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A white Random Laser based on Ho>*/Tm>*/Yb>" doped GeO,-PbO glass system was developed. By varying the
excitation laser wavelength between 974 and 976 nm, emissions spanning blue (~480 nm), green (~547 nm)
and red (~660 nm) wavelengths were obtained. The three colors emitted presented random laser behavior,
evaluated by the emission intensity spectra measured by changing the excitation laser energy. White light

emission was confirmed through analysis of the CIE 1931 chromaticity diagram with coordinates consistently
falling within the white light region. To our knowledge, this is the first white Random Laser based on a glass

doped with rare-earth ions.

1. Introduction

The original ideas of Lethokov et al. [1,2] and the seminal work by
Lawandy et al. [3] activated the important research area of Random
Lasers (RLs). Considerable efforts have been made by many research
groups along the last three decades to accomplish random lasing oper-
ation in many material systems emitting from the ultraviolet to
near-infrared as illustrated in Refs. [4-12]. Currently, research on RLs is
still attracting significant attention because it enables deeper under-
standing of light-matter interactions, opening doors for development of
new technologies and applications.

No conventional optical cavity is required for operation of RLs
because they are based on the multiple scattering of light inside the gain
medium, which provides the feedback for light amplification.

The absence of an optical cavity allows RLs to be integrated into
arbitrary systems, enabling their use in compact devices as for example
in Refs. [13,14]. Moreover, RLs can be constructed from simple mate-
rials, making them cost-effective and adaptable for use with flexible
materials and disposable devices [15-19]. RLs have demonstrated good
laser efficiency and show highly directional emission properties when
incorporated into microfluidic devices [20,21]. A very important char-
acteristic of RLs is the possibility to produce bright and speckle-free light
which is highly wanted for applications in imaging and displays [18]. It
is already well recognized that RLs are excellent alternative for various
applications including fluorescence microscopy, displays and biosensors
[22].
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From the point of view of fundamental studies, RLs can be used as
platforms to investigate many phenomena associated to complex sys-
tems including replica symmetry breaking [9,23], extreme statistical
effects [9,24-27], and turbulence [9,28].

Both inorganic and organic materials have been exploited for RLs
operation [11,21,29,30] although inorganic systems are more chemi-
cally and thermally stable than organic materials. In general, inorganic
materials tolerate higher operating temperatures and sustained use
without large degradation.

A few years ago, there were some attempts to demonstrate white
Random Lasers (WRLs) by a combination of red, green, and blue (RGB)
luminescent materials. In principle, by selecting one excitation wave-
length to provide population inversion in a RGB system, it is possible to
obtain white light emission from composite systems. Then, WRLs were
demonstrated based on organic materials [31-33] and upconversion
crystalline nanoparticles doped with rare-earth ions [34]. The experi-
ments of ref. [34] were made with NaYF4:Yb/Er/Tm@NaYF4:Eu
core-shell nanoparticles deposited on top of an Au/MoOs multilayer
hyperbolic meta-material. The samples’ fabrication in this case is much
elaborated because it requires the synthesis of the upconversion nano-
particles and the fabrication of hyperbolic meta-materials to observe
enhancement of the RL intensity.

We reported recently that heavy-metal oxide (HMO) glasses doped
with rare-earth ions are very appropriate RLs hosts because, in com-
parison with many photonic glasses (such as silicates, borates, and
fluorides), they present better thermal, mechanical and chemical
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durability, the possibility of fabrication in ambient atmosphere, as well
as higher linear and nonlinear refractive index [35-40]. Moreover, due
to their low phonons’ energies (740-880 cm ) [41], HMO glasses doped
with rare-earth ions present large photoluminescence. Recent in-
vestigations based on neodymium doped tellurite and germanate glass
powders [10,42,43], and glass-ceramics powders [44], were successful
to demonstrate the use of HMO glasses for RLs operation in the visible
and near-infrared.

In the present paper, we report the first WRL based on a GeO2-PbO
glass sample doped with Tm®*, Ho®>", and Yb®*. The excitation light
wavelength was selected such that the incident optical beam could
excite the trichromatic components. A WRL emitting light in a combi-
nation of blue (~480 nm), green (~547 nm) and red (~660 nm)
wavelengths was obtained. In Section 2, we describe the sample fabri-
cation and characterization. In Section 3, we describe the optical char-
acterization of the RL emissions, the behavior of the emitted intensity as
a function of the excitation laser intensity, and the analysis of the colors
emitted by the samples as a function of the laser excitation intensity. In
Section 4, we summarize and discuss the experimental results.

2. Materials and methods

The sample studied was produced with the well-known melt-
quenching technique, using high-purity reagents (99.999 %) from
Sigma-Aldrich, with the following composition (in wt.%) 59.0 PbO-41.0
GeOy and the incorporation of the doping species: Tm03 (0.6), Ho203
(0.65) and Yby03 (3.2). The choice of the relative oxides concentrations
was made with basis on our previous photoluminescence studies to
produce white light [39]. A high-purity alumina crucible (99.999 %)
was employed for the melting process, which was maintained at 1200 °C
for 1 h. Subsequently, the melt was quenched on a preheated brass mold
and annealed at 420 °C for 1 h to reduce internal stress. Finally, the
sample was cooled to room temperature.

