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We introduce a 405 nm external-cavity semiconductor laser using a volume Bragg grating (VBG) as the feedback
element. By decreasing the length of the external cavity and reducing the wavelength difference between the output
wavelength of the laser diode during free running and Bragg wavelength of the VBG, the emission wavelength of the
semiconductor laser is stably locked at 405.1 nm with a spectral linewidth of 0.08 nm. The output power reaches
292 mW, and the wavelength drift with temperature reduces to 0.0006 nm/°C. These results are helping for the
spectroscopy applications of a blue-violet laser diode. In contrast to traditional external-cavity semiconductor

lasers, this laser is less expensive and more compact, in addition to having a narrow linewidth and good wavelength
stability. These advantages would facilitate the development of associated areas of research, including optical data

storage, laser display, and laser medicine.
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1. INTRODUCTION

Semiconductor lasers have the advantages of small size, high
efficiency, and low cost, and they are widely used in various
applications, such as infrared scientific research, remote sens-
ing, Raman spectroscopy, and medical fields [1,2]. However,
certain deficiencies in their performance have become critical
for several demanding applications [3,4]. The wavelength drifts
of semiconductor lasers vary remarkably with temperature
(by approximately 0.1 nm/°C) and current, and their spectral
linewidth [full width at half-maximum (FWHM)] is excessively
broad (1-4 nm). Therefore, several attempts have been made to
develop semiconductor lasers with narrow spectral linewidths
and stable central wavelengths. Optical feedback techniques
have generally been employed to improve the optical proper-
ties of semiconductor lasers [5—7]. Typical lasers with optical
feedback techniques include distributed feedback (DFB) and
distributed Bragg reflector (DBR) semiconductor lasers [8,9],
which can achieve a stabilized central wavelength and narrow
spectral linewidth. Nevertheless, DFB and DBR lasers have the
disadvantages of complicated fabrication processes, high cost,
and low power. In addition, conventional external cavity diode
laser (ECDL) designs such as the Littrow and Littman—Metcalf
configurations use surface gratings for wavelength selection
[10-15]. In 2014, Ruhnke ez al. reported a 445 nm ECDL with
an output power of up to 400 mW and a linewidth of approxi-
mately 20 pm [14]. A tunable 410 nm ECDL was demonstrated
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by Li et al. in 2017, with an output power of 500 mW and a
linewidth of approximately 50 pm [15]. In 2021, Nyaupane
eral. proposed two broad-area laser diodes (445 nm) employing
a common external cavity consisting of the surface grating in
a Littrow configuration [13]. The spectral linewidth of the
combined laser beam was reduced to 10-15 pm, and the total
combined power was more than 1 W. However, these lasers
are structurally unstable owing to their extreme sensitivity to
temperature and mechanical vibrations [16-18].

In recent years, volume Bragg gratings (VBGs) have been
utilized as feedback elements to achieve wavelength-locked
semiconductor lasers to compensate for the shortcomings of
free-running semiconductor lasers. VBGs recorded in pho-
tothermal refractive (PTR) glass can be tailored to supply
reflection coefficients of up to ~99% with relatively narrow
linewidths (<0.2 nm), shallow residual loss owing to scattering
and absorption, and high damage thresholds [19-21]. Owing
to these properties, VBGs are commonly utilized for optimizing
semiconductor lasers [22-25]. In 2004, Volodin et a/. reported
narrow-linewidth laser output from multimode laser diodes
(LDs) and arrays at 785 nm using a VBG and improved the
wavelength stability of the semiconductor lasers by a factor of
approximately 30 [26]. Paboeuf ez /. (2008) studied VBG-
locked conical semiconductor laser arrays at 976 nm with a
narrow spectral linewidth (100 pm) and an output power of
1.7 W [7]. Additionally, Liu ez a/. (2019) studied red-light
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external-cavity semiconductor lasers using a reflecting VBG
[27]. The linewidth of the output spectrum was compressed
to approximately 0.7 nm, and the output power was 1.06 W.
Most previous applications of VBGs focused on multimode
LDs with an emitting aperture in the 100-200 pm range and
near-infrared wavelengths [7,26-29]. Blue-violet semicon-
ductor lasers based on VBGs are rarely mentioned. Ruhnke
et al. (2016) reported a micro-integrated ECDL module with
a holographic VBG at 445 nm, with an output power of up to
1.4 W and alinewidth of approximately 50 pm [30]. Moser ezal.
proposed a novel self-aligned non-dispersive external cavity laser
of 405 nm based on the volume holographic gratings [31,32].
The findings demonstrated that the output power was less than
10 mW. Although 405 nm ECDLs with volume holographic
gratings have been reported in some studies, the research has
primarily focused on one aspect of spectral properties. Thus,
more studies are required for the analysis of comprehensive
spectral properties of lasers with grating feedback.

