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Abstract: Electrically pumped random lasers with distributed feedback can be obtained by
introducing random defects into the device active layer, modifying the epitaxial growth process
and losing the ease of fabrication potentially offered by disordered structures. We recently
demonstrated an alternative and more practical approach in which random lasing emission is
obtained from a modified Fabry-Perot laser diode after pulsed laser ablation of its output mirror.
Here, we improve our fabrication technique by sweeping the ablating laser beam along the output
mirror at different speeds and with different pulse energies, obtaining control over the total
energy delivered at each point. We optimize the ablation parameters by evaluating the device
performances in terms of lasing threshold and output power and we present the device emission
characteristics. The proposed technique is tunable, fast and reliable, allowing the fabrication of
devices with different properties by proper selection of the ablation parameters.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Multiple scattering and optical gain are the fundamental building blocks of random lasers (RLs),
providing the optical feedback and amplification required for lasing action [1,2]. With clear
applications different from standard lasers, these devices can be used for speckle-free imaging
[3], spectroscopy [4], sensing [5] and signal processing [6], due to their multi-mode emission
spectrum characterized by narrow randomly distributed frequency peaks or single peaked, strongly
coupled modes with low spatial coherence [7]. RLs can be fabricated from different materials,
e.g., colloid solutions of dyes and scattering particles [8], polymers [9], crystal powders [10],
doped optical fibers [11] or semiconductor where scattering defects are randomly located [12–15].
These approaches are based on a distributed feedback architecture, where gain and multiple
scattering are spatially mixed [16,17].

In electrically pumped semiconductor RLs with distributed feedback the introduction of an
additional fabrication step during epitaxial growth is required for the introduction of random
defects embedded into the active layer. Alternatively, optical gain and scattering elements
can be structurally separated in a non-distributed feedback architecture, where the diffusive
elements enclose the gain material [18–21]. Following this approach, we previously introduced
an electrically pumped RL consisting of the active medium (AlGaInP multi quantum wells,
MQWs) enclosed between a mirror and a scattering surface [22]. This device was obtained
directly from a commercially available single-transverse mode Fabry-Perot (FP) laser diode (LD)
by ablating its output mirror with a high energy femtosecond pulsed laser to obtain a rough and
highly scattering surface.
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In our initial approach to fabricate random LDs, we have used a specific and fixed set of
parameters in the ablation process. This was sufficient to demonstrate the viability of our
approach and focus on the characterization of a single device and its properties. However, our
ablation method is intrinsically flexible as the ablating beam properties, e.g., pulse energy, beam
diameter, repetition rate, pulse duration or emission wavelength, can be widely varied, providing
a sufficiently rich phase space that can be used to control the surface roughness on the output
mirror and consequently to tune the spectral and spatial emission characteristics of the modified
device.

Here, an ablating pulsed laser beam, with constant beam diameter and pulse energy, is directed
onto a LD which is moved so that a pulse train is delivered on the active region section of its
output mirror. By varying the speed at which the LD is moved, we can vary the total amount of
energy per unit area delivered on the surface, obtaining different surface roughness and disorder.
Following this approach, we fabricate several (18) devices with different ablation speeds and
variable energy flux on the mirror surface. We present their surface characterization and emission
properties in terms of their output power and threshold currents, and we relate the ablation process
with the lasing characteristics. We then focus on the behavior of a single device describing its
spatial and spectral emission properties. We report that the emission spectra and output patterns
vary with current and multi-mode emission is observed that can vary into single mode emission,
depending on the injection current.

The fabrication approach proposed here is practical, repeatable, and fast, allowing the
realization of a large number of devices in a short time with exotic behavior with multi- and
single-mode random lasing emission. The analysis performed relates the effect of the output
mirror roughness characteristics on the random LD emission properties and contributes to the
experimental characterization of these novel devices. In addition, our work is strongly driven
also by application motivations, as the final device performance, e.g. output power and threshold
current, can be ameliorated by proper tuning of the ablation parameters.

The manuscript is organized as follows: in Section 2, we present the ablation process and the
surface characterization. In Section 3, we describe the emission characteristics of the fabricated
random LDs. Finally, in Section 4, we discuss our results and present our conclusions.

