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Abstract
Random lasers [RLs] are mirror-less light sources where feedback emanates from multiple
scattering at the expense of spatial coherence and directionality. One of the most straightforward
ways to build a random laser [RL] is by preparing a solution of a laser dye, which has a
significantly large quantum yield with suspended scatterers (Colloidal based random lasers).
Here we showed that rhodamine 6g (R6G) dye in methanol with Kaolinite nanoclay (scatterer)
together could serve the purpose of a disordered active medium. It performs as a good novel
platform for colloidal RLs. We investigated the dependence of the concentration of gain medium
and scatterers in Kaolinite nanoclay colloidal RLs under single-shot nanosecond pumping.
Line width narrows down to ≈ 5 nm above a threshold of 40 𝜇𝐽 𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒 for a particular
concentration of gain and scatterer. Finally, narrowing and beta factors (𝛽) are also calculated
for further quantification.

1. Introduction
Random lasers (RLs) are a particular class of optical devices where the optical feedback is provided by scattering

rather than by an optical cavity as for traditional lasers [1]. The first random laser action in disordered systems was
described by Letokhov [2, 3]. Then, H. Cao et al. have done Pioneering experimental developments in random laser
devices [4]. Explorations of random lasers have been rapidly expanded, mainly because of their simplicity, underlying
rich physics, applicability, and occurrence in a wide assortment of materials [5]. In general, RLs discover applications
in sensors [6, 7, 8], display technology [9], homeland security [10], Photonic devices [11, 12], medical diagnostics
[13, 14, 15, 16, 17], speckle free imaging [18, 19], random spectrometer on a chip [20] etc.

Typically, laser dyes are used as gain media in RLs due to their extraordinary photophysical properties. Such gain
media should present very high quantum yield, photostability and a broad fluorescence spectrum proffering efficient
gain. A combination of laser dye solution with scattering particles, liquid crystals, and various polymers can provide
optical feedback. Such combination can induce laser-like emissions without any advanced fabrication technology,
which is highly beneficial. A broad spectrum of materials has been employed to explore RL phenomena, including
colloids [21], polymers [22], perovskites [23], random fiber lasers [24], semiconductor powders [25, 26], quantum dots
[27, 28, 29]. In addition, metal nanoparticles (Au and Ag) are frequently used to improve the properties of RLs through
surface plasmon-induced enhancements [30, 31, 32]. These colloidal systems are potentially applicable in photonics
and can be integrated into devices based on tunable narrow-linewidth output. Although plethora of RL systems have
been developing since last 15 years, developing novel nontoxic and sustainable composite nanomaterials for RLs is
challenging.

Kaolinite nanoclay is a low-cost alternative and eco-friendly particles. Kaolinite (hydrous silicate) has a sheet-like
structure with tetrahedral and octahedral sheets piled over one another. These sheets are constituent ingredients for
clay layers assembled in different configurations. Kaolinite is discovered on the earth’s surface and is an abundant
clay mineral produced originally by the chemical weathering of igneous rocks comprising feldspar. The chemical
composition of Kaolinite (hydrated Aluminium Silicate) is 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 [33]. It was used as a diffusive material
for light in incandescent bulbs, i.e. It should work as an excellent disordered system with a higher degree of scattering

∗Corresponding author,
nkkalarikkal@mgu.ac.in (N. Kalarikkal)

ORCID(s):

N. Padiyakkuth et.al: Preprint submitted to Elsevier Page 1 of 9



Random lasing

strength. For avoiding coherent artefacts [34], it is common to use optical diffusers for speckle free imaging, and it
has several applications in ceramics and refractories too. We calculated the 𝛽 factor of the RL system. This work
investigated the dependence of gain and scatterer concentration in Kaolinite nanoclay - R6G colloidal system for the
random lasing application. We used nanoclay as passive scatterers, and R6G in methanol provides gain. This is the
first report in which nanoclays are employed as scatterers to the best of our knowledge.

