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A B S T R A C T   

An external cavity feedback structure based on volume Bragg grating is introduced to realise spectral stabili
sation and linewidth narrowing of a blue diode laser, with a central wavelength of 444.36 nm and a spectral 
linewidth of 0.18 nm. Using spatial beam combining technology and fibre coupling technology, a blue diode laser 
source producing 40.3 W power from an output fibre (core diameter: 105 µm, numerical aperture: 0.22) is 
achieved at an operating current of 3 A. The external cavity feedback and fibre coupling efficiencies exceeded 
101.8 % and 88 %, respectively. Such high-power narrow-linewidth blue diode lasers show potential applications 
in second-harmonic generation, high-resolution spectroscopy, medical treatment, and industrial processing. To 
the best of our knowledge, the 40 W class output power with the narrow-linewidth of a fibre-coupled blue diode 
laser is the highest reported to date.   

1. Introduction 

With the advances in material growth and device processing tech
nology, GaN-based diode lasers have been rapidly developed [1–2]. 
Currently, high-power GaN-based blue diode laser chips with CW output 
power of more than 5 W are commercially available, while that of over 8 
W has been achieved in a laboratory [3]. Blue diode lasers have been 
shown to have potential applications in second-harmonic generation 
[4], high-resolution spectroscopy [5], medical treatment [6–7], and 
industrial processing for non-ferrous metals, such as copper and gold. 
This is because blue diode lasers have a high light absorption coefficient 
for some nonferrous materials, making them a popular research topic in 
recent years [8]. However, the performance of blue diode lasers is 
limited by the multimode output and broad laser linewidth of approxi
mately 1.0 nm. By optimising the chip design and appending frequency- 
selective components in the internal cavity structure, single-mode laser 
emission with a narrow linewidth has been achieved using distributed 
feedback (DFB) and distributed-Bragg-reflection (DBR) techniques 
[9–12]. However, the fabrication process is too complex to be widely 
available, especially in terms of achieving high-power blue diode lasers. 

Nevertheless, using external cavity feedback technology, the above 
problems can be solved effectively. An external cavity feedback diode 
laser is primarily composed of laser chips, a shaping lens group, and a 
laser feedback element. The free-running diode laser is collimated by a 

shaping lens group that radiates to the feedback element, which can 
select the mode of the incident laser and realise optical feedback. Only 
the eligible laser returns to the laser chip and is coupled to the internal 
laser field. Further, wavelength tuning and linewidth narrowing can be 
ensured by adjusting the feedback elements. Over the past few years, 
several research communities have investigated high-power narrow- 
linewidth blue-diode laser sources. For example, Ruhnke et al. demon
strated a high-power external cavity diode laser system in a Littrow 
configuration using a commercially available GaN laser diode emitting 
at 445 nm, achieving 400-mW optical power with a narrow linewidth 
emission of 20 pm [13]. Using a high-power GaN diode laser in a Littrow 
external cavity, Chi et al. demonstrated a tunable high-power narrow- 
spectrum diode laser system of approximately 455 nm with an output 
power of approximately 530 mW [14]. Ding et al. reported an output 
power exceeding 1200 mW and achieved a tuning linewidth of 3.6 nm, 
using a grating with a high zeroth-order diffraction efficiency [15]. 
Although there have been reports on narrow-linewidth blue diode lasers, 
the researchers have mainly focused on the low-power output single 
mode laser based on a Littrow-type external cavity, while the high- 
power output multimode blue diode laser with a narrow linewidth 
and spectral stabilisation has been ignored and requires further studies. 

Because the volume Bragg grating (VBG) has angle selectivity, each 
VBG must be tuned precisely. One diode laser chip should be controlled 
by one VBG using the traditional external cavity feedback method. In 
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this study, we fabricated a high-power and narrow-linewidth blue diode 
laser by employing the external cavity feedback technology of the VBG. 
Therefore, a method is proposed for compressing the spectral linewidth 
of multiple high-power diode laser chips by employing an external 
cavity feedback structure based on only one VBG. About 40.3 W power 
from an output fibre with a core diameter of 105 µm and numerical 
aperture of 0.22 is realised with a central wavelength of 444.36 nm and 
a spectral linewidth of 0.18 nm at an operating current of 3 A. The 
experimental results prove the feasibility of the scheme, and by choosing 
the diffraction central wavelength of the VBG reasonably, the locking 
spectrum can be combined in the next stage using the dense spectral 
beam combining technology [16–17]. The proposed method is scalable 
and can achieve higher power output in the future. At the same time, the 
linewidth of the laser with a narrow order of magnitude can also be 
obtained by selecting a VBG with a larger size. 

2. Design of experiments 

Fig. 1 presents a schematic diagram of beam shaping and spectrum 
control. The pumping laser system consists of a single-emitter blue diode 
laser packaging on a chip-on-submount structure, fast axis collimations 
(FACs), and slow axis collimations (SACs) as beam collimation elements, 
reflective mirrors for spatial beam combining, VBG as a wavelength- 
selective element [18–19], and a focusing lens and fibre for the fibre- 
coupled output of the blue diode laser. 

