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Abstract 

In the last decade, microbiolasers made of biological materials have shown their great prospect in biosensing and bioimaging. 

Several types of confinement including Fabry-Pérot, distributed feedback, whispering gallery mode cavities have been 

employed for microbiolasers. However, these lasers need to have an optimized design for obtaining resonant feedback and their 

operation is strongly affected by a cavity defect. In this work, we demonstrate protein-based microcrack lasers that can operate 

with random shapes. They are fabricated by a fast, one-step self-assembled process. A lasing threshold of 13.6 mJ/cm2 and 

quality (Q) factor up to around 3 × 103 are achieved. These values are comparable with biolasers that rely on conventional 

cavities. Interestingly, we have found that the common whispering gallery mode lasing also can be realized from a microcrack 

with a nonsymmetrical structure. This result opens a new possibility for making microlasers with excellent properties. Owing 

to simple fabrication, high Q factor, low lasing threshold and biocompatibility, these microcrack biolasers have the potential 

for integrated photonic circuits and biosensing applications. 
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1. Introduction 

Recently, biolasers has been attracted a lot of attention due to 

their biocompatibility and excellent optical properties [1]. 

Generally, a biolaser can be achieved by using a biomaterial 

cavity doped with an organic dye serving as a gain medium 

[2–4]. In some cases, the biomaterial itself can provide 

emission for the laser [5–7]. Biolasers have many applications 

in biosensing [7,8] and bio-imaging [9–11]. Furthermore, 

thanks to the biocompatibility and small sizes, micro-biolasers 

can be integrated into single cells for cell-tagging and cell-

tracking without causing any damage to the living samples 

[12–15].  

Many efforts have been made to achieve biological 

microlasers by using various cavity structures such as Fabry-

Pérot (FP) [16,17], distributed feedback (DFB) [18], 

Whispering gallery mode (WGM) [19–21] and random 

cavities [22–24]. The conventional architectures such as FP, 

DFB and WGM have shown their great advantages in making 

high quality (Q) factor miniaturized biolasers. However, these 

lasers need to have an optimized design for obtaining resonant 

feedback and their operation is strongly affected by a cavity 

defect. Random microlasers, on other hand, less effected by 

structure defect because they rely on multiple scattering to 

amplify light [25]. As a result, it would be great if there is a 

type of laser that offers high Q factor comparable with 
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conventional lasers but also can operate with any random 

shapes like random lasers. 

It has been demonstrated that self-assembled crack can be 

useful in making micro and nanostructures [26]. Lately, these 

microstructures have been demonstrated as an excellent 

medium for random laser generation [27,28]. In these 

researches, a system of crack structures was investigated thus 

the lasing mechanism is very complex. The use of a single 

microcrack, especially from biomaterial, for a miniaturized 

laser has not been explored. In this work, we show that 

protein-based microlasers with high Q factor can be achieved 

from self-assembled microcracks using one-step and cost-

effective fabrication process.  

2. Materials and methods   

2.1. Preparing for dye-doped protein solution 

Bovine serum albumin (BSA, ≥98% purity) was 

purchased from Bio-Basics and Rhodamine B (RhB, ≥95% 

purity) was purchased from Sigma-Aldrich. Dye-doped BSA 

solution was prepared by mixing a 2 mL BSA aqueous 

solution (25 wt%) and 0.5 mL RhB solution (0.5 wt%). 

2.2. Fabrication of protein-based microcrack lasers 

Microcrack lasers were fabricated by a simple drop-

casting method. A drop of dye-doped BSA solution was 

deposited on a glass substrate and subsequently heated at a 

constant temperature of 70oC for around 4 minutes. Due to the 

heat generation, water is evaporated and a dye-doped thin film 

is formed. In the end, crack patterns were self-assembly 

created in the film due to residual stress. The dry mass ratio of 

BSA and RhB are around 99.5% and 0.5%, respectively. 

2.3. Optical characterizations     

Optical properties of protein-based microcrack lasers 

were investigated by micro-photoluminescence (μ-PL) setup. 

The samples were optically pumped by a focused laser beam 

of 532 nm from a Nd:YAG nanosecond pulse laser (Litron 

Lasers) with a repetition rate of 10 Hz and a pulse duration of 

7 ns. A system consists of a microscope with a 10X objective 

lens and a spectrometer (AvaSpec-2048L) was used to collect 

and record photoluminescence (PL) emission from the 

sample. The spectral resolution is ~0.2 nm.  