The obtained glass sample was then grinded using an agate mortar
and pestle to obtain a very fine powder, passing through a mesh with 20
pm pores. From previous works, it was noticed that for a glass powder to
produce efficient RL action, the particles must be smaller than 3 pm for
optimal results. Therefore, isopropyl alcohol was added to the obtained
powder and left in an ultrasound bath for 3 min, then left to rest for 30 s
to separate the supernatant, smaller particles, from the heavier, larger
ones. The supernatant particles obtained produced a size distribution
with average dimensions of 1.5 pm, as shown in a previous work using
the same method described in Ref. [10]. 50 mg of the supernatant
powder was mixed with 0.05 mL of isopropyl alcohol to make a paste,
which was placed on a microscope slide in a 5 mm x 2.5 mm area with
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~50 pm thickness and left to dry at ambient temperature.

For the RL measurements, an OPO system (OPOTEK, INC - model
OPOLette) with pulse duration of 10 ns and repetition rate of 20 Hz was
used as the excitation light source. The experimental setup is illustrated
in Fig. 1a, where the OPO beam was focused on the sample and the
luminescence was reflected with a small angle in the direction of an
OceanOptics® HR2000+ Spectrometer to observe all emission wave-
lengths. A short-pass filter of 800 nm was used to block the pump beam
and still observe the visible light emission from the sample.

The absorbance spectrum of the Ho>*/Tm>*/Yb%* doped GeO,-PbO
glass system is shown in Fig. 1b, where the 2F7 /2 — 2F5 /2 transition (980
nm for Yb3") starting from the ground state is indicated.

The frequency upconversion process that originates the spectra of
Fig. 1c was discussed in detail in Refs. [38,39]. In simple terms, the
excited Yb>* interacts with the neighbors Ho®>" and Tm>*, transferring
energy that promotes those ions to excited states. The excited Ho>* and
Tm>* decay, emitting the spectra shown in Fig. 1c.

The excitation (pump) wavelength varied from 974 nm up to 980
nm, to achieve emission closer to white. A comparison between emis-
sions obtained with each excitation wavelength can be seen in Fig. 1c.

Since linewidth narrowing during laser action is not observed in
glasses, because of inhomogeneous broadening of the electronic transi-
tions [45], lasing behavior was confirmed by measuring the emission
intensity per incident laser pulse energy, obtained by measuring the
spectrometer intensity output. Using the Origin 2024 software we con-
verted the measured spectra to coordinates for the CIE 1931 chroma-
ticity diagram, which allows evaluation of how white the light emission
is. The emission is considered pure white at a particular coordinate,
(0.33, 0.33), but there are a set of coordinates around this point that are
considered as the white light region, which were considered in the
present study [46].

3. Results and discussion
3.1. emission studies

For each excitation wavelength, the emission was measured for
pump laser pulses with energies between 52 and 501 pJ per pulse. The
results found for the wavelengths 974 nm, 975 nm and 976 nm will be
presented through the rest of the section.

The emission spectra for each excitation wavelength are shown in
Fig. 2. Three main emission bands are observed: one spectral band in
blue with center at ~480 nm (corresponding to Tm?* transition: 1G4
-3H6); one band in green at ~ 547 nm (Ho®* transition: (552,5F4) - 518);
and another in red at ~660 nm (Tm>*:'Gy4 -°F4 and Ho®": 3Fs-°Ig).
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Fig. 1. a) Experimental setup. The OPO beam is focused through a 15 cm focal length lens (L1) after passing through a long-pass 900 nm filter (F1), reaching the
sample. The scattered light is then collected by a telescope with 5 cm and 2.5 cm focal length lenses (L2), passing through a short-pass 800 nm filter (F2) before
reaching the 50 pm diameter fiber and the HR2000+ spectrometer. b) Absorbance measurement of the studied sample (thickness: 3 mm), along with the transitions
for each band; ¢) Measurements taken at 200 pJ excitation pulse energy for the sample for different excitation wavelengths.
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Fig. 2. Emission for a) 974 nm, b) 975 nm and ¢) 976 nm pump wavelength. The band located near 660 nm exhibits spikes, which is evidence of coherent feedback.

Emission bands were analyzed independently to evaluate their in-
dividual random lasing characteristics for each excitation wavelength.
They were fitted one by one and integrated. The results are displayed in
Fig. 3, which shows the emission intensity versus pump energy for each
excitation wavelength.

From Fig. 3, it is possible to observe RL behavior for every emitted
color corresponding to the three excitation wavelengths used. The most
efficient emission occurs at 660 nm, where maximum intensity is
reached for all excitation wavelengths, while the lowest efficiency
happens for the 480 nm emission.

