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Abstract

Recently, biolasers whose optical cavity is made of natural materials such as serum-
extracted protein, egg white, cellulose, and gelatin have attracted a lot of attention. The
advantage of these lasers is their biocompatibility and biodegradability which is significant
for biointegration. In this study, we demonstrate that starch is a low-cost and good material
for microsphere biolasers. By using a simple emulsion method with a dehydration process,
dye-doped starch microsphere lasers with diameters ranging from 40 to 180 um have been
successfully obtained. Lasing properties are investigated and the results show that the lasing
threshold is approximately 1.0 pJ and the quality factor can reach 2700. The starch-based
microsphere lasers indicate excellent stability after a storage time of a month; thus, they are
promising for practical applications in biological and chemical sensors.
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1. Introduction

For thousands of years, starches have been one of the most important foods providing
nutrition and energy for human life [1-5]. In addition, starches are represented as a natural
polymer with many applications in the fields of biomedicine and photonics [6, 7]. Starches
have several interesting properties such as biocompatibility, flexibility, and good
transmittance in the visible region which make them an excellent candidate for the
fabrication of biolasers [8-10].

Biolasers rely on various cavity structures such as the random scattering medium,
Fabry-Perot and whispering gallery mode (WGM) cavities. Among those alternatives,
WGM laser is an interesting case due to its simple fabrication, high quality (Q) factor, and
low lasing threshold [11-13]. Several WGM microlasers from different biological materials
have been reported including protein microdisk and microsphere lasers [14-16], egg white
based microsphere lasers, potato starch based microellipsoid lasers [17, 18]. Furthermore,
these biolasers have been employed as temperature sensors [20, 21]. However, there are
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some disadvantages in the fabrication of biolaser such as: requirement for a complicated
process [14], long fabrication time (up to 12 hours), or low temperature (-50°C)
requirement [18].,... leading to difficulties in massive fabrication of biolaser. In addition,
the stable operation and durability of this kind of lasers have not been studied.

Therefore, in this study, we aim to develop a simple and fast process to fabricate
WGM microsphere lasers based on starches. Based on the dehydration process, we
report an efficient method for the massive fabrication of low-cost dye-doped WGM
microsphere lasers from starches (Kudzu).

2. Experiment
2.1. Preparation of dye-doped starch solution

First, 1 g of starch powder (Kudzu, which was purchased from Bimall, Hanoi,
Vietnam; 500 g/box) was put into a cup (made of Teflon). Subsequently, 3 mL of
deionized water was added. The mixture was stirred and heated at 90°C for 6 minutes to
obtain the uniform solution, then allowed to cool down naturally. Next, 0.5 mL of
Rhodamine B aqueous solution 2 wt% was added and stirred for 3 minutes to obtain a
homogeneous dye-doped starch solution.

2.2. Fabrication of starch-based biolasers

As shown in Fig. 1a, a micropipette was used to create a dye-doped starch droplet
(from the solution above) inside polydimethylsiloxane (PDMS - purchased from
Sigma). This droplet was then dispersed into numerous smaller droplets (Fig. 1b). Since
the starch solution and PDMS do not dissolve into each other, as a result, the spherical
droplets were obtained. After that, these droplets were heated at 100°C for 6 minutes to
evaporate all the water molecules and solidify. Finally, the PDMS was removed by
using ethyl acetate (Fig. 1c). The fabricated solid-state microspheres were then placed
on glass substrates (Fig. 1d) and marked their positions for convenience when studying
their shape and optical properties.
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Fig. 1. lustrating the fabrication process of dye-doped starch microspheres.
2.3. Shape and optical characterization
The shape and surface of fabricated microspheres were studied by using scanning
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electron microscope (SEM-TM4000plus-HITACHI) after they were coated with a thin
gold layer of about 10 nm thickness by sputtering.