3. Results and discussion 

3.1 Self-assembled microstructure via cracks 

Fig. 1 (a) demonstrates the formation of crack structures 

on a drying droplet of dye-dope BSA solution. During the 

heating process, the droplet dries from the edge to the centre. 

As the contact region remains stationary, the increase of 

tensile stress forms cracks at defective regions (fragile 

regions) [29]. At t = 60 s, crack lines begin to appear radially 

and then propagate in random directions. In the next 100 s, 

water completely evaporates and many crack patterns are 

formed. The crack patterns can be seen more clearly in a SEM 

image (fig. 1 (b)).  The cracks appear with sharp and smooth 

edges which can be served as reflectors for the lasing 

generation (fig. 1 (c)). The thickness of the crack is around 10 

µm. 

3.2 Lasing emission from a crack structure 

Under optical pumping, protein-based crack structures 

can operate as random lasers with a relatively low threshold 

and high Q-factor. Fig. 2 (a) demonstrates the PL spectra of a 

crack structure under increasing pump pulse fluence (PPF). 

For the excitation of 13.6 mJ/cm2, the PL signals exhibit broad 

and low intensity spectrum which is the characteristic of 

spontaneous emission. When the PPF reaches 23.8 mJ/cm2, 

sharp peaks start to appear with significantly higher intensity 

compared with the spontaneous emission background. 

The change of PL intensity as a function of PPF is shown 

in fig. 2 (b). The integrated intensity initially increases linearly 

with the increase of PPF before a sudden rise is observed at 

18.0 mJ/cm2 which is indicated the lasing threshold. 

It is suggested that light travels horizontally in crack 

structures. When the light is headed to the sidewalls, part of it 

is scattered out (bright emission can be seen from edges of 

cracks as shown in the inset of Fig. 2) while the rest is 

reflected. This process happens many times and the reflected 

light provides necessary resonant feedback for lasing 

emission. As the edges are not parallel, the feedback 

mechanism does not like FP cavity but more complex. As a 

result, this laser is classified as a random laser [27]. 

In this work, in order to make microlasers, we focus on 

studying single micron-sized structures. 

3.3 Lasing emission from a single microcrack 

The lasing properties of a microcrack were investigated 

by optically pumping at different positions as shown in fig. 3 

(a). The length at the middle of the pumped region is 𝐿. This 

value is proportional to the pumped area on the sample. It was 

found the lasing threshold value increases with the decrease of 

pumped area (fig. 3 (b)). The lasing threshold increases by 

approximately 2.5 times when the mean length decreases 2 

times, from 82 µm (position A) to 42 µm (position D). The 

inverse relationship between pump area and threshold can be 

explained by the fact that a larger pump area means more dye 

molecules are excited thus stimulated amplification can be 

achieved more easily. Similar phenomena have been observed 

experimentally in other researches on WGM micro-biolasers 

[23,30,31]. 

Fig. 3 (c) demonstrates the PL spectrum above the lasing 

threshold of different pumped positions with descending L. 

The lasing emission blue-shifted (about 5 nm) with decreasing 
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L which can be explained by many reasons including 

confinement effect and reabsorption of the gain medium [32].  

Understanding the lasing mechanism is an essential 

aspect of any laser study. Herein, it is suggested that the 

sidewalls of the micro-crack can be served as reflectors for the 

optical feedback that leads to lasing action. The cavity 

feedback can be determined by studying the free spectral 

range (FSR) of the lasing spectrum. At positions A, B and C, 

the FSR of lasing spectra are not clear therefore it is hard to 

determine exactly the optical path. However, at position D, 

lasing mode exhibit a clear spacing and FSR is measured to be 

around 1.7 nm. As a result, it is possible to find out the 

feedback mechanism and this will be studied in detail in the 

next section. 

3.3 Whispering gallery mode lasing emission from a 

single microcrack. 

We have investigated the lasing mechanism at position D 

of the microcrack (as shown in fig. 3 (a)). Three possible 

optical paths can support optical feedback (fig. 4 (a)). Based 

on the FSR, the cavity length can be calculated as 𝐿 = 𝜆𝑚
2 /(𝑛 ·

𝐹𝑆𝑅), where 𝜆𝑚 is the lasing wavelength, 𝑛 is the refractive 

index of the cavity a. Assuming 𝜆𝑚 = 616.4 𝑛𝑚, the 

calculated cavity length is  𝐿 = 153 𝜇𝑚. This value is far 

different compared with the optical path of the case 1 (2 ·

𝐿𝐷1  = 575 𝜇𝑚) and case 2 (2 · 𝐿𝐷2  = 88 𝜇𝑚). Therefore, 

the FP cavity is not reasonable for the lasing action. However, 

for case 3, the optical path length of the WGM-like cavity is 

𝐿𝐷3 = 154 𝜇𝑚 which is consistent with the above calculated 

value (𝐿 = 153 𝜇𝑚). As a result, we suggest that WGM is the 

feedback mechanism for the lasing action at the position D. 

