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FIG. 1. (a) Top SEM image of a porous GaP sample. (b) A slightly
tilted side view of a porous GaP sample. (c) Sample configuration.
A light spring pushes the sample onto a sapphire window.

A. Sample fabrication and configuration

Random laser samples were made by infiltrating strongly
scattering porous GaP with an acidic solution of 20 mM
rhodamine 640 perchlorate in methanol (minimal gain length
6 um, absorption length 11 pm, quantum efficiency >90%).
The dye solution was put in an ultrasonic bath for 30 min to
ensure the dye was completely dissolved.

The porous GaP samples were fabricated by electrochemi-
cally etching a 9 x 9-mm piece of a 0.5-mm-thick crystalline
GaP wafer [MTI corporation, carrier concentration = 2-8 x
10Y” c¢mS3, n-type, S-doped, (100) orientation] in a 0.5 M
aqueous solution of H,SO,4 under dark conditions. In general,
the size of the pores, the pore density, and the shape of the
pores depend on the dopant density, the potential at which
the sample is etched, and the electrolyte used [20]. A highly
reflective top layer is formed during the etching process. To
remove this top layer, we used an intermediate etching step
at a high potential lying in the regime of passivation [11].
After fabrication, the samples were cleaved and inspected
with a scanning electron microscope (SEM). Figures 1(a)
and 1(b) show two SEM images of one the porous GaP
samples used in our experiments. From a two-dimensional
autocorrelation analysis of the top SEM image, we find the
typical correlation length at the surface of the sample to be
100 + 50 nm.

The transport mean free path of the porous GaP samples in
air was determined by an enhanced backscattering experiment
[21,22]. Infiltration of the porous structure with the dye
solution slightly increases the transport mean free path, due
to a lower refractive index contrast. After correcting for
this lower refractive index contrast [23], we determined the
transport mean free path in the two random laser samples
used, to be [ 05 %+ 0lpumand [ZF 14 £ 0.1um at
A = 632.8 nm. Since the disorder in porous GaP is quenched
(that is, the position of the scatterers does not change in time),
the samples are well suited for static speckle and random laser
experiments.

For the experiments, the samples were placed in a sample
holder which was filled with the 20 mM dye solution [see
Fig. 1(c)]. A spring was used to press the porous GaP
sample against a 3-mm-thick sapphire window. Both pumping
and collection of the random laser emission was done via
this sapphire window. The holder was mounted onto two
translation stages to allow for selecting different areas on the
sample manually.
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FIG. 2. (Color) Schematic overview of the experimental appara-
tus. The dashed line represents a flip mirror.

B. Excitation and detection

Figure 2 shows a schematic overview of the experimental
setup. The dye molecules in the random laser sample were
excited by 5-ns-long optical pulses, generated by an optical
parametric oscillator (Opolette 355-11, Opotek) with a repeti-
tion rate of 20 Hz. The wavelength of the pulses was selected
in a range between 555 and 565 nm at an energy below
the indirect band gap of GaP (548 nm) in order to prevent
damage due to absorption. The pump fluence incident on the
sample was controlled by means of a tunable reflective neutral
density filter. The pump light was focused onto the sample
by a long-working-distance microscope objective. The size of
the pump spot was controlled by moving the sample out of
the focal plane using a translation stage. To determine the size
of the diffusive spot profile, the surface of the sample was
imaged onto a CCD camera (Mightex). This CCD camera was
put on a translation stage to ensure the image was in focus
for all positions of the sample. The spatial correspondence
between the image on the CCD camera and the actual
distances in the sample plane was calibrated using a calibration
pattern.

