of requirements: single-mode operation, the ability for

precise wavelength tuning to the alkali atom absorption line,

narrow spectral linewidth, stable linear polarization of the

emission, high speed at low operating currents, the ability

to operate at elevated temperatures (depending on the

design of the gas cell and quantum sensor configuration),

low power consumption, and low noise levels. Most of

the proposed designs for creating single-mode polarization-

stable VCSELs in the spectral ranges 75X/79X nm and

85X/89X nm are based on the use of a vertical microcavity

with carrier injection through doped distributed Bragg

reflectors (DBRs) [4–8]. However, the published works

predominantly focus on stabilizing the polarization state of

emission, ensuring the required optical power level in single-

mode operation, and/or laser speed at a given temperature,

while issues related to minimizing relative intensity noise

(RIN) or amplitude noise of the laser in the low-frequency

range have received little attention. Meanwhile, the signal-

to-noise ratio for quantum sensors is determined not only

by the inherent noise of the photodetector but also by

the amplitude noise of the laser, which ideally should be

minimized to the photodetector shot noise level at detection

frequencies (below −120 dB/Hz) [4].

It is known that the spectral density of noises in an injec-

tion laser at low frequencies typically exhibits two regions: a

flicker-noise region caused by fluctuations in charge carrier

mobility and density in semiconductor regions, and a white

noise region caused by quantum fluctuations of spontaneous

emission [9,10]. However, mode-beating processes and the

presence of sub-threshold modes emitting in spontaneous

regimes can cause excess low-frequency noise or its sharp

increase with pump current [11,12]. Moreover, there is

a correlation between low-frequency RIN and fluctuations

of the injection current (so-called electrical noise) [9,13].
Consequently, alongside the classical flicker noise of 1/ f -
type, generation-recombination processes via traps, known

as generation-recombination noise with an 1/ f 2-type de-

pendence, can significantly influence the fluctuations in

charge carrier density in the active region [14]. Unlike

edge-emitting lasers, VCSELs are characterized by a large

number of internal heterointerfaces and potential barriers

(primarily in thick doped DBRs), which can result in a more

complex frequency dependence of electrical noise in the

pump current, as seen, for example, in multimode VCSELs

with an 850 nm spectral range and proton-implanted current

apertures [15]. Furthermore, it was shown in [16] that

the spectral density of current noise in a multimode 850

nm VCSEL with a selectively oxidized current aperture

grows nonlinearly with pump current: at low currents,
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there is a linear dependence of electrical noise on current,

while at higher currents, the dependence becomes quadratic.

However, injection lasers based on AlGaAs/GaAs material

systems suffer from generation-recombination noise, leading

to a more abrupt increase in electrical noise with pump

current [13]. As a result, for VCSELs with conventional

microcavity designs, the RIN noise in the low-frequency

range is expected to depend not only on frequency but also

on pump current (optical power).
Relatively recently, we proposed an alternative VCSEL

design in the 85X/89X nm spectral range based on a hybrid

vertical microcavity with carrier injection through intracavity

contact layers and composite Bragg gratings (hereafter
referred to as the hybrid microcavity concept) [17–19].
This design not only reduces internal optical losses and

narrows the spectral linewidth but may also help suppress

the adverse effects of charge carrier transport on electrical

noise. This work presents research results on the spectral

density of amplitude noise in single-mode polarization-stable

VCSELs in the 89Xnm spectral range, implemented within

the hybrid microcavity concept.

The object of study is a semiconductor injection laser

based on a hybrid vertical microcavity with upward vertical

emission, structurally consisting of an undoped GaAs

substrate, a bottom distributed Bragg reflector (DBR) based
on quarter-wavelength layers Al0.15Ga0.85As/Al0.9Ga0.1As,

a bottom intracavity contact layer of Al0.15Ga0.85As n-
type, a bottom composite Bragg grating of n-type based