In this study, we demonstrate a 405 nm external-cavity semi-
conductor laser with an emitting aperture of 30 pum, which
adopts a VBG to achieve a stabilized wavelength and narrow
spectral linewidth. This study thoroughly analyzes the improve-
ment of the spectral characteristics of a 405 nm semiconductor
laser based on the VBG. Here an optical power 0f 292 mW with
a narrowband emission of 0.08 nm and a wavelength drift of
0.0006 nm/°C is achieved. With the advantages of a stabilized
central wavelength, narrow spectral linewidth, compactness,
and robustness, the laser demonstrated in this study is valu-
able and significant for applications in several fields, such as
high-capacity optical data storage [33], laser display [34], laser
medicine [35], and advanced manufacturing [36,37], and so on.

2. EXPERIMENTAL SETUP

A linear external-cavity semiconductor laser was constructed
using a reflecting VBG as shown in Fig. 1. A transistor outline
(TO)-package LD (NDV4B16, NICHIA) with a light-emitting
area of only 30 pm was adopted, with a wavelength centered at
~405 nm, with no further AR coating on its output facet. The
spectral emission width was approximately 1 nm (FWHM).
An aspherical lens was used to collimate the divergent beam
output from the LD to achieve optimal coupling. The selected
aspherical lens was made by Lightpath, Inc. (with focal length
f =4.02mm and numerical aperture NA = 0.6) with an AR
coating from 400 to 700 nm. Owing to the different far-field
angles in the lateral and vertical directions, the collimated beam
had an elliptic shape of 2.6 mm x 1.2 mm. The reflecting
VBG was fabricated by Optigrate with a diffraction efficiency
of 35% (1) and spectral bandwidth of 0.1 nm (Apwpm). The
VBG has an aperture of 3.5 mm X 3 mm and a thickness of
1.2 mm (z). The Bragg wavelength (1) of the VBG is 405.1 nm
at 25°C. A high-precision six-axis rotation platform was used
to precisely adjust the spatial position of the VBG. The entire
setup was mounted on a thermoelectrically cooled copper heat
sink with a temperature accuracy of 0.1°C. The resolution of
the fiber-coupled spectrum analyzer (Changchun New Industry
Optoelectronics Technology Co., Aurora 4000) was 0.1 nm
(FWHM).
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Fig. 1.  Experimental setup of the external-cavity semiconductor

laser based on a VBG.

3. THEORETICAL ANALYSIS AND SIMULATION

A reflecting VBG was used for wavelength stabilization. Figure 2
shows the principle of VBG.

Selective diffraction occurs only at a specific incident angle
and wavelength when a VBG is inserted into the laser beam
path. Because of the intrinsic wavelength and angular selectiv-
ity, the use of a VBG inside an external cavity may modify the
propagation of the laser beam and reduce the effective coupling
coefhicient. To model their effects on the mode selectivity of the
external cavity, the reflectivity and transmission of the Bragg
grating must be considered. The spectral selectivity of a reflect-
ing VBG is determined by the number of Bragg planes that the
light traverses inside the glass [26]:
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where A =1/ f denotes the period of the grating (Fig. 2), f
is the grating spatial frequency of the grating, 7,, is the bulk
refractive index, and N is the number of grating planes that
fit the thickness of the material. For VBGs, the diffraction of
a beam with a particular wavelength occurs at only a specific
angle, which depends on the grating spatial frequency of the
grating according to Bragg’s condition [38]
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where 0p denotes the conventional Bragg angle in media.
According to Kogelink’s theory [39], the diffraction efficiency
of an unslanted Bragg grating is described by the following
formula:

A

> |

:e\j///’:_ _____ —
Ay Aoy,

t

Fig.2. Schematicofa reflecting VBG.
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where AA =X — A denotes the wavelength difference of the
incident laser wavelength (X) and the Bragg wavelength (A¢).
8n denotes the amplitude of refractive index modulation.
When the incident light enters the VBG at an angle 6 (Fig. 1),
Af =6 — 0p denotes the angular difference of the incidentand
Bragg angles. According to Eq. (2), the interrelation between
wavelength and angular parameters can be obtained as follows:

AO f
AN 2n,cosOp

n(AM) =41+

(4)

When the exact Bragg condition (A8 = AL = 0) is satisfied, the
maximum diffraction efficiency of VBG can be simplified from
Eq. (3) as follows:

12 2T n,tén

MEf
where 19, £, Ao, and Apwpm are provided, and 7,,, f, and 8n
can be calculated from Eq. (1) and (5), respectively. Using
theoretical simulations, the wavelength and angle selectivities
are shown simultaneously in Fig. 3. The experimental LD
and aspherical lens were introduced in Section 2. The spec-
tral emission width was approximately 1 nm (FWHM). The
far-field divergence angles (FWHM) of laser diode emission
were <0.5 mrad in horizontal and vertical directions. The peak
diffraction efficiency of the VBG was up to 35%, which was
achieved when the Bragg condition was satisfied. The excel-
lent wavelength (FWHM = 0.1 nm) and sensitive angular
(FWHM = 0.24°) selectivities of the VBG are the foundations
of the wavelength-locking experiment.

Figure 4 shows the spectral selectivity of a reflecting VBG for
the theoretical simulation and experimental measurements. The
actual spectral width and diffraction efficiency of this external-
cavity mirror is 0.1 nm and 35%, respectively. The spectral
width (FWHM) of the filter coincided with the theoretical value

with an accuracy of a few percent. However, the sidelobes of the

(5)
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Fig. 3. Dependence of diffraction efficiency on wavelength and
angle selectivity.
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Fig.4. Spectral selectivity of a reflecting VBG at 405.1 nm.

0.4

........... Experiment
—— Theory

Diffraction efficiency
o o
[ O8]

e

0 1 L L 1 I
-06 -04 -02 0 0.2 0.4 0.6
Deviation from Bragg angle / deg
Fig.5. Angleselectivity of a reflecting VBG at 405.1 nm.

reflectivity curve were smeared because of the wide emission
spectrum of the experimental LD [38].

Figure 5 shows the angular selectivity of the reflecting VBG
for the theoretical simulation and experimental measurements.
The envelope of the experimental profiles of the diffraction
efficiency approximately coincided with the theoretical value
for VBG. The angular selectivity was approximately 4.19 mrad
(FWHM = 0.24°) for the PTR Bragg grating with a thickness
of 1.2 mm. Notably, the experimental data and theoretical sim-
ulation do not match well. This is probably due to the uneven
value of the refractive index modulation across the aperture of
the hologram [40] and the mismatch between the aperture of
VBG and the beam aperture [38]. Overall, the experimental
peak diffraction efficiencies of the tested data matched well with
the theoretical values.

4. RESULTS AND DISCUSSION
A. Output Properties of VBG-Locked Laser

Figure 6 shows the emission spectra of the 405 nm LD mea-
sured at 300 mA driving current; the blue line represents the
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Fig. 6. Comparison of the output spectra of a free-running and

VBG-locked laser.

