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The emergence of spatial structures with an approximate hexagonal symmetry is observed in
broad-area amplifying microcavities with injection of a homogeneous beam. The length scale is
controllable via detuning. Optical bistability occurs close to the longitudinal resonance.

Semiconductor microcavities display a variety of complex behaviour resulting from the
strong coupling between light field and medium, often a semiconductor quantum well
or a set of quantum wells. The observed features include the formation and nonlinear
optics of polaritonic quasiparticles formed from excitons and photons (see e.g. [1, 2]) as
well as spontaneous gain due to collective bosonic phenomena [3]. In active microcav-
ities, i.e. vertical-cavity surface-emitting lasers (VCSEL), squeezing was found [4]. The
angular selectivity of the high-quality microcavity in conjunction with the possibility to
grow structures with a large extent in the transverse direction implies also the potential
for the formation of complex spatial structures, which became first apparent in VCSELs
(see e.g. [5, 6]). Recent experiments resulted in the observation of spatial patterns also
in driven passive cavities [7, 8]. We report on an intermediate case, in which a broad-
area VCSEL is operated as a regenerative amplifier, i.e. biased electrically below
threshold but above transparency and subjected to external injection of a homogeneous
beam. Recent works predict the spontaneous emergence of hexagonal patterns and the
possibility of bistable soliton-like excitations (cavity solitons) in such systems [9, 10],
which might enable new forms of all-optical, massively parallel information processing.
Partly electrically pumped systems appear to be advantageous in some respects com-
pared to purely passive systems [7, 8], since cascading is easier to achieve and the
requirements on optical power are considerably lower. First results were presented in
[11].

The devices under study are based on three InGaAs/GaAs quantum wells of thick-
ness 8 nm embedded in a spacer layer with a thickness of one wavelength. The cavity is
closed by Bragg reflectors with 30 stacks on the p-side and 20.5 on the n-side. A de-
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tailed description of the devices can be found in [12]. The active area is circular (dia-
meter ~35 to 55 um). Its size is defined by a thin oxide aperture. Emission takes place
through the thinned, anti-reflection coated substrate on the n-side. Most of the devices
under study were operated without prior packaging (on-wafer testing). The free run-
ning lasers start at threshold typically in a high order Laguerre-or Hermite Gaussian
mode [13].

Figure 1 shows a schematic view of the set-up. The spatially filtered beam of a tun-
able semiconductor master oscillator is injected in the VCSEL such that it fills the
aperture. The maximum available power level in front of the VCSEL amounts to some
mWs and is controlled by an acousto-optical modulator. The injected beam is linearly
polarized. Coupling to the VCSEL is achieved by an aspheric lens. The near field (NF,
i.e. the plane of the active zone) and far field (FF, the Fourier spectrum) intensity
distributions are imaged onto two charge-coupled device (CCD) cameras. Output and
injected power and the spectral characteristics are monitored also.

The spatially integrated small-signal gain can be very high (= 50 in resonance) in
accordance with earlier studies [14]. The amplification curve is rather narrow (< 0.3 nm
HWHM) but there is a slowly decaying low-amplitude tail for blue detuning of the
master oscillator with respect to the cavity resonance, which is due to the fact that
resonances belonging to spatial degrees of freedom are excited. Typical emerging struc-
tures are shown in Fig. 2. The slave was biased at 97% of threshold but the results are
not sensitive to this particular value. The near field patterns (Fig. 2a, c, e) display a
modulated symmetry-broken structure. Beside spontaneous emission the Fabry-Perot
spectrum displays only one peak at the injection wavelength (HWHM 3 GHz, resolu-
tion limited) indicating that the emission is coherent over the whole aperture. The far
field intensity distributions (Fig. 2b, d) show distinct contributions on a ring in Fourier
space. The radius of the ring reduces if the detuning is decreased. At the same time the