2. Fabrication process and surface characterization

The original LDs (Opnext HL6388MG) have an active region composed by AlGaInP MQWs
emitting at 637 nm. Modified devices are obtained by ablating the MQW area on the output
mirror with a high energy pulsed Nd:YAG laser at 532 nm (Ekspla PL2251C) with linearly
polarized light (polarization perpendicular to the plane of the MQWs), 30 ps pulse duration and
10 Hz pulse repetition rate.

To create the roughness on the output mirror, the LD is displaced with a computer-controlled
translation stage so that the pulsed laser beam is swept over the entire width of the active area
with controllable speed. During the ablation process, the LD is biased with a small amount of
current and the active area is imaged in real time on a CCD so that the ablating laser beam is
centered on the region of interest.

The pulse energy flux, i.e., the energy per pulse per unit area, FP, is given by FP =EP π
−1

(d/2)−2, being EP the pulse energy and d the beam diameter. The total energy delivered per unit
area of the MQWs cross section is calculated as FT =FP·d·(v·T)−1, where v is the speed at which
the LD is moved and T the pulse period. The total amount of energy delivered to the LD facet is
directly proportional to EP and inversely proportional to v, resulting in higher (lower) amounts of
delivered energy when the translation of the LD is slow (fast). Visualization 1 shows the ablation
process for d = 50 µm, EP = 100 µJ and v= 60 µm/s.

We set d = 50 µm and we fabricate two batches of devices: a first batch with EP = 100 µJ and
10 µm/s ≤ v ≤ 60 µm/s, corresponding to 42 J/cm2 ≤ FT ≤ 255 J/cm2 and a second batch with

https://doi.org/10.6084/m9.figshare.24146694


Research Article Vol. 31, No. 25 / 4 Dec 2023 / Optics Express 42441

EP = 65 µJ and 50 µm/s ≤ v ≤ 110 µm/s, corresponding to 15 J/cm2 ≤ FT ≤ 33 J/cm2 so that we
cover the range 15-255 J/cm−2. Ablation parameters are summarized in Table. 1.

Table 1. Ablation parameters of fabricated devices

EP (µJ) 100 65

v (µm/s) 10 20 30 40 50 60 50 70 90 110

FT (J/cm2) 255 127 85 64 51 42 33 24 18 15

Fabricated devices 1 1 1 1 1 1 3 3 3 3

In selecting the range of v, we consider the following aspects. The highest speed limit, vMAX ,
is set by the constrain that pulses create a continuous ablated area, a situation in which faster
sweep leads to no pulse overlap, i.e., having pulse of diameter d every period T, resulting in
vMAX = d/T = 500 µm/s. However, we consider that this value results in poor modification of
the mirror surface, and we focus our investigation in a significantly lower speed range, with
v= 110 µm/s being the maximum speed considered. The lowest speed limit is found empirically
when no emission is observed due to excessive amount of delivered energy and consequent
critical damage of the device. In our experiments, we found this value at v= 10 µm/s which
corresponds to FT = 255 J/cm2, for EP = 100 µJ.

In Fig. 1(a) and 1(b), we show the 3D profiles obtained with an optical profilometer (Filmetrics,
ProFilm3D) of original and modified devices, respectively.

Fig. 1. Optical profilometry of the original (a) and modified (b) device obtained with 33
J/cm2. Ablation depths obtained with different total energy flux and original LD profile,
active region is marked with gray area (c). Calculated root mean square height (Sq) as a
function of FT (d). Power spectral density functions of two devices obtained with FT = 33
J/cm2 and FT = 51 J/cm2 (e).

The orange flat surface in Fig. 1(a) is the output mirror of the LD chip, which is located on
a silicon substrate (the blue lower rough surface in Fig. 1(a)) for electric and thermal contact.



Research Article Vol. 31, No. 25 / 4 Dec 2023 / Optics Express 42442

The red line in Fig. 1(a) pinpoints the active region, whose center is located at one micrometre
from the edge of the chip. The width of the LD chip (x-axis in Fig. 1(a)) is 180 µm and its height
(y-axis in Fig. 1(a)) is 100 µm. The output light emission is directed along the z-axis in Fig. 1.
The effect of the ablation process is clear in Fig. 1, where the originally flat mirror around the
active region (Fig. 1(a)) is transformed into a stripe of rough surface (Fig. 1(b)). The stripe width
(along the y-axis direction) is about 25 µm wide, which corresponds to half of the diameter of the
ablating beam, as the beam center is located on the active region close to the edge of the chip.

