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A B S T R A C T

Flexible random lasers have attracted a great deal of interest due to their potential in light-weight, flexible
optical sensors and devices. Among many alternatives, flexible thin film random lasers are very interesting
because they can be easily fabricated via a simple solution-based process. Herein, we demonstrate a dye-doped
porous polyvinyl alcohol film that can work as a flexible random laser source under optical pumping. The film
is fabricated by a drop cast technique and has a nearly circular shape with a diameter of ∼5 mm. Owing to
the inverted photonic glass structure that is air voids in the polymer matrix, light emission from dye molecules
is multiple scattering and lasing emission is achieved. In the central area, the film laser works reliably with
the lasing threshold of ∼ 166 μJ/mm2 and lasing wavelength of around 595 nm. In the edge area, the lasing
properties are more fluctuated indicating that the structure may not be uniform. It is found that the lasing
wavelength in the edge area is 4.5 nm red-shifted compared to that in the central area of the film. Interestingly,
the thin film laser can operate well under bending conditions with a minor change in the lasing wavelength.
. Introduction

Flexible lasers have drawn significant attention due to their poten-
ial in lightweight and wearable devices [1,2]. Flexible lasers can be
ade of various materials and they can be in different forms including

phere [3], disk [4,5], fiber [6] and film [7–10]. Among many alterna-
ive structures, film-based lasers are very interesting because they can
e fabricated by a simple solution-based process, are easily handled
nd work well on different substrates [10]. Similar to other kinds of
asers, thin film lasers need an optical cavity for light amplification and
distributed feedback (DFB) cavity is usually used due to its efficiency

or in-plane optical feedback [11,12].
Compared to conventional lasers, random lasers are simpler to

abricate because they rely on a highly scattering medium for light
mplification without the requirement for an optical cavity [13]. Ran-
om lasers have rich physical properties [14] and a wide range of
pplications including speckle-free laser imaging [15], biosensing [16],
io-integration [17], cancer diagnostics [18] and display [19]. Follow-
ng the development of flexible film lasers, flexible film random lasers
re also emerging owing to their promising applications in flexible
ensors and devices [20–30].

Film-based random laser can be realized by various approaches
uch as embedding active materials in form of nanoparticles [20,21],
anorods [22] in a polymer film. In case the active material cannot
e served as a scattering medium then dielectric particles are doped to
nhance the light scattering [24]. In addition, metallic particles can also

∗ Corresponding author.
E-mail address: duong.ta@lqdtu.edu.vn (V.D. Ta).

be added to provide local surface plasmon for improved lasing perfor-
mance [29–32]. Recently, inverted photonic glass (connected air voids
in a polymer matrix) has been demonstrated as an excellent scattering
structure for random lasers [16,33] but flexible film random lasers
based on this structure have not been reported. Developing flexible
film random lasers on inverted photonic glass structures is necessary
because this structure has some advantages such as simple fabrication
via solution process, promising for sensitive sensing applications [16].
As result, this kind of random laser has the potential for lightweight
wearable sensors and optical devices. In this work, we present a simple
technique to achieve a flexible film (thickness of only 12 μm) random
laser using an inverted photonic glass structure as a scattering medium.

2. Experimental methods

2.1. Fabrication of dye-doped porous polymer films

The dye-doped porous film was fabricated from an aqueous suspen-
sion that contains polyvinyl alcohol (PVA) polymer serving as a matrix,
rhodamine B (RhB) serving as a gain medium and polystyrene (PS)
microparticles serving as a template for creating the porous structure.
Firstly, 0.5 mL aqueous PVA solution (4 wt%) was mixed with 0.04
mL aqueous RhB solution (1 wt%). Then, 0.2 mL of monodisperse PS
microparticles (10 wt%) was added. The final mixture was shaken by
a vortex mixer 2 min before use. The PVA (molecular weight of 89
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Fig. 1. (a)–(d) Schematic diagram showing the fabrication of porous polymer films. (a) Aqueous suspension contains RhB, PVA and PS particles. (b) Deposition of droplets on a
glass substrate. (c) Films structure obtained after the droplets completely dry. (d) RhB-doped porous PVA films achieved by chemically etching the PS particles. (e) and (f) Optical
image of RhB-doped PVA film in the straight and bending conditions.
000–98 000) and RhB (dye content 95%) were purchased from Sigma-
Aldrich. The PS microparticle with the same diameter of 1.28 μm was
urchased from Particles GmbH.