free-running status, whereas the red line represents the VBG-
locked status. Each spectrum was normalized in intensity to 1,
and all the spectra were presented in a contour diagram. The
cavity length (L) was 0.5 cm, and the heat-sink temperature
was set as 22°C. The maximum wavelength of the free-running
LD was ~406.8 nm with a spectral width of 1.05 nm (FWHM).
By contrast, the VBG-locked laser had a much narrower lasing
spectrum of 0.08 nm centered at 405.1 nm. To narrow the
spectral bandwidth, only the spectral components selected
by the VBG are fed back to the active area of the LD. In this
external-cavity configuration, the rear facet of the emitting
element acts as an end mirror, and the VBG serves as an output
mirror. We achieved wavelength stabilization and spectrum
narrowing of a semiconductor laser with a single external cavity
by simply using a VBG. Figure 7 shows the output power of
the free-running (blue line) and VBG-locked (red line) lasers
versus the driving current. At this time, the cavity length and
heat-sink temperature were fixed. When aligned, the slope effi-
ciency for the VBG-locked laser was 85% that of the LD when
free-running. Notably, these two main factors cause a decrease
in the slope efficiency. On the one hand, the feedback light from

the VBG was notall incident into the LD active region, resulting
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Fig. 7. Comparison of the output power versus driving current of

free-running and VBG-locked lasers.
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in scattering losses. On the other hand, waveguide losses in the
LD cavity led to optical losses.
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In order to make a clear comparison, the emission spectra of
a free-running (dashed line) and the VBG-locked laser (solid
line) at different driving currents are presented in Fig. 8. At this
time, the cavity length and heat-sink temperature were fixed.
With the increasing current, the spectra of the free-running LD
showed remarkable broadening and redshift. This was caused
by the temperature change in gain medium with increasing
driving current, which led to the change of effective refractive
index and resonator length. Owing to the stable feedback from
the VBG, the laser achieved stable and narrow linewidth emis-
sion compared to the free-running LD. A bare LD had a broad
emission spectrum of several nanometers. The VBG laser can
have a wavelength outside of the extensive luminescence bands.
Furthermore, we materialized the same remarkable wavelength-
locked effect with the heat-sink temperatures of 28°C and
31°C. Figure 9 shows the emission spectra of a free-running
(dashed line) and the VBG-locked laser (solid line) at different
heat-sink temperatures. At this time, the cavity length and driv-
ing current were fixed. Likewise, the free-running wavelength
also exhibited a prominent redshift with increasing temperature.
The peak wavelength of the VBG-locked laser was stably locked
at the Bragg wavelength (405.1 nm). The edge modes of the
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Fig.10. Comparison of stabilization of peak wavelength when free-
running and VBG-locked versus (a) driving current and (b) heat-sink
temperature.
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spectra appeared in the longwave direction (407.5 nm) of the
Bragg wavelength ata temperature of 34°C.

The heat-sink temperature was set as 22°C. The peak wave-
length shift decreased from 0.0122 to 0.0002 nm/mA owing
to the locking of the wavelength by a VBG [see Fig. 10(a)].
Figure 10(b) illustrates the peak wavelength versus tem-
perature in different cases. When the driving current was
300 mA, the wavelength drift gradually reduced from 0.0586 to
0.0006 nm/°C. The wavelength drift was degraded by a factor
of approximately 97 by a VBG.

B. Wavelength Locking and Spectra Narrowing of the
405 nm LD

Wavelength stabilization and spectrum narrowing can be
achieved under specific conditions, such as by matching the
cavity length, driving current, and heat-sink temperature.
According to the theoretical analysis of the wavelength selection
characteristics of the VBG discussed in Section 3, the most criti-
cal factor is the match between the reflection spectrum of the
VBG and the gain spectrum of the LD. In essence, wavelength
locking depends on the competition between the frequency
selection function of the surface feedback of the cavity and the
LD gain spectrum itself. However, the gain spectrum of the LD
depends on the driving current and heat-sink temperature.

The spectra at a cavity length from 0.5 to 2 cm were mea-
sured at a temperature of 22°C and a current of 300 mA as
shown in Fig. 11. As the cavity length increased, the spectral
linewidth became progressively wider. When the cavity length
reached 2 c¢m, a significant edge mode appeared near the peak
wavelength. This phenomenon was due to the specific angular
selectivity of the VBG, and the beam divergence angles were
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Fig. 11.
ity lengths.