This is a very interesting result as WGM lasing is generally 

obtained from highly symmetric structures like microspheres, 

microdisks [30,33]. 

 As WGM supports the lasing action, lasing modes can be 

calculated by the equation 𝑚 = 𝑛𝐿/𝜆𝑚 (𝑚 is the mode 

number). We found m = 361-373 that shows good agreement 

with the obtained lasing spectrum (fig. 4 (b)). Owing to low 

optical loss, WGM lasing generally provides a high Q factor. 

The Q factor has been determined to be 2800 (𝑄 = 𝜆/Δ𝜆) 

which is comparable with the lasing achieved by conventional 

WGM microlasers [8,21] 

3.5 Lasing emission from different microcracks 

It is exciting to find that the protein-based microcracks 

can lase in any random shapes. Fig. 5 demonstrates the PL 

emission spectrum of the microcracks and their corresponding 

integrated intensity as a function of PPF. The lasing emission 

of the 150 µm crack appears from 615 nm to 640 nm (fig. 5 

(a)) with a lasing threshold of 14.3 mJ/cm2 (fig. 5 (b)). The 

emission range of the 50 µm crack is between 595 nm and 607 

nm (fig. 5 (c)), a slight blue-shift compared with the 150 µm. 

Due to smaller size, the lasing threshold of the 50 µm crack is 

26.4 mJ/cm2, about 2 time higher compared with the 150 µm 

crack laser. This result is consistent with the lasing 

characteristics of the long microcrack discussed in section 3.2.  

The full width at half maximum (FWHM) of a lasing 

mode is determined to be 0.22 nm at 638.62 nm for the 150 

µm crack laser indicating rather high Q-factor of 2900. This 

value is comparable or even higher compared with starch-

based microlasers [8] and silk-based microlasers [30] whose 

the fabrication processes were much more complicated. 

4. Conclusions 

We have demonstrated that the dye-doped protein-based 

microcracks are an excellent candidate for biological 

microlasers. The microcracks can be obtained by a simple and 

fast (several minutes) self-assembled process. Lasing with a 

high Q factor of around 3×103 can be achieved from 

microstructures with random shapes. Interestingly, we have 

found that WGM lasing can be obtained from a 

nonsymmetrical microcrack which opens a new possibility for 

making microlasers with excellent properties. As these 

microcrack biolasers rely on a simple fabrication technique 

but can provide high Q factor, low lasing threshold they are 

promising for real applications in biosensing and bioimaging. 
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Fig. 1. (a) Optical images of a drying BSA droplet at various time. Cracks start to form at 100 s. The scale bars are 500 µm. 

(b) SEM image of a dried BSA droplet exhibiting many crack patterns. (c) High magnification SEM image of the edge of a 

microcrack. 

 

 

Fig. 2. (a) PL emission spectral of BSA cracks below and above the lasing threshold. (b) Integrated intensity changes as a 

function of pump pulse fluence. 
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Fig. 3. (a) Optical image of a single BSA crack with denoted pumped positions corresponding to different mean lengths (L). 

(b) Lasing threshold values correspond to the denoted pump positions. (c) Lasing spectrums correspond to different pump 

positions, the insets present the optical images of different pumped positions of the single BSA crack, the scale bars are 100 

µm. 
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Fig. 4. (a) Three possible cases for optical confinement path at the pumped position D. (b) Numerical calculation of mode 

number matching with the experimental lasing spectrum at position D. 



Journal XX (XXXX) XXXXXX T T Nguyen et al  

 8  
 

 

Fig. 5. (a) and (c) PL emission spectra of a 150 µm and a 48 μm BSA crack under increasing pump pulse fluence. (b) and (cd) 

Corresponding integrated PL intensity of the 150 μm crack laser and the 48 μm crack laser as a function of pump pulse fluence. 

The insets show the PL and optical image of the laser. Scale bars in (c) are 100 μm and in (d) are 50 μm. 
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