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Abstract: As an advantage, random lasers may be elaborated from a large
variety of materials and do not require any cavity oscillators that usually
necessitate complicated and expensive fabrication techniques. Since the
feedback process of those noonventional laser systems is provided by
light interference in a disordered medium, spectral and temporal
uncertainies are usually considered as an intrinsic part of their optical
proprieties. We investigated random lasestiam under two photon
absorption experiments through an aatganized InGaN/GaN quantum
disks ensemble. Thanks to our experimental approach, we evidence random
lasing based on a gain medium constituted by pEi#®d structures. In such
context, a stakided and individual emission mode is observed as for
conventional semiconductor lasers. By controlling the emission energy of
these nanostructures, a tuneable and stable random laser may be built.
Moreover, our finding suggest thatdisorderedmedium showud play an
important role in the conception of low cost quantum dot and up conversion
laser systems.
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1. Introduction

Random lasersl] are based on the intimate combination between a disordezdtim that
confines light and a gain medium that ampdi§ light. Such laser systems have a huge
application potential because they can be elaborated from a large variety of mateéhls [
fabricated on diverse material surfacasd do not require argavity oscillators that usually
necessitate complicated and expensive fabrication techniques. As their feedback processes are
provided by light multiscattering through a disordered medium, the laser modes are randomly
distributed in the structur8ecauseof mode competition and mode repulsithvat occur via

the gain medium7], the emission energy and the temporal dynamic of a random laser are
difficult to predict. Therefore, spectral and temporal uncertainties are invariably considered as
intrinsic propeties of random lasers and are characterised by multimode emission and
stochastic frequency behaviouB,[9]. If these optical properties lead to interesting
applications such as all optical fast random numbers generbfr they also restrain
consideraly the application field of random lasers, because many optical devices necessitate
single mode laser system operating in4stathastic regime.

In the present work, we investigated random laser action in a disordered InGaN/GaN
quantumdisks (Qdisks) ensmble. By using two photon absorption processes, we selectively
pumped the poirsized (PS) structures that are included in the InGaN active layer of-the Q
disks [L1]. In such context, the lasing action arising from the system is prdduusively
by stimulated emission from the PS structures. Hence, one can consider our random laser
system as a cavityless quantum dot laser. Y. Chah §t2] reported very recently random
lasing on colloidal CdSe/ZnS quantum dots system dispersed into a rough -stdeon
groove fabricated on glass substrate. Nevertheless, to the best of our knowledge, random laser
action based on quantum dots structures fabricated by epitaxy and therefore embedded inside
a three dimensional semiconductor matrix has not been reportdddegd, it is technically



difficult to isolate such random lasing by conventional experimental approach (one photon
absorption experiments) because it would be hidden by the luminescence from the
surrounding of the quantum dots system. From now on, goamotlike random laser
systems can be envisaged based hoiicatcommunication semiconductor materials system.

2. Experiment and results

We investigated random laser action in a disordered medium constituted byrgamnzed
InGaN/GaN semiconductdp-disks. The sample was grown by molectilaam epitaxy with

a nitrogenplasma source on a 00@tiented sapphire substratd3]. The Qdisks are
constituted by an embedded 5 nm InGaN active layer between a 1.45 um GaN nanocolumn
and a 35 nm GaN cappingykr. Their lateral size rangdetween 80 and 150 nm; their
spatial densitys about 740° cmi % the estimated filling fraction is about 0.5 + 01| The

sample was cooled at 10 K. In two photon absorption (TPA) experiment, we used the
fundamental modef a pulsed FSapphire laser emitting at 800 nm. The repetition rate and
the duration of the pulses were respecyivadt at 80 MHz and 10 ps. A ¥@ptical objective

lens was used to excite and also to collect the luminescence. The laser spot s2z& jsof

Thus, as we see iRig. 1(a) each laser pulse covers about 30@i§ks. The luminescence

was dispersed by a 50 cm spectrometer mounted by a 600 groves/mm grating and coupled to a
nitrogencooled chargedouple device (CCD). The experimental setsipdepicted inFig.

1(b).
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Fig. 1. (a) Scanning electron microscope image from the top of tiek® sample; the green
circular and dashed line represeraser the spot size under two photon absorption
experiments. (b) Simplified schematic of the exmemtal set up. Micrphotoluminescence
spectra acquired at the same location on the quantum disks sample for a laser excitation energy
set (c) at 3.1 eV under one photon absorption experiment and (d) at 1.55 eV under two photon
absorption. The acquisitidime was set at 500 ms and 5 s respectively. In ofdeg. 1(d)we

plotted the power dependency of the integrated intensity of the peaks X and XX.