The detail of the z-y profiles obtained with different ablation parameters are plotted in Fig. 1(c):
samples ablated at higher FT present a massive surface removal. In particular, for the highest
amount of FT = 255 J/cm2, the mirror surface is ablated down to the silicon substrate (located
at 12 µm below the mirror surface) and for the higher doses some debris can even be seen
to accumulate on the outskirts of the ablating spot. For FT = 15 J/cm2, the ablation depth is
below 1 µm, approximately. This trend is observed for all fabricated samples: the ablation depth
increases with the delivered energy per unit area.

To quantify the induced roughness of the ablated facets, the root mean square height is
calculated, defined in ISO standard 25178 as the standard deviation of the absolute values of
heights from the average level of the surface (Sq). Figure 1(d) plots Sq as a function of FT.
Samples fabricated with the lowest amount of delivered energy present the lowest value of the
Sq parameter (Sq= 0.9 µm) which increases to Sq= 3.7 µm, as FT is increased. The average
roughness depth is clearly linked to the amount of energy delivered to the LD mirror and decreases
with higher target speed or lower pulse energy.

Surface properties of the modified mirrors are also investigated after calculation of their power
spectral density function (PSDF), plotted in Fig. 2(e) for two representative samples obtained
with FT = 33 J/cm2 and FT = 51 J/cm2 both at v= 50 um/s. The PSDF is the Fourier transform of
the profile autocorrelation function in which any spatial periodicity ∆x in the surface is revealed
as a peak with a corresponding spatial frequency given by f∆x = 1/∆x. Due to the temporal
modulation of the ablation process in which a pulsed laser with a repetition rate T is spatially
scanned over the LD surface at speed v, the produced deformation is expected to be periodic with
a spatial modulation given by v·T. Considering the ablation scanning speed of v= 50 µm/s, the
corresponding spatial periodicity and frequency are ∆x= 5 µm and f∆x = 0.2 µm−1, respectively.
In Fig. 1(e), a clear peak at f∆x = 0.2 µm−1 is observed only for the lower value of FT = 33 J/cm2.

Fig. 2. (a) Output power versus current for different devices: the original FP LD (crosses),
and devices obtained with FT = 15.1 J/cm2 (red dots), FT = 18.4 J/cm2 (blue dots), FT = 64
J/cm2 (red circles) and FT = 127 J/cm2 (blue circles). Threshold current (b) and maximum
output power PMAX (c) as a function of FT, error bars show the standard deviation from
measurements performed on three devices.

A similar behavior is observed in other fabricated devices, where the ablation periodicity is
detected for low energy fluences, and it is gradually lost at increasing energies. We attribute this
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to a higher degree of randomness in the structure of the ablated surface induced under higher
energy levels which smears out any periodicity in the final surface.

3. Emission characteristics

Unmodified devices show typical emission power of 250 mW at 340 mA, threshold current (ITH)
around 90 mA and efficiency slope of 0.8 W/A. In original unprocessed devices, emission is
observed from the entire width of the active region from the output mirror. Since no current
confinement structure is used in these devices and many multiple transverse modes are allowed,
the total output power is much higher than in single transverse mode devices.

Devices are biased with CW currents (current driver Thorlabs LDC205C) and temperature
stabilized at 20°C (temperature controller Thorlabs TEC200C), unless otherwise specified. The
emission from original and modified devices is collected with a microscope objective with a
magnification of 50× and a numerical aperture of 0.9 and directed to a calibrated photodiode
(Thorlabs, S130C).

Figure 2(a) plots the output power as a function of the bias current for different devices:
the original (unprocessed) LD and several random LDs ablated with different amounts of total
delivered energy. Lasing devices in Fig. 2(a) clearly show the typical S-curve corresponding to
the transition from amplified spontaneous emission to lasing action after crossing the threshold
current, to saturation [23,24]. We observe a general trend in the input-output curves: the devices
ablated under lower energy fluence present higher values of the maximum output power and
lower values of threshold current.

