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Photonic Crystal-based flat lens

integrated on a Bragg mirror for

High-Q external cavity low noise laser

M. S. Seghilani,1 M. Sellahi,1 M. Devautour,1 P. Lalanne,3 I. Sagnes,2

G. Beaudoin,2 M. Myara,1 X. Lafosse,2 L. Legratiet,2 J. Yang,3
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Abstract: We demonstrate a high reflectivity (> 99%), low-loss (< 0.1%)

and aberrations-free (2% of λ rms phase fluctuations) concave Bragg

mirror (20mm radius of curvature) integrating a photonic crystal with

engineered spherical phase and amplitude transfer functions, based on

a III-V semiconductors flat photonics technology. This mirror design is

of high interest for highly coherent high power stable external cavity

semiconductor lasers, exhibiting very low noise. We design the photonic

crystal for operation in the pass band. The approach incorporates spatial,

spectral (filter bandwidth= 5nm) and polarization filtering capabilities.

Thanks to the mirror, a compact single mode TEM00 2mm-long air gap high

finesse (cold cavity Q-factor 106 −107 ) stable laser cavity is demonstrated

with a GaAs-based quantum-wells 1/2-VCSEL gain structure at 1µm.

Excellent laser performances are obtained in single frequency operation:

low threshold density of 2kW/cm2 with high differential efficiency (21%).

And high spatial, temporal and polarization coherence: T EM00 beam

close to diffraction limit, linear light polarization (> 60dB), Side Mode

Suppression Ratio > 46dB, relative intensity noise at quantum limit

(< −150dB) in 1MHz-84GHz radio frequency range, and a theoretical

linewidth fundamental limit at 10 Hz (Q-factor ∼ 3.1013).

© 2014 Optical Society of America

OCIS codes: (140.3570) Lasers, single-mode; (140.5960) Semiconductor lasers; (140.7260)

Vertical cavity surface emitting lasers; (050.5298) Photonic crystals; (230.1950) Diffraction

gratings; (140.3300) Laser beam shaping.
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and R. Schnabel, “Realization of a monolithic high-reflectivity cavity mirror from a single silicon crystal,” Phys.

Rev. Lett. 104, 163903 (2010).

11. M. M. Vogel, M. Rumpel, B. Weichelt, A. Voss, M. Haefner, C. Pruss, W. Osten, M. A. Ahmed, and T. Graf,

“Single-layer resonant-waveguide grating for polarization and wavelength selection in Yb:YAG thin-disk lasers,”

Opt. Express 20, 4024–4031 (2012).

12. D. Fattal, J. Li, Z. Peng, M. Fiorentino, and R. G. Beausoleil, “Flat dielectric grating reflectors with focusing

abilities,” Nat. Photonics 116, 1–5 (2010).

13. V. Lousse, W. Suh, O. Kilic, S. Kim, O. Solgaard, and S. Fan, “Angular and polarization properties of a photonic

crystal slab mirror,” Opt. Express 12, 1575–1582 (2004).

14. S. Boutami, B. BenBakir, H. Hattori, X. Letartre, J. L. Leclercq, P. Rojo-Romeo, M. Garrigues, C. Seassal, and

P. Viktorovitch, “Broadband and compact 2D photonic crystal reflectors with controllable polarization depen-

dence,” IEEE Photonics Technol. Lett. 18, 835–837 (2006).

15. P. Lalanne, S. Astilean, P. Chavel, E. Cambril, and H. Launois, “Blazed binary subwavelength gratings with
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1. Introduction

High quality factor (high-Q) spatially stable optical cavities are key elements in achieving

highly coherent high power semiconductor laser sources [1] required in many advanced appli-

cations such as coherent laser detection, high resolution spectroscopy, lidar ...etc. Those high-Q
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cavities are usually realized using polished dielectric concave mirrors or micro-lenses [2], in

a concave-type stable cavity, and applied mostly in high finesse extended-cavity lasers, as for

example Vertical-External-cavity-Surface-Emitting-Lasers, which offer the possibility to add

some functionalities like spectral filtering and polarization control, by introducing movable

optical-elements into the cavity. However, such a design usually results in a bulky and complex

optical system. Moreover, it induces extra losses, which is at the expense of the cavity finesse,

and the mechanical noise is usually large. All this features thus limit the temporal coherence,

and exclude a broad continuous spectral tunability. Another solution to realize a stable plano-

concave cavity is to use the thermal lens-based stability [3], but thermal lenses are difficult to

control and introduces aberrations in the laser beam. These two solutions become very limited

when accurate control of phase and intensity profile of the wave in the cavity is needed, for

the purpose of thermal lens compensation or wavefront correction, lossless transverse mode

selection, frequency or polarization filtering...etc.

Our goal is to develop an integrated III-V semiconductor flat photonic technology which

allows to design a high finesse air gap stable paraxial optical cavity, with a large transverse

mode area (≫ λ 2) for high power laser operation. For high spatial, temporal and polarization

coherence, such a high-Q laser cavity has to stabilize or to dynamically select a single eigen-

state of light in the optical cavity orthogonal basis functions, with high weak state suppression

ratio: a unique transverse mode (in Laguerre-Gauss basis e.g.), a single (linear e.g.) polarization

state, a single longitudinal mode for single frequency operation. To reach such a high coher-

ent state, we push the laser cavity design to exhibit weak quantum noise for photon intensity

(close to shot noise limit), and photon phase or frequency (at the Hz level), so to be free of

amplified spontaneous emission thanks to free space propagation in a mm to cm-long air gap

cavity (thus tunable). The cold cavity can be designed to be single transverse mode [1], with

intracavity birefringence and loss dichroism regarding linear polarization eigenstates [3]. Ex-

ploiting quantum-well VCSEL technology, the active laser cavity can be designed to exhibit a

homogeneous gain dynamics, free of complex non-linear dynamic bahavior, to strongly select

a unique longitudinal mode and single linear polarization state [3, 4].

In recent years there has been a growing interest in Photonic Crystal Mirrors (PCM), which

have been extensively studied for realizing high-Q cavities, essentially used in Vertical Cavity

Surface emitting Lasers (VCSELs), for example by introducing a photonic crystal (PC) slab

instead of conventional DBR mirror [5], or by using a hybrid top mirror combining High-index

Contrast Grating (HCG) and a conventional DBR [6], to reduce the thickness of the top mirror.

A hybrid PCM for transverse single mode stabilization in VCSELs has been also reported [7,8],

the mode stabilization was done by introducing PC pattern into the top DBR mirror. In all these

works the PCM was used in monolithic VCSEL called PC-VCSEL, and to our best knowledge

there is no report of high-Q PC-based external cavity semiconductor lasers. In the field of nano-

photonic devices, a highly lossy cylindrical PC lens operating in the near field [9] have been

demonstrated; however this is not usable for external cavity lasers operating in the far-field.

Other subwavelength grating reflectors based on SiO2/Si have been reported, like highly re-

flective flat broadband mirror [10] and flat narrowband mirror with moderate reflectivity [11].

A flat mirror with focusing ability has been also realized by modulating the groove width of

non periodic subwavelength grating [12] based on SiO2/Si and amorphous silicon, but the re-

flectance of the mirror was in the range 80-90% making it not suitable for high finesse cavities.

Furthermore, in contrast to III-V semiconductor based PCMs which can be integrated directly

on active devices, integrating SiO2/Si-based mirrors is more challenging and need additional

technological processes.

In this work using a 2D PC on Bragg mirror, operating in the far field domain (diffractive

optics), we demonstrate a low-loss, high reflectivity and aberrations-free PCM with engineered
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spherical phase transfer function and amplitude transfer function, based on a III-V semiconduc-

tor flat photonics technology. This PCM is used for the development of a highly coherent, high

power stable external cavity single frequency semiconductor laser, stabilizing a unique trans-

verse mode. Its operation differs from the usual operation of PCs. Indeed, in most PC-based

devices PCs are used in their photonic band gap regime. However, the virtue of PCs is not only

to provide photonic band gaps, they also allow an accurate control of the transverse profile of

the phase and the intensity of transmitted (reflected) waves. In addition PCs present additional

assets, like the introduction of spectral filtering and polarization filtering (birefringence and

loss dichroism) in the optical response, depending on the lattice type [13, 14]. In this report we

firstly explain the principle and the design of the PC mirror; then we present the fabrication

process and the characterization of the PC-based flat mirror, with spherical phase function. Fi-

nally, we use our beam shaping PCM in a mm-long single transverse mode Vertical External

Cavity Surface Emitting Laser (VECSEL), and demonstrate a compact, highly coherent low

noise high power single frequency tunable semiconductor laser.

2. Design of the PCM and principle

2.1. Principle

The objective is to generate a flat optics having various optical functionalities to stabilize a

single light state in a high-Q stable optical cavity: like a concave mirror with aperture, spectral

filter and linear polarization filter. To design the elementary PC cell, we used the method devel-

oped in [15] for diffractive elements composed of graded subwavelength features. As depicted

in Fig. 1(a), the PCM consists of a conventional 1D Bragg mirror made of GaAs/AlAs layers

on a GaAs substrate (the reflectivity is R = 98.8% ), and a multiple of λ/2-thick GaAs spacer

above the Bragg mirror. On top of the thin film stack, a single Si3N4 layer is perforated by a 2D

array of holes placed on a square grid, of period a. The holes diameters hr vary and implement

a precisely-controlled graded-phase profile at the lasing wavelength, and a radially-dependent

reflection profile, acting as an amplitude mask.
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Fig. 1. (a) Schematic representation of the PCM structure investigated in this study. The

arrows represent path of optical waves. (b) Effective refractive index of the PC artificial

material made of a Si3N4 layer perforated by a 2D periodic array of air holes placed on a

square lattice. For circular holes (blue curve) and for elliptical holes (red and green curves).

Generally two-dimensional arrays of subwavelength indentations support several propaga-

tive Bloch modes and do not behave as artificial materials with a well-defined effective in-

dex. However, when the period a of the array is smaller than the structural cutoff period

as = λ0/nSi3N4
[15], only a single fundamental Bloch mode carries energy for every polar-
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ization, with all the other ones being evanescent, and the array can be considered as an artificial

material with an effective refractive index equal to the normalized propagation constant of the

fundamental Bloch mode. In addition, as the perforated dielectric thin film acts as a diffraction

grating at normal incidence, two additional conditions have to be fulfilled to ensure that only

the zeroth-orders in transmission and reflection are diffracted: a < λ0/nair and a < λ0/nspacer.

Actually, since nspacer > nSiN > nair, the upper bound for the period is given by:

a ≤ λ0/nSpacer (1)

Providing that the condition of Eq. (1) is fulfilled at the lasing wavelength, the laser wave

experiences an artificial material with an effective index ne f f as it propagates through the PC.

Figure 1(b) shows the dependence of ne f f with the fillfactor. The effective indices have been

calculated by assuming that the holes are regularly placed on a square lattice with a period

a, using a free software [16] based on the Rigorous Coupled Wave Analysis (RCWA) [17–

19]. Tiny air holes correspond to a dense artificial dielectric with a large effective index close

to the refractive index of the bulk Si3N4 material, whereas large hole areas implement low

refractive-index artificial dielectrics. Through a careful control of the hole diameters hr the

transverse phase-transfer-function of the PCM can be engineered to be spherical, and the PCM

then operates in a similar manner as a concave mirror. Moreover, the transverse amplitude

transfer function is also affected; it is not flat and it generates an amplitude mask acting as

an aperture as well. Polarization control may be introduced by using elliptical PC-holes, so

that TE and TM-polarized waves experience different refractive indices. This is shown in Fig.

1(b) where we calculated the effective refractive index of the PC with asymmetrical holes. The

holes diameter along the y-axis fy is set to 0.5, while the filling factor fx along the x-axis is

varied. The curves show that, except for fx = 0.5 (which means that we fall on the symmetrical

case), the effective refractive indices are different for TE and TM-polarized waves, making the

meta-material birefringent.

As shown in Fig. 2 and Fig. 3 the dependence of the reflected beam’s phase with the filling

factor is strongly impacted by other parameters, such as the PC thickness and the high index

semiconductor spacer thickness. To enhance the phase/amplitude variation with the filling fac-

tor, we can choose the spacer thickness and the PC-layer thickness as multiple of λ0/2 for a

fixed f (we choose f = 0.55), thus the multilayer structure between the DBR and the air exhibits

longitudinal Fabry-Perot resonance as shown in Fig. 2(a), for comparison Fig. 2(b) shows an

anti-resonant structure. In the resonant case the PC effect is maximized, i.e fast induced phase-

difference with f and higher intensity transmission.

2.2. Design and simulation

To obtain the adequate indentation distribution we performed RCWA simulation by varying

the filling factor of the PC. Figure 3 shows the PCM reflectivity and phase-difference of the

reflected wave as a function of the filling factor f with λ/2-thick PC layer. The reflectivity

remains high for all filling factors, and importantly the phase varies monotonically with the

filling factor, and it depends on the PC-layer thickness. Figure 4 shows that with a 3λ/2-thick

PC layer we can achieve more than 2π phase differences, so the first Fresnel zone can be

reached. The phase-difference is also wavelength dependent (see Fig. 3(b)). The chromaticity

has been recently exploited to fabricate diffractive optical elements that remains blazed over one

octave [20]. In the present case, it offers an extra degree of freedom to enhance the spectral-

filtering capability to the PCM.

We took advantage of above-mentioned features of the PCM, to design a high-Q stable laser

resonator, see Fig. 5(a). It consists of a highly reflective gain mirror, and a PCM with spherical

phase function, and a finite deflection acting like an aperture, which add a transverse intensity
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filtering of high order modes in the resonator. Figure 5(b) shows the equivalent intrinsically

single transverse mode optical cavity, based on a finite deflection mirror [1].

This resonator is stable if the cavity length Lc is lower than the radius of curvature of the

concave mirror Rc: Lc < Rc see Fig. 5(c). The resonator length and the waist W0 on the flat

mirror of the T EM00 mode of the resonator, are fully governed by the radius of curvature of

the concave mirror. Gaussian beam optics determines the Gaussian beam parameter q, which is

related to the waist W (z) and the radius of curvature of the wave front R(z) at any plane z by

the relation [21]
1

q(z)
=

1

R(Z)
− j

λ

πW 2(z)
(2)

This Gaussian beam parameter must repeat after one round trip. At the plane mirror, one

finds

q =− j

√

LcRc −L2
c (3)

The minimum waist for the Gaussian component of the beam occurs at the plane mirror

and can be determined from q = − jzR where zR = πW 2/λ . For the following calculations

we chose a radius of curvature Rc = 20mm and a resonator length Lc = 1.8mm which results

in W0 = 45µm for the working wavelength λ0 = 1010nm. These parameters were selected as

they give an intracavity beam with weak divergence, because we are within the Rayleigh range

(Lc < zR). This gives a total phase variation at the external mirror ∆φ = 1.3rad over r = 100µm,

and beam waist at the PCM W (Lc) = 47µm, which allows to reduce the constraints on the total

needed phase-difference variations range, and to realize a compact design with PCM radius

rPCM = 2W (Lc)≃ 95µm. Thanks to Gaussian beam optics, we have the exact transverse phase

profile of the T EM00 mode of the cavity. The PCM must be engineered to conjugate the phase

of this mode.
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The last step before fabrication is the calculation of the filling factor distribution over the

PCM, to realize the spherical phase function that conjugate T EM00 mode in the cavity. The

curves in Fig. 6(a) show this distribution, and the simulated resulting phase difference, at the

lasing wavelength ±10nm. This design is obtained using symmetrical holes. Figure 6(b) shows

the corresponding PCM reflectivity, it shows a very high reflectivity, that varies very slowly all

the way from the PCM center up to 100µm. In Fig. 7 we show a design with elliptical holes to

introduce polarization effect as discussed in the previous section. Thanks to the birefringence

of the PC (see Fig. 1), the TE-polarized waves and TM-polarized waves experience different
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radius of curvature which means that the two polarization states will be stabilized with different

mode’s waist (here W T E
0 <W T M

0 ) and experience different net modal gain (GainT E >GainT M).

Thus for any cavity length Lc < min(RcT E ,RcT M) only the polarization state with higher net

modal gain can reach threshold.

2.3. Advantages and limitations

As shown in Fig. 3(b) the phase of the reflected beam rapidly varies with the wavelength. The

rapid variation is due to the highly dispersive nature of the artificial material; ne f f is highly

chromatic, especially when operated at wavelengths close to the structural cutoff [20]. The

rapid variation offers an extra degree of freedom to enhance the spectral-filtering capacity of

the PCM, because at a fixed cavity length as the wavelength departs from the lasing wave-

length, strong chromatic diffraction losses are introduced at the concave mirror and the cavity

experiences additional losses, that would not be implemented with a classical refractive lens.

To illustrate our purpose, Fig. 8(a) shows the evolution of the waist on the PCM for the funda-

mental mode of the optical cavity, as a function of the cavity length. Because the finite PCM

diameter is acting as an aperture. We designed the cavity such that the waist of the fundamental

transverse mode on the PCM equals half the mirror radius (WT EM00
= RPCM/2). so that the
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99% aperture-criterion is fulfilled [21]. Thus, for waists below this radius more than 99% of

the beam power is within the PCM surface, which is the case of our cavity at λ0 = 1010nm .

However at λ = 1000nm for exactly the same cavity, this criterion is not fulfilled as the waist

on the PCM is 8µm larger, and the mode is not well confined anymore in this high finesse cav-

ity. This criterion defines a spectral bandwidth of the optical cavity stability with a Half Width

Half Maximum = 5nm for Lc = 2mm (see Fig. 8(b)), this bandwidth can be further reduced by

increasing the cavity length.
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Fig. 8. (a) Evolution of the T EM00’s waist on the PCM as a function of the cavity length

at two lasing wavelengths λ = 1010nm and λ = 1000nm. Dashed horizontal line shows

the waist size corresponding to the 99% aperture-criterion due to the finite diameter of

the PCM, the gray-shaded region is a forbidden stability region. P1 (resp.P2) shows the

case where the 99% criterion is (resp. is not) fulfilled. (b) Evolution of the PCM radius of

curvature as a function of the wavelength; Beam radius of the fundamental cavity mode

for Lc, dashed horizontal line shows the same 99% criterion as in (a), it defines the cavity

stability spectral bandwidth, this bandwidth can be reduced by increasing Lc.

Furthermore, the PCM offers the possibility to make the resonator intrinsically single

transverse-mode, i.e it supports only the T EM00 mode, and to keep out all the higher order

transverse Lagueurre-Gauss (LG) modes which have a larger spatial extent (see Fig. 5(c)). This

new class of intrinsically single transverse mode optical free-space resonators, were first in-

troduced by Kuznetsov et al [1] using a quatum mechanical analogy: a potential well with an

infinite potential barriers has an infinite number of confined energy states, and it is possible to

confine only one state by reducing sufficiently the deepness or/and the width of the potential

well. Analogously in optical resonators, if the depth of the mirror or the gradient index is lim-

ited, giving rise to the so-called finite deflection mirror, it is possible to obtain a resonator which

fundamentally supports only a single confined mode as illustrated in Fig. 5(b). Following this

principle, he established a criterion to get a single-mode resonator [1]

V ≡
πσ

λ

√

d0/Lc < 2 (4)

Where d0 is the depth and σ is the Full Width Half Maximum FWHM of the finite depth

mirror. However, it is worth noticing that for a realistic description of the cavity behavior the

condition in Eq. (4) have to be used by taking the finesse into account. Because high finesse

resonators can be intrinsically single mode, even for V > 3 [1]. As a conclusion, thanks to the

PCM features the cavity can be designed to intrinsically provide single frequency and single

transverse mode operation.

It is possible to adapt the design for other working wavelengths or to use other materials.

Obviously one should take into account the properties of the materials involved, these materials
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have to provide a very low absorption at the working wavelength, and to allow selective etching

process on the semiconductor Bragg for high fabrication accuracy. For example it is possible to

use a thicker SiO2 PC layer with a lower index on GaAs, or GaAs PC on an oxide layer but this

is a more challenging process. A GaAs PC would offer a higher index medium which allows a

larger phase shift.

The maximum phase difference variation range depends upon the PC-layer thickness, and

the filling factor variation range (see Fig. 3(a), Fig. 4(a)). The latter depends directly on the

period (a) and the holes size, the typical technological limit gives a minimum thickness of

50nm between adjacent holes, to ensure that there is a sufficient amount of material and prevent

the structure from collapsing. And the typical minimum hole size amin is 20nm. Knowing that

f = hr/a this two conditions can be written as follows:

20nm

a
≤ f ≤ 1−

50nm

a
(5)

But as shown in Fig. 3(a) the phase variation curves remain flat until f ≃ 0.2. In this work

and for practical purposes we choose to work after this zone ( f ≥ 0.2).

In practice the designed filling factor profile has to be discretized before the implementation,

to obtain laser-quality surface flatness: the step-phase due to discretization ∆φstep has to be

smaller than λ/10. In our case ∆φstep ≃ λ/150 thanks to the high resolution of the e-beam

lithography.

3. Fabrication and characterization

The semiconductor structure holding the PC is grown on a GaAs substrate in a low pressure

(70Torr) metal-organic chemical vapor deposition (MOCVD) VEECO D180 by using hydro-

gen as a carrier gas. It consists of a high reflectivity AlAs/GaAs Bragg mirror (20.5 pairs) with

a λ/2 thick GaAs spacer on top. The technological process used to fabricate the PC holes is

depicted in Fig. 9(a). Firstly a λ/2 thick Si3N4 was deposited by ion-beam-assisted electron-

beam vacuum evaporation. Then a polymethyl methacrylate (PMMA) resist was spin-coated

on the wafer and patterned by electron beam lithography (Vistec EBPG 5000 at 100kV) with

1.25nm of resolution. After PMMA development in methylisobutylketone (MBIK) solution,

the PC holes are transferred to the SiN layer by Reactive Ion Etching (RIE), and finally the

PMMA is removed. Figure 9 shows the reflectivity spectra of the DBR structure, it is centered

at 1010nm. Figure 10(a) shows the scanning electron microscope (SEM) top view of the fabri-

cated PCM with two filling factors f = 0.3 and f = 0.6. This PCM image was chosen to show

the effect of the PC filling factor on the obtained meta-material refractive index, we can clearly

see the difference in the Fig. 10(b) showing the same PCM using an optical microscope. Fig-

ure 10(c) shows the fabricated PCM with spherical phase profile, designed to match the phase

profile of the beam in the stable cavity described in the previous section. The diameter of the

PCM is 2rPCM = 190µm. In this figure we can clearly see the effect of the filling factor in the

visible spectral range, it gives a good appreciation of the realized phase function, but this is not

precise enough to be used as an accurate characterization method (GaAs in not transparent in

the visible spectral range).

4. PC-based External-Cavity VCSEL

We used the PCM with a gain mirror to form a stable T EM00 high-Q laser cavity. The GaAs-

based gain mirror structure was also grown by MOCVD. It is composed of an epitaxial high-

reflectivity (99.9%) bottom AlAs/GaAs Bragg mirror (31.5 pairs), and an active layer of 13λ/2
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Fig. 10. (a) SEM top view of one fabricated PCM with 2 filling factors ( f1 = 0.3, f2 = 0.6).

(b) Optical microscope image of the PCM shown in (a). (c) Optical microscope image of

the fabricated PCM with parabolic phase profile.

thick containing 6 strain-balanced InGaAs/GaAsP quantum wells (QW’s). Each QW is placed

at an antinode of the optical standing-wave, with an inhomogeneous longitudinal distribution

ensuring equal QW’s carrier excitation. This ensures a low threshold current density and a

homogeneous gain dynamic behavior, free of strong non-linear longitudinal mode coupling

[4, 22], for stable single frequency operation. A 30nm thick AlAs layer is deposited after the

QW’s barriers, to enhance the carriers confinement, and finally a 35nm of lattice matched InGaP

cap layer is deposited on top to prevent oxidation of the overall structure.

As depicted in Fig. 11 the PC-VECSEL is formed by the gain mirror, a 1.8mm long air-gap

and the PCM. The gain mirror is bounded on a Peltier element to stabilize its temperature.

And it is optically pumped using a commercial single transverse mode GaAs-laser diode (Pp =
300mW@780nm), at an incidence angle of 64deg. This angle allows to compensate the strong

ellipticity of the pump beam, and to minimize reflection on the gain-mirror/air interface as it is

very close to the Brewster angle. The pump beam is then focused on a spot size of 2Wp = 90µm

(@1/e2) using two commercial achromatic lenses.

Single frequency operation was obtained in CW at room temperature, with low threshold

density (2kW/cm2), differential efficiency of 21% and maximum output power of 18mW lim-

ited by the pump power. The SMSR is > 46dB (apparatus limited, calculated quantum limit

at 64dB [4]), and the beam is circular T EM00 close to diffraction limit with M2 < 1.2 and
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wave-front rms fluctuations of 2% of λ see Fig. 12(a). This shows that the PCM does not

introduce optical aberrations in the beam, thanks to the high accuracy of the technological

process, and good surface quality of the PC. The light polarization is linear and follows the

[110] crystal axis of the gain mirror, thanks to gain dichroism in QW’s and birefringence in the

structure [4, 22, 23]. The orthogonal polarization extinction ratio is > 60dB (apparatus limited,

calculated quantum limit at 70dB [4]).
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Fig. 12. (a) Far field phase map recorded with a wavefront sensor (field curvature Zernike

term removed); intensity profile recorded with a beam profiler,the beam intensity profile

is perfectly fitted by a gaussian shape (1.2% rms). (b) Laser spectrum recorded with an

optical spectrum analyzer (6 GHz resolution). Solid vertical lines show the longitudinal

mode positions.

Figure 13 shows the PCM-based cavity stability analysis (blue curve) compared to the ther-

mally stabilized cavity, using the same mirror but outside the PC area (dashed red curve).

To perform the thermally stabilized cavity analysis we simulated the thermally induced ra-

dius of curvature generated by the Gaussian pump beam, taking a thermal resistance Rth ≃
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70K/W for pump beam waist Wp = 45µm and an average index change in the gain mirror

dn/dT = 2.4×10−4K−1 as measured in similar structures in previous works [3, 24]. The ther-

mally induced radius of curvature depends strongly upon the incident pump power and the

beam waist, thus the thermal-lens based stability in Fig. 13 is valid for a one given pump power

Ppump = 270mW in our case, which is the maximum power allowed by the used pump diode.

This way the thermal effect is the strongest possible in our configuration. Whereas the PCM

based stability curve is valid for any pump power above the threshold.

To discuss the characteristics of our laser cavity we highlighted two important regions in Fig.

13: the first one (gray-shaded) is a non-lasing zone because of the finite PCM size as explained

in the caption of Fig. 8. The second one (green-shaded) shows the validity zone of thermally-

stabilized plano-plano cavity curve, because of the finite size of the pump beam radius, thus

the thermal lens does not exist out of the region delimited by Wth which is the maximum width

that allows to approximate the thermally induced graded-index to a parabola with a good ac-

curacy [1], Wth is also the maximum allowed width of confined cavity fundamental mode.

We experimentally observed a lasing regime in a plano-plano configuration for cavity lengths

Lc ≤ 200µm which is in good agreement with this analysis. This shows that the obtained high

quality beam is the fundamental LG mode of the stable PCM-based cavity and that the thermal

lens effect is negligible.

From the far field beam phase and intensity profile, we deduced a measured radius of cur-

vature of the PCM Rc ≃ 20mm± 1.4mm with our laser at 1010nm close to the designed value

(21mm at 1010nm).
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Fig. 13. PCM-based and thermal lens-based cavity stability: experimental and calculated

Gaussian waist W0 (@1/e2) on the VECSEL gain mirror varying with Lc. Green shaded

region: validity zone of the thermal lens-based stability due to the finite size of the thermal

lens. Gray-shaded region see caption of Fig. 8

Using the PCM in a laser cavity allowed us to validate the designed phase function profile,

and the high accuracy of the fabrication process as the generated beam has high spatial co-

herence. Furthermore the laser threshold density and efficiency give a rough assessment of the

cavity losses and thus its finesse. To get a more accurate estimation of the losses in this high-Q

cavity we measured the relative intensity noise (RIN) of the laser, the obtained curves (Fig.

14) show a very low RIN at quantum limit above 1MHz and at shot noise from 100MHz up

to cavity Free Spectral Range FSR = 84GHz. The RIN shows also a transitional regime from

class-A to class-B at high pumping rate, and exhibits a weak relaxation oscillations at fr ≃ 127

MHz. For low pumping rate the laser is closer to class-A regime. The theoretical expression
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of oscillation frequency fr for a class-B laser is given by Eq. (6) where η is the pumping rate,

and the cavity losses rate γ = FSR · (T +Losses) = 2.5× 109s−1 with the PCM transmission

T = 1% and finally A =3.2 ns is the carriers lifetime.

fr =
1

2π

√

γ.A.(η −1). (6)

A more advanced analytical RIN expression is developed in [25–27] we used it to fit our

experimental RIN curves and extract the transmission plus losses value in the cavity, taking

into account quantum Langevin forces for carriers and photons and neglecting the pump noise.

The obtained value is in good agreement with simulated one in the design section, see Fig.

9(b). This value is the sum of gain mirror internal losses, diffraction and material losses in the

PCM (< 0.1%) and the PCM transmission. To end we would like to note that the obtained laser

coherence fundamental limit is given by quantum noise as it can be seen on the RIN above

1MHz. Thus the Langevin forces acting on the laser electric field limits its phase and amplitude

fluctuations [4, 28]. It means that the theoretical fundamental laser linewidth is at Hz level,

giving the minimum linewidth limit at short integration time. This quantum limit lead to a Q-

factor limit of 3 · 1013. However for long integration time technical, thermal and mechanical

noises will limit the linewidth [3]. Thus a linewidth similar to a diode-pumped solid-state lasers

one can be reached, far below a DFB-diode laser value.
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only takes into account quantum noise forces on carriers and photons. Left axis: current

fluctuations spectral density for η = 2.

5. Conclusion

We demonstrated a low loss (< 0.1%) high reflectivity (> 99%) and aberrations-free concave

Bragg mirror (20mm radius of curvature) integrating a PC with spherical phase transfer func-

tion, based on planar III-V semiconductor flat photonics technology. The presented design is

an alternative to micro-lenses and curved Bragg mirrors (dielectric glass mirrors or membrane

type mirrors [29, 30] ) for concave-type stable laser cavities. It also provides spatial, spectral

and polarization filtering capabilities. The mirror is designed for highly coherent external cavity

semiconductor lasers exhibiting very low quantum limit.

The PCM is designed with RCWA calculations, and once designed and fabricated is inte-

grated into a compact single frequency TEM00 stable laser cavity, with GaAs-based quantum-

well as 1/2-VCSEL gain mirror (emission wavelength λ0 = 1.01µm). We demonstrated a high
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coherence single frequency PC-VECSEL with a T EM00 beam close to diffraction limit (2%

of λ rms fluctuations). This shows that the fabricated mirror does not introduce any optical

aberrations, thanks to the high accuracy of the III-V technological process. Then by studying

the relative intensity noise of the laser, exhibiting a low quantum limit (below −150dB above

1MHz), we show that the PCM does not introduce extra-losses (material and diffraction losses

< 0.1%) which make it suitable fore high-Q cavities (cold cavity Q-factor in the range 106−107

for a 2-mm long cavity). With the chosen VECSEL design, the theoretical fundamental limit

for the laser linewidth is at 10 Hz (laser Q-factor of ∼ 3.1013). This demonstration paves the

way to highly coherent, high power compact semiconductor laser with embedded functionali-

ties, like exotic beam generation, thermal lens compensation, polarization control and spectral

filtering..etc. Furthermore, PC-VECSELs present big potential for applications that need high

compactness, like Laser arrays which are currently reserved for monolithic VCSELs. For ex-

ample one can imagine an array of PC-VECSEL using electrical pumping, or optical pumping

across the PCM which is already mature for lasers at 1.5µm (transparent medium for pumping

at 980nm), for shorter wavelengths we need to use PC mirror grown or bonded on transparent

substrate like Sapphire. This will offer the possibility to combine the compactness and the high

coherence of PC-based free-space cavities.
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Vortex Laser with III-V flat photonics: coherent photon state

carrying controlled orbital angular momentum

M.S. Seghilani1, M. Sellahi1, M. Myara1, L. Legratiet 2, I. Sagnes2, G. Beaudoin2,

P. Lalanne3, and A. Garnache1

Abstract: Generating a large photon num-
ber coherent state, with controlled orbital an-
gular momentum L = ~l of charge l per
photon, is still fundamentally and technolog-
ically a challenge: we demonstrate an inte-
grated laser device generating vortex-like co-
herent light state in the Laguerre-Gauss ba-
sis, based on III-V semiconductor flat photonic
technology. We use a first order phase per-
turbation to lift orbital degeneracy of wave-
functions with opposite quantum number ±l,
by introducing a weak ’orbital birefringence’
based using a meta-material. The induced az-
imuthal symmetry breakdown allows to select
vortex handedness by exploiting a non linear
gain saturation dynamical effect called by H.
Haken ’Darwin’s survival of the fittest’. This
photonic device was characterized and studied
experimentally and theoretically. It exhibits a
low divergence (< 1 ◦) diffraction limited circu-
lar beam with 49mW output power, a charge
l = ±1, ...±4 with 40 dB opposite vortex inten-
sity extinction, and single frequency operation.
Such high performances laser opens the path to
widespread new applications of great interest.

Introduction

Vortex optical beams have known a growing in-
terest since the first realization that they carry
an Orbital Angular Momentum (OAM) ~L [1].
The study of beams carrying OAM has led
to many advanced applications extending from

optical handling of microscopic particles [2–4],
atoms manipulation [5, 6] and sub-diffraction
limit microscopy [7], to quantum information
processing and communication [8–12].

Together with photon energy ~ω and lin-
ear momentum ~k, the angular momentum
(AM) ~J = ~L + ~S is one of the most impor-
tant characteristics of light [1]. For paraxial
fields in free space, the eigenmodes of ~J op-
erator are circularly-polarized helically phased
beams, where polarization helicity σ = ±1 (or
0 for linear state in anisotropic media) speci-
fies the value of spin AM per photon S = σ~,
whereas the vortex integer topological charge
l = 0,±1,±2, ... yields the OAM per photon
L = ~l. The sign of l gives the direction of
rotation of the wave-front (Fig.1(a-d). A strik-
ing difference between L and S momenta is the
range of allowed values. Vortex helical wave-
fronts vary azimuthally with θ in a corkscrew-
like manner along direction of propagation z,
with a Poynting vector that follows a spiral
trajectory around the axis. The wave-function
reads as ∝ ei(θl−kz), with a phase structure
containing l intertwined helices. The common
transverse field profile looks like a light ring
with a dark core and a phase singularity at
the center, known as doughnut-shaped modes
(Fig.1(a,b)).

Until now, many works have been dedicated
to electronic control of photon carrying S for
spintronic applications [13,14]. However gener-
ating a large photon number N coherent state,

1
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along with intracavity loss masks needed for their selection.

of energy N~ω, exhibiting a large OAM NL,
with controlled charge and handedness, is still
fundamentally and technologically a challenge:
in this work we demonstrate for the first time
to our knowledge, an integrated laser device
generating and controlling such structured co-
herent light state, based on III-V semiconduc-
tor flat photonic technology [15, 16]. A funda-
mental limitation for vortex handedness con-
trol arises from the orbital degeneracy and
symmetry of wave-functions with opposite or-
bital quantum number ±l as in the hydrogen
atom: we use a first order phase perturba-
tion to lift degeneracy, by introducing a weak
’orbital birefringence’ using a subwavelength-
thick meta-material layer. The induced az-
imuthal symmetry breakdown allows to select
the vortex handedness by exploiting non-linear
gain saturation dynamical effect, called ’Dar-
win’s survival of the fittest’ by H. Haken [17].

Motivated by the potential of emerging ap-
plications, several works have been dedicated

to the generation of optical vortices, for ex-
ample using mode transforming optics in free
space such as spiral phase plates [18] or Q-
plates [19], spatial light modulators [20], astig-
matic mode converter [21]. In these methods
the generated beam quality and its power is
strongly dependent on the alignment of the
transforming optics and their properties such
as non-linearities, pixilation, damage thresh-
old and so on. To overcome these limitations,
a more promising approach consists in direct
laser generation of a coherent vortex beam, by
forming the helical wavefront inside an optical
cavity (Fig.2(a,c)). This approach has been
investigated through numerous experimental
works. Various techniques have been stud-
ied: locking two Hermite-Gauss modes in a gas
laser [22], using ring shaped pump beams [23]
and exploiting some spherical aberrations in
solid state laser [24]. In most of the reported
works the used set-ups are complex and need
sophisticated alignment procedures, because of

2
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the required intracavity elements. This leads
to low efficiency operation, deteriorates beam
coherence and makes the systems cumbersome
and unsuitable for integration. More impor-
tantly, researchers are faced with the still un-
solved important problem of OAM handedness
control in a deterministic manner.

Vortices are most commonly assumed to be-
long to Laguerre-Gaussian LGpl mode basis (or
alternatively Bessel-Gaussian). The total in-
tracavity field ~E(~r, t) and the transverse LG
spatial wave-functions Ψqpl(r, θ, z) for a stable
plano-concave-type optical cavity (free space,
length Lc, radius of curvature Rc), read as [25]:

~E(~r, t) =
∑

qpl

Eqpl(t)Ψqpl(~r)
cos(kqz)√

2Lc

eiωqplt ~x ;

Ψqpl =

√

2p!

πw2(p+ |l|)!

(√
2r

w

)|l|

L|l|
p

(

2r2

w(z)2

)

×exp

(

− r2

w(z)2
− ikqr

2

2R(z)
+ ilθ

)

,

(1)

where Eqpl(t) are slowly varying envelopes and
~x the polarization unit vector. r, θ, z are the ra-
dial, azimuthal and longitudinal coordinates.

L
|l|
p is the generalized Laguerre polynomial;

p (q) is the radial (longitudinal) number (∈
N); R(z) is the wavefront radius of curvature;
w(z) ≫ λ is the Gaussian beam waist and
zR = πw2/λ is the Rayleigh length. λ is the
wavelength. ~ωqpl are eigen-energies for q, p,
l quantum numbers (Fig. 2(c)), given by the
photon energy-momentum dispersion relation,
assuming a unique polarization state [25]:

~ωqpl = c~∆k
[

q + (1 + 2p+ |l|)ϕ
π

]

, (2)

where ϕ = cos−1(
√

1− Lc/Rc) is the res-
onator Gouy phase shift; ∆k = 2πFSR/c is
the quantum of momentum; FSR = c/2Lc the
cavity free spectral range.

A fundamental advantage of using confined
states (with ϕ 6= 0) compared to continuum
states, is the energy degeneracy lift for differ-
ent quantum numbers q, p, |l|: they are distin-
guishable spatially and spectrally. However,
the orbital degeneracy and symmetry for vor-
tices of opposite quantum number ±l is clear
from Eqs. (1,2): they can not be selected us-
ing an intracavity transverse intensity filter,
and their linear combination LG∗ is still an
eigenstate with L = 0 and 2l intensity lobes
(called ’degenerate’ modes). It is possible to
select a given LG or LG∗ mode of quantum
number p, |l|, by distributing transverse opti-
cal losses (gain) in zero (maximum) intensity
regions (see Fig. 1(e,f)). For this purpose, an
intracavity metallic mask or patterned pump
beam can be applied on the axis [22, 23, 26].
But introducing losses in the dark core and pe-
riphery region of a LG0l mode results in 50%
probability of creating either right-handed or
left-handed stable vortex wave, each time the
laser builds-up [22, 26]. Thus direct laser gen-
eration of vortex beam appears fundamentally
challenging.

In this work, we ’break’ this fundamental
laser light symmetry problem in a determin-
istic way, thanks to a robust physical and
technological concept of great interest for de-
manding applications. We demonstrate di-
rect laser generation of LG beams thanks to
a high finesse compact vertical-external-cavity-
surface-emitting-laser (VECSEL) [15] based on
III-V semiconductor technology emitting in
the Near-IR at 1µm. The stable laser cav-
ity exhibits a low noise relaxation oscillation
free (class-A) dynamics [15, 17, 27] for high
coherence. We used a sub-wavelength thick
flat photonic element (FPE) integrated onto a
quantum-wells (QW)-based gain mirror struc-
ture [16] (called ’1/2 VCSEL’) (see Fig. 3).

This FPE allows to select the right quantum
number p, l under non-linear laser phase transi-
tion thanks to transverse spatial-hole-burning
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(SHB) in the gain medium [17,25]. This source
generates a single - transverse (p, l), longitudi-
nal q, and polarization S - coherent light state
at high power.

OAM’s charge and sign control

in laser cavity

Charge selection, degeneracy lift and

symmetry breakdown of cavity eigen-

modes

The purpose of this section is to build the cold
cavity eigen-basis to create the only-desired LG
non-degenerate modes. We used first order
perturbation theory like in quantum mechan-
ics as a tool. The FPE acts as a transverse loss
filter and weak ’orbital birefringence’.

Figure 3(a1) shows a schematic representa-
tion of our two mirror standing wave laser cav-
ity design with integrated FPE on the 1/2 VC-
SEL. Fig.3.(a1,a2) presents the three building
blocks for intra-cavity OAM control. The first
one is an axially symmetric free-space stable
plano-concave cavity [25], of finesse F ≃ 625.
It operates far from degeneracy at low Fres-
nel number, in order to be able to select a
transverse mode number (p, |l|) in a discrete
LG basis of size w ≫ λ here (see methods).
It consists of a first highly reflective gain mir-
ror containing a distributed Bragg reflector on
GaAs substrate, followed by a λ-thick multi-
QW-based gain region ended by a window,
a millimetre-long Lc air gap, and a dielectric
concave mirror as output coupler. The non-
degenerate eigen-frequencies νqpl = ωqpl/2π
(Fig. 2(c)) are given by Eqs. 2. Only azimuthal
degeneracy and symmetry for l = ±m (m ∈ N)
remains in this basis. It is important to note
that the FPE being located close to a node of
the E-field vertical standing wave and on cavity
end mirror, its effect is weak and homogeneous
over all q modes within mirror bandwidth.

The second building block is the OAM
charge control, i.e. the selection of a ’dough-
nut’ mode numbers (0, |l| = m) thanks to a
selective intensity filter. This is achieved by
transversally distributing large optical losses in
the dark regions of the desired mode, namely
the dark core and the peripheral region. This
’kills’ the finesse of undesired modes and pre-
vents them from reaching lasing threshold.
Here, this is ensured by the central phase step
(diffraction losses) of the λ/8 thick dielectric
FPE, processed on the 1/2 VCSEL top sur-
face, and the outer peripheral region is filtered
thanks to finite gain - pumping - region diam-
eter. Alternatively, a similar filtering was fab-
ricated using a few nanometres-thick metallic
mask located close to field antinode, as shown
in Fig.3.(b1,b2) [26], ensuring ultra-low diffrac-
tion losses for the vortex beam. This scheme
allows to control the charge m, by changing
either the cavity length - OAM jumps as the
LG mode waist changes -, or the central and
peripheral area diameter to fit another vortex
charge.

The last function is the control of OAM sign
l = ±m. The idea is to weakly perturb the
cavity LG eigenbasis by introducing ’orbital
birefringence’, acting as a first order asymmet-
ric orbital perturbation.It is achieved thanks
to the second zone of the FPE surrounding
the central lossy region. It consists in a λ/8
thick dielectric layer, perforated by a 2D ar-
ray of holes h placed on a square grid, of pe-
riod a (Fig.3(a2)) [16].This 2D grating acts as
a metamaterial with a refractive index equal to
the normalized propagation constant of funda-
mental Bloch mode, controlled control through
the filling factor h/a.We used this feature to
implement a weak azimuthal phase difference
∆φSPE ≃ ±2π/100 of amplitude ≪ 2π for a
complete turn (Fig.3(a3)). It is located on dark
core side, so radially non-uniform across the
doughnut. To calculate the filling factor az-
imuthal profile we used rigorous coupled-wave
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analysis method [16,28].
As a result, this spiral phase element (SPE)

will lift degeneracy and break orbital symme-
try of contra-rotating eigenmodes: they thus
become distinguishable. To do this its opera-
tion relies on a unique property of vortex : a
helical beam of charge l = −m sent through
a SPE having a modal phase function ei∆m2π

with ∆m = +m, will be transformed to a
bright central lobe with l = 0, whereas a beam
having l = +m will diverge further away from
centre with l = 2m [1]. This property still
work for non-integer values of ∆m but with
beam distortions. Thus in our cavity a vortex
rotating in opposite direction to that of SPE
(> 0 for example), experiences slight OAM re-
duction l = −m+∆m every round-trip, which
in turns increases overlap and ∆m: azimuthal
symmetry is broken. This reduction is propor-
tional to round trip modal phase shift ∆φmodal

brought by perturbation:

|∆φmodal = Γ∆φSPE | ≪ 2π, (3)

where Γ is the transverse overlap factor be-
tween the beam and the SPE, given by:

Γ =

∫∫

∞

|Ψ0l(r, θ)|2USPE(r, θ)ds, (4)

where USPE is the SPE surface distribu-
tion function on the 1/2-VCSEL. This way we
end up with two new non-degenerate asym-
metric wave-functions given by a linear com-
bination of LG eigenmodes: the less perturbed
one of charge l ≃ +m (> 0 for example) con-
serves almost a homogeneous doughnut-like in-
tensity distribution, while the opposite one of
non-integer charge l ≃ −m + ∆m shows sig-
nificant azimuthal intensity modulation (with
∆m/m ≃ 0.1 ≪ 1 in case of Fig. 4.b). As a
result the phase of each contra-rotating mode
will experience different intracavity Gouy-shift
(Eq. 1) [25]. One should then expect a slight

optical frequency degeneracy lift (positive for
∆m > 0) of amplitude 2π∆ν = |ωq,0,m −
ωq,0,−m|:

∆ν ≪ FSR . (5)

To ensure efficient laser dynamics unlocking
of the two contra-rotating waves - even in
the presence azimuthal back scattering like in
gyro-laser [17,25] -, one should choose a modal
phase perturbation strong enough,

2π/F < |∆φmodal| , (6)

so that ∆ν is greater than the cold cavity fre-
quency cutoff fcc,

fcc = FSR/F < ∆ν . (7)

Thus a high F releases the strain on ∆ν value
to be in perturbative regime. It is worth not-
ing that the degeneracy lift may result in sev-
eral sub-states. The frequency splitting is pre-
dicted by our numerical calculations of the
perturbed eigen-basis (see methods) [31–33].
It is also noteworthy that, under such weak
spatial perturbation, the two contra-rotating
waves still have negligible diffraction losses. In
Fig.3(b2) we show a scanning electron micro-
scope photograph of the fabricated FPE with
right-handed SPE, and in Fig.3(b1) we show
the complete element surrounded by a metal-
lic mask, as peripheral loss filter. The beam
diameter is ≫ λ, typically 100µm here for low
divergence and high power operation.

To end we want to point out that spin AM
is S = 0 here, because a III-V 1/2 VCSEL
gain mirror exhibits weak linear birefringence,
therefore the two non-degenerate polarization
eigenstates are linear ones, and oriented along
[110] and [1-10] crystal axis [15, 27].

Light-matter interaction in the gain

medium and mode competition dy-

namics

Now comes the role of weak light-matter inter-
action in the gain medium and semi-classical
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laser dynamics to generate a single coherent
light state LGq0l at large photon number un-
der phase transition. The intracavity FPE de-
sign allows only two non-degenerate transverse
modes to oscillate: LG0,+m and LG0,−m.

First, thanks to homogeneous and (r, θ)
quasi-isotropic QW gain mirror properties,
emitting vertically along the quantization axis
[001] under interband transition, the energy
~ω, the linear momentum ~k and also the AM
J can be transferred from a ’macroscopic’ elec-
tronic wave-function to a single photon state
wave-function (of volume ≫ λ3) through stim-
ulated emission. This point has been recently
theoretically demonstrated in [29]. Here S = 0
and linear gain dichroism will strongly select
a single linear polarization state along [110]
crystal axis [15, 27]. Moreover, thanks to sub-
wavelength thick QW gain localized on longi-
tudinal standing-wave antinode of all q modes
(within the gain bandwidth), together with
QW homogeneous broadening, a single mode
q will be selected [27].

Secondly, one of the two OAM signs will be
selected, thanks to non-linear dynamics during
laser build-up and the well known transverse
SHB effect of the electronic population [25].
This non-linear mode competition, called by
H.Haken ’Darwin’s survival of the fittest’ [17]
always favour a laser state with an homoge-
neous intensity profile, for efficient use of the
gain. As shown in figure 4.(a,c), this ex-
plains why when one tries to select a vor-
tex laser state without lifting the degener-
acy of contra-rotating eigenmodes, at pump-
ing rate far enough above threshold (to prevent
mode-locking due back scattering like in gyro-
laser [17, 25]), one obtains 50% probability of
having either right-handed or left-handed sta-
ble vortex mode each time the laser is switched
on, due to purely random nature of sponta-
neous emission assisted seeding [22,26].

Indeed the superposition of two oppositely
rotating degenerate vortex modes will produce

azimuthal standing wave with L = 0, leading
to significant azimuthal SHB and unstable op-
eration of two locked vortex modes. In the case
of asymmetrical degeneracy lift, the unwanted
mode exhibits its own azimuthal standing wave
pattern, leading to a larger and asymmetric
self saturation. The semi-classical non-linear
dynamics between these two - degenerate or
not - modes are modelled by a bi-mode spatio-
temporal Maxwell-Bloch equation set [17, 25],
for a class-A laser, by taking into account SPE
effect, self-saturation and cross saturation co-
efficients due to SHB, as well as spontaneous
emission noise (Langevin forces) and back scat-
tering (see methods).

Now we move to the laser phase diagram
for both intensity and frequency of the E-field.
Numerical simulation results of cavity eigen-
states and vortex laser states competition are
summarized in figure 4. The mode steady
state intensities are plotted as a function of the
normalized pumping rate above threshold η,
for a dual-transverse mode laser (LG0,+1 and
LG0,−1). The laser frequency degeneracy lift
∆ν is also plotted, normalized to the laser cav-
ity cut-off fc(η) = fcc(η − 1)/η. Two cases are
simulated : a cavity without SPE phase per-
turbation (Fig.4(a,c)) and a cavity with SPE
phase perturbation ∆φmodal (Fig.4(b,d)). In
the first case the two modes are degenerate
and locked up to a certain pumping rate, after
which a bifurcation occurs and only one mode
can survive. The choice here is purely random
and set by quantum noise assisted seeding. In
the second case thanks to degeneracy lift the
locking is no more possible. The dual mode
to single mode second threshold is defined by
spontaneous emission, and is very low. More
importantly handedness selection is determin-
istic. These results agree with the experiment
addressed in the next section.
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Vortex Laser and physical

study

Figure 5(a) shows the far field intensity profiles
obtained with lasers operating in continuous-
wave on vortex modes of different orders LG01
(a1), LG02 (a2), LG03 (a3), LG04 (a4). In the
experiment, the charge |l| = 1, 2, 3... is changed
using a single semiconductor chip by varying
Lc. In Fig.5(b) we show corresponding spiral
interference patterns of LG01 having right (b1)
/ left (b2) handedness and LG02 with having
(b3) / left (b4) handedness. These patterns
were obtained using interference with a refer-
ence beam having spherical wavefront in Mach-
Zehnder interferometer [30]. It shows a spiral
fringe with well-determined integer charge and
handedness l.

The generated vortex beams exhibit high
spatial coherence, with pure LG0l modes (see
Fig 6) close to diffraction limit. We mea-
sured a beam propagation parameter M2 of
(1 + |l|) × 1.2 (±0.2). The theoretical value
is M2 = (1 + 2p + |l|). The highly coher-
ent polarization state is linear here (S = 0),
along [110] crystal axis [27], with an orthogo-
nal polarization extinction ratio > 60 dB, eval-
uated by measuring the cross-polarization op-
tical beating on the intensity RF spectrum.
Single frequency - longitudinal mode - oper-
ation with a side mode suppression ratio of
27 dB was obtained, showing a coherent vor-
tex state. Along with low threshold pump
density (0.8 kW/cm2), differential efficiency of
27% and maximum output power of 49mW ,
limited by pump power, were measured.

Spiral fringes show that generated beams
possess a well defined single OAM and usu-
ally used in the literature as an indicator of its
purity. However, this cannot be used to mea-
sure quantitatively the purity of the generated
OAM. To quantify the optical intensity sup-
pression ratio I−/I+ of counter-rotating OAM,

we measured the beating power Pe between the
two vortex modes at ∆ν in the laser RF power
spectral density [25] (see methods).

Figure 6(a) plots the measured Relative-
Intensity-Noise (RIN) of the vortex laser. It
shows a low noise class-A laser dynamics - free
of relaxation oscillations - with a cut-off fre-
quency at fc ≈ 12MHz, and the expected beat
note at ∆ν ≃ 20MHz for LG02. The mea-
sured opposite OAM suppression ratio is thus
I+/I− ≃ 40dB here. Then the RIN stays at
the shot noise level until the next longitudi-
nal mode of the cavity at FSR = 15.8GHz,
where we can see the same beat note again.
Dashed vertical line in figure 6 corresponds to
first other order LG transverse mode beat fre-
quencies. However, in our case we have unique
transverse mode with a good suppression ratio
(> 50dB) as the RIN stays at shot noise level.

This degeneracy lift effect is even stronger
when the overlap between the SPE and the
mode Γ is greater, and comes with a larger de-
generacy lift ∆ν. We calculated ∆ν for differ-
ent overlap values and compared it with mea-
sured ones for LG01 and LG02 modes. Both
values are in good agreement with the experi-
ment, as shown in Fig.6.

Discussion

Breaking the bottleneck of OAM’s charge and
sign selection and control in laser cavities is of
crucial importance for many applications: par-
ticle manipulation down to nm scale, sensitive
long distance rotational speed sensor... The
optical method demonstrated here show an ef-
fective way to select a pure coherent LG0l vor-
tex mode exhibiting an integer charge value l =
±1,±2,±3... For this purpose, a new low noise
class-A high finesse laser cavity integrating a
meta-material based on III-V semiconductor
flat-photonic technology has been developed.
We use a first order orbital perturbation to
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lift azimuthal degeneracy and break spatial
symmetry: as a results the non-linear laser
phase transition selects the vortex charge and
handedness. This generates a single frequency
(unique quantum number q, p, l and polariza-
tion state, with suppression ratio > 27 dB),
highly coherent and high power (49mW ) LG
vortex beam , exhibiting a diffraction limited
low divergence (≃ 1◦) circular beam. These
performances are of great interest for demand-
ing applications.

This solution overcomes physical and tech-
nological limitations of conventional schemes
in terms of vortex control, coherence and
power. The big advantage of the approach
presented here lies in: its physical and techno-
logical robustness; cavity design simplicity and
symmetry (weak thermal lens, aberrations and
astigmatism); no need for extra-intracavity op-
tical elements; the sub-wavelength grating is
fabricated using III-V nanotechnology exhibit-
ing ultra low optical roughness and defect den-
sity, with a clear interest for the integration
(industry-ready)

The purity and coherence of the vortex laser
were quantified by measuring the RF spectrum
of optical beat note with other cavity eigen-
states, close to shot noise above MHz (class-A
dynamics); this gives also a upper value of the
fundamental Schawlow-Townes laser linewidth
(limited by quantum noise in the weak mode
here) below 200 kHz. Assuming a fundamental
white noise, it gives an estimated fundamental
vortex linewidth of about 200Hz here, leading
to a coherence time of about 1ms. To explain
the behaviour of our laser cavity, we used the
matrix method and the Fox-Li iterative tech-
nique to calculate the transverse eigenmodes,
as well as semi-classical Maxwell-Bloch dynam-
ics equations for light matter interaction to
study the laser stability diagram. The vortex
laser principle demonstrated here can be ex-
tended to high power, to any wavelengths and
laser technology, as well to any temporal state,

like ultra short pulse operation. In addition,
a spin AM S = ±~ control could be added to
the beam OAM, for spintronic applications.

The method demonstrated here is a static
one, i.e one chip can select one OAM sign only:
it can not be reversed dynamically; only the
OAM charge |l| can be varied. However in the
case of the III-V VCSEL technology, this inver-
sion functionality can be fully integrated with
a laser matrix for example. Future work would
be dedicated to dynamical control of the OAM
sign (and charge) in a single device. To replace
the static dielectric metamaterial layer used for
the SPE here, one could for example integrate
µm size liquid crystal pixels on the 100µm size
gain mirror for electro-optic control, a mature
VCSEL technology. This would allow to mod-
ulate the OAM at very high frequencies in next
generation modulator for quantum telecommu-
nications.

Methods and supplementary

materials

Design and fabrication of the vortex

laser

The 1/2-VCSEL structure was grown by
MOCVD. It is composed of an epitaxial high-
reflectivity (99.9%) bottom AlAs/GaAs Bragg
mirror (27.5 pairs), and a GaAs active layer
of 13λ/2 thick containing 12 strain-balanced
InGaAs/GaAsP QWs emitting at λ ≃ 1µm.
Each group of two QWs is placed at an antin-
ode of the optical standing-wave, following
a non-uniform 222020200200 longitudinal dis-
tribution (from air to Bragg) ensuring uni-
form QWs carrier excitation. This ensures a
low threshold carrier density and homogeneous
gain broadening (with modal gain ≃ 1% and
bandwidth ∼ 10 − 20nm) as needed for single
longitudinal mode operation [15, 27]. We op-
tically pumped the gain structure in the QW
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barriers close to Brewster incidence angle, al-
lowing compact short millimetre-long cavity.
We use 300mW a low noise single mode 800 nm
commercial diode, focused with a pair of as-
pheric lenses on a wp = 45µm spot radius.

Next to fabricate the 2D sub-wavelength
grating a λ/8 thick Si3N4 layer was de-
posited on the gain mirror by ion-beam-
assisted electron- beam vacuum evaporation.
Then a polymethyl methacrylate (PMMA) re-
sist was spin-coated on the wafer and patterned
by electron beam lithography (Vistec EBPG
5000 at 100kV) with 1.25 nm of resolution. Af-
ter PMMA development in methylisobutylke-
tone (MBIK) solution, the 2D grating holes are
transferred to the SiN layer by Reactive Ion
Etching (RIE), and at the end the PMMA is re-
moved. Alternatively, a 10 nm thick chromium
layer was deposited on the SiN layer to act
as a loss mask. The same technological pro-
cess was used to obtain the desired pattern.
Fig 3.(b1,b2) show optical microscope images
of the integrated sub-wavelength grating, we
can clearly see the realized two phase functions
even in the visible spectral range.

We realized various spiral phase elements
with internal diameter ranging from 6 microns
to 10 microns and external radius of 20 mi-
crons for the two handedness. These values
are chosen according to intensity profile of tar-
geted LG0m modes into the cavity, this is fully
governed by Gaussian beam optics [25].

The passive optical cavity is a high fi-
nesse stable plano-concave resonator of Lc ≃
9.5mm. The 1/2 VCSEL integrates a flat HR
mirror, and a concave output coupler (T =
1%) of radius of curvature Rc = 10mm is used
to close the cavity. The minimum waist for
the Gaussian component of the beam occurs
at the plan gain mirror and can be determined
from the complex beam parameter q̃ = −izR.
In order to lift the degeneracy of modes with
different quantum number q, p, |l| the cavity
length is chosen to be inside the stability region

0 < Lc < Rc, far from stability edge. Once the
beam parameter q̃ is calculated, one can write
the field distribution of the complete set of LG
modes basis using Eq.(1), and choose the suit-
able mask size to select the wanted mode as in
the example shown in Fig.3(c2). The typical
fundamental beam waist is w0 ∼ 25µm here.

Simulation of the cavity eigenstates

and mode competition dynamics

To validate the method developed in this work,
we used numerical simulation of the perturbed
cavity eigenstates, using an approach similar to
the first order perturbation theory in quantum
mechanics, i.e: first we calculated eigenvalues
and the corresponding eigenmodes of the cold
cavity, incorporating the loss mask element
centred on its axis to select the LG0l doughnut
mode. For this we used an in-house 2D cav-
ity eigenmode solver based on matrix method
[31, 32]. Then, once the modes calculated,
we re-inject the degenerate left-handed and
the right-handed helically-phased beams into
the same cavity but this time containing the
helical SPE and using the Fresnel diffraction
based Fox-Li [33] iterative method to study
the evolution of each one to the steady-state.
one can easily notice the azimuthal symme-
try breakdown and degeneracy lift: indeed we
see that when the helical wavefront and SPE
have the same handedness, the mode conserves
its homogeneous intensity distribution with an
integer charge l (see LG0,+1 in Fig.4(b) in-
set), whereas when the helical wavefront and
the SPE have opposite handedness the mode
is perturbed and shows significant azimuthal
modulation of the intensity distribution with
slightly non-integer OAM charge (see LG0−1

in Fig.4(b) inset).

In a second step, the non-linear laser dy-
namics of these two - degenerate or not -
modes are modelled using the spatio-temporal
semi-classical Maxwell-Bloch equations [25], in
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the rotating wave approximation, for a class-
A laser dynamics free of relaxation oscilla-
tions (electron lifetime A−1 ≪ γ−1 photon life-
time). Population inversion is at the steady
state and can be eliminated adiabatically. The
QW gain, of thickness is Lg ≪ λ, is located on
one end mirror. We take into account of the
SPE effect, self- and cross-saturation due to az-
imuthal SHB in QWs, as well as spontaneous
emission noise (Langevin forces FE) and weak
back scattering γ̃b = γb e

iµ (γb ≪ γ ∈ R+ ; µ
the backscattering phase). The set of dynam-
ical equations for the slowly varying envelopes
E1,2(t) of the E-field read:

dE1,2

dt
=

E1,2

2

(

−γ +B∗

∫∫

Sg

ρ
A |Ψ1,2|2Lgds

1 + It/Is

)

+
E2,1

2
e±i ω21 t

(

γ̃b +B∗

∫∫

Sg

ρ
AΨ2,1Ψ

∗
1,2Lgds

1 + It/Is

)

+FE1,2

(8)

where B∗ = B(1+iα), B is the Einstein coef-
ficient for stimulated emission, α is the phase-
amplitude coupling factor in QW (Henri fac-
tor), ρ(r, θ) is the pump distribution in QWs,
ω21 is the mode angular frequency difference,
It(r, θ, t) = |E1(t)Ψ1(~r) +E2(t)Ψ2(~r)e

i ω21t|2 ×
πw2

0/2 is the total photon number distribution
in the QW plane, and Is = A/B is the sat-
uration photon number for LG00 mode. We
simulated the laser build up seeded by spon-
taneous emission noise up to the steady state,
after a characteristic time of ≃ 1µs at twice
threshold. The mean values of laser mode in-
tensities and frequencies were extracted. The
table 1 below gives the laser parameters.

Table 1: Physical laser parameters for simula-
tion of the vortex VECSEL w/o SPE. η0 is the
normalized pump rate. ξ is the spontaneous
emission factor.

Parameters Value Units

γ 2 108 s−1

B 0.5 s−1

A 5 108 s−1

α 3
ω21 0 or 1.25 108 s−1

Lg 12× 8 nm
γb 5.10−6 γ s−1

µ π rad

ρ(r, θ) η02γA
Bπw2

pLg
e
−2( r

wp
)2

s−1m−3

〈FEi
〉 0 s−1

〈FEi
F ∗
Ej
〉 ξγδ(t− t′)δij s−2

ξ 1.2

Physical study of the eigenstate pu-

rity: optical beating in the RF inten-

sity spectrum

To quantify the optical intensity suppression
ratio I−/I+ of counter-rotating OAM, we mea-
sured the beating power Pe between the two
vortex modes at ∆ν in the laser RF power
spectral density [25]. For this purpose we
mixed the modes on a photo-detector and inte-
grate spatially over a fraction S/3 of the mode
surface (to break orthogonality). The sup-
pression ratio I−/I+ reads (I+ for the strong
mode):

(

I−
I+

)−1

≃
72

∣

∣

∣

∣

∣

∫∫

S/3

Ψ0,m Ψ∗
0,−mds

∣

∣

∣

∣

∣

2

Pe
, (9)

with the assumption I+ ≫ I−. This high res-
olution and sensitivity RF method is a very
sensitive tool to analyse all the spectrum of ex-

14



isting cavity eigenstates above shot noise (po-
larization, transverse and longitudinal) [25].
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Ė± =

[
B

2
(1 + iαh) (D + d) − γc

2
± iγc

]

E± − (γa + i γp)E∓ + F±

Ḋ =
P+ + P−

2
−AD −B (D + d) |E+|2−B (D − d) |E−|2−FD
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Abstract

Light carrying orbital angular momentum ~L, scattered by a rotating object at an-
gular velocity ~Ω, experiences a rotational Doppler shift ~Ω · ~L. We show that this funda-
mental light-matter interaction can be detected exploiting self-mixing in a vortex laser
under Doppler shifted optical feedback, with quantum noise limited light detection.
We used a low noise relaxation oscillation free (class–A) vortex laser, based on III-
V semiconductor vertical-external-cavity-surface-emitting-laser technology, to generate
coherent Laguerre-Gauss beams carrying L = h̄l (l = ±1, ..± 4). Linear and rotational
Doppler effects were studied experimentally and theoretically. This will allow to com-
bine a velocity sensor with an optical tweezer for micro-manipulation applications, with
high performances : compact, powerful ≫ 10 mW, high quality beam, auto-aligned,
linear response up to > 108 rad/s or > 300 km/h , low back-scattered light detection
limit < 10−16/Hz.

The main text

In addition to carrying linear momentum (p = h̄k), light carries two kinds of angular momenta
(AM) : spin AM (SAM) S = h̄σ associated with circular polarization (σ = ±1), and orbital
AM (OAM) L = h̄l of charge l. OAM is carried by vortex beams with helical wavefront and
a doughnut-like shape intensity profile, with a dark core and phase singularity at the beam
center[1]. Light carrying OAM has been extensively studied during the last two decades
leading to a widespread new applications in different fields: telecommunications [2],micro-
manipulation [3], microscopy [4] and astronomy[5].



Among new effects related to AM, the fundamental light-matter interaction leading to
rotational Doppler shift has been first studied decades ago in beams carrying SAM [6], then
OAM in microwave domain[7]. When light carrying AM is scattered by rotating objects at

angular speed ~Ω, it experiences a rotational Doppler shift ∆fr given for back-scattered wave
by [7]

∆fr = ~L ·
~Ω

2π
. (1)

in analogous way as linear Doppler shift given by scalar product of linear velocity ~v and ~p
by [7]

∆fl =
~v · ~p
π h̄

. (2)

Recently, light OAM properties in a ”petal”–shaped beam carrying no OAM, has been ex-
ploited to measure the angular velocity of a spinning disk [8], and of a micron-sized particle [9]
at low light sensitivity, in a traditional complex, low power, and bulky free space scheme with
reduced spatial coherence. Usually, OAM beam is generated externally using transforming
optics like spatial light modulators. However, using coherent vortex beams directly generated
from a laser source [10], overcomes the previous limitations and allows to develop compact
combined auto-aligned sensitive speed sensor and powerful optical tweezers/trap. It is the
goal of this work.

We demonstrate for the first time to our knowledge, that the rotational Doppler shift in
light backscattered from spinning particles can be detected, together with linear one, using
self-mixing in a vortex laser carrying L = h̄l, with quantum noise limited light amplitude de-
tection. To reach this goal, we take advantage of a patented [11] low noise vortex laser design
generating highly coherent diffraction limited Laguerre–Gauss (LG) beams, and exhibiting
relaxation oscillations-free dynamics (class-A) [12]. It is based on compact and powerful III-V
semiconductor Vertical-External-Cavity-Surface-Emitting-Laser (VECSEL) technology, inte-
grating flat photonics [13, 14]. Thanks to band-gap engineering and wafer bonding technology,
VECSELs allow wide wavelength coverage and power scaling to multi-Watt level [13]. The
efficiency is as high as for solid-state-lasers, with a design free of thick intracavity element.
A vortex solid-state-laser has been demonstrated [10] in pulse regime only, unsuitable for
self-mixing application.

In self-mixing, the laser source acts as a sensitive sensor: a fraction of the emitted light
is backscattered by a moving target and re-enters the cavity (Fig. 1(a)). The resultant
laser dynamics can be analyzed using compound cavities model, where the remote target
is considered as a third mirror with an effective reflectivity Reff ≪ 1 that represents the
amount of back-coupled ballistic photons into the laser mode. The level of feedback is
characterized by the so-called feedback coefficient C given by the well established Lang-
Kobayashi model [15, 16]

C = γextτ
√
1 + α2 = T

d

Lc

√

Reff

√
1 + α2, (3)

were α ≃ 3 is the linewidth enhancement factor, which characterizes the phase-amplitude
coupling in semiconductor gain media [16], τ = 2d/c is the photon round-trip time between
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Figure 1: (a) Self-mixing rotational Doppler shift measurement scheme, using a coherent
optically pumped VECSEL. Lc=1 mm, d=50 cm, f1 = f2 = 50mm achromatic lenses. (b)
Spiral interference fringes of the output VORTEX beam with a reference plane wave (Mach-
Zehnder interferometer), showing the presence of OAM. (c-e) Spatial intensity profiles of
beams with l = 1, 2, 3, 4.

the laser and the target, and γext = γc
√
Reff is the feedback re-injection rate. It depends on

the cavity decay rate γc = c T/2Lc. T represents the transmission losses, Lc and d are the
cavity length and the target distance respectively.

Remote sensing applications rely on very weak feedback regime (C ≪ 1), obtained when
working with non-cooperative targets as in our experiments (C ∼ 10−5). In this linear regime
the laser output power P is modulated at the heterodyne RF frequency f = ∆f as follows [17]

P = P0[1 +m(f) cos(2πft+ φ)], (4)

where P0 is the average output power, and φ an additional phase term related to the target
distance. In class-A lasers (γ−1

c ≫ τe the carrier lifetime) the modulation index m [17] is
proportional to

√
Reff and reads as

m(f) = 2

√

Reff

1 + (f/fc)2

(

η

η − 1

)

, (5)

m(f) defines the sensor frequency response (1st order low pass filter), where η is the pump
rate, and fc = γc/2π × (η − 1)/η denotes the cutoff frequency [13], it defines the maximum
range of measurable frequencies, thus velocities Ω and/or v. Self-mixing interferometry is
possible for 2d shorter than the laser coherence length, and being a homodyne detection,
speed resolution is not limited by the laser coherence as in conventional Doppler velocimetry.



Linear velocity(m/s)

Ω(rad/s)

Ω=6300 rad/s

vl = 0.5 m/s Δfl

 Δfr

Frequency(Hz)

Frequency(MHz)

 Δ
f r

 (
K

H
z)

 Δ
f l
 
(M

H
z)

R
IN

(d
B

/
H

z)
R

IN
(d

B
/
H

z)

1.1

1.0

0.9

0.5 0.6 0.7 0.80.4

0.8

0.6

0.5

0.7

L

k

(b)

(d)(c)

(a)

-110

-105

-120

-115

-125

-120

-130

-125

-135

-130

-140

LG04

0.4 0.6 0.8 1.0

Figure 2: (a) Measured Relative-Intensity-Noise RF spectrum of the vortex laser output
power under feedback, backscattered from a rotating target; resolution bandwidth δf =
10Hz. The beam OAM charge is l = 4. (b) Doppler shift frequency ∆fr as a function
of angular velocity, using OAM beams with charges l = 1, 2, 3, 4 (bottom to top). (c,d)
Measurement of translational Doppler shift using the same sensor set-up. The linear velocity
is obtained with a tilted rotating disc at ~Ω′ and given by vz = Ω′.r.sin(θ). Solid lines in (b,d)
represent theoretical curves according to Eq. (1) and Eq. (2), respectively.



Fig. 1(a) shows the experimental set-up. We built an optically pumped VECSEL gener-
ating a coherent controlled vortex beam [11], emitting in cw at 1µm at 300K. It is formed
by a few λ thick GaAs-based gain mirror and a concave dielectric output coupler (T = 1%)
separated by mm-length air gap (Lc = 1mm). It defines a stable cavity of high axial sym-
metry, supporting the LGpl mode basis [12]. The 1/2-VCSEL gain mirror structure contains
a high reflectivity (99.95 %) AlAs/GaAs Bragg mirror epitaxially grown on [001] GaAs sub-
strate, and 6 stain-balanced InGasAs/GaAsP/GaAs quantum wells, ensuring a homogeneous
gain. A low noise 808 nm single mode GaAs commercial diode laser is used for pumping, on
a 90µm spot diameter, with an incidence angle of 70 deg. The gain mirror integrates a
sub-wavelength absorbing metallic mask, that introduces high loss in the dark-core and pe-
riphery of the LG0l vortex mode, to control its charge |l|. Then a 2D sub-wavelength grating
introduces an asymmetric perturbative spiral phase element in the donut mode (total phase
shift∼ 2π/4000) to select its handedness ±l (see Ref [11, 14] for more details). |l| is varied
by changing the cavity beam waist with Lc [12]. The obtained modes intensity profiles are
shown in Fig. 1(b-e) with typical output power of 20mW, limited by pump power, and a
typical efficiency of 25%− 20% for |l| = 1− 4, respectively.

This laser demonstrates important features for self-mixing operation together for optical
trapping : it generates a powerful highly temporally and spatially coherent LG0l beam, with
a quality factor M2 < 1.2 (l + 1) and a low divergence θ < 2 deg. These diffraction limited
beams are easy to manipulate and focused to spots < 500 nm using a standard commercial
high NA microscope objective. Here, light polarization is linear along [110] crystal axis
(σ = 0) [13], with measured orthogonal-axis suppression ratio > 60 dB. The vortex laser
is illuminating a 2mm width target at distance d = 50 cm using an achromatic lens f2.
The target consists of quasi-hemispherical unpolished metallic rotor head, of high speed
motor rotating at Ω = 6300 rad/s. A beam splitter takes a fraction of the emitted light
(20%), which is focused on a low noise detector. The photocurrent is analyzed using an
FFT analyzer (resolution bandwidth δf = 10Hz). Figure. 2(a) shows the power spectrum
for a laser emitting an OAM charge l = 4 under feedback. One sees a clear beat note at
the rotational Doppler shift frequency ∆fr = 4.03 kHz (FWHM=10Hz) given by Eq. (1)
(±40 rad/s motor stability limited). The typical measured relative backscattered power is
Reff ≃ 1.5× 10−12.

We varied the rotation speed Ω, and repeated the experiments using vortex lasers with
different OAM charges (l = 1, 2, 3, 4). Figure. 2(b) plots the obtained laser sensor response.
All the curves verify the relationship given by Eq. (1) (solid lines in the figure), and self-
mixing equation Eq. (4). The same scheme is used to measure the linear Doppler shift. This
is of great interest for applications where simultaneous measurement of rotational and linear
Doppler shifts is needed, such as turbulence analysis. We used a target having linear velocity
component along the laser axis, that causes a Doppler shift as shown in Fig. 2(c,d). The
curve satisfies the linear Doppler shift relation (Eq. (2)).

This measurement system is dynamically stable and exhibits a linear and flat frequency
response up to the cut–off frequency fc, as predicted by Eq. (5) : these properties stem
from Class–A dynamic regime of VECSEL. Furthermore, the low-intensity noise operation
of the laser confers to the sensor a close to quantum-limit noise capability (+3 dB) in terms
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of back-coupled light amplitude detection. Indeed, the intensity noise is a key parameter,
because it defines the limits of sensitivity and measurable frequency range. Both of these
limits can be obtained straightforwardly by measuring the relative intensity noise spectrum
of the laser (RIN), which characterizes the noise power spectral density of the laser output
power normalized to P 2

0 [16]. We measured the RIN using a RF spectrum analyzer. The
experimental RIN is shown in Fig. 3 superimposed with theoretical one calculated from refer-
ences [16, 13]. The laser RIN exhibits a cut–off frequency fc ≃ 180MHz (dot-dashed vertical
line) which allows to measure angular speeds up to Ω = 180 × 106 rad/s and translational
velocities up to v = 320 km/h (at λ = 1µm). The light sensitivity limit is given by the ratio
of RF power spectral density 〈S2〉 of Doppler beating signal to laser noise spectral density
〈N2〉. By writing 〈S2〉 from Eq. (4) and 〈N2〉 in terms of RIN [13] one obtains

S2/N2 =
4Reff P

2
0

(

η

η−1

)2

π δf(RIN P 2
0 + 2hνP0)ε

, (6)

where ν is the laser light frequency, δf the detection bandwidth, and ε = 1 ± 1/
√

2Nacq is
the power density estimation error when averaging over Nacq averages.

In the kHz domain, the RIN is dominated by pump induced 1/f technical noise [13]
(Fig. 3), which defines a minimum detectable effective reflectivity in our experiments Reff/δf ∼
10−15 Hz−1. The laser RIN can be reduced by using a closed-loop control system on the
pump-diode. The sensitivity will then be asymptotically limited by quantum noise NQ due



to spontaneous emission. The S/NQ [13, 16, 17] can be written for η ≫ 1 as

S2/N2
Q ≃ 2Reff P0

δf hν(ξ + π)ε
, (7)

where ξ ≃ 1.4 is the ratio of the spontaneous-emission rate into the laser mode to the
stimulated-emission rate per photon. In this case, Reff/δf could be as low as 4× 10−17 Hz−1

for 10mW. Alternatively, one can use a low noise frequency shifter to move the Doppler
peaks to higher frequency region in the MHz range [17] in order to get rid of 1/f noise and
reach the quantum limit, this way one can also determine the sign of velocity vector. We
tested this configuration using a commercial acousto-optic-frequency-shifter (AOFS) of high
spectral purity (< 1Hz) operating in the MHz range, which allowed us to reach the quantum
limit specified above. The AOFS is placed after the first lens f1, and f2 is removed. We used
a collimated beam (Rayleigh length ≃ 20m) and a lambertian target (albedo ≃ 0.6), at a
distance d = 10m and moving off the laser at low speed (v = 3.5 cm/s). As shown in the
inset of Fig 3 , this gives a Doppler beat note that departs from the AOFS frequency (here
fAOFS = 220MHz) by ∆fl = −70 kHz.

This sensitivity limit is valid below the laser coherence length. Unlike laser diodes, where
this length is limited by quantum noise at short distance of few meters, here the coherence
length is of the order of 10 km limited by technical noise [13], whereas the fundamental
quantum limit is larger than 90 000 km, which is of great interest for long distance telemetry.

The work presented here is a generalization of Doppler-feedback interferometry to ro-
tational case. We demonstrated that both rotational and linear Doppler shifts present in
light backscattered from spinning objects, can be measured using self-mixing in a vortex
laser. We used highly coherent diffraction limited LG beams carrying OAM with controlled
charges l = ±1,±2,±3,±4, .... These beams were generated using a class-A III-V semi-
conductor VECSEL source: this technology is clearly interesting for integration (industry
ready). This confers to the sensor a linear response and broad measurable angular velocity
range up to Ω = 108 rad/s and linear speed up to 300 km/h, with a sensitivity limited by
spontaneous emission quantum noise in terms of effective power reflectivity.

Such high performances compact laser system opens the path to a new family of laser
sensors of great interest for demanding photonic applications, such as optical micro manipu-
lation, atom guiding and acceleration, and manipulation of Bose-Einstein condensates. This
would enable to achieve compact, high performances and cost-effective systems, as the vortex
laser can be used at the same time as an optical tweezer and an auto-aligned, highly sensitive
speed sensor.
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Résumé : 

Le but de ce travail de thèse est l'étude et la réalisation de sources lasers de haute cohérence à semi-

conducteurs III-V, basées sur la technologie Vertical-External-Cavity-Surface- Emitting-Laser (VeCSEL) 

à puits quantiques (matériaux InGaAs/GaAs/AlGaAs), émettant dans le proche-IR sur des modes 

transverses du type Laguerre Gauss (LG) et Hermite Gauss (HG) d'ordres supérieurs. Ces modes ont 

des structures de phase, d'amplitude et de polarisation complexes qui leur vaut souvent l'appellation 

de 'lumière complexe' ou 'structurée'. Nous mettrons l'accent particulièrement sur les modes LG 

possédant un moment angulaire orbital, et sur une source contrôlant le spin du photon. Ce type de 

source laser présente un grand intérêt pour le développement de systèmes ou capteurs optiques dans 

différents domaines, tels que les télécommunications, les pinces optiques, et le piégeage et le 

refroidissement d’atomes, ainsi que la métrologie optique. Nous sommes amenés à étudier les modes 

propres des cavités optiques de haute finesse. Nous décrivons ces modes suivant les trois "axes" 

définissant l'état de photon: distribution longitudinale (fréquentielle), transverse (spatiale) et de 

polarisation. Pour chacun de ces trois axes nous étudions les ingrédients physiques qui régissent la 

formation des modes, et développons les outils théoriques nécessaires à la manipulation et au calcul 

des états propres dans des cavités modifiées. Dans une seconde étape, puisque la sélection des modes 

dans une cavité laser passe par l'interaction matière-rayonnement, nous nous penchons sur la 

dynamique de ces systèmes en écrivant les équations de Maxwell-Bloch pour notre laser. Ces 

équations nous permettent d'étudier le rôle de la dynamique temporelle dans la sélection des modes 

lasers et le chemin vers l’état stationnaire. Nous nous appuyons sur ces modèles pour expliquer 

certaines questions non/mal comprises, et qui mènent parfois à des interprétations erronées dans la 

littérature scientifique, notamment la sélection spontanée du sens de rotation du front de phase dans 

les modes vortex.  

Une partie de ce travail est consacrée au développement et à la caractérisation d'une technologie à 

semi-conducteurs III-V, qui permet de sélectionner efficacement un mode laser donné, dans la base 

propre. Nous développons une approche basée sur des méta-matériaux intégrés à la structure de gain 

(le 1/2-VCSEL) et qui agit comme un masque de phase et d'amplitude. Nous nous appuyons sur cette 

technologie pour réaliser une cavité laser qui lève la dégénérescence des modes vortex contrarotatifs 

et brise légèrement leur symétrie, ces deux étapes sont cruciales pour pouvoir sélectionner la charge 

et le signe du vortex généré et stabilisé. Afin de contrôler les modes de polarisation nous étudions les 

propriétés de polarisation de la cavité et du milieu à gain à puits quantique : la biréfringence, le 

dichroïsme, et le temps de spin flip dans les puits quantiques. Nous exploitons ces paramètres pour 

générer les états de polarisation désirés : linéaire stable, circulaire avec un moment angulaire de spin 

contrôlé par le spin de pompage. Enfin, nous présentons la conception et la réalisation d'un capteur 

laser sous rétro-injection optique (self-mixing) pour la vélocimétrie linéaire et rotationnelle, en 

utilisant une source laser émettant sur un mode vortex. Ce capteur montre un exemple de mesure 

inaccessible avec un laser conventionnel. Il tire profit des propriétés uniques des modes vortex pour 

mesurer simultanément la vitesse linéaire et angulaire des particules. Nous finirons cette partie par 

l'étude d’un autre design de capteur laser possible pour la granulométrie, utilisant d’autres types de 

modes laser générés dans ce travail. 

Mots-clés: VECSEL, Vortex, OAM, Vélocimétrie, granulométrie, Semi-conducteurs III-V, méta-

surfaces,  Modes laser, Dynamique laser,  

 



 

Highly coherent III-V-semiconductor laser emitting phase-, 

amplitude- and polarization-structured light for advanced sensing 

applications 

 

Abstract: 

The goal of this PhD thesis is to design and develop novel VeCSEL-type III-V semiconductor 

laser sources, emitting coherent light with structured wavefront. 

Light with structured wavefront also known as complex light, presents unique properties and 

an increasing interest with both applied and fundamental aspects.  For example, Laguerre-

Gauss modes LG0m - called vortex beams-, which occupy a central place in this work, possess 

an orbital angular momentum OAM, in addition to the linear one.  This property is of high 

interest in many new applications: ultrahigh resolution imaging, optical tools for 

biotechnology, laser cooling, atom trapping, optical manipulation, quantum information, etc. 

We start the study in chapter 1 by presenting the theoretical tools required to model the 

formation and the selection of structured light inside a laser cavity that incorporates mode 

control elements. We will address light eigenmodes calculation and multimode temporal 

dynamics. 

Then in chapters 2 and 3 we develop a novel technology based on dielectric metasurfaces, and 

sub-wavelength thick metallic layers, integrated on the gain structure of our laser to efficiently 

select the desired laser modes.  Next we show experimental examples of generated structured 

light, and conduct a characterization study in chapter 4. 

The fifth chapter deals with polarization mode selection in a laser.  We start by studying the 

polarization properties of the optical cavity and the quantum-well-based gain medium: the 

birefringence near the semiconductor surface; the dichroism and the spin-flip time in the 

quantum wells. We take advantage of these elements to generate and characterize the 

wanted polarization state: highly coherent linear and circular polarization state carrying a spin 

angular momentum (SAM) controlled via electronic spin injection. 

We end this work by designing and building a self-mixing laser sensor that takes advantage of 

a developed vortex laser, to measure simultaneously translational and rotational velocities of 

particles using optical feedback, which is an example of measurements inaccessible using 

conventional lasers. 

 

 

 

Keywords: VECSEL, Vortex, Orbital angular momentum, Velocimetry, III-V semiconductors, meta-

surfaces, 2D subwavelength grating,  Laser modes, laser dynamics.  