Fig. 2. Typical spatial structures observed for blue detuning (in a), b) 1.3 nm; c¢), d) 1.1 nm,
e) 1.2 nm) of the master oscillator with respect to the longitudinal cavity resonance. a), c), ) display
the near field; b), d) the the corresponding far field images of a), c¢). The device in a), c) is a 54 um
diam. VCSEL operated on-wafer with a probe tip, the device in ) is mounted on a diamond heat
spreader and wire bonded (see [12], diam. 38 um). The far-field images are overexposed at the dc
peak, which corresponds to the amplified injected field itself, in order to visualize the off-axis emis-
sion. Also the peaks in e) are overexposed
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near field patterns coarsen, of course. A quantitative analysis shows that the square of
the wavevector depends linearly on detuning (Fig. 3). Such a scaling is expected for
diffractive patterns in a plano-planar cavity [15, 16, 9, 10]. The tilt of the waves with
respect to the optical axis reestablishes the resonance condition in the cavity. Therefore
the off-axis waves are spontaneously generated from the injected on-axis wave which is
not in resonance. Using ny = 3.5 as an average refractive index for the semiconductor
material one can reproduce not only the scaling but also the absolute value of the
resonant wavevector from the usual Fabry-Perot theory [11] (solid line in Fig. 3, the
intercept with ¢ =0 is fitted since the position of the longitudinal resonance is not
known a priori).

The modulation in the near field patterns is visible in a detuning range of about 3.5
nm. The modulation depth increases with decreasing detuning [11]. There is a tendency
that the modulations arrange along rings (Fig. 2a, c). The inner part of these patterns
displays an approximate sixfold rotational symmetry either in the form of bright spots
(Fig. 2¢) or dark holes (Fig. 2a). This observation verifies the prediction of hexagons
[9], though there is apparently still some influence from the circular boundary condi-
tions. Such a competition between intrinsic dynamical and boundary induced symmetry
is known in several other optical (see e.g. [17]) and non-optical (see e.g. [18]) pattern
forming systems. In a device mounted on a head spreader there was a small range of
parameters in which the underlying rings disappear and true symmetry breaking takes
place (Fig. 2e). This might be due to the fact that axisymmetric radial inhomogeneities
due to thermal lensing are less important in this device, but this point needs further
investigation.

The observed patterns are different from the patterns in free running broad-area
lasers [15, 5, 13] since the external field breaks the phase invariance and also the inver-
sion symmetry of the underlying equations. Therefore, amplitude equations for the non-
linear evolution contain quadratic terms (see e.g. [16] for purely passive driven cavities)
in contrast to the normal third-order Lamb laser theory. Quadratic terms are known to
favor hexagons [19]. Due to the breaking of the inversion symmetry there are two
different kinds of patterns: negative hexagons, which consist of dark holes on a back-
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Fig. 3. a) Square of transverse wavevector in dependence on the injection wavelength. b) Output
power versus injected power close to the longitudinal resonance, 1 ~ 986.1 nm
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ground intensity (Fig. 2a), and positive hexagons, which consist of bright peaks on a
background intensity (Fig. 2c).

Close to the longitudinal resonance optical bistability, i.e. the coexistence of a high
transmission state and a low transmission state, is observed in a very narrow range of
detuning. Hysteretic switching takes place if the input power is ramped up and down
slowly (Fig. 3b). The bistable states correspond to two different amplitudes of a small
filamentary peak in the laser aperture. At the longitudinal resonance an ideal device
should display homogeneous emission, in the devices under study we observe the tran-
sition to a filament if the length scale of the pattern (Fig. 3a) becomes of the order of
the laser aperture. The emergence of the filament and its position is apparently due to
inhomogeneities. The bistability is very sensitive to fluctuations and the parameter win-
dow with optical bistability is considerably narrower than predicted in [10]. This effect
and its possible connection to gradient inhomogeneities in the cavity resonance [20] has
to be investigated in more detail.
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