Output power degradation observed in Fig. 2(a) at high bias currents is attributed to heating of
the active region in modified devices. We calculated the thermal impedances RTH [25,26] of the
original LD and the device ablated with FT = 18.4 µJ/cm2, obtaining RTH = 4°K/W and RTH = 30
°K/W, respectively.

We observed amplified spontaneous emission but no lasing action in two fabricated devices
obtained with FT = 51 J/cm2 and with FT = 64 J/cm2. These two cases of lasing failure are
attributed to a possible short-circuit on the ablated mirror caused by localized surface states which
provide a less resistive path to injected current. In this case, much less current flows through the
optical cavity providing less gain and impeding to reach the lasing regime. We consider that
this kind of failure is favored by higher FT values, for which the modification process is more
aggressive.

In Fig. 2(b) we plot the threshold current as a function of FT , with the error bars corresponding
to the standard deviation of the output power from three different devices at each FT . All the
devices present a larger threshold current than the original laser (ITH = 90 mA), spanning from
ITH = 108 mA (FT = 15 J/cm2) to ITH = 118 mA (FT = 127 J/cm2), as previously observed and
attributed to the increase of scattering losses with respect to the original laser [22]. In Fig. 2(c)
we plot the maximum output power, PMAX, as a function of FT. The highest output power is
obtained for the lowest ablating energy fluence (FT = 15 J/cm2) and PMAX decreases as FT is
increased. Two measurements in Fig. 3(c) are found away from the curve trend, resulting in the
lowest measured values. These correspond to the non-lasing devices fabricated with FT = 51
J/cm2 and FT = 64 J/cm2.

The large standard deviation observed in some samples in Fig. 2(c) is attributed to small
differences in the ablation process performed on different devices. In some devices the ablating
beam path is not perfectly parallel to the active region, due to a small tilt of the LD when manually
placed on the laser mount before the ablation process. This could vary locally the roughness
of the ablated mirror if the ablating beam is not perfectly uniform, affecting the output power.
Careful alignment of the LD prior to ablation process and a statistical analysis performed on a
larger number of devices could clarify this point and possibly reduce the standard deviation of
PMAX.



Research Article Vol. 31, No. 25 / 4 Dec 2023 / Optics Express 42444

Fig. 3. Emission characterization of the device obtained with FT = 42 J/cm2, at different
bias currents. For I = 1.3 ITH , spectrum (a) and beam profile (b), for comparison the emission
profile of the original LD at FWHM is shown with a gray ellipse. For I = 1.6 ITH , spectrum
(c), beam profile integrated over the entire wavelength range (d) and over a 0.25 nm wide
window at 634.8 nm (e) and 635.96 nm (f). Integration ranges are highlighted with green
areas in Fig. 3(c). For I = 2.0 ITH , (g) full spectrum (black line) and spectra collected from
three different points P1 (red line), P2 (blue line) and P3 (green line) marked with crosses in
the beam profile (h).
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The increase of ITH and decrease of PMAX with FT are understood as due to the variable degree
of damage introduced by the ablation process. High energy fluences results in longer ablation
depths, higher Sq and uncorrelated patterns, as shown in Fig. 1, which corresponds to increased
losses produced by highly scattering surfaces. The smoother and less aggressive is the ablation
process, the better are the emission performances in terms of ITH and PMAX .

The highest value of PMAX = 4.7 mW is found when the device is biased with current I = 1.4·ITH,
which corresponds to a reduction of the emitted power by a factor of 6 with respect to the original
LD when also biased at I = 1.4 ITH. This is a clear improvement with respect to our previous work
[22], in which the decrease of output power was of two orders of magnitude after the ablation
process (about 40 µW). Previously reported random LDs with distributed feedback [15] show
maximum output power of 11 µW and ITH of 25 mA. The higher output obtained in our devices
is attributed to the non-distributed feedback architecture in which scattering losses are located
on the output rough mirror and do not detriment of the amplification process inside the active
region. The obtained ITH cannot be lower than the original ITH (90 mA), as our method introduce
additional losses compare to the original FP cavity. Results indicate an increment in ITH of a
factor between 1.2 and 1.3 with respect to the original ITH.