The optical properties of microspheres were investigated by using a micro-
photoluminescence (u-PL) setup. The pumping source is a Nd:YAG nanosecond pulse
laser (Litron lasers) with a wavelength of 532 nm, a repetition rate of 10 Hz, and a pulse
duration of 7 ns. Individual microspheres were excited by a focus laser beam with a
spot size of ~ 350 um in diameter. Emission from them was then collected by a
10x objective and delivered to an AvaSpec-2048L (Avantes) for spectral recording. The
spectral resolution is about 0.2 nm.

3. Results and discussions

3.1. Dye-doped starch microspheres

The dehydration process dehydrated most of the water molecules out of the dye-
doped starch droplets and solid-state microspheres were subsequently obtained, the time
of sample making is about 12-15 minutes, approximately 1/60 times of WGM lasers
from potato starches. This result shows the effectiveness of the method. Fig. 2 shows
the shape and size distribution of the fabricated microsphere clusters. Fig. 2a presents a
SEM image of microspheres and a high magnification of a single microsphere (about
125 um in diameter in the inserted image), demonstrating a quite smooth surface which
is suitable for a high-quality WGM laser source. The size distribution of a random
group of 38 microspheres was statisticallly shown in Fig. 2b. About 65% of them have a
diameter in the 70-120 pum range, and several microspheres with similar size were
obtained in the 80, 95, 100, and 112 pum regions. Smaller microspheres can be obtained
with a more dilute starch solution or increased droplet agitation [16]. It is also possible
to control the microsphere size if combined with a microfluidic channel or droplet
printing system [19, 22-24].
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Fig. 2. (a) Scanning electron microscopy images of dye-doped starch microspheres;
(b) Size distribution of 38 random fabricated microspheres.
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3.2. Lasing properties of starch-based microsphere lasers

The dye-doped starch microspheres can work as efficient laser sources under optical
pumping. Under a low pump pulse energy (PPE) such as 0.5 uJ, only broad emission with
weak intensity is observed (from 49 um-diameter microsphere, Fig. 3). However, when the
pump pulse energy reaches about 1.0 uJ, 04 low-intensity laser modes begin to appear. The
maximum intensity mode reaches 1620 (a.u.). These modes have a nonlinear increase in
intensity with the increase of PPE: almost 5 times - reaching about 8,300 (a.u.) when the
PPE increases by 1.3 times (1.0 to 1.3 uJ) and up to 12 times when the PPE is increased to
1.8 pJ. The nonlinear dependence of output intensity with PPE indicates the lasing
threshold is about 1.0 uJ, which is comparable to the protein microsphere lasers [14], and
about 3 times higher than the WGM ellipsoid lasers [18].
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Fig. 3. The lasing mode intensity of the microsphere is a function of pump pulse energy.

The free spectral range (FSR) of lasing modes can be calculated from the lasing
spectrum of different sizes as shown in Fig. 4. Particularly, Fig. 4a presents the lasing
spectrum from a 49 um-diameter microsphere (under PPE = 1.8 pJ), FSR is calculated at
1.80 nm, while with D = 88 um, FSR can be determined to be 0.98 nm (Fig. 4b).
Furthermore, we have studied a number of microspheres with different sizes and their
FSRs are plotted in Fig. 4c which shows FSRs as a linear function of 1/D. This result is
consistent with the theory of WGM lasers, where FSR can be estimated as [11]:

2
FsR=(%) L
zn" D
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where 4, n, and D are the lasing wavelength, refractive index, and diameter of the
microsphere, respectively. In this study, the microspheres are fabricated with the same
material and process, so the refractive index n can be considered equivalent, while most
of the lasing modes appear in the region of 615-645 nm.
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Fig. 4. (a) & (b) Lasing spectrum of 49 and 88 um diamter microspheres,
(c) FSR theoretical calculation and experimental results of 9 microspheres.

The size-dependent Q characteristics of the dye-doped microspheres were also
studied. Figures 5a and 5b show the profile of a typical lasing mode in the range of
2.7 nm of two different microspheres.