(a) (b)

(c)

Figure 1: (a) Selected TEM images of Kaolinite nanoclay showing the morphology of the clays. (b) Experimental layout
of the setup includes Nd:YAG laser, routing mirrors (M1 and M2), beam splitter (BS), lenses (L1, L2, and L3), notch
�lter (NF), sample (S), magnetic stirrer (MS), spectrometer (SM) and detector (ICCD). (c) UV-Vis extinction spectra
of Kaolinite nanoclay (for optimal clay concentration used for RL experiment) and �uorescence spectrum of Rh6g (for
optimal dye concentration used for RL experiment).

2. Sample preparation and experimental setup
RL system:

The RL system comprises Kaolinite nanoclay as scatterers and R6G as the gain medium. Transmission electron
microscopy [TEM] images focused on individual Kaolinite nanoclays are now presented in Fig 1a permitting us to
address the clays’ morphology better. TEM image of Kaolinite nanoclay shows that its average size is around 135
nm. Also, we conducted UV-Vis absorption measurements for clay concentration used for RL experiments (or, more
precisely, extinction measurements). Therefore, the UV-Vis spectrum is presented in Fig 1c. Clearly, the long tail at
high wavelengths is a signature of scattering provided by nanoclays. Clay minerals have an affinity towards cationic
dyes, and consequently, we observed small adsorption for the clay-dye system. But such effect can be neglected by
N. Padiyakkuth et.al: Preprint submitted to Elsevier Page 2 of 9
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Table 1
Values of di�erent experimental parameters

Gain(𝑚𝑀) Threshold energy
(𝜇𝐽𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒) FWHM(𝑛𝑚) NF 𝜷

1 � 15 2.66 0.660
2 185 7 5.7 0.476
3 40 5 8 0.334
5 40 5 8 0.326

� cannot be accurately measured

Table 2
Values of di�erent experimental parameters.

Scatterer
(𝑚𝑔∕𝑚𝑙)

Threshold energy
(𝜇𝐽𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒) FWHM(𝑛𝑚) NF 𝜷

1 � 17 2.3 0.701
10 194 7 5.7 0.498
25 40 5 8 0.354

� cannot be accurately measured

adding sufficient gain concentration. Nanoclay and R6G are purchased from M/S EICL Ltd., Thiruvananthapuram,
Kerala, India and Sigma Aldrich, respectively. All these materials were used without any further modification. We
prepared two sets of samples, the first with a fixed amount of scatterers for different gain concentrations and the other
with fixed gain for various scatterer concentrations. The required colloidal dye solution is synthesized by dissolving
a specific amount of R6G (1𝑚𝑀, 2𝑚𝑀, 3𝑚𝑀, 𝑎𝑛𝑑 5𝑚𝑀) in methanol solution mixed with different amounts of
Kaolinite nanoclay (1𝑚𝑔∕𝑚𝑙, 10𝑚𝑔∕𝑚𝑙, and 20𝑚𝑔∕𝑚𝑙) .
Experimental setup:

A Q-switched Nd: YAG laser laser operating at 1 Hz (externally triggered), 532 nm wavelength and 6 ns pulse
duration were utilized as the excitation source for the gain medium. The experimental layout is shown in Fig 1b. For
RL experiments, the beam was directed through a system of mirrors and focused on the sample employing a lens
with a focal length of 10 cm (L1). The RL system is taken in a cuvette with 1 cm X 1 cm X 4 cm dimensions and is
placed at 45 degrees with the direction of the incident beam. It is placed under a magnetic stirrer and continuously
stirred to eliminate settling and ensure uniform scatterer dispersion throughout the experiment. Next, the RL emission
is collected and focused on a fiber-coupled spectrometer (Andor SR - 500i spectrograph) using a collection optics (L2,
notch filter, L3) set. Finally, the signal is detected using an intensified charge-coupled device (ICCD, Andor iStar). We
thus performed single shot nanosecond spectral measurements for RL analysis.