From the above aqueous suspension, porous PVA films were ob-
ained by a simple fabrication process shown in Fig. 1a–d. Firstly, a
icropipette was used to take the suspension (Fig. 1a) and subsequently

o deposit droplets on a glass substrate (Fig. 1b). The droplet volume
as around 10 μL. Then, droplets were left to dry (several hours)
t room temperature and in ambient conditions. After drying, film
tructures with nearly circular shapes are obtained (Fig. 1c). Due to
he coffee-stain effect, these films are thicker on the edge and thinner
n the central area [34]. Finally, the substrate with the polymer films
as immersed in ethyl acetate and left overnight. This solvent etches
S particles but does not affect the polymer thus porous structures are
ormed (Fig. 1d). A typical dye-doped film with a diameter of around

mm is presented in Fig. 1e. It can be seen that the red color in the
entral area is lighter than on the edge. It is because of the coffee-
tain effect that the thickness of the film is thinner in the central
rea and much thicker on the edge [34]. Especially, owing to its thin
hickness, the film is bendable which is potential for flexible optical
evices (Fig. 1f).

.2. Optical characterizations

The dye-doped porous film was investigated by using a micro-
hotoluminescence (𝜇-PL) set up at room temperature and in ambient
onditions. This system contains a pump laser, a microscope and a
pectrometer. The pumping source was a pulsed Nd: YAG laser (Teem
hotonics) with a wavelength of 532 nm and a pulse duration of
00 ps. The pumping laser beam was guided and directed through
n objective lens (a magnification of 20×) of a Nikon Eclipse Ti-U
nverted microscope to excite the sample. The laser spot was about
0 μm in diameter. Emission from the film was collected through the
ame objective and coupled to a spectrometer for spectral recording.

. Results and discussion

.1. Structure of the dye-doped porous polymer film

The film was cut through its center and then studied by a scanning
lectron microscope (SEM). From the SEM image, it can be seen that
he film is quite thin and flexible (Fig. 2a). The thickness of the film
n the central area is about 12–15 μm (Fig. 2b). Due to the coffee-stain
ffect, it gradually increases in the edge area and reaches a maximum
alue of ∼ 120 μm (Fig. 2c). The porous structure is visible throughout
he film cross-section. As the PS microparticles are closely packed,
he air voids are expected to be well connected. This expectation
s confirmed in the high magnification SEM image where air voids
re connected and distributed uniformly (Fig. 2d). This structure is
alled inverted photonic glass and has been demonstrated as a highly

cattering medium for the realization of random lasing emission [16].

2

Fig. 2. (a) and (b) SEM and close-up SEM images of the cross-section of a porous
polymer film in the central area. (c) SEM image of the cross-section on the edge of
the film. (d) High magnification SEM image showing the porous structure with the air
voids.

3.2. Random lasing emission from the central area of the film

The dye-doped porous films can work as efficient random lasers
under optical pumping.

Under optical excitation, light emission from dye molecules (embed-
ded in the polymer) is scattered many times between the polymer-air
interface (Fig. 3a). This process leads to light amplification and sub-
sequently lasing emission is obtained. Since the thickness of the film
in the central and the edge area are different, we will study them
separately and then make a comparison.

In the center of the film, as shown in Fig. 3b, the development from
spontaneous to stimulated emission can be observed clearly. Under the
pump pulse fluences (PPF) smaller than 115 μJ/mm2, the emission
intensity is weak and the spectrum is broad which is the characteristic
of spontaneous emission. At PPF of 115 μJ/mm2, the emission intensity
increases sharply and the spectrum becomes much narrower, indicating
evidence of stimulated emission. At this PPF, it can be said that the
optical gain is higher than the loss thus the threshold is reached for
some random lasing mode. However, the lasing mode is not clear herein
as the emission curve is still quite smooth. Lasing mode only appears
clearly when the pump fluence is much larger. As a result, the easier
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Fig. 3. (a) Schematic of light amplification via multiple scattering in a porous film. (b) and (c) Emission spectra from the center of the film under various pump pulse fluences.
(d) Corresponding PL peak intensity and spectral linewidth of the emission from the film as a function of pump fluences.
way to determine the threshold is by plotting the emission intensity
with PPF and then finding the inflection point, which will be discussed
later.

The stimulated emission increases with increasing PPF. When PPF
is higher than 115 μJ/mm2, lasing emission with central wavelength
t 595.3 nm is dominant, indicated by a very high emission intensity
nd narrow spectrum (Fig. 3c). Especially, some spikes with spectral
inewidth down to 0.2 nm (limited by the spectral resolution of our
pectrometer) are observed.

To determine the lasing threshold, peak emission intensity is plotted
s a function of PPF (Fig. 3d). As the pumping fluence increases, the
utput emission intensity increases gradually until a sudden rise which
ndicates a distinct lasing threshold of 166 μJ/mm2. This value is

comparable to several flexible random dye lasers (threshold of 133
μJ/mm2 [29]) but it is still higher compared with some dye-doped
flexible random lasers (threshold of 2.87 mJ/cm2 [28]). To reduce the
lasing threshold, the dye concentration and the size of air voids need
to be optimized which is worth investigating in future work.

In addition, the chance of the spectral linewidth of the emission is
also consistent with the change in the emission intensity. As shown in
Fig. 3d, the spectral linewidth decreases almost linearly with increasing
pumping energy until the threshold value. Starting from around 60 nm,
the spectral linewidth decreases to about 3 nm at the threshold. It goes
down to about 2 nm and maintains at this value for higher pumping
fluences.

In comparison with conventional lasers, the lasing performance of
the thin film random laser in terms of lasing threshold and quality
factor of lasing mode may not be as good as flexible lasers based
on whispering gallery mode [4,5], DFB [10] and Fabry–Perot cav-
ity [35]. However, this thin film random laser has some advantages
over traditional lasers such as simpler fabrication, less sensitivity to the
structure defect (it can work well even broken down to small pieces)
and especially they can be used as illuminated sources for speckle-free
imaging [15].

3.3. Random lasing emission from the edge of the film

Similar to the center of the film, lasing emission is also observed
from the edge of the film where the thickness is the highest. As shown
3

in Fig. 4a, the evolution from spontaneous emission to stimulated and
lasing emission can be seen clearly. The central wavelength of the
lasing emission is 599.9 nm and the lasing threshold is determined
to be 119 μJ/mm2 (Fig. 4b). Compared with the lasing characteristics
from the center of the film, the emission from the edge is red-shifted
(∼4.5 nm) and the lasing threshold is lower. However, lasing character-
istics can be varied at different positions of the film thus more positions
are needed to study for a reasonable comparison.

3.4. Comparison of lasing characteristics of various positions in the film

To compare the lasing properties between the central and edge area
of the film, we investigated various positions in these areas. These
positions were randomly chosen all over the studied area as schemat-
ically shown in Fig. 5a. It can be seen that the lasing thresholds in
different positions in the central area are very similar, are around 166
μJ/mm2. The threshold variation is small, less than 2%, indicating that
the structure in the central area is quite uniform. In contrast, the lasing
threshold in the edge area fluctuates largely from 119 to 206 μJ/mm2.
The thickness varies more dramatically in the edge area thus the thresh-
old fluctuation may be related to the thickness variation. However,
on average, the lasing threshold difference between the central and
edge area is not high. In the central area, the average lasing threshold
is 166 μJ/mm2 while it is slightly lower (162 μJ/mm2) on the edge.
As a result, it is suggested that the variation in the internal structure
may have a stronger influence on the threshold fluctuation than the
thickness variation. The porous structure in the central area is supposed
to be uniform. However, it may not be very uniform in the edge because
the edge is formed by the coffee-stain effect which is strongly affected
by surrounding temperature and humidity. In addition, the local surface
inclination of the film may also induce fluctuation. All these issues will
be studied in future work.