It can be seen that the spectral linewidth of a 49 um-diameter microsphere is 0.36 nm,
which is 1.33 times larger compared with that of 0.27 nm of an 88 um-diameter
microsphere. In general, a larger microsphere exhibits narrower lasing modes compared
with a smaller one. The Q factor of a lasing mode feature can be defined as Q = /64, thus
corresponding values of Q factor are about 1,650 for the 49 um-diameter microsphere and
2,260 for the 88 um-diameter microsphere. Fig. 5 indicates that the Q factor is found to
increase with the diameter of microsphere, which can be explained that the increase in
diameter of microsphere means the increase in both cavity length (L), and reflectivity (R)
at the microsphere-air interface. These two factors push the Q factor up based on the
following equation Q = 2znL/A(1-R). The Q factor of our dye-doped starch microsphere
biolasers can be comparable with protein-based microsphere (31.5 pum-diameter
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microsphere, Q factor =~ 3000) and microdisk lasers (40 um-diameter microdisk, Q factor
~ 2400) fabricated using different methods [14, 25].
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Fig. 5. (a) & (b) Spectral linewidth of 49 um and 88 m-diameter microspheres, respectively;
(c) Q factor as a function of microsphere diameter.

The fabricated microsphere biolasers can operate stably over a long storage time. In
Fig. 6, it can be seen that the mode positions (49 um microsphere) are unchanged after
storage for 4 weeks. Moreover, during this time its threshold and Q factor also tend to
remain unchanged. These results indicate that the microsphere laser can work for a long
time under normal storage conditions (all microspheres were stored at about 4°C in the
refrigerator).
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Fig. 6. The lasing spectrum 49 um microsphere lasers (under excitation energy of 1.80 pJ)
at different storage times.
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4. Conclusion

We have demonstrated that Kudzu starch is a good biomaterial for a microsphere
laser. By doping RhB into starch solution and using a simple dehydration process,
microspheres with a diameter ranging from 40 to 180 um are obtained. Under optical
pulse excitation, these microspheres can operate as high-quality lasers with the lasing
threshold as low as 1.0 uJ. The Q factor can be reached 2,700. Size-dependence of FSR
characteristics is studied and show good agreement with the WGM theory. Our
microsphere biolasers have potential applications in biological and chemical sensors.
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VI LASER SINH HOC TU VAT LIEU TINH BOT

Nguyén Vin Toan?, Nguyén Xuan Thau?,

Phan Nguyén Nhué®, Lé Hoang Hai®, Ta Vin Duong®
aKhoa Hoa - Ly ky thudt, Pai hoc Ky thudt Lé Quy Don
B moén Khi tai quang hoc, Dai hoc Ky thudt Lé Quy Dén

Tém tit: Gan day, cac nguén laser sinh hoc co buéng cong hudng duoc lam tir vat licu tu
nhién nhu protein chiét xuit tir huyét thanh, long tring trimg, cellulose va gelatin,... d3 thu hut
dugc nhidu sy quan tdm chi y. Uu diém cua chung 13 tinh tuong thich sinh hoc va phan huy
sinh hoc nén chiing ¢ thé duoc tich hop 1én cac ddi twong sinh hoc khac nhau. Trong nghién
ctru nay, chiing t6i chimg minh rang tinh bot 13 mot vat liéu sinh hoc phu hop, chi phi thap dé
ché tao cac laser vi cAu chit luong cao. Bang cach sir dung phuong phap don gian dwa trén hién
tugng nhil twong voi qué trinh khir nude, cac laser vi ciu tir tinh bot pha tap hoat chat mau da
dugc ché tao thanh cong v6i dudng kinh nidm trong khoang tir 40 dén 180 pm. Céc dic tinh
laser cho théy ngudng phat xép xi 1,0 uJ va hé s6 chat luong co thé dat t6i 2700. Bén canh do,
laser vi cau hoat 6n dinh sau khoang thoi gian mot thang cat giit ¢ diéu kién thong thudng nén
chung da bén cho mét sb ung dung tiém ning trong cam bién sinh hoc va hoa hoc.

Tir khéa: Laser vi cau, tinh bot; WGM laser.
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