3. Results and discussions
We observed lasing threshold behaviour, enhancement of intensity starting at that threshold, and line width

narrowing for the Kaolinite-dye colloidal systems. We first realized the variation of peak intensity and FWHM (full
width at half maximum) for different gain concentrations (1 mM, 2 mM, 3 mM, 5 mM) of R6G with a fixed amount
of scattering particles (20 𝑚𝑔∕𝑚𝑙). The output spectra from samples with disorders are similar to the fluorescence
emission at all pump powers with only a difference in its line widths. In addition, the emission profile is consistently
single-peaked with no apparent fluctuations in frequency. Line width decreases to≈ 5 nm upon increasing the excitation
energy from 10 𝜇𝐽 to 750 𝜇𝐽 𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒 for 3- and 5-mM gain concentrations. A critical initial dye concentration is
needed for lasing to start with. Too low or too high concentration [35] will inhibit lasing phenomenon. The gain inside
the system must beat the intrinsic losses to sustain lasing at the output. When the gain concentration increases, it is
observed that the FWHM decreases tremendously at some point of input energy which is taken as the threshold as
shown in Fig 2 a - d. Here in Fig 2 the red circles (left axis) indicate peak intensity and blue squares (right axis)
represent (FWHM). The shaded region is to indicate the transition of slope at the threshold.
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(a) (b)

(c) (d)

(e)

Figure 2: Variation of Peak intensity and FWHM with pump energy for gain concentrations 1mM, 2mM, 3mM, and 5mM
in (a), (b), (c) and (d) respectively. (e) Plot of normalized intensity of the emission for di�erent gain concentrations and
�xed scatterer concentration.

The fluctuations in the mentioned parameters over 500 spectra are represented as error bars. A noticeable threshold
activity cannot be witnessed in the 1 mM colloidal system because of insufficient gain. But by increasing from 2 mM
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to 3 mM concentration, there is a significant change in the FWHM, thereby threshold energy since the gain tends
towards optimum to surpass the loss and consequently achieved RL emission. Again, if we increase the gain, there

(a) (b)

(c) (d)

Figure 3: Emission spectra with di�erent pump energy for gain concentrations 1mM, 2mM, 3mM, 5mM with 20𝑚𝑔∕𝑚𝑙
scatterer concentration in (a), (b), (c), and (d) respectively.

is no significant change in the threshold and FWHM. In addition, Increasing the dye concentration affects the peak
intensity of emission and the location of the wavelength that corresponds to the highest intense peak. That is reflected
in the redshift of the wavelength. It can be attributed to the reabsorption and emission of unexcited R6G [36] as shown
in Fig 2e. The corresponding threshold energy, FWHM, NF, and 𝛽 factor is summarized in the Table 1. One of the
important quantitative aspects of a random laser is its NF. It is the measure of gain narrowing and is defined as the
ratio of FWHM below and far above the threshold [37, 38]. Typically, the emission has a line width of 40 nm (below
threshold) and approximately 4 - 7 nm far above the threshold

𝑁𝐹 = 𝐹𝑊𝐻𝑀𝑏𝑒𝑙𝑜𝑤∕𝐹𝑊𝐻𝑀𝑎𝑏𝑜𝑣𝑒 (1)
We have observed a gain narrowing by a factor of 8. Further, we also calculated the 𝛽 factor and it decreases when
the gain concentration increases. Typically, Spontaneous emission is the source for cavity lasing and in random lasers.
Nevertheless, all spontaneous emissions don’t partake in lasing. The portion of spontaneous emission that contributes
to lasing output is comprehended as beta and lies between one and zero. The value of beta is directly related to the
sharpness of the laser threshold. In conventional laser systems, the Beta value depends on the fraction of emitted
N. Padiyakkuth et.al: Preprint submitted to Elsevier Page 5 of 9
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(a) (b) (c)

(d) (e) (f)

Figure 4: Behaviour of peak intensity and FWHM with pump energy for di�erent scatterer concentration (1𝑚𝑔∕𝑚𝑙,
10𝑚𝑔∕𝑚𝑙,and 20𝑚𝑔∕𝑚𝑙) with 5𝑚𝑀 gain concentration in (a), (b), and (c) respectively. The corresponding emission
spectra with di�erent pump energy in (d)-(f).

