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Observation of Slow Light in the Noise Spectrum of a Vertical External Cavity
Surface-Emitting Laser
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The role of coherent population oscillations is evidenced in the noise spectrum of an ultralow noise
laser. This effect is isolated in the intensity noise spectrum of an optimized single-frequency vertical
external cavity surface-emitting laser. The coherent population oscillations induced by the lasing mode
manifest themselves through their associated dispersion that leads to slow light effects probed by the
spontaneous emission present in the nonlasing side modes.
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Since the early works of Sommerfeld [1] and Brillouin
[2,3] on light propagation through resonant atomic systems,
slow and fast light (SFL) have been the subject of consid-
erable research efforts. To control the group velocity of
light, various approaches have been proposed and demon-
strated, such as, e.g., electromagnetically induced transpar-
ency [4,5], coherent population oscillations (CPO) [6], and
stimulated Brillouin scattering [7]. All these approaches are
based on the well-known Kramers-Kronig relations stating
that a narrow resonance in a given absorption profile gives
rise to very strong index dispersion in the medium.
Consequently, a pulse of light can propagate through a
material slower or faster than the velocity of light in vacuum
without violating Einstein’s causality [8]. In this frame-
work, the major part of the studies reported in the literature
is devoted to single-pass propagation in the considered
dispersive medium: the pulse shape or the amplitude modu-
lation of the light is fixed at the entrance of the SFL system.
The point is then to investigate how these characteristics
evolve during propagation through the medium.

Systems, such as lasers, in which the light is self-
organized, have not attracted so much attention in this
context. Yet, CPO, an ubiquitous mechanism inducing
SFL, is present in any active medium provided that a strong
optical beam saturates this medium. Thus, CPO must be
present in any single-frequency laser since the oscillating
beam acts as a strong pump which, by definition, saturates
the active medium. This effect could be observed using an
external probe whose angular frequency is detuned with
respect to the oscillating mode, by less than the inverse of
the population inversion lifetime 1/7,. Besides, it has been
shown in semiconductor optical amplifiers (SOAs) that
CPO induced SFL leads to a significant modification of
the spectral noise characteristics at the output of the SOA
[9,10]. Consequently, this effect should be also visible in
the laser excess noise, using the spontaneous emission
present in the nonlasing side longitudinal modes of a
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single-frequency laser as probe of the CPO effect. To reach
this situation, the free spectral range (FSR) of the laser
must not be larger than 1/7.. This is seldom fulfilled in
most common lasers. For instance, in ion-doped solid-state
lasers, 7. is in the range of 1 us—10 ms [11]. Thus, the
FSR of the laser should be smaller than 1 MHz, forbidding
single-frequency operation. On the other hand, 7, in semi-
conductor lasers is in the ns range. Consequently, CPO
effects are efficient at offset frequencies below a few GHz
from the lasing mode [12]. The FSR of edge emitting
semiconductor lasers being around 100 GHz makes them
unsuitable for this experiment. However, class-A vertical
external cavity surface-emitting semiconductor lasers
(VECSELSs) [13] recently developed for their low noise
characteristics exhibit (i) single-frequency operation,
(i1) ultranarrow linewidth [14], (iii) shot-noise limited
intensity noise [15], and (iv) a FSR in the GHz range. All
these characteristics make them perfectly suited for the
observation of CPO induced SFL in their noise spectrum.

The laser used here is a VECSEL which operates at
~1 pm (Fig. 1). The 1/2-VCSEL gain chip is a multi-
layered stack, over L,, = 10 um length, of semiconduc-
tors materials. Gain is produced by six InGaAs/GaAsP
strained quantum wells grown on a high reflectivity Bragg
mirror. The Bragg mirror side is bonded onto a SiC sub-
strate to dissipate the heat towards a Peltier cooler. The
structure is covered by an antireflection coating. The gain
is broad ( ~ 6 THz bandwidth) and spectrally flat and has
been optimized to reach a low threshold [14]. The output
mirror (10-cm radius of curvature, 99% reflectivity) is
placed at L = 10 cm from the gain structure. In these
conditions, 1/277, is not negligible compared with the
FSR (A = 1.5 GHz). The laser is optically pumped at
808 nm. The pump is focused to an elliptical spot on the
structure with the ellipse aligned with the [110] crystal axis
to avoid polarization flips. A 200-um thick glass etalon is
inserted inside the cavity to make the laser single mode.
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FIG. 1 (color online). Experimental setup. A 808 nm fibered
laser is used to pump the 1/2-VCSEL chip that emits around
1 wm. The extended cavity is closed by a 99% reflection mirror.
The etalon is used to obtain the single-frequency regime and a
knife edge is inserted to increase the losses in a controllable
manner and thus adjust the power inside the cavity. The output
light is partly sent to a Fabry-Perot analyzer and partly to a
detector followed by an electrical spectrum analyzer.

Its spectrum is continuously analyzed with a Fabry-Perot
interferometer to ensure that the laser remains monomode
and that there is no mode hop during spectra acquisitions.
The noise spectrum is measured using a wide bandwidth
photodiode and a low noise radio-frequency amplifier. We
focus on the excess noise due to the beat notes between the
laser line and the spontaneous emission noise at neighbor-
ing longitudinal mode frequencies [15]. Indeed, the laser
output field reads E(1) = ¥, A ,e”*7"' + c.c., where p
holds for the different mode orders of amplitudes A , at
the cold cavity frequencies v, = v, + pA. p = 0 corre-
sponds to the lasing mode, and p = *1 to the two closest
nonlasing modes, etc. The photocurrent at the output of the
detector is thus

i@ | AP+ T4,
p#0
+ Z [AyAjexp(—2imf,t)+c.c.],

p#0

where | A pl (containing only spontaneous emission) is
very small compared with | A |. Thus, the excess intensity
noise, characterized by A, A%, consists of peaks located
at |f,| = [vy — »,| in the Fourier space. On that account,
the beat frequencies |f | occur at harmonics of the FSR in
the noise spectrum (Fig. 2). Just above threshold (n — 1 <K
1, where 7 is the laser excitation ratio), the excess noise
peak exhibits a Lorentzian shape with a width completely
described by the excess of losses 07, induced by the etalon
on the pth side mode [13]. At the pth FSR frequency pA,
the noise spectrum is thus the sum of two Lorentzian peaks
due to the beat notes of the lasing mode with the corre-
sponding sidebands (pth and — pth modes). By contrast,
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FIG. 2 (color online). Typical laser intensity noise spectrum.
For a cavity length L = 10 cm, the beat note frequency appear at
the first harmonic of the resonator FSR A = 1.5 GHz. The inset
is a zoom of the excess noise in the region around A. The fact
that this noise is composed of two Lorentzian peaks is the
signature of a CPO induced gain modulation, that leads to a
dispersion effect probed by the nonlasing modes located *+A
from the lasing frequency vy.

when the pumping rate is increased, we found experimen-
tally that the excess noise consists of two peaks separated
by 8f = f, — f-, ~ 100 kHz (inset of Fig. 2). This fre-
quency shift is given by

Lo (6n, + én_,), (1

SF ~ pp——m
f =L,

where n is the bulk refractive index of the semiconductor
structure. 6n.. , are the modifications of the refractive index
of the structure experienced by the *p side modes and
induced by the dispersion associated with the CPO effect.
In a semiconductor active medium, thanks to the Bogatov
effect [16], the dispersion is not an odd function of the
frequency detuning with respect to »,. Thus, don, #
—on_, and the two beat note frequencies f, and f_,
corresponding to the p and —p modes occur at slightly
different frequencies, as evidenced by the double peak of
Fig. 2. More precisely, this CPO induced index modification
can be derived from the gain medium rate equation. We
assume that this medium can be modeled by a two-level
system driven by an intracavity light field E(r) which is the
sum of the lasing mode and the two closest side modes:

E([) — ﬂ0672i7ﬂ/0t + ﬂ_lefb‘ﬂ'v_lt + ﬂlefﬁﬂ'vlt + c.c.

As the etalon forces the laser to operate in single mode
regime, one has [ A >|A_||>?=|A,.
Consequently, we consider only the beat notes between
the lasing and the adjacent modes which create modulations
of the population inversion at frequencies close to A. Under
these assumptions, the gain g(v,) and the refractive index
variation 6n(v,) = n(v,) — n, seen by the side modes, that
can be considered as weak probes, are given by [17]:

-2y S0 ot
p 1+8 (1+8)?+[2m(vy — Vp)Tc]z
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FIG. 3 (color online). (a) Round-trip gain versus probe fre-
quency detuning vy — v,,. The thin line is the unsaturated gain.
The dashed line is the saturated gain for the light at v. The full
and dot-dashed lines are the gains seen by the probe for & = 0
and a =5, respectively. (b) Round-trip phase modification
experienced by the side modes for &« = 0 (full line) and &« = 5
(dot-dashed line). These profiles are plotted from Egs. (2) and (3)
with 7. =2 ns, S = 0.5, and G, = 2g¢L,, = 0.07, which cor-
respond to our experimental conditions.

Sn(v,) = c g8 2m(vg—v,)r.+a(l+S)

Ay 1+ S+ S+ [2m(vy — v, )7 ®)

Here g, is the unsaturated gain and S the saturation
parameter. « is the phase-intensity coupling coefficient
(Henry’s factor) that is responsible for the Bogatov effect.
Equation (2) describes two phenomena: (i) the self-
saturation of the gain at v by the field at v, [dashed line
in Fig. 3(a)] and (ii) the modifications due to the CPO effect
of the gains probed by the side modes at v ,. The evolution
of this gain versus probe frequency is plotted as a full line
(respectively dot-dashed line) in Fig. 3(a) for & = 0O (re-
spectively @ = 5). This CPO effect is also responsible for
the modification of the refractive index seen by the side
modes which modifies the round-trip phase for each side
mode [see Fig. 3(b)]. With a # 0, the phase shifts for two
symmetric side modes are not opposite, restraining 6 f from
vanishing [see Eq. (1)]. Figure 4 shows the double peak for
different intracavity powers P (defined as the power of 1
of the two traveling waves creating the intracavity standing
wave). It should be noticed that the two excess noise peaks
have different widths. This is due to the fact that at the first
order, the widths depend on the losses induced by the intra-
cavity etalon. These extra losses lead to the following extra
loss rates for the pth side mode:

8y, =241 - T(v,)] 4)

where T (v,) is the etalon intensity transmission for that
mode. When the lasing mode frequency v coincides with
a maximum of the transmission spectrum, both side
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FIG. 4. Experimental noise spectrum for different intracavity
powers. The difference between the widths of the two peaks is
clearly visible. The peak widths and the spacing increase with
the intracavity power. Resolution bandwidth = 1 kHz.

modes transmissions are equal: 7 (v,) = 7 (v_;) < 1 and
the peak widths are also equal: 6y, = 6y_;. Butif v, is
shifted by 6 > 0 from the etalon resonance frequency [see
Fig. 5(a)], the etalon transmission for mode p = +1 (re-
spectively p = —1) decreases (respectively increases) with
ov. Figure 5(b) shows the effect of such a detuning on the
extra loss rates 6y.;. We check from the experiment
whether this evolution of the extra losses experienced by
the side modes correctly explains the widths of the two
peaks, as in the simple model of Ref. [15]. The two peaks
of Fig. 4 are fitted by two Lorentzians in which some
asymmetry is included to take into account the Bogatov
effect [16]. Figure 6(a) reproduces the evolution of the peak
widths versus intracavity power. This intracavity power is
varied by introducing controlled diffraction losses inside
the cavity using a knife edge for a constant pump power, in
order to keep g, constant. The variation of the intracavity
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FIG. 5 (color online). (a) Etalon transmission versus frequency.
When the lasing mode frequency is shifted by é» from the maxi-

mum of etalon transmission, the transmissions for the side modes at
v+ are no longer equal. (b) Extra loss rates 6y versus v.
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@, ooy ) the two peaks were due to a coupled cavity effect, it
R I . should be completely different in the absence of the
“f 601 . ° antireflection coating, contrary to our observations.
o 0 J In conclusion, we experimentally evidenced the exis-
el . . . tence of intracavity slow light effects in a laser induced by

FIG. 6 (color online). (a) Peak widths 6y~ versus intracavity
power. (b) Peak spacing & f versus intracavity power. Squares:
measurements. Full line: prediction obtained from Egs. (1) and
(3) with the same parameters as in Fig. 3.

power modifies the laser frequency shift v, leading to
different evolutions of 6y, and 6y_,, as expected from
Fig. 5(b). However, the magnitudes of the experimentally
observed variations of these widths are significantly larger
than those calculated in the simple model of Eq. (4), sug-
gesting the enhancement of this effect by nonlinear contri-
butions. Moreover, it is expected that increasing the
intracavity power, and thus the gain saturation, leads to an
increase of 0 f. Figure 6(b) clearly shows that d f increases
with the intracavity power, evidencing the nonlinear origin
of the double peak noise spectrum expected from Eq. (3).
The full line in Fig. 6(b) is obtained from Eqgs. (1) and (3)
with our experimental parameters. It shows that our simple
model based on a two-level system including Henry’s factor
gives the good order of magnitude for 6 f and the correct
sign for its evolution versus intracavity power. One should
not be surprised by the fact that the agreement with the
measurements is not perfect: the model of Egs. (2) and (3)
is too crude to fully describe the gain and index saturation
in strained quantum wells. Moreover, we overlooked
many effects such as (i) the variation of « with the carrier
density, (ii) the thermally induced variations of the index
and of the laser mode diameter, (iii) the variations of 7
with the carrier density, (iv) the possible existence of
an offset in 0f due to the linear dispersion of the
gain medium and the etalon. Notice also that since the
cavity FSR A is larger than the width of the CPO dip of
Fig. 3(a), we are probe the wings of the dispersion profile
of Fig. 3(b), i.e., the slow light regime. Moreover, we
have checked that this phenomenon is not related to a
coupled cavity effect since we observed exactly the same
behavior of the noise spectrum with another 1/2-VCSEL
without any antireflection coating. If the splitting between

the CPO mechanism. These effects are probed by the laser
spontaneous emission noise present in the nonlasing
modes. We have shown that this noise is a very efficient
probe to explore the intracavity CPO effects and their
evolution with the laser parameters such as the intracavity
power. Moreover, we have predicted that this observation
should be able to lead to intracavity fast light if the side
mode frequencies are closer to the lasing mode frequen-
cies, i.e., for a longer cavity. This opens interesting per-
spectives on the study of intracavity fast light [9,10] which
raises numerous interests for applications to sensors
[18,19]. Moreover, the study of the phase noise of the light
present in the side modes of such a laser should lead to
interesting features including the noise correlations in-
duced by the laser nonlinear effects.
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