Not only the lasing threshold but the laser wavelength of the edge
area is also more fluctuated compared with that of the central area
(Fig. 5c). In the edge area, the variation from the shortest wavelength
(599.4 nm) to the longest wavelength (601.8) is 2.4 nm. This value
is 3 times higher compared with 0.8 nm (from 594.9 to 595.7 nm)
in the central area. In addition, there is a distinct difference in the
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Fig. 4. (a) Emission spectra from the edge of the film under various pump pulse fluences. (b) Corresponding PL peak intensity as a function of pump fluences.
Fig. 5. (a) Schematic of randomly investigated positions in the film. (b) and (c) Lasing threshold and peak wavelength at different positions in the central and edge area of the
ilm.
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asing wavelength between the two areas. The lasing wavelength in
he edge area is generally red-shifted (∼4.5 nm) compared with that
n the central area. This phenomenon is common and is related to the
hickness of the film. On the edge, the thickness is much larger than
hat in the central area thus light travels a longer path before scattering
ut, therefore, it has a higher possibility to be reabsorbed by the dye
olecules [33]. Shorter wavelengths are being reabsorbed more than

onger wavelengths leading to the red-shift of the lasing emission in the
dge area.

Overall, the result indicates that lasing properties in the central area
re nearly the same which is not dependent on the pumping position.
n other words, this film laser works reliably in the central area. On
he edge of the film, the lasing threshold is more fluctuated between
ifferent positions but the lasing wavelength is quite similar, showing
variation of ∼2.4 nm. Since the lasing wavelength in the central and

dge area are varied, it provides the optional wavelength for a specific
se.

.5. Random lasing emission from a bending film

Owing to the thin structure and flexibility of the PVA polymer,
he porous film laser can be easily bended. Theoretically, the spher-
cal air voids in the normal form will change to ellipsoidal air voids
pon bending and this effect may lead to some changes in the lasing
hreshold and wavelength. To study this effect, we monitored the lasing
hreshold and wavelength while bending the film. We use the radius
f curvature (R) to quantitatively characterize the bending effect. We

id not observe a clear wavelength shift until the R downs to 1.8 cm t

4

as schematically shown in the inset of Fig. 6a. At this condition, the
lasing threshold obtained is 243 μJ/mm2 which is higher than 166
μJ/mm2 of the straight film (Fig. 6a). In other words, the threshold has
increased by about 46% under the bending condition. Fig. 6b indicates
that the bending film can work well and its lasing emission is slightly
blue-shifted compared with that of the straight film. After release, the
film can come back to its straight form and work normally. In addition,
we have tested the repeatability of the bending measurement and found
that the lasing wavelength shift is only observed in the first two or three
times of measurements. After that, the wavelength is near unchanged
under bending conditions.

For R smaller than 1.8 cm, the film can be broken or cannot come
ack to its original straight form thus we did not study this case. For
etter mechanical flexibility, it is worth making lasers with a larger
rea and thinner thickness. In addition, the variation of mechanical
roperties and lasing performance of the thin films with increasing the
olecular weight of PVA would also be interesting and we will consider

tudying it in future work.

. Conclusion

We have demonstrated a flexible thin film random laser fabricated
y a simple solution-based process. The lasing mechanism is based on
ight scattering in porous inverted photonic glass structures distributed
ll over the film. The lasing properties including lasing threshold and
asing wavelength are investigated in the central area and edge of the
ilm. In the central area, this film laser works reliably with the lasing

2
hreshold of ∼166 μJ/mm and lasing wavelength at peak intensity
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Fig. 6. (a) PL peak intensity of the straight and bended film laser as a function of pump fluences. The inset presents a schematic curvature of the straight and bended thin film.
adius of the curvature (R) is about 1.8 cm. (b) Emission spectra of the film at the straight and bending conditions.
f ∼595 nm. In the edge area, the lasing threshold more fluctuates
rom position to position but the lasing wavelength is quite similar.
n addition, due to a larger thickness, the lasing wavelength in the
dge area is 4.5 nm red-shifted compared to that in the central area.
specially, the thin film laser can work well under bending conditions
ith a slight change in the lasing wavelength. Our work is meaningful

or the development of ultra-thin random lasers which can be potential
n wearable sensors and devices.
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