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A B S T R A C T   

Distributed feedback lasers near 1050 nