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ABSTRACT: An integrated random laser based on green materials with
dissolubility and recyclability is created and demonstrated. The dissolvable and
recyclable random laser (DRRL) can be dissolved in water, accompanying the decay
of emission intensity and the increment in lasing threshold. Furthermore, the DRRL

can be reused after the process of deionized treatment, exhibiting excellent

reproducibility with several recycling processes.
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he growing requirements of healthcare quality and the

rising awareness of environmental protection have

sparked a remarkable trend of modern technology
modules, which is expected to possess characteristics with
biodegradability, biocompatibility, and biometabolizability.'~*
In the biomedical field, in vivo devices are utilized for temporary
medical tasks, including localized drug delivery, biointerfaced
systems, and point-of-care diagnostics.”~” These devices are
perceived to cease to function and disappear completely by
being metabolized harmlessly in the body at prescribed times
and with controlled rates, which could avoid reiterative
surgeries for therapeutic device replacement. Furthermore, a
tendency nowadays shows that the lifetime of consumer
products is becoming shorter and shorter, approaching merely
several months. Therefore, it is extremely desirable to design
electronic and optical devices that are dissolvable naturally with
low impact on the environment, which can help to solve the
ecological problem of huge excess waste.

Recently, green inorganic/organic materials such as
magnesium, iron, zinc oxide, silicon dioxide, poly(L-lactide-co-
glycolide) (PLGA), poly(vinyl alcohol) (PVA), silk fibroin,
protein, DNA, and gelatin have received adequate atten-
tion." "' Toward a sustainable society, optoelectronic devices
with transient behavior based on green inorganic/organic
materials have created the domain of functionalities and
opportunities, which would be inaccessible for the traditional
time-invariant design.&ls‘16 Subsequently, great efforts have
been made to develop nontoxic, dissolvable, or even recyclable
and renewable devices, such as inductors, capacitors, resistors,
memristor, transistors, memory, generators, wireless control
systems, LEDs, waveguides, etc.'™>" As is well-known, lasers
play a very important role in human society, from light sources
for communication, images, and sensors to medical treat-
ments,”>">” including ophthalmology, dermatology, and
oncology.””**** Tt is believed that lasers incorporated with
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transient modules can create more applications. However,
achieving transient characteristics by traditional lasers can be
very challenging, due to the precise optical resonator cavities
with meticulous fabrications and special components, for which
it may be difficult to find suitable materials to meet the
requirements.

Random lasers are good candidates for transient and even
recyclable devices. The main reason is that random laser action
only needs a disorder system rather than rigid optical cavites to
provide feedback loops for the multiple scattering to occur.
These features are beneficial for the fabrication of transient
random lasers. In addition, such lasing systems have been
proven in various materials and applied in diverse fields,”” >
such as optomicrofluidics,”” cancer diagnostics,”® speckle-free
imaging,®” biosensing,*”*' etc. In view of their potential
functions especially for biology, development of transient
random lasers is greatly needed to promote and broaden in vivo
or even implantable applications. Furthermore, the random
laser device can be easily reproduced and recycled because of
the simple design of random lasing systems. In this regard, a
device with recyclable functionality and materials can not only
reduce the product waste but also save resources of expensive
components or substrates, which is a crucial goal in reaching
environmental protection and sustainability. Therefore, a
concept of transient and recyclable random lasers is proposed
here.

The dissolvable and recyclable random laser (DRRL) based
on the mixture of semiconductor nanoparticles with water-
soluble polymer was designed, fabricated, and demonstrated in
this work. Zinc oxide (ZnO) nanoparticles (NPs) as mainly
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gain media and titanium dioxide (TiO,) NPs as the scattering
media are embedded into PVA. The DRRL shows very
pronounced characteristics of random lasing action operating
with a low threshold of 31.3 mJ cm™2. The dissolvable behavior
has been studied systematically, revealing the important feature
that the DRRL disappears completely in water within 40 min,
accompanying the reduction of emission intensity and the
increase of laser action threshold. The recycling capability of
the DRRL has also been demonstrated by the fact that the
active materials of the device are reusable for several times with
excellent and reproducible performance. In addition, the DRRL
integrated with paper and syringe has also been demonstrated
with high performance, showing perfect compatibility to
arbitrary substrates.

RESULTS AND DISCUSSION

In our experiment, the DRRL is composed of PVA, TiO, NPs,
and ZnO NPs, as shown in Figure 1 and Figure S1. PVA, which

TiO:2 NPs
ZnO NPs

PVA

Figure 1. Design of the dissolvable and recyclable random laser
(DRRL). Schematic illustration and the scanning electron micro-
scope (SEM) image of the DRRL.

is one of the water-soluble polymers,*** has been used for a
variety of biomedical and environmental applications.”**~* It
is introduced as the matrix with the scatterers and gain
materials packed in it, which is the key to achieving dissolvable
devices based on its excellent water-soluble characteristics. ZnO
with a wide band gap (3.37 €V) and a high exciton binding

energy (60 meV), which is one of the most promising materials
for ultraviolet light-emitting sources, serves as the gain material
for the random laser device.’”*” It is worth noting that the
refractive index of PVA (n = 1.5) is too close to that of ZnO
NPs (n = 1.9); therefore, ZnO NPs cannot act as effective
scattering centers. Thus, TiO, NPs are chosen as the scatterers
to provide a strong confinement and feedback for the random
system because their refractive index (n = 2.6) is much larger
than that of PVA. Additionally, the ZnO NPs and TiO, NPs
can help improve the eco-friendly performance because of their
high biological compatibility to the environment.'> The
scanning electron microscopy (SEM) image shown in Figure
1 and Figure Sla reveals a highly random structure of the
random laser film consisting of ZnO NPs and TiO, NPs. The
ZnO NPs appear spherical and uniform in the SEM, with
diameters of 200—400 nm. The TiO, NPs (Figure S1b) reveal
an average diameter of 7 nm.

The fundamental working mechanism for random lasing is
schematically illustrated in the inset of Figure 2a. When the
device is pumped by an external light source, ZnO NPs are
excited and emit photons. Because of the refractive index
contrast between TiO, NPs and PVA/ZnO NPs, the photons
undergo multiple scatterings between different scatters, and
closed-loop paths can be formed. The behavior of multiple
scatterings increases the optical paths in the gain media to
obtain enough gain and achieve light amplification. The closed-
loop paths increase with the pumping energy density, which
serve as cavities for the laser action to occur.’*” The lasing
threshold and frequencies of different modes are determined by
the cavity resonances, resulting in discrete narrow peaks in the
emission spectrum.

The emission characteristic of the dissolvable random laser
(Czno0 = 750 mg mL™, Crio, = 100 mg mL™") is systematically
demonstrated in Figure 2a by varying the pump energy density.
When the pump energy density is at 30.3 mJ cm™?, there is only
a broad spontaneous emission band (the black curve in Figure
2a). By increasing the pump energy density above the threshold
to 33.7 mJ cm™%, the emission spectrum appears as a narrow
emission band centered at 387 nm with several sharp spikes
(the red curve in Figure 2a). The line width of the emission
band decreases sharply to sub-nanometer. The appearance of
the sharp spikes indicates the coherent feedback in a random
system,”’ which results from the strong feedback of TiO, NPs
and large gain provided by ZnO NPs. Figure 2b demonstrates
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Figure 2. Performance of the dissolvable and recyclable random laser (DRRL). (a) Emission spectra pumped by a 266 nm pulse laser under
different pumping energy densities. Inset: Schematic illustration of the working mechanisms responsible for the random laser action in DRRL.
(b) Threshold behavior of random lasing with respect to the line width and output intensity from DRRL.

7601

DOI: 10.1021/acsnano.7b00201
ACS Nano 2017, 11, 7600—-7607


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00201/suppl_file/nn7b00201_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00201/suppl_file/nn7b00201_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00201/suppl_file/nn7b00201_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b00201

ACS Nano

(a)

[ —

L
A

i

4500

(c)

3000

Intensity (arb.units)

1500

390
Wavelength (nm)

380 400

(d)

(b)

£ 100
=
1]
3
% 50
£ —
o} \l
0 20 40
Time (min)
9000 — T T T T
0, O Threshold 135
AN O Intensity
_— 0. —_—
) o
£ 6000 . / 5
g L
8 S 2
s E
z M1 3
©® o @
& 3000f / 3
£ 5 AT =
o/ o
0 30 80 %0 0 o
Thickness (pm)

Figure 3. Dissolving performance of the dissolvable and recyclable random laser (DRRL). (a) Photographs at various stages for the DRRL
immersed in DI water; the scale bar in the photograph represents 1 cm. (b) Variation of the thickness of the DRRL at various stages of
dissolution. (c) Spectra for the DRRL during immersion in DI water at the times of 3, 15, 30, and 40 min. (d) Corresponding evolution of the

emission peak intensity and threshold as a function of thickness.

that the line width of the random lasing mode at 387.4 nm (in
the red circle of Figure 2b) has a full width at half-maximum
(fwhm, A1) of 0.08 nm. The corresponding quality factor
(defined as Aeu/AA) is 4843, which is comparable to that of
other lasing systems.”"’ There are more and stronger sharp
peaks emerging in the spectrum while further increasing the
pump energy density to 35.8 and 42.7 mJ cm™?, as shown by
the olive and blue curves shown in Figure 2a. The
corresponding maximum emission intensity under each pump
energy density and line width of random lasing modes derived
from the emission band at 387.4 nm are analyzed in Figure 2b.
The threshold of the coherent random lasing is determined to
have a value of 31.3 mJ cm ™ Note that according to previous
reports,”*° the threshold can be determined by the absolute
intensity as well as the relative intensity (i.., the intensity of the
spike with deducing the fluorescence background). We have
performed both calculations and obtained the same result as
shown in Figure S2. When the pump energy densities surpass
the threshold, the peak intensities increase rapidly and the line
width of the peak decreases sharply with increasing pump
energy density. It should be noticed that the spectra transition
tends to show a red shift, which can be attributed to the balance
between optical gain and self-absorption near the tail of the
absorption edge.””*” The effects of temperature and band gap
renormalization induced red shift can be excluded because after
the occurrence of the laser action, the emission spectra only
show a slight shift.**>° Furthermore, when the incident angle
changes from 10 to 80°, coherent random lasing is observed
(shown in Figure S3), which is characteristic of random lasers.

More strictly, we then further confirm the mechanism by
calculating the closed-loop path. For laser action, the boundary
condition of standing waves should be satisfied by the
equationSI’52
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(1)

where n refers to the refractive index of PVA; L is the resonant

cavity length; M is a positive integer mode number; and 4 is the

wavelength (around 385 nm). From this eciuation, the mode
. . s152

spacing can be calculated by the equation

2nL = MA

2
A=

2L (2)

where AJ is the spacing between two modes, which is about 3
nm in our random laser spectrum. By the calculation, we can
obtain the cavity length about 17 ym, which is close to that in a
previous 1report.53

Figure 3 summarizes representative dissolution behavior as a
function of time in terms of the change in emission
performance of the DRRL. A set of images of the DRRL
immersed in DI water at various dissolving stages is presented
in Figure 3a. All the films become soft, amorphous, and
invisible gradually after soaking in water. The surface layer of
the PVA film dissolves rapidly after being immersed in water for
a few seconds, and then ZnO NPs and TiO, NPs are thereupon
found to disperse in water gradually. The image in the middle
of Figure 3a shows the dissolved state of the film after several
minutes in water. The device completely disappears after 40
min via reactive dissolution (the right side of Figure 3a). The
corresponding variation of thickness of the film as a function of
time exposed to DI water is shown in Figure 3b. The thickness
of the device is linearly diminished in water from 113 gm (0
min) to 102 ym (3 min), 82 ym (7 min), 72 um (10 min), 48
um (15 min), 33 gm (19 min), 21 gm (30 min) to 0.2 ym (40
min). The emission behaviors responsible for the dissolution of
random laser are investigated in Figure 3c and Figure S4. These
emission spectra from the random laser for dissolving 3, 15, and
30 min exhibit several spikes arising from coherent random
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Figure 4. Recycling and reusable performance of the dissolvable and recyclable random laser (DRRL). (a) Schematic illustration of the
recycling process. (b) Emission spectra with different cycle index. (c) Corresponding evolution of emission peak intensity and threshold as a

function of recycling times.