The thresholds for each pump wavelength are shown in Table 1. They
were calculated by fitting two straight lines to the slope. The threshold is
defined as the point where the two lines intersect. The smallest thresh-
olds are present, for all emission wavelengths, with the 976 nm pump,
with values between 80 pJ and 120 pJ. For the 975 nm pump, these
values are larger, between 110 and 150 pJ, while for 974 nm they are
between 160 and 210 pJ.

For all excitation wavelengths, the red emission at 660 nm is the one
that starts lasing with the smaller pump pulse energy, while the blue
emission at 480 nm requires the larger excitation pulse energy.

3.2. color analysis

As observed previously in this material [39], the bulk glass emits
white photoluminescence when the pump laser operates at 980 nm, even
though laser emission was not analyzed in those experiments. Here, we
have already shown in the previous section that there is RL emission for
three different wavelengths in red, green and blue. From these emission
spectra, we verified that the effective laser color (combination of the
three emission bands) is in the white light region of the CIE 1931
chromaticity diagram. The results are shown in Fig. 4 for each excitation
wavelength.

A closer look shows variation of the emission color depending on the

pump energy used, which is further shown in Fig. 5. Notice that for the
lowest pump energies (50-60 pJ), the glass powder is emitting within
the white region, with values close to the pure white coordinates. For
974 nm and low energy, the closest coordinates to pure white are (0.33,
0.36); for 975 nm, (0.32, 0.37); and for 976 nm, (0.34, 0.37). However,
as the pump energy increases, the emission turns towards the green for
all samples, even though at 976 nm pump wavelength the emission re-
mains in the white light region throughout the whole range of incident
energies.

For 974 nm incidence, the emission starts at CIE coordinates (0.33,
0.36) at 50 pJ pump energy. The color coordinates shift towards the
green region with increasing pump power, reaching the limit between
the white light region and green at 280 pJ at CIE coordinates of (0.33,
0.44). At 483 pJ pump energy it shifts further to green to coordinates
(0.32, 0.44). Therefore, white random laser occurs for pump energies
between 200 and 280 pJ.

For 975 nm, the emission starts at CIE coordinates (0.32, 0.37) at 52
pJ pump energy. The emission remains in the white region up to 320 pJ,
presenting CIE coordinates at the limit of (0.34, 0.44). For even higher
pump energies, it shifts into the green region, with (0.33, 0.44) co-
ordinates at 543 pJ. This demonstrates white random laser between 150
and 320 pJ.

At 976 nm pump, the emission is always within the white region,
varying from (0.34, 0.37) at 52 pJ pump energy up to (0.33, 0.44) at 501
pJ. This shows white random laser behavior for all pump energies be-
tween 120 and 526 pJ.

4. Conclusions

The operation of a White Random Laser was demonstrated with basis
on a Ho>*/Tm3*/Yb3* doped GeO,-PbO glass excited in the spectral
region from 974 to 976 nm. Emission in three different wavelengths,
blue (~480 nm), green (~547 nm) and red (~660 nm), with clear RLs
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Fig. 3. Emission intensity for excitation at a) 974 nm, b) 975 nm and c) 976 nm for each emission wavelength (black squares — 480 nm, red circles — 547 nm, purple
triangles — 650 nm, blue upside-down triangle — 660 nm and green diamond - 663 nm).
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Table 1
Laser thresholds for each excitation and emission wavelengths.
(Pump) Excitation Threshold for 480 nm Threshold for 547 nm Threshold for 650 nm Threshold for 660 nm Threshold for 663 nm
wavelength (£10 pJ) (£10 pJ) (£10 pJ) (£10 pJ) (£10 pJ)
974 nm 210 180 200 160 170
975 nm 150 120 150 110 120
976 nm 120 90 110 80 110
a) 19 974 nm b) 10 975 nm ¢) 10 976 nm
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Fig. 4. Color diagram of the emitted spectra for various incident laser pulse energies with a) 974 nm, b) 975 nm and c) 976 nm excitation wavelength. The elliptical
shape shows the white light region. Insets show a zoom of the studied points, with the gray area being inside the white region and the numbers the incident

laser intensity.
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Fig. 5. Zoom of the border of the white region shown in Fig. 4 to show emission for all pump energies for a) 974 nm, b) 975 nm and ¢) 976 nm pump wavelengths.

thresholds was verified for each of them. The combination of the three
emitted colors corresponds to white light according to the CIE 1931
chromaticity diagram. The relative concentration of the rare-earth ions
is crucial to obtain the appropriate balance between the three primary
colors emissions.

Different excitation wavelengths were used to verify the best output
considering the emission intensity as well as location in the white light
region. Considering the emitted intensities, the best results were
observed for the 975 nm excitation wavelength, though it presented
emission out of the white zone for energies larger than 300 pJ. For
evaluation in terms of white light random laser, the pump wavelength at
976 nm presented the best result, with all pump energies leading to
emission in the white light region, as well as smaller thresholds for all
emission bands.

In conclusion, we demonstrated that the germanate-lead oxide glass
doped with appropriate concentrations of Ho>", Tm*", and Yb®' is a
good material for operation of white Random Lasers due to its easy
fabrication and simple tuning conditions.
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