on layers n-Al0.15Ga0.85As/n-Al0.9Ga0.1As with graded in-

terfaces at heterojunctions, an optical resonant cavity of

Al0.15Ga0.85As with active region, a top composite Bragg

grating of Al0.15Ga0.85As/Al0.9Ga0.1As p-type with a selec-

tively oxidized aperture, a top intracavity contact layer of

Al0.15Ga0.85As p-type, and a top dielectric DBR based on

quarter-wavelength layers SiO2/Ta2O5. The active region

comprises five 8 nm thick In0.06Ga0.94As quantum wells,

confined by Al0.15Ga0.85As barriers. The current aperture

is formed by selective oxidation in water vapor of a

composite aperture layer AlAs/Al0.9Ga0.1As. Details of the

heterostructure and device design of the 89X nm VCSEL

are given in [18,19].
Figure 1, a shows the influence of ambient temperature

on the current-voltage and power-current characteristics of

the 89Xnm VCSEL with a selectively oxidized current

aperture size of 2µm. At 20 ◦C the devices demonstrate

laser generation with a differential efficiency of 0.57A/W

and a threshold current of 0.3mA. The laser self-heating

effect limits the maximum laser current. Since reaching

the saturation point of output optical power is associated

with strong overheating of the active region and rapid

acceleration of laser degradation, the working current range

was limited from above by a 50% drop in differential

efficiency. As the temperature increases to 80 ◦C not only

does the saturation maximum working current decrease

from 3.6 to ∼ 3mA but the differential efficiency lowers

to 0.47A/W and the threshold current grows to 0.56mA.

The first behavior is primarily due to the growth of

thermal resistance of the laser caused by worsening thermal

conductivity of semiconductor materials. The second effect

may be related both to suboptimal spectral detuning of the

resonant wavelength relative to the gain profile of the active

region and to decreased current injection efficiency with

temperature increase. An analysis of these causes requires

further study and is beyond the scope of this work.

An analysis of the spectral and polarization characteristics

of the 89Xnm VCSEL showed that laser generation oc-

curs through the fundamental mode (so-called single-mode

regime) across the entire investigated range of currents

and temperatures (see inset in Fig. 1, a). Due to the

diamond shape of the selectively oxidized current aperture,

degeneracy of the fundamental mode is lifted, and the

polarization of laser emission is fixed along the crystal-

lographic direction [110] with an orthogonal polarization

suppression ratio (OPSR) above 20 dB [19]. With increasing

temperature up to 80 ◦C a slight decrease in OPSR level is

observed, apparently caused by a reduction in the ratio of

stimulated emission to spontaneous emission.

Studies of the relative intensity noise (RIN) of laser

emission were conducted using a digital synchronous

amplifier (DSA) operating in noise density measurement

mode within a 1Hz bandwidth at a specified detuning

from the carrier frequency. To improve the signal-to-

noise ratio and ensure effective coupling of the low-

noise photodetector (LNP) with the DSA amplifier, a

current-to-voltage converter (CVC) was employed. To

appropriately account for the frequency dependence of the

CVC gain and losses in the electrical path connecting

the output of the LNP photodetector and the input of

the DSA amplifier, the corresponding transfer function G
was determined. The root-mean-square total noise signal

RMStotal was calculated based on registered in-phase and

quadrature noise components with temporal averaging.

The RIN noise level was determined by subtracting the

thermal noise RMSth of the registration system (measured

in the absence of optical signal) from the total registered

amplitude noise RMStotal followed by normalization to

the transfer function G and the average photocurrent Io

(at the optical power Po) incident on the photodetector):

RINlaser = 20 log(
√

RMS2
total − RMS2

th/IoG). A low-noise

power supply combined with a low-pass filter with a cutoff

frequency of 1.5Hz was used to minimize the contribution

of technical noise from the power supply. Due to the input

current limitation of the CVC at laser output optical power

above 0.6mW, neutral density filters were used to attenuate

the optical power measured by the photodetector.

Figure 2, a shows typical results of the spectral density

study of relative intensity noise for single-mode VCSELs

in the 89X nm spectral range, with a selectively oxidized

current aperture size of 2µm at 20 ◦C. To minimize noise

when using pin-type connectors, the measurements were

performed directly on the chips without packaging. It should

be noted that technical noise of the measurement setup

becomes noticeable only below 100Hz, but it is two orders

Optics and Spectroscopy, 2025, Vol. 133, No. 8



812 S.A. Blokhin, M.A. Bobrov, Ya.N. Kovach, A.A. Blokhin, M.N. Marchiy, N.A. Kuzmenkova...

0 1.0 1.5 2.5
0

2

1

3

Current, mA

V
o
lt

ag
e,

 V

3.5 4.00.5 2.0 3.0
0

1

2

O
p
ti

ca
l 

p
o
w

er
, 
m

W

20°C

80°C

a

0 1.0 1.5 2.5
0

20

10

25

Current, mA

O
P

S
R

, 
d
B

3.5 4.00.5 2.0 3.0
0

40

60

In
te

rn
al

 t
em

p
er

at
u
re

 r
is

e,
 °

C

20°C

80°C

b

15

5

20

888 896 900

0

–80

–60

Wavelength, nm
892

P
o
w

er
, 
d
B

m

–40

–20

80°C

1 mA
2 mA
3 mA

888 896 900

0

–80

–60

Wavelength, nm
892

P
o
w

er
, 
d
B

m

–40

–20

20°C

1 mA
2 mA
3 mA

Figure 1. Static characteristics of 89Xnm VCSELs with a characteristic selectively oxidized current aperture size of 2µm at various