The InGaN active layer of the-Qisks contains PS structures formed by local fluctuation
of the indium comosition that occurred during the growth procelsH.[These PS structures
confine the photereated electrahole (eh) pairs in all the spatial directions. In the present
study we aimed to use these PS nanostructures as the gain medium of our random lase



system. To this end, we blocked the recombination of the piretied eh pairs out of the

PS structures by using TPA as the pusnpcessindeed, it has been demonstrated by Jarjour

et al. in Ref [15]. that the implication of virtual states in the TR®ocess 16] drastically

increased the capture cross section of PS structures at the expense of the surrounding

semiconductor matrix. Hence, by analogy with a random laser made of cold atom, the gain

medium and the scattering material of our random lagstes are constituted by the same

entity (the InGaN/GaN quantum disks) and the stimulated emission is induced by individual

Afidi polesd (excitons thatl7lare confined in the PS
Figure 1(c) shows a micrgphotoluminescence spectrum collectednfrahe Qdisks

ensemble under one photon absorption experiment. This spectrum eseidral broad

emission peaks centred at 2.2, 2.3, 2.5, and 2.8 eV that arise from the luminescence of a large

number of Q@disks. In such conditions, any random laser aactengendered by the PS

structures is hidden by the luminescence from the entire InGaN layer ofdiek€) InFig.

1(d) we show the pPL spectrum collected at the same position tHeig.ii(c) but obtained

by TPA excitation. We remark that only two gps of sharp peaks, centred at 2.55 eV and

2.90 eV subsist in the spectrum. Those sharp emission peaks arise from the spontaneous

recombination of excitonic complexes trapped in PS structdrfs The inset of Figl(b)

depicts the integrated intensity thie peaks X and XXvith the powerexcitation density (P).

We observe thaX and XX depend respectively in’Rnd P. Such power dependencies

characterised the emission peak of an exciton (peak X) aneéxiton (peak XX) 17] that

are both confined inhe same PS structures; the negative value of t#exdiion binding

energy of 46 meV confirms that the PS structures confine the exciton in all spatial directions

[18]. On over 20 different positions investigated over the entire sample, we reach the same

conclusionasJarjouretal. [15]: TPA preferentially populates PS nanostruetu Thus, those

preliminary results legitimatize the use of TPA techniques in the investigation of random laser

geneated by PS structures.
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Fig. 2. (a) (b) Power dependency spectra obtained unaeptioton absorption experiment at
two different positio on the @disk sample. (c). Power dependency of the integrated intensity
of the peak D plotted in linear scale. In insefaf. 2(c) power dependency of the integrated
intensity of Fig. B(& plgtedarklogldgdscale.d) Bower depenasnof the

full width at half maximum of the peak D.

As expected, aside from spontaneous emission processes generated by TPA, stimulated
emission processes are also encounter from some specific position on the sample. For
instanceFigs. 2(a) and (bgxhibit two spectra collected in two different locations where the
main luminescence process differs from spontaneous emission. Indeed, as it happen for peaks
D and E we remark that by increasing the excitation power density a single peak dominates
these specdr . I nterestingl Fig. 2(@exhibit quadiate dgpendekcy With i n
P (inset ofFig. 2(c), i.e. a spontaneous emission character, the main peak D exhibit a linear

st



dependency above a threshold at 3.5 MW/¢seeFig. 2(c) accompanied by aarrowing
(seeFig. 2(d) of its full width at half maximum (FWHM). The same behavior is observed in
the case of peak E (not plotted here): after a threshold at 1.5 MMtsrimtegrated intensity
increases linearly with P, accompanied by a narrowingsoFWHM. A similar result has
been found by numerical calculation on random system in F&f [n this reference, the
emission processes below the threshold were attributed to amplified spontaneous emission. As
such stimulated emission process is noteobsd in the spectra from single-dpsk

spectroscopy under TPA excitation, we conclude that D and E are issued from a collective

effectthroughthe Qdisks ensemble. Moreover, considering the experimental work of Sakai
etal. in Ref [L4]. and the theoreta calculation of Inee etal. in Ref [20]. realized both on
very similar nitride nan@olumnar structures, we assert that we exhibit here the occurrence of
random laser action in INnGaN/GaNdisks.
The notable particularity of our system is that the gaiaedium is constituted by
selectively pumped PS structures. As a consequence, our random laser system exhibits a
single emission mode (peaks D and E) out of stoghastidoehavior as usually observed in
random laser systems (for instance in Ref] [multiple emission modes and chaotic regime
are exhibited).Nevertheless,he suppression of the stochastic phenomena occurs also in

strongly scattering disordered media. Indeed, in such media, the overlap of the modes that

initiate mode competitions is stronglgduced because of the weak spatial extent of the light

mode R1]. However, despite the strong scattering character of our disordered medium, Sakai

et al. [16] observed stochastic frequency behavior in very similar systeums tn which, no

InGaN layer issmbedded and so, no PS structures exist. Therefore, we conclude that it is the

PS structures that we used as gain medium in our systerimdlae the suppression of the
stochastic frequency behavior.

3. Steady states simulation

To evaluate the extent inhich random lasing may be generated from the emission of PS
Simul at i

structures,
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Fig. 3. (a) Spatial distribution of the amplitude of the electric field steady state through the
GaN nanocolumnanple calculated by FDTD simulation. The phase difference with the light

source is set at zero. (b) Temporal evolution of the calculated electric field amplitude extracted
from the point M (se€&ig. 3(a) considering four different light source emissiorvelangths.
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(SEM) images. The quantum disks were modelled by GaN cylinders thataheafractive
index of 2.4 p2]. The discretization of the calculation space gives a spatial and a temporal
resolution of about 5 nm (in the plan (X, Y)) and 1 attosecond respectively. A perfectly
matched layer (PML)Z3] has been chosen as boundary ctodi To simulate the emission

of a single PS structure, we considered a punctual and monochromatic light source S located
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inside a nanocolumn. This light source emduring the first 10 fs of the calculation. The
phase origin is taken at the light soupssition.