lasing with a line width of ~0.08 nm around 387 nm. These
spikes demonstrate the typical lasing behavior when the pump
energy density exceeds 31.2, 34.1, and 352 m]J cm™?,
respectively (see Figure SS). After being immersed for 40
min, the weak spontaneous emission from the sample centered
at 387 nm is observed. Random laser action cannot be observed
even when the pump energy density is increased to 85.6 mJ
cm™2. Threshold behavior at the dissolving times of 7, 10, and
19 min is described in Figure SS. The decrease of ZnO NPs and
TiO, NPs in the film during the dissolving process results in
the changes of gain and scattering loops. The random laser
intensity and threshold are consequently changed. The
corresponding evolution of the emission peak intensity and
threshold as a function of thickness are shown in Figure 3d.
The peak intensities under the pumping energy density of 35.8
mJ cm™2 for representative devices are 5025 + 952, 2569 +
684, 1902 + 233, and 1165 =+ 18 for dissolving time of 3, 15,
30, and 40 min, respectively. The intensity changes by ~29, 63,
73, and 84% during immersion for 3, 15, 30, and 40 min,
respectively. This dissolution behavior is consistent with the
variation of the emission property while changing the thickness
of the random laser film (Figure S6). Furthermore, the change
of the ZnO/TiO, nanoparticles accompanies the dissolving
time (Figure S7), contributing to the increase of the threshold
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and the decrease of the emission intensity. The measured peak
intensity (red dots) and lasing threshold (blue dots) show
stable operation for 10—30 min, followed by rapid degradation
over the next 10 min. The threshold increases around 12%
during the dissolution process. The dissolvable behavior of the
random lasers demonstrates that the PVA-based design can be
implanted in vivo as a transient light source for clinical
treatment. Moreover, the developed environmentally friendly
optoelectronic systems are very useful to minimize the dramatic
increase of consumer product waste for pursuing environmental
sustainability.

Next, the distinct feedback mechanism based on a disorder
structure gives the possibility of refabrication of the active
materials for recycled lasers. Figure 4a shows the recycle
process for the DRRL to test for its recycling potential. Once
the DRRL is dissolved in water, isolated intact ZnO NPs and
TiO, NPs can be seen after being dissolved completely after 40
min, which can be rearranged by evaporating water. Then the
refabricated DRRL can be dissolved again after use. The
corresponding experimentally characterized photograph of the
DRRL devices can be seen in Figure S8. A set of spectra
pumped at 35.8 mJ cm™> (seen in Figure 4b) shows the
emission properties of random lasers with different cycle index
under the same conditions, indicating that no significant
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Figure 5. Demonstration of the dissolvable and recyclable random laser (DRRL). (a) Photograph and (b) emission spectra from the DRRL on
a piece of tissue paper. (c) Photograph and (d) emission spectra from the DRRL on a syringe. The scale bar in the photograph represents 1

cm.

variation is observed. The corresponding evolution of emission
peak intensity and threshold (see details in Figure S9) as a
function of cycle index are shown in Figure 4c, indicating a
stable output with a slight fluctuation. As these nanoparticles
embedded into PVA may induce subsequent change in the
structure related to feedback channels for coherent lasing, there
are slight fluctuations in spectral intensity and threshold for the
recycled samples. Herein, from the results for recycling of the
active materials of the random laser, we find that the random
laser can be easily re-formed because of its special structure and
teedback mechanism. After five cycles of recycling, the DRRL
still shows constant emission intensity, thereby demonstrating
the possibility of recycling random lasers. The time durations
for stable operation reported here establish avenues for random
systems that have the capability to be cyclically utilized and to
save precious resources. Moreover, the results also indicate that
the substrate can be reused after the whole device package is
dissolved by water. Furthermore, the stability of new device and
recycled device has been investigated, as shown in Figure S10,
which demonstrates excellent stability of our device. Hence the
scatterers, gain materials, and substrates of random lasers can
be reused. These characteristics are particularly important in
applications that involve integration with transient devices.
These advantages are exactly up to the standards of a recycling-
based society, advocating action plans for reducing the
generation of waste, reuse of materials, recycling, and
appropriate disposal of waste.””>* The methodology used
here, to establish that the random lasers could be dissolved and
recycled, can be extended to many other optoelectronic devices.
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To put our concept into practice, we integrated the DRRLs
with daily one-off items such as tissue paper and medical
supplies. First, we transferred the DRRL onto a piece of tissue
paper. Figure Sa presents a schematic illustration of the DRRL
on the tissue paper. The results in Figure Sb represent the
emission spectra of the random laser with sharp peaks around
387 nm, which indicate the building of coherent feedback. The
threshold behavior of this system is shown by the red dots in
Figure Sb, revealing that its threshold is about 31.2 mJ cm™.
Hence, we can conclude that the DRRL can also be transferred
to other environmentally friendly substrates, such as silk and
biological tissues. Lasing signal can be easily obtained on these
rigid, flexible, nonplanar, and rough substrates to avoid
unsuitable fabricating processes. The report provides a
framework for further research on eco-friendly random lasers,
which can be used as short period source units implanted in
military equipment or used in transient environmental sensors.
Biomedicine applications like medical apparatus and instru-
ments are another key demand for such transient and recyclable
random laser devices for waste reduction. We have transferred
the DRRL onto a syringe, as shown in Figure Sc. The spectra in
Figure 5d show several spikes centered around 387 nm with a
threshold of about 32.5 mJ cm™ at 388.4 nm (see the red dots
in Figure 5d). It shows that the DRRL functioned well, which
offers a great opportunity for developing the identification
labels in a low-cost and easy method. Moreover, transient
random lasers not only reduce the waste but also help sterilize
the waste for the bactericidal effect of ZnO NPs and TiO, NPs.
From the above demonstrations, potential applications of the
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degradable optoelectronic devices range from biodegradable
substrates to one-off medical devices.