In the following we present the spectral and spatial emission characteristics of one device and
investigate its operation. The device considered is obtained with EP = 100 µJ and v= 60 µm/s
corresponding to FT = 42 J/cm2. Other devices show similar characteristics.

For obtaining spatially resolved spectral measurements, the collimated output beam is scanned
with an optical fiber (100 µm core diameter) mounted on computer-controlled translation stages
and connected to the spectrometer. A spectrum is collected at each point of the scanned area: the
beam pattern is obtained by integrating each collected spectrum over the full wavelength range
and the full spectral emission is obtained by summing all the collected spectra. Results obtained
for three different currents are shown in Fig. 3.

The full spectral emission and beam pattern obtained for I = 1.3 ITH are shown in Fig. 3(a) and
3(b), respectively. We observe a double peaked spectrum with peak separation of 0.6 nm and a
beam profile with random distribution of maxima and minima of intensity, qualitatively similar to
the one observed in our previous work [22]. The emission profile of the original unprocessed LDs
is elliptical with full width at half maximum (FWHM) angle of emission of about 15° and 40° in
the parallel (x-axis in Fig. 1(a)) and perpendicular (y-axis in Fig. 1(a)) direction of emission,
respectively (shown in Fig. 1(b) with gray ellipse).

The spectrum and beam profile obtained for I = 1.6 ITH are plotted in Fig. 3(c) and 3(d),
respectively. At this current the spectrum has a FWHM of 2.1 nm and its profile is characterized
by multiple peaks superimposed on a gaussian background. Notably, the emission pattern
consists of a speckled profile, as for I = 1.3 ITH, but with a different distribution of maxima and
minima of intensity. The spatial emissions of the spectral regions highlighted with green areas
in Fig. 3(c) are obtained by numerically integrating the collected spectra in two wavelengths
windows (0.25 nm wide) centered at 634.8 nm and 635.96 nm, and shown in Fig. 3(e) and 3(f),
respectively. The obtained intensity distributions are different from each other and from the
full pattern in Fig. 3(c), as different emission angles correspond to different spectra and the full
emission pattern is understood as resulting from the sum of the transverse profiles associated
with different frequency peaks.

The spectrum and beam profiles obtained with I = 2.0 ITH are shown in Fig. 3(g) and 3(h),
respectively. In this case the spectrum consists of a single peak with a very narrow FWHM
linewidth of 0.12 nm limited by the resolution of the spectrometer. The emission pattern is
speckled and different from the beam profiles obtained with other current values, shown in
Fig. 3(b) and 3(d). Narrow emission on a single wavelength is observed from all angles of
emission. As an example, we show in Fig. 3(g), the normalized full spectrum and three spectra
collected from points P1, P2 and P3, highlighted in Fig. 3(h) with black crosses.
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Fig. 4. Output beam profiles obtained from the device fabricated with FT = 42 J/cm2, when
biased with I = 1.1 ITH, at different case temperatures of 10 °C (a), 15 °C (b) and 20 °C
(c). (d) Full emission spectra from the same device, with I = 1.1 ITH, at different case
temperatures of 10 °C (red line), 15 °C (black line) and 20 °C (blue line).

Devices obtained with different ablation parameters present qualitatively similar emission
patterns and spectra compared to the ones shown in Fig. 3. Low values of FT (FT ≤ 33 µJ/cm2)
result in far-fields patterns with larger areas of maximum and minimum intensities and larger
spectral widths. The current dependent variation of these properties is observed in all fabricated
devices.

The exotic properties observed in Fig. 3 can be summarized as follows: at each current a
different spectrum and beam pattern are observed, consisting of single or multiple peaks in
frequency and varying speckled directional emission profiles. This behavior is attributed to the
variation with current of the longitudinal and transverse modes inside the cavity, which define
the spectral and spatial emission of the device. Specifically, the temperature and carrier density
variation in the active region due to injected current modifies the refractive index of the cavity,
the transverse and longitudinal modes, and their interplay and competition for gain.