The single-emitter blue diode laser under investigation emits at 
approximately 447 nm, producing 5 W at an operating current of 3 A and 
cooling water of 20 ◦C. The divergence angle in the fast axis is 49◦ full 
width half maximum (FWHM), while that in the slow axis is 9◦ FWHM; 
therefore, the use of the FAC and SAC is necessary to reduce the laser 
divergence angle of radiation to the VBG [20]. The FAC adopts an 
aspheric column lens with a focal length of 0.31 mm, whereas the SAC 
adopts a spherical cylindrical lens with a focal length of 8 mm. The 
simulation was conducted using Zemax software, and the results are 
shown in Fig. 2. The simulated divergence angle of the single-emitter 
blue diode laser is 4.2 mrad FWHM in the fast axis and 5.6 mrad 
FWHM in the slow axis, and the corresponding beam sizes are 0.32 mm 
(Y coordinate value) and 1.6 mm (X coordinate value), respectively. 

To obtain a high-power laser output, several single-emitter lasers are 
combined using spatial beam-combining technology [21–22]. Nine 
single-emitter blue diode lasers were used, and the beams were stacked 
in the fast-axis direction, with a step spacing of 0.4 mm. After spatial 
beam combining, we obtained beam sizes of 3.6 and 1.6 mm in the fast 
and slow axes’ directions, respectively, as shown in Fig. 3. The wave
length selection characteristic of the VBG makes the diode laser resonant 
at the diffraction wavelength of the VBG, thereby achieving diode laser 
wavelength selection and linewidth narrowing. In this study, the 
external cavity feedback structure of nine single-emitter blue diode 

lasers was achieved using a single VBG. The size of the VBG with a 
central wavelength of 443.87 nm ± 0.2 nm and diffraction efficiencies 
of 15 % ± 3 % is 5 mm × 5 mm × 0.8 mm. The technical parameters of 
VBG are listed in Table 1. The combined blue diode laser beam was 
coupled to a fibre with a core diameter of 105 µm and a numerical 
aperture of 0.22, through a focusing lens with a focal length of 12 mm. 

3. Results and discussions 

The external cavity feedback of a single-emitter blue-diode laser was 
investigated in this study. Before performing the external cavity feed
back experiments, the spectral characteristics of the free-running blue 
diode laser chips were tested. The normalised emission spectra at 
different operation currents are shown in Fig. 4. There was an inho
mogeneous broadening mechanism associated with the emission spec
trum of the blue diode laser as the operating current increased, while the 
red-shift phenomenon of the laser wavelength became more prominent 
as the operating currents increased because of the temperature drift 
characteristics of the free-running diode laser chips. The FWHM line
widths are 0.97 nm, 1.06 nm, 1.25 nm, and 1.39 nm, and the central 
wavelengths are 443.73 nm, 444.36 nm, 445.73 nm, and 447.10 nm at 
the cooling water temperature of 20 ℃ and operating currents of 0.8 A, 
1.4 A, 2.2 A, and 3A, respectively. Fig. 4 also shows the linewidth and 
central wavelength of single-emitter blue diode lasers after the external 
cavity feedback of a single VBG. By adjusting the angle of the VBG, the 
free-running blue diode laser emitter radiates to the VBG, which can 
select the mode of the incident laser and realise optical feedback. Only 
the eligible laser could return to the internal laser field. Through mode 
competition, a laser beam with a narrower linewidth can be realised. All 
the FWHM linewidths are 0.18 nm, but the central wavelengths are 
444.02 nm, 444.02 nm, 444.07 nm, and 444.07 nm, respectively, at the 
current of 0.8 A, 1.4 A, 2.2 A and 3.0 A. It has been demonstrated that 
laser external cavity feedback based on a VBG can achieve spectrum 
narrowing and wavelength stabilisation simultaneously, and the influ
ence of the operating current on the output central wavelength can be 
attributed to the temperature drift characteristics of the VBG [23]. 

External cavity feedback structures for multiple-emitter blue diode 
lasers were constructed. Using spatial beam-combining technology, nine 
single-emitter blue diode lasers were used with feedback provided by a 
single VBG simultaneously. The output powers of the free-running laser, 
beam shaping, VBG external cavity feedback, and fibre coupling were 
tested, and the results are shown in Fig. 5. When the water-cooling 
temperature is 20 ◦C and the operating current is 3 A, the total output 
power of the nine free-running, single-emitter blue diode lasers is 46.35 
W and the voltage is 38.14 V. After beam shaping by FACs, SACs, and 
reflective mirrors, the output power is reduced to 44.97 W with 3 % 
power loss. This is because the lenses in the optical path are coated with 
an anti-reflective film, and the transmittance generally ranges from 99 % 

Fig. 1. Schematic diagram for beam shaping and spectrum control.  
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to 99.8 %; thus, power loss occurs. In the process of spatial beam 
combining, the height of the two laser chips is at 0.4 mm, and the edge 
laser beam is blocked in the actual installation and adjustment process. 
A VBG is added to the optical system for external cavity feedback; after 
linewidth narrowing and central wavelength locking, the total output 
power is increased to 45.75 W, and the external cavity feedback effi
ciency is at 101.82 %. The external cavity feedback power is higher than 
the free-running power because the gain oscillation of the laser chip can 

be increased by the feedback of the external cavity structure. When the 
threshold current is reduced, the external cavity feedback efficiency may 
exceed 100 %. Finally, the combined beam is coupled to the fibre 
through a focusing lens. According to experimental results, the output 
power from the fibre is 40.3 W, fibre coupling efficiency is 88 %, and 
total electric–optical conversion efficiency is 35.22 % under the same 
conditions. 