(a) (b)

Figure 5: Dependence of threshold behaviour and FWHM with (a) gain concentration and (b) scatterer concentration.

photons collected by the mirrors and the fraction of spontaneous emission that overlaps with lasing spectra. But in
RLs, it depends on the latter aspect only. Now, we can have three different cases. (i) When 𝛽 = 1, every spontaneous
photon will participate in lasing and will be threshold less. (ii) But if 𝛽 = 0, the threshold will be very well defined
and (iii) For 0 < 𝛽 < 1, the sharpness of the threshold becomes smaller as the value of 𝛽 gets increases. The threshold
power is defined as the value of the power where the slope of the curve (𝛽 = 0) changes. Since the emission outside the
narrowed spectrum cannot contribute to the lasing process, we use the overlap between below- and above-threshold
emission spectra for defining beta. Thus, the beta value for RLs is relatively larger than conventional laser systems
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Figure 6: Photodegradation plot of RL sanmple

(between 10−7 and 10−10). Mathematically it is defined as

𝛽 = ∫

𝜆0+𝛿

𝜆0−𝛿
𝑀 (𝜆)𝐿 (𝜆) 𝑑𝜆 (2)

as proposed in the reference [39]. The recorded emission spectra for four different gain concentrations are represented
in Fig 3a-d. Line width narrowing is evident in the spectra. Furthermore, line width decreases to different values above
the threshold for different amounts of gain, as we discussed before. Since we got approximately 5 nm line width and
a low threshold for 5 mM gain concentration. We selected that as an optimum gain and then studied the variation of
threshold and FWHM with various scatterer concentrations.

Fig 4a-c indicated the response of peak intensity with the pump energy for 3 different scatterer concentrations
with 5 mM R6G. for 1 𝑚𝑔∕𝑚𝑙 of Kaolinite nanoclay particle concentration, no reasonable change in the slope is
observed, and that is obvious due to lower scattering strength. Line width decreases considerably(≈ 5 𝑛𝑚) when we
increase the amount of Kaolinite particles up to 20 𝑚𝑔∕𝑚𝑙 as depicted in Fig 4b and c. We increased the scatterer
concentration from 1 𝑚𝑔∕𝑚𝑙 to 20 𝑚𝑔∕𝑚𝑙 and witnessed the lowering of FWHM, reduction of 𝛽 factor and thereby,
the threshold energy. The corresponding threshold energy, FWHM, NF, and 𝛽 factor is summarized in the Table 2.
The corresponding recorded emission spectra for 3 different scatterer concentrations are represented in Fig 4d-f. The
lowering of threshold energy and FWHM with gain and scatterer concentration is even more evident from Fig 5a and
Fig 5b respectively. Increasing the scattering strength will, in turn, improve the photon’s dwell time inside the system
and thereby, amplification occurs [40]. A drastic lowering of the 𝛽 factor can also be observed while increasing the
disorder, clearly indicating RL. In fact, few numbers of literature mention the beta values of RL systems. Such RL
systems are dyes-doped with nanoparticles, perovskites, and liquid crystals. For optimal conditions, our beta factor is
around 0.3 (see Tables 1 and 2), and the values reported in the literature range between≈ 0.1, and≈ 0.3 [39, 41, 42, 43].

Long lifetimes and the capability of RL systems to work at higher repetition rates are pertinent properties for
most RL applications [5]. Therefore, we conducted additional experiments with our RL system to better address these
properties using an Nd: YAG laser (at 532 nm with a repetition rate of 10 Hz), and a pumping laser with energy far above
the threshold. As a result, using the same colloidal protocol (as the one used with 1 Hz pumping laser experiments, Fig
1b), we obtained a quite long useful lifetime (the number of shots for which the emission intensity decreased to 50 %
was 9270 laser shots, as depicted in Fig 6) which is a typical lifetime observed for other RL systems based on organic
dyes and nanoparticles [44, 45].
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4. Conclusion
In summary, we have introduced an RL system with Kaolinite nanoclay as scatterers in the R6G solution. We have

investigated the dependence of gain and scatterer concentration in the context of line width narrowing and threshold
behaviour. RL output is characterized by spectral narrowing and threshold behaviour with a reduction of the 𝛽 factor.
Scatterers’ presence will increase the travel time of photons’ inside the medium, and the optimal incorporation of gain
synergetically result in random lasing. The narrowing and beta factors are measured and quantified to analyze the RL
system better. Nanoclay - R6G colloidal system presents a new economically∕ industrially viable - novel material for
the random lasing applications.
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