Emission on a single wavelength observed for I = 2.0·ITH is understood as due to strong mode
competition between adjacent modes, as theoretically predicted in the framework of coupled
mode theory [27,28]. We argue that a strong spatial overlap of longitudinal and transverse
modes takes place and only a few modes win the competition for gain, resulting in a very narrow
linewidth and one spatial pattern at the output.

In order to verify the hypothesis that the variation of the output beam profile responds to the
refractive index change induced by the current-dependent temperature variation, we performed
temperature dependent measurements.

In Fig. 4, we show the results obtained with the same device considered in Fig. 3, fabricated with
FT = 42 J/cm2, when biased with a constant current I = 1.1 ITH and different case temperatures. In
Fig. 4(a), 4(b) and 4(c), we show the beam intensity profiles obtained when the case temperature
is set to 10 °C, 15 °C and 20 °C, respectively. In Fig. 4(d), the corresponding spectra are plotted.
The calculated correlation coefficients between the intensity maps in Fig. 4(a)-(c) range from 0.23
to 0.38, indicating relevant differences in emission patterns at different temperatures. A clear
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change with temperature is also observed in the profile of emitted spectra in Fig. 4(d). These
results are attributed to the refractive index change induced by temperature variation.

More in detail, we interpret this behavior with the following picture. In RLs with non-
distributed feedback, the longitudinal and transverse lasing modes result from the phase and
amplitude contributions of the diffusive mirrors and the cavity path length to the round trip of
the resonator [18]. If the refractive index is varied, the optical path changes, thus changing the
standing waves, the longitudinal and transverse modes inside the cavity, the emission spectrum
and the emission pattern.

4. Discussion and conclusions

In this work we present a method for the fabrication of electrically pumped semiconductor
RLs via the modification of the output mirror of commercially available Fabry-Perot LDs. The
method relies on the controlled pulsed laser ablation of the output mirror of the original devices,
introducing scattering defects which provide the required diffusive feedback for random lasing.

We tested the proposed method with different amounts of total energy delivered, which is
varied by varying the speed at which the modified mirror is swept with respect to the ablating
beam. Better results, i.e., higher output power and lower threshold current, are obtained from
devices ablated with lower amounts of total energy delivered. This is attributed to the degree
of disorder induced by our fabrication technique, in which deeper ablation lengths and highly
scattering surfaces are obtained for strong ablation energies, resulting in high scattering losses
which detrimentally affect the device performances. A complete theoretical model is required
for a detailed linking between the scattering properties of the ablated mirror and the emission
characteristics of the device. In this work, we limit our contribution to the demonstration of the
fabrication method and experimental characterization of the devices.

We demonstrate a maximum output power of 4.7 mW which corresponds to a significant
improvement with respect to previous work in which tens of µW were yielded by electrically
driven random LDs, demonstrated for the first time.

Critical damage of the original laser and lack of emission after the ablation process have been
observed for the one device obtained with the highest amount of ablation energy tested, setting
an upper limit to the energy that can be delivered at about 250 J/cm2. Two devices emit light but
do not lase: we suppose that this is due to a low resistance path created by the ablation process
on the modified mirror surface which reduce the gain available inside the cavity.

All other devices are fully operational and show clear random lasing emission. We describe
in detail the characterization of one device which is qualitatively similar to others. The device
considered shows spectral profiles which vary with current and can be characterized by many, few,
or a single peak in frequency. The directional emission intensity profile is speckled and varies
with current. This behavior is understood as most probably due to the variation of the refractive
index of the cavity induced by temperature change provoked by injected current. The multi- or
single- peaked spectrum is associated with mode competition and spatial overlapping inside
the cavity. This interpretation is supported by the results obtained with temperature dependent
measurements which qualitatively reproduce the observed behavior.

We consider that the relevance of the presented work is given by the contributions produced
on two sides. On one hand, we demonstrate a flexible, controllable and repeatable technique for
simple and fast fabrication of electrically pumped semiconductor RLs with tunable parameters.
On the other hand, we report the exotic behavior of one of the manufactured devices with complex
dynamics of modal competition resulting in multi- or single- peaked spectra that could find
applications in different fields where emission directionality, low coherence, multimode interplay
or complex photonic behavior is required.
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