
applied  
sciences

Article

Purely Gain-Coupled Distributed-Feedback Bragg
Semiconductor Laser Diode Emitting at 770 nm

Chunkao Ruan 1,2, Yongyi Chen 1,3,*, Li Qin 1,3, Peng Jia 1,*, Yugang Zeng 1,*, Yue Song 1, Yuxin Lei 1,
Zhijun Zhang 4, Nan Zhang 3 and Zaijin Li 5

����������
�������

Citation: Ruan, C.; Chen, Y.; Qin, L.;

Jia, P.; Zeng, Y.; Song, Y.; Lei, Y.;

Zhang, Z.; Zhang, N.; Li, Z. Purely

Gain-Coupled Distributed-Feedback

Bragg Semiconductor Laser Diode

Emitting at 770 nm. Appl. Sci. 2021,

11, 1531. https://doi.org/10.3390/

app11041531

Academic Editor: Hao-chung Kuo

Received: 21 January 2021

Accepted: 7 February 2021

Published: 8 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 State Key Laboratory of Luminescence and Application, Changchun Institute of Optics,
Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China;
ruanchunkao16@mails.ucas.ac.cn (C.R.); qinl@ciomp.ac.cn (L.Q.); songyue@ciomp.ac.cn (Y.S.);
leiyuxin@ciomp.ac.cn (Y.L.)

2 Center of Materials Science and Optoele, University of Chinese Academy of Sciences, Beijing 100049, China
3 Peng Cheng Laboratory No. 2, Xingke 1st Street, Nanshan, Shenzhen 518066, China; zhangn06@pcl.ac.cn
4 Liaoning Institute of Science and Technology, Benxi 117004, China; lky91855@163.com
5 Academician Team Innovation Center of Hainan Province, Key Laboratory of Laser Technology and

Optoelectronic Functional Materials of Hainan Province, School of Physics and Electronic Engineering,
Hainan Normal University, Haikou 570206, China; lizaijin@126.com

* Correspondence: chenyy@ciomp.ac.cn (Y.C.); jiapeng@ciomp.ac.cn (P.J.); zengyg@ciomp.ac.cn (Y.Z.)

Abstract: The transition lines of Mg, K, Fe, Ni, and other atoms lie near 770 nm, therefore, this spectral
region is important for helioseismology, solar atmospheric studies, the pumping of atomic clocks,
and laser gyroscopes. However, there is little research on distributed-feedback (DFB) semiconductor
lasing at 770 nm. In addition, the traditional DFB semiconductor laser requires secondary epitaxy or
precision grating preparation technologies. In this study, we demonstrate an easily manufactured,
gain-coupled DFB semiconductor laser emitting at 770 nm. Only micrometer scale periodic current
injection windows were used, instead of nanoscale grating fabrication or secondary epitaxy. The
periodically injected current assures the device maintains single longitudinal mode working in the
unetched Fabry–Perot cavity under gain coupled mechanism. The maximum continuous-wave
output power reached was 116.3 mW at 20 ◦C, the maximum side-mode-suppression ratio (SMSR)
was 33.25 dB, and the 3 dB linewidth was 1.78 pm.

Keywords: semiconductor laser; distributed feedback; gain-coupled; periodic electrical injection

1. Introduction

Distributed feedback (DFB) semiconductor lasers, characterized by high power and
efficiency [1,2], narrow linewidth [3,4], and tunable wavelength [5] have many applications
in laser communication [6,7], in radar [8], and as a pumping source [9]. The portion of
the spectrum near 770 nm, which contains the transition lines of Mg, K, Fe, Ni, and many
other atoms [10], also has many applications. It is used in helioseismology studies with
resonance cells [11], the estimation of solar atmospheric parameters [12], and pumps for
alkali-metal atomic clocks [13]. Atomic clocks are used in the timing systems of robots and
laser gyroscopes are used in robots’ gesture control [14]. Since robot study and application
are now a booming market, cost effective laser sources are in a growing demand. However,
research on 770 nm DFB lasers is very rare (although index-coupled DFB lasers with
secondary epitaxy were considered more than 30 years ago [15]). Ordinarily, semiconductor
lasers emitting at 770 nm are not based on DFB, but on quantum dots [16], distributed
Bragg reflector arrays [17], or vertical-external-cavity surface-emitting laser arrays [18];
however, DFB lasers emitting at 770 nm still remain more explored.

DFB lasers introduce a periodically changing perturbation on the basis of the res-
onant cavity of a Fabry–Perot (FP) cavity semiconductor laser, thereby, modulating the
longitudinal mode of the laser to achieve single-longitudinal-mode output [19]. DFB
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semiconductor lasers can be divided into index-coupled and gain-coupled semiconductor
lasers [19]. A uniform-period index-coupled DFB semiconductor laser exhibits double
longitudinal-mode degeneration [19]. The introduction of a quarter-wavelength phase-
shift grating can effectively address this [20]; however, it leads to the spatial burning-hole
phenomenon [21], causing the single-longitudinal-mode characteristic to deteriorate [22].
To avoid this, researchers have proposed many complex grating structures, for example,
the multiple-phase-shift grating structure [23], corrugation pitch modulated structure [24],
and apodizated structure [25]. Although such complex structures improve the perfor-
mance of the device, they also considerably increase the manufacturing cost. Gain-coupled
DFB semiconductor lasers do not have the problem of mode degeneration [19] and can
achieve single-longitudinal-mode lasing [26]. However, the traditional gain-coupled DFB
semiconductor laser requires secondary epitaxy and precision grating preparation tech-
nologies [27,28], which are also complex and expensive.

In this study, we only use i-line-lithography technology to form a gain contrast in
the active region [29,30] through surface periodic electrical injection, by modulating the
imaginary part of the refractive index and obtaining a gain-coupled DFB semiconductor
laser emitting at 770 nm that requires neither secondary epitaxy nor precision lithography.
Our devices have stable single-longitudinal-mode lasing, high power (116.3 mW at 350 mA),
a high side-mode-suppression ratio (33.25 dB), and a narrow 3 dB linewidth (1.78 pm).
Comparing with commercial products [31], our chip shows a higher power of 116.3 mW
and much simpler production process without nanoscale grating fabrication or secondary
epitaxy. In addition, external cavity diode laser (ECDL) indeed achieves higher output
power as comparing with DFB laser [32]. However, single chip solutions are always
compact and highly integrated as compared with external cavities. Given these advantages,
our devices have great commercial potential.

2. Materials and Methods

The epitaxial structure of our devices is shown in Table 1. We used metal-organic
chemical vapor deposition (MOCVD) to grow the epitaxial wafer. The ridge waveguides
are made using i-line lithography, after which inductively coupled plasma (ICP) is used to
etch them. The periodic and growth electrodes are made via i-line lithography.

Table 1. Properties of the epitaxial wafer.

Material Structure Thickness (µm) Dopant

GaAs Cap 0.1 Carbon
Al(x)GaAs P-cladding 0.8 Carbon
Al(x)GaAs P-wave guide 0.4 Carbon

Al(x)In(y)GaAs Quantum well 0.0055 Undoped
Al(x)GaAs N-wave guide 1 Silicon
Al(x)GaAs N-cladding 1.5 Silicon

GaAs Buffer 0.5 Silicon

Figure 1a shows a schematic of the epitaxial structure of our devices. Every device
uses an AlInGaAs single quantum well as the active region. The ridge width of the devices
is 5.8 µm, and the etching depth of the ridge is 800 nm. Figure 1b is a scanning electron
microscope image of one of our devices. Figure 1c is the transverse-mode simulation
diagram obtained by COMSOL Multiphysics (http://cn.comsol.com/ (accessed on 22 De-
cember 2020), Sweden). The periodic electrical-injection windows through the surface of
the devices form a periodic gain contrast in the active region, as shown in Figure 1d, and
thus a gain-coupled mechanism [29,30].

http://cn.comsol.com/
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Figure 1. (a) Schematic of the epitaxial structure of our device; (b) Scanning electron microscope image of a device;
(c) Transverse-mode distribution map simulated by COMSOL Multiphysics; (d) Schematic of carrier-distribution cross
section for periodic electric injection.

The coupling coefficient κ of the devices can be expressed as [30]:

κ = k0Γ(∆n + i
∆g
4k0

) (1)

where k0 = 2π/λ0 is the vacuum wave number for the vacuum wavelength λ0, Γ is the
optical confinement factor of our devices, ∆n is the mode effective refractive-index change
in the devices, and ∆g represents the gain/loss change in the active region.

To calculate κ, we need to know the values of Γ, ∆n, and ∆g. The optical con-
finement factor in our device calculated by COMSOL Multiphysics is Γ = 0.0084. The
gain distribution of two periods in the quantum well (as shown in Figure 2a) can be
obtained from PICS3D (https://crosslight.com.cn/wordpress/products/pics3d (accessed
on 12 December 2020), Canada) by setting periodic electric injection in simulation; the
result is ∆g = 695.8 cm−1. Therefore, the imaginary part of the coupling coefficient is
κIm = 1.46 cm−1. Due to the plasma dispersion effect, and the refractive index of GaAs
material will decrease while the concentration of injected carrier increases [33,34], as
shown in Figure 2b. We calculate the mode effective indices ne f f 1 and ne f f 2 by COM-
SOL Multiphysics from the maximum and minimum index-change values, obtaining
∆n = 3.13 × 10−6 (ne f f 1 = 3.446107541 and ne f f 2 = 3.446104411). Therefore, the real part of
the coupling coefficient is κRe = 0.00215 cm−1. As the cavity length is 1 mm in our devices,
we obtain the coupling strength κL = 0.000215 + 0.146i cm−1.
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As can be seen, the real part is only 0.0015 times larger than the imaginary part. For
traditional DFB lasers, the coupling strength’s real part is usually greater than 1.0 [35];
however, for our device, it is much smaller. Even the refractive-index-coupled strength of
multi-longitudinal-mode lasers reached 0.3 [36]. All this shows that the refractive-index-
coupled effect does not play an important role in our devices and can be neglected. Since
there is no built-in grating or other optical diffraction structure in the cavity, our devices
could be considered purely gain-coupled DFB lasers.