Light emitted by the random laser was collected using the
same microscope objective and filtered by a 567-nm-long
pass filter (Semrock). To enable two-dimensional spatial
mapping of the random laser emission at the sample surface,
we introduced a spatially and spectrally selective detection
scheme as shown by the red shaded region in Fig. 2. This
detection path consisted of a bidirectional steering mirror
(FSM-300, Newport), two achromatic lenses (f = 100 mm),
and a pinhole (20 pm). Two 200-mm relay lenses placed before
the steering mirror prevented the beam from walking in the
detection path. The scanning experiments were done with a
0.55 NA microscope objective (CFI LU Plan Epi ELWD 50x ,
Nikon). The spatial resolution was 750 £ 50 nm. All other
experiments were done with a 0.25 NA microscope objective
(Leitz). After passing the detection path, the light was detected
using a spectrograph (Oriel MS-257, resolution 0.5 nm) and
an electron-multiplying CCD (EMCCD) camera (C9100-02,
Hamamatsu).
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FIG. 5. (Color online) Experimentally determined spatial mode
maps for seven modes at seven different wavelengths. (a) 603 +
0.2nm, (b) 604.3 + 0.2nm, (c) 607 £ 0.2nm, (d) 607.8 + 0.2nm,
(e) 609.5 + 0.2nm, (f) 610.8 + 0.2nm, (g) 613.3 = 0.2nm.
The black dotted line is the 50% intensity contour of the diffuse
fluorescence spot. The color coding for each plot is independent.
In (h) an optical parametric oscillator speckle pattern (605.1 nm) is
shown.

The maps are constructed by adding the spike intensity for the
25 measured spectra at one pixel.

The spatial mapping experiment gives a unique insight
in how random lasers work. Figure 5 reveals three key
characteristics of modes in GaP random lasers. First, modes
of different frequency have a significant spatial overlap at the
surface. Second, the intensities of the modes fluctuate in space.
Third, the positions of the modes do not always coincide with
the peak intensity of the pump spot.

B. Stability analysis of spatial mode maps

Spatial mode maps can be constructed from the raw data
for every wavelength. In this rather technical section, we
determine at which wavelengths the spatial mode maps are
reproducible in order for us to be able to separate useful
information from noise.

The Pearson correlation coefficient between two different
data sets, x and vy, is defined as [25]

i(xi S X)(yi S y)
ixi S X)? ivi S y)?
The correlation coefficient is one when the data sets are
fully correlated, and zero when they are not correlated at
all. For every wavelength, we now construct two spatial
mode maps: the first map is calculated using 12 out of the
25 available spectra per pixel, the second map is calculated

using the remaining 13 spectra. The Pearson correlation
coefficient between these two maps, Ps, is calculated for every
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FIG. 6. (Color online) The black histogram denotes the percent-
age of pixels on which a spike with a certain wavelength is detected
(left y axis). The red dashed-dotted line is the correlation coefficient
between two subsets (Ps, right y axis) that indicates the stability of the
measurement, the gray continuous line is the correlation coefficient
between the mode at a certain wavelength and the fluorescence
diffusive spot profile (Pp, right y axis).

wavelength. In this case, the subscript i in Eq. (1) denotes a
particular pixel in the map.

Figure 6 shows Ps as a function of wavelength together
with a histogram of the percentage of pixels that contain a
certain spike. The Pearson correlation coefficient between the
random laser modes and the fluorescence spot profile, Pp, is
also calculated from Eq. (1) and shown in Fig. 6. We consider
spatial maps at wavelengths where Ps is higher than 0.5 to
be sufficiently stable for further analysis. Seven modes fulfill
this criterion, namely, all the modes shown in Figs. 5(a)-5(g).
Furthermore, from the high values of the cross-correlation
coefficient we deduce all modes have a significant overlap
with the diffuse fluorescence spot profile.