Emission spectra of VBG-locked laser under different cav-
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Fig. 12.  Emission spectra versus current of VBG-locked laser at
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different for far-field transverse modes of different orders. The
collimated beam contained the fundamental transverse mode
beam and the other order transverse mode beams. The beam
divergence angle was the smallest for the fundamental transverse
mode, and the divergence angles increased as the order increased
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Fig. 13. Emission spectra versus temperature of VBG-locked laser
at currents of (a) 300 and (b) 50 mA.

in the transverse modes. When different transverse modes are
incident at different angles, a higher-order transverse mode
beam cannot be effectively fed back into the active area of the
chip because of the finite acceptance angle of the VBG, resulting
in an optical loss. In subsequent research, the cavity length was
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adjusted to be as short as that of the collimating lens, and the
VBG distance was allowed (0.5 cm).

Figures 12(a) and 12(b) show a comparison of the emission
spectra and current at the heat-sink temperatures of 22°C and
34°C. The laser remained locked at all current values and 22°C
[sce Fig. 12(a)]. However, when the heat-sink temperature
was regulated to 34°C, the outcomes were not identical in
Fig. 12(b). The mode of the LD internal cavity oscillations
was magnified as soon as the current increased to 300 mA. As
the driving current increased, the spectral showed remarkable
broadening. The longer emission wavelength of the semicon-
ductor laser was demonstrated with higher temperatures and
driving currents.

Figures 13(a) and 13(b) show a comparison of the emis-
sion spectra and the heat-sink temperature at driving currents
50 and 300 mA. The edge modes of the spectra appeared in
the longwave direction (407.5 nm) of the Bragg wavelength
at a temperature of 34°C and a current of 300 mA as shown
in Fig. 13(a). Nevertheless, the edge modes appeared in the
shortwave direction (at 402.6 nm) of the Bragg wavelength at a
temperature of 17°C and a current of 50 mA in Fig. 13(b). The
narrowband feedback provided by the VBG cannot overwhelm
the wavelength difference (2.5 nm) between the emission
wavelength of the LD and Bragg wavelength. As the wavelength
difference increased, the spectral linewidth became progressively
broader. The shorter emission wavelength of the semiconductor
laser was demonstrated with lower temperatures and driving
currents.

The results demonstrated an excellent wavelength-locked
effect for a shorter external cavity length in the practical appli-
cation of semiconductor lasers. The wavelength-locked effect
was also affected by the difference between the free-running
wavelength of the LD and the Bragg wavelength of the VBG.
It worsened when the difference was longer than 2.5 nm. The
empirical analysis enabled us to understand the intimate rela-
tionship between the emission wavelength with the driving
current and heat-sink temperature. To obtain a more stable
wavelength and narrower linewidth, the wavelength of the
semiconductor laser can only be brought closer to the Bragg
wavelength simply by modulating the current and temperature
to suitable parameters.

5. CONCLUSION

A reflection VBG was established as an optical feedback element
for laser design to stabilize the wavelength significantly (by a
factor of 97) and narrow the emission spectra (by a factor of 13)
of semiconductor lasers in this study. This study comprehen-
sively examined the improvement of the spectral characteristics
of 2405 nm semiconductor laser based on the VBG. A detailed
theoretical and experimental analysis based on the spectral and
angular properties of VBGs was used to model their effects on
the mode selectivity of an external cavity. Using the idea, we
demonstrated that narrowband feedback from a VBG simulta-
neously achieved the wavelength locking, linewidth narrowing,
and stabilization of the peak wavelength against the driving
current (drift of ~0.0002 nm/mA) and heat-sink temperature
(drift of ~0.0006 nm/°C). It was also observed that the spectra
were perfectly optimized when we adjusted the current and
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temperature to decrease the difference in wavelength between
the emission wavelength of the LD and Bragg wavelength. The
wavelength-locked effect deteriorates when the difference is
longer than 2.4 nm. The external-cavity semiconductor laser
at the blue-violet wavelength designed in this study has the
advantages of low cost, narrow linewidth, excellent wavelength
stability, and compact structure, and it can be applied in fields
such as optical data storage, laser displays, and laser medicine.
This technique is suitable for application to other wavelength
ranges. In our experiments, the spectra linewidth was narrowed
to 0.08 nm. Therefore, we believe it will be possible to further
decrease the spectral bandwidth with a properly designed VBG
and laser chip.
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