3. Results and Discussion

The power-current-voltage characteristics with continuous-wave (CW) operation at
20 ◦C are shown in Figure 3. The DFB lasers have a cavity length of 1 mm, with facet
coating (high reflection >99%, antireflection <0.5%). The maximum CW power of the
devices in single-longitudinal-mode operation is as high as 116.3 mW at 350 mA, which is
better than that of the laterally coupled ridge-waveguide (LC-RWG) surface gratings of the
DFB lasers (which is 28.9 mW), reported in [37], and better than commercial DBR lasers
(which is 80 mW) [31]. An ECDL can get higher output power [37], even more than 700 mW.
However, an ECDL uses external optical element to feedback and select the frequency of
the laser, which increases the effective length of the resonator. The stability of the coupling
optical path and working environment of external optical element is higher. In addition,
the external optical frequency selective component coupling optical path and the working
environment have high requirements for stability. To realize single longitudinal mode,
single chip solutions are always compact and highly integrated as compared with external
cavities [32]. Compared with commercially available DBR lasers [31], our device shows
the advantage of easy fabrication process with only periodic injection windows, instead of
using nanoscale grating fabrication or secondary epitaxy. Different from DBR lasers, our
periodically injected current assured our device is working at single longitudinal mode
under gain coupled mechanism and with a higher output power of 116.3 mW.
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Figure 3. Power-current-voltage curve of the devices at 20 ◦C.

Below the threshold current, the output power of the laser is negligibly small; above
the threshold current, when the gain is able to cover the intrinsic and mirror losses, the
output power increases almost linearly until saturation, as shown in Figure 3. The power-
current curve becomes nonlinear when saturation occurs. There are two main reasons for
nonlinearity at saturation as follows: (i) As the current increases, gain saturation appears,
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and the gap between the peak and the valley of the gain in the laser decreases, weakening
the gain-coupling effect. This results in multimode lasing, and the current-power curve
no longer conforms to linearity. (ii) When the current increases further, gain saturation
generally also appears in the quantum well, and there is no gain contrast. The increase in
heat reduces the gain of the quantum well, leading to nonlinearity.

As shown in Figure 4, the wavelength gradually red shifts as the current increases.
The single-longitudinal-mode lasing spectrum of our devices in the injection current range
of 290–370 mA is pretty well, and the side-mode-suppression ratios (SMSRs) are greater
than 30 dB. At 20 ◦C, the maximum SMSR of our devices is 31.15 dB at 310 mA, and the
tuning range of the wavelength vs. current is from 770.91 nm to 771.24 nm in the injection
current range 290–370 mA. The mode-hop-free tuning range for the FP mode is 0.052 nm.
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As shown in Figure 5a, the SMSR of coated DFB lasers in single-longitudinal-mode
operation is as high as 33.25 dB for emission at 770.09 nm (measured with a YOKOGAWA
AQ6370C optical spectrum analyzer linked by a single mode fiber with core diameter of
5 µm). Figure 5a shows a typical device spectrum. There are many small peaks along with
the main one; the typical interval between these adjacent small peaks is 0.0665 nm. This
value closely matches the interval of the FP modes. Figure 5b shows that the wavelength
gradually red shifts as the temperature increases. In addition to the gain-coupled effect,
the device also has a mode-selection mechanism from the FP cavity. This mechanism has
the effect of narrowing the linewidth while causing tuning-wavelength discontinuities,
as shown in Figure 5b. Since the gain-coupled effect is relatively weak, it only plays a
secondary role in mode selection as compared with the FP modes.
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Figure 6 shows the linewidth pattern of the coated DFB laser device measured by
coupling the collimating laser into a Fabry–Perot interferometer (Thorlabs, 260SA200-8B).
The Fabry–Perot interferometer’s free spectral range is 10 GHz, and the resolution is
67 MHz.
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The linewidth ∆v is calculated by

∆v = v0 ∗ TFWHM/T (2)

where v0 is free spectral range, T is the interval between the spectral peaks, and TFWHM is
the full width at half maximum of the spectrum. As shown in Figure 6, the 3 dB spectral
linewidth is 1.78 pm.
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4. Conclusions

In this paper, we demonstrated a new type of purely gain-coupled DFB laser based
on periodic injection windows working at 770 nm. The periodically injected current
maintained the periodic gain of our device and managed to pick out an FP mode to
realize single longitudinal mode lasing under gain coupled mechanism in the unetched
FP cavity. Our devices have the following excellent characteristics: maximum output
power 116.3 mW, maximum SMSR 33.25 dB, and 3 dB linewidth 1.78 pm. Meanwhile,
the fabrication process required only general i-line-lithography. No secondary epitaxy or
nanoscale grating fabrication technique was needed. In addition, our DFB laser is compact
and highly integrated as compared with external cavities and has better output power
as compared with commercial pruducts, resulting in a cost-effective way of making DFB
lasers to satisfy the booming market of atomic clocks and laser gyroscopes in robots, and
thus having great commercial potential.
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