The spectral characteristics of a spatial beam combining free-running 
blue diode lasers and external cavity feedback were investigated. Fig. 6 
shows the typical laser spectra at different operating currents of the nine 
single-emitter blue diode lasers without external cavity feedback. 
Compared to the single-emitter laser chip, the combined laser presented 
a multimode feature. This is because the central wavelength of the single 
emitter itself is different, which is attributed to the material growth 
processing of the laser chip. Fig. 6 also shows the locking spectra at 
different operating currents of the nine single-emitter blue diode lasers 
with external cavity feedback. As can be seen, all nine single-emitter 
lasers have achieved spectral locking at the respective operating cur
rents of 0.8, 1.4, 2.2, and 3 A. With the increase of operating current, the 
linewidth show excellent stability at 0.18 nm from 0.8 A to 3 A; how
ever, the central wavelength is shifted from 444.02 nm at 0.8 A to 
444.36 nm at 3 A. This result is consistent with the temperature drift 

Fig. 2. Divergence angle of the single emitter blue laser in the (a) fast axis and (b) slow axis after collimation. Beam size of the single emitter blue laser in the (c) fast 
axis and (d) slow axis after collimation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Beam size of nine single emitters beam combination in the (a) fast axis and (b) slow axis after collimation.  

Table 1 
Typical parameters of VBG.  

Parameters Unit Specifications 

Centre Wavelength, in air nm 443.87 
Wavelength Tolerance, +/- nm 0.2 
AR Coating % ≤0.2 
Diffraction Efficiency % 15 
Diffraction Efficiency Tolerance, +/- % 3 
Diffraction Efficiency Variation, max % 5 
FWHM Linewidth, typ nm ≤0.08 
Height mm 5 
Width mm 5 
Thickness mm 0.8  
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characteristics of the VBG; as the current increases, the output laser 
power irradiating the VBG increases correspondingly, which may create 
more heat and change the diffraction central wavelength of the VBG in 
the long-wavelength direction. The experimental results indicated that 
the locked central wavelength shifted as a function of the operating 
current at a rate of approximately 0.155 nm/A. In recent years, 
Romadhon et al. reported the longitudinal mode evolution of a GaN- 
based blue laser diode, and the longitudinal modes were observed to 
shift at rates of 0.0045 nm/mA [24]. Al-Basheer et al. reported the 
spectral and spatial dynamics of a multimode GaN-based blue laser 
diode, and the evolution of emitted longitudinal modes with current and 
temperature exhibited red shifts at rates of 0.0059 nm/mA [25]. The 
proposed structure can achieve a higher power output than those re
ported in similar publications in the field. Meanwhile, with the use of 
external cavity feedback based on VBG, the influence of the central 
wavelength along with the working current is significantly reduced, thus 
presenting better spectral stability. 

The above results demonstrate that high-power narrow-linewidth 

blue diode lasers can be achieved using external cavity feedback tech
nology. For further practical applications, blue diode lasers should have 
stable power output and spectral characteristics, particularly for long 
term operation. In this study, the output power stabilisation and spectral 
stabilisation were tested experimentally. Under an operating current of 
3 A and a cooling water temperature of 20 ◦C, the output power and 
spectral characteristics were measured for one hour of operation time. 
As shown in Fig. 7(a) and (b), the blue diode laser shows excellent 
output power stabilisation and spectral stabilisation, which has prom
ising application prospects. 

4. Conclusion 

In this study, we fabricated a high-power narrow-linewidth blue 
diode laser using external cavity feedback technology. A significant 
advantage this blue diode laser offers is that the linewidth of multiple 
free-running blue diode laser chips can be narrowed by one VBG, which 
improves the spectral characteristics and simplifies the external cavity 
feedback structure. A narrow-linewidth blue diode laser with a central 
wavelength of 444.36 nm and a spectral linewidth of 0.18 nm was 
demonstrated. Furthermore, with the spatial beam combining technol
ogy and fibre coupling technology, a CW power of 40 W class from an 
output fibre with a 105 μm core diameter and 0.22 numerical aperture is 
realised. The external cavity feedback and fibre coupling efficiencies 
exceeded 101.8 % and 88 %, respectively. To the best of our knowledge, 
this study is the first to report on a 40 W class high-power narrow- 
linewidth blue diode laser based on external cavity feedback of VBG. To 
expand on these findings, further research is needed to increase the 
output power of the blue diode laser based on spectral beam combining 
technology and tune the central wavelength by controlling the tem
perature of the VBG. 
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