CONCLUSION

A transient and recyclable random laser is proposed and
fabricated based on ZnO NPs and TiO, NPs mixed into PVA
as an environmentally friendly coherent lasing source. The
distinct behavior of random laser action operating with a low
threshold of 31.3 mJ cm™ is obtained. The dissolution process
has been described in detail with the corresponding character-
istics of laser spectra under different immersion times in DI
water. It is found that the DRRL can be dissolved completely in
DI water within 40 min owing to the dissolvable property of
PVA, accompanying the reduction of emission intensity and the
increase of laser action threshold. The recycled experiments
illustrate that excellent reproducibility can be achieved by the
DRRL. Tissue paper and syringe-based transient random lasers
provide two application examples of the eco-friendly behaviors
of the DRRL.

METHODS

Preparation of the DRRL. In our experiment, high-purity ZnO
powders (n = 1.9), PVA (n = 1.52), and TiO, (n = 2.6) powders were
used directly without further purification. First, PVA was dissolved into
deionized (DI) water with a mass fraction of S wt % and stirred for 30
min at room temperature. A total of 150 mg of high-purity ZnO NPs
(99.99%) and 1 mL of TiO, aqueous solution (with a concentration of
20 mg mL™") were added into a 4 mL PVA colloidal solution and
sonicated for 30 min to obtain a homogeneous solution mixture. The
silicon substrates (1.5 cm X 1.5 cm) were ultrasonically cleaned for 10
min in DI water, acetone, and isopropyl alcohol to remove any
absorbed contaminant. After the treatment, the poly(methyl
methacrylate) (PMMA) solution was first spin-coated on the silicon
substrates at a rate of 800 rpm for 60 s and dried at 85 °C. The
mixture solution was dropped stepwise on the silicon substrates. It was
then heated at 80 °C for 20 min to evaporate unnecessary DI water.
Finally, to separate the PVA based film from the silicon substrates, we
soaked the device in acetone to dissolve the PMMA layer. Thus, the
PVA layer was floating on the surface of water (seen in Figure S11).
After being separated from the silicon wafer, the DRRL was then
transferred onto more flexible and curving substrates, such as paper
and the syringe. First, we dipped some PVA solution on one side of
the film and then transferred the film onto the surface of the paper or
the syringe. The film can stick to paper and the syringe very well.

Material Characterization. The microscopic structures of the
random laser film were characterized by SEM (Hitachi S4800
microscope).

Optical Measurement. The DRRLs were optically excited by a Q-
switched fourth harmonic Nd:YAG laser (266 nm, 3—S ns pulse, 10
Hz) and measured with a Jobin Yvon iHRSSO imaging spectrometer
system. The laser beam was focused on the DRRLs with a diameter of
about 200 pm. All the experiments were conducted at room
temperature.

Dissolving Experiment of Environmentally Friendly Random
Lasing Systems. In this experiment, the thickness measurement was
conducted on the dried samples. We prepared eight pieces of samples
with the same conditions. To test the dissolvability and environmental
protection property, we immersed seven pieces of samples in DI water
at room temperature. The samples were dissolved with different times
of 3, 7, 10, 15, 19, 30, and 40 min. After being taken out from the
water at various stages of the dissolution, the samples were dried at 80
°C for 20 min to remove the residual water.

Recycle Experiment of the DRRL. To test the recycling
capability, the prepared DRRL was immersed ultrasonically in 1 mL
of DI water until the film was totally dissolved at room temperature.
Next, all the solutions were dropped on the silicon substrates and
dried at 80 °C to remove the residual water. After the emission
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property was recorded, the DRRL was dissolved again and the steps as
described above were repeated.
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