temperatures: a — current-voltage and power-current characteristics. Insets show emission spectra at different currents. b — dependence

of the orthogonally polarized mode suppression ratio (OPSR) on current.
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Figure 2. Spectral density of relative intensity noise (RIN) of emission for the hybrid VCSEL in the 89X nm spectral range with a

selectively oxidized current aperture size of 2µm at measurement temperature 20◦C. a frequency dependence of RIN noise at different

optical power levels. b dependence of RIN noise on incident optical power at different detection frequencies. The region of neutral density

filter (NDF) usage with 3 dB attenuation is shaded in gray.

of magnitude lower than the registered laser noise levels

and does not significantly affect the results. The RIN noise

spectrum of the laser in the low-frequency region follows the

characteristic 1/ f n-type noise with a pronounced transition

to white noise at frequencies above 10 kHz, where the noise

level noticeably exceeds the photodetector shot noise level.

Tripling the output optical power of the VCSEL leads not

only to the expected reduction in white noise level [20]
but also to that of the 1/ f n-type noise, despite the rise in

electrical noise. A slight shift of the transition boundary

to white noise (hence transition 1/ f -1/ f 0) towards lower

frequencies is observed. The RIN noise decay rate with

frequency (in the low-frequency region) depends weakly on

optical power and is approximately ∼ 11 dB/Hz per decade,

i.e., the dependence follows the classical 1/ f -type flicker

noise, which correlates well with experimental data for

single-mode polarization-stable VCSELs in the 79X nm [7],
85X nm [4] and 89X nm [6,21] spectral ranges based on the

classical vertical microresonator design with carrier injection

through doped DBRs.

Figure 2, b presents typical dependencies of RIN noise

level of the studied lasers on incident optical power for

various detection frequencies at 20 ◦C. It is evident that the

characteristic behavior of RIN noise versus output optical

power (pump current) depends on the detection frequency.

In the spontaneous emission regime, an increase in output

power (correlating with the laser generation threshold) leads
to a sharp rise in RIN level [22] regardless of detection

frequency, which can be explained by increased fluctuations

in material gain [9]. Upon entering the stimulated emission

regime, the behavior changes. At frequencies above 10 kHz,

there is initially a pronounced drop in the laser RIN noise

Optics and Spectroscopy, 2025, Vol. 133, No. 8



Amplitude noise of 89X nm-range single-mode intracavity-contacted vertical-cavity... 813

010
–160

–100

–130

–80

Frequency, Hz

R
IN

, 
d
B

/H
z

0.2 mW @ 1 mA @ 80°C
0.6 mW @ 2 mA @ 80°C
shot noise @ 0.2 mW
shot noise @ 0.6 mW

a

–110

–150

–120

–140

–90

110 210 310 410 510 610

01/f

21/f

1/f

–410
–160

–100

–130

–80

Optical power, mW

R
IN

, 
d
B

/H
z

600 Hz @ 80°C
50 kHz @ 80°C
shot noise

b

–110

–150

–120

–140

–90

–310 –210 –110 010 110

31/P

Ith

21/P

1/P
+3dB NDF

Figure 3. Spectral density of relative intensity noise (RIN) for the hybrid VCSEL in the 89X nm spectral range with selectively oxidized

current aperture size of 2 µm at measurement temperature 80◦C. a frequency dependence of RIN noise at various optical power levels.

b dependence of RIN noise on incident optical power at different detection frequencies. The region of neutral density filter (NDF) usage

with 3 dB attenuation is shaded in gray.

followed by rapid saturation at a level of 145 dB/Hz, still

exceeding the photodetector shot noise level, and then an

increase in noise level with incident optical power above

1mW (i.e., realization of an W -type dependence). The

white noise decay rate is∼ 30 dB/Hz per decade, consistent

with results for VCSELs in the near-infrared range [23,24].
At frequencies below 1 kHz, a sharp decrease in noise

decay rate with increasing optical power to ∼ 15 dB/Hz

per decade is observed, with RIN saturation occurring

at somewhat lower incident optical power values and a

more well-defined W -type dependence. Thus, as the output

optical power in the lasing regime increases, an initial

decrease in RIN noise is observed, correlating with results

for single-mode polarization-stable VCSELs in the 89Xnm

spectral range [21], but at powers above 0.6mW, a reverse

trend of RIN noise increase in the low-frequency region

occurs. Overall, the obtained RIN noise values in the white

noise region are significantly lower than those reported

for classical VCSELs in the 76X nm [25] and 79X nm [7]
spectral ranges and correlate well with data for 85X nm [4]
and 89Xnm [6].