The amplitude distribution of the steady state plotted inFig. 3(a) It appears that the
electric field is not uniformly spread and some light paths are formed through the nano
columnar structure. These light paths represent light localizatiodes that are fed by the
punctual source. We observe &ig. 3(a)a spatial extent of the mode of about 800 nm
consistently with the experimental result of Van der Moleal €f24]. In addition, we plotted
in Fig. 3(b) the temporal evolution of thdeetric field amplitude at a given point M (sE&.

3(a). When the light source is set at 700, 500 and 450 nm, we remark that the wave packages
in M are weakly delayed and vanish relatively fast. Conversely, when the light source S emits
at 400 nm, a sting back and forth effect is obseneatdM: the spectral distribution of the light
localized modes is not uniform in the structure. As a consequence, for a random laser system
in a strong localized regime, the laser modes are built on the passive light ahdhde
disordered mediun?p, 26]. In other words, a punctual and monochromatic light source, such

as a PS structures, can only feed the preexisting contiguous lasing modes that oscillate in
quasiresonance with its emission energy. This underline theiarrole of the PS structures

in the random laser system: thanks to their sharp emission window, the PS structures induce
indirectly a drastiaeductionof the spectral distribution of the gain. Hence, as the spectral
gain distribution is narrowed, modesmpetition and modes repulsion are suppressed.

4. Model and discussion
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Fig. 4. (a) TPA processes at the scale of a singlaligk: the energy levels 1, 2nd 3
correspond respectively to the ground state of the system, the excited states of-the two
dimensional InGaN active layer, and the lowest radiative levelRS structure state. (b) Sub
ensemble of PS structures selectively excitedTByA and located on the path of a light
localized mode. (c) When the emission energy of theesisemble of PS strtures matces

with the energy resonance of the light localized mode, stimulated emission occurs and gives
rise to random laser action.

We illustrate inFig. 4 the mechanism that describes random lasing through tHesk®

ensemble (this mechanism can beneralized to many other random laser systems that

include PS structureskiven thatthe capture time of the PS structures is much faster than the

excitonic radiative recombinatiori]], we describe our laser structure as a three level laser
system P7]. As illustrated inFig. 4(a) an exciton created under TPA at
InGaN layer, relaxes by nenadiative processes into a PS structures state at the energy level

3. Let us now consider a samsemble of lisks in which PS structures are esgively

popul ated via TPA processes. The exciton |ifeti me
non radiative transition between | evels A206 and A:
density of the energy levelthigol avwél DEOmMowe denpor

a classical case of population inversion between



the Qdisks as well as the energy level of the PS structures from a quantum disk to another are
randomly distributed in the stture. Therefore, there is @monnegligible probability to
encounter the situation illustrated Fig. 4(b} a subensemble of PS structures that are
emitting in the same narrow spectral range as® located on the light path of given
localized mode. Wen the resonance frequency of this localized mode matches with the
emission energy of this sténsemble of PS structures, stimulated emission occurred and
gives rise to random laser action as illustrate#ign 4(c)

I n a more pr os p adertan m@N/@aNyaorganizedhanaotummas
heterostructure ensemble fabricated by he#gitaxy, and constituted of multiple InGaN
active layers as in Ref2§]. By controlling the growth conditions, the naoolumnar
heterostructure may be elaborataech as the typical PS structures energy emission differ
from an active | ayer to acolmnareheterstriictures thanst ance,
possess three InGaN active layers in which the PS structures of the first layer emit at the
typical enegy E,, the second layer at the energyad the third one at the energy (®ith
E;< Ex< Eg). By TPA experiments, we can resonantly populate the PS structures of one of the
three layers at the expense of the two others by choosiragifitpiatgoump energyequal to
half of the typical energy of the PS structyr&herefore, from such multi layered disordered
nanecolumnar systems, one can obtain random lasing with an energy emission set on demand
at B, E or E;, depending on the pump enerdyen, & a drect application of our results, the
conjoint use of PS structures gain media with the selective TPA pumping seem to be a
interesting approach to achieve tunable random laser system.

5. Conclusion

In conclusion, we obtained a condensed matter based random laser system in which the gain
medium is composed of atordike nanostructures. In addition of providing single and
stabilized laser mode emission, our finding shows that we can tune on demamiigbi®n

energy of a random laser just by changing the emission wavelength of the PS structures that
are designated as the gain medium. Our results should initiate new research axes concerning
the coupling between quantum dots systems and electromagjekticparticulary for the
realization of low cet quantum dot lasers, Wgonversion lasers and ndinear optics. We
strongly believe that disordered media should constitute a key point for the elaboration of
gquantum communication systenzg].
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