C. Size of random laser modes and speckle

The grainy intensity profile of random laser modes might at
first glance resemble speckle. To compare the size of random
laser modes with the size of speckles, we study the intensity-
intensity autocorrelation

1Y) S 1Y) Ty ) S 1(x,y) ]
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Here 1(x,y) denotes the measured intensity at pixel (X,y)
and ([DA= (x Sx)?+ (y Sy)? The triangular brackets
denote ensemble averaging. Figure 7 shows the 2D ensemble
averaged autocorrelation of the seven converged random laser
modes and of 20 speckle patterns in reflection obtained by
illuminating the sample with light (605.1 nm) generated
by the optical parametric oscillator (OPO). The ensemble
average for the random laser modes was constructed by
averaging the seven stable mode profiles. The mode profiles
were shifted laterally to let their centers of mass overlap.
Not performing this centering procedure does not affect the
outcome significantly. For the speckle pattern the ensemble
average is obtained by averaging over 20 different realizations
of disorder.
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FIG. 7. (Color online) Two-dimensional ensemble averaged nor-
malized autocorrelation plot for (a) random laser modes and
(b) speckle.

In Fig. 8, we plot cuts of the two-dimensional data
of Fig. 7. The red line is a theoretical prediction from
Shapiro for the speckle size inside a random medium [26],
given by [sinko CiZko CO)JF exp( CXZI), convolved with the
microscope’s point spread function. In this theoretical curve
we neglect the minor adjustments made by Freund and Eliyahu
[27] for correlations on the surface of a random medium.
The point spread function was corrected for the presence
of the thick sapphire window, which changes the exit pupil
and thereby decreases the effective numerical aperture of the
microscope objective from 0.55 to 0.3, as was determined from
HeNe speckle measurements (as a side remark, we note that
polarization does not influence the normalized autocorrelation
of speckle). The first point in the random laser autocorrelation
graph accumulated all remaining experimental noise due to
the intrinsic fluctuations in intensities of spikes; therefore, the
second point in the graph was used to normalize the data. From
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FIG. 8. (Color online) Ensemble averaged intensity-intensity
autocorrelation for (a) random laser modes and (b) speckle along
different directions. The red solid line is a theoretical prediction for
the speckle size. The bars represent the standard deviation.
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the full width at half maximum values of the autocorrelation
graphs we find the size of random laser modes to be 3.0 +
0.7 um and the size of the speckles to be 0.8 £ 0.1 um.
This measured size of the random laser modes is also an
order of magnitude larger than the correlation length of the
material disorder in porous GaP. The size of the speckles is
in good agreement with the theoretically expected value. The
asymmetry that was present in the profile of the pump spot
also appears in the autocorrelation of the random laser modes.
This asymmetry in the autocorrelation indicates that the spatial
structure of the measured random laser modes is to some extent
influenced by the size of the pumped volume. Furthermore, in
contrast to speckle in a passive medium, random laser modes
do not span the entire excited area; instead, random laser modes
are confined.

D. Statistics and reproducibility of spectral spikes

In general, spectral spikes require a careful tailoring of
experimental conditions. The intensities of the spikes and
in some case the spectral positions differ from shot to shot.
Studies on the chaotic behavior of spikes have recently been
initiated by Mujumdar ez al. [28] and Wu and Cao [29]. To
find out more about the nature of the spikes we conducted
two additional experiments where no pinhole was present in
the setup. In the first experiment, we analyze for the first time
the role of the excitation area on spike statistics. Fifty single-
shot emission spectra were measured for different excitation
areas at a fixed value for the pump fluence, namely 0.07 +
0.01 uW/pm?. Second, to understand the role of light am-
plification outside the random medium, the reproducibility of
spectra containing spikes were studied for different distances
between the sample and the sapphire window using a similar
data analysis as used by Mujumdar et al. [28].

Figure 9 shows the number of spikes per single shot and
the relative height of the spikes in the spectrum versus the
excitation area. Peaks in the spectra were named a spike when
the spike intensity was higher than eight times the standard
deviation of the noise and when data points adjacent to the
spike within the spectral resolution were lower than the spike
value itself. The relative height of spikes increases when the
excitation area decreases. However, for all values of the pump
spot area we find spikes in the spectrum. Similar experiments
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FIG. 9. (Color online) Role of excitation area on statistics of
spectral spikes. The number of spikes per spectrum (in black) and the
relative height of a spike (in red) are plotted versus the excitation area
in a semilog plot. The data points represent the mean of the data, the
bars the standard deviation.
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