Anomalous RIN noise dependence at comparable optical

power was also observed for single-mode VCSELs in the

76X nm spectral range with an air current aperture [25],
but there the RIN noise increase was found in the high-

frequency range where white noise typically appears and

was attributed to polarization instability. However, analysis

of the modal composition and polarization state of the stud-

ied lasers revealed no evidence of transverse mode beating

or polarization switching, despite lifting the degeneracy of

the fundamental polarization mode.

Similar RIN noise behavior was previously reported

for multimode VCSELs at 850 nm spectral range with

proton-implanted current apertures [13,15], explained by

peculiarities of charge carrier transport in that specific

VCSEL design. Moreover, generation-recombination noise

in AlGaAs/GaAs-based injection lasers can lead to a shift

of the transition boundary from an 1/ f type to an 1/ f 0

type dependence and a marked exceeding of the shot noise

level [13]. However, in our case, the opposite trend is

observed for the transition boundary 1/ f -1/ f 0.

Taking into account the high thermal resistance of the

studied VCSELs (∼ 7K/mW), it was hypothesized that this

behavior is related to thermal effects due to laser self-

heating. To verify this, temperature-dependent studies of

RIN noise were conducted. It is evident that at a fixed

pump current, increasing temperature leads to a rise in

RIN noise, which can be associated with decreased laser

output optical power. However, even at comparable incident

power values (adjusted by changing operating current), an

increase in RIN noise with temperature and a shift of

the 1/ f –to-white noise transition region towards higher

frequencies is observed (Fig. 3, a). The character of the RIN

spectral density behavior does not change, but an additive

noise increase of 5− 6 dB, is observed, which can be

interpreted as preservation of the mechanisms determining

the frequency dependence of RIN noise. According to

Fig. 3, b, no significant changes in the dependence of RIN

noise on optical power were found apart from an additive

noise increase, even in the white noise region.

Figure 1, b shows results of estimating the overheating of

the laser active region, obtained based on analysis of shifts

in the resonant wavelength with temperature and emitted

power. The high thermal resistance of the VCSEL leads to

rapid self-heating of the active region, surpassing 30 ◦C. at

operating currents above 2.5mA. However, increased active

region temperature results in increased RIN noise, which

causes saturation and growth of RIN noise at higher optical

power (pump current) levels. The increase in ambient

Optics and Spectroscopy, 2025, Vol. 133, No. 8
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temperature only intensifies the negative effect due to the

rise in the laser’s thermal resistance.

A somewhat similar influence of temperature on RIN

noise was observed for single-mode VCSELs in the 76Xnm

spectral range with air current apertures [25] and was

explained by the lasers’ reduced efficiency at elevated

temperatures, likely due to suboptimal spectral detuning

between the resonant wavelength and the gain spectrum of

the active region. However, temperature rise also enhances

thermal carrier escape from the active region (reducing cur-

rent injection efficiency), which, combined with suboptimal

spectral detuning, leads not only to a significant increase

in threshold current but also in the operating current at

a given optical power (considering the drop in differential

efficiency), and consequently to increased electrical noise.

Identifying the causes of this additive noise increase requires

further comprehensive investigations beyond the scope of

the present work.

Thus, studies were carried out on the spectral density

of relative intensity noise in single-mode VCSELs in

the 89Xnm spectral range with carrier injection through

intracavity contact layers and composite Bragg gratings.

The behavior of RIN noise and polarization noise of the

lasers exhibits 1/ f –type noise with a well-defined transition

to white noise. Increasing the optical emission power

leads to a decrease in amplitude noise, saturating at the

level of −145 dB/Hz in the frequency range 10− 100 kHz.

Temperature increase results in an escalation of RIN noise

both at fixed operating current and optical power. Neverthe-

less, at optical powers above 0.2mW, the amplitude noise

level in the 1− 100 kHz frequency range remains below

−120 dB/Hz. The obtained results generally correlate with

data for VCSELs in the 79Xnm [7] and 85X nm [4] spectral
ranges, as well as with data for 89X nm VCSELs [6,21]
demonstrating polarization anisotropy and spatially selective

losses, successfully tested in quantum frequency standards

and/or quantum magnetometers. These research results are

important for the development of laser emitters for quantum

atomic sensors based on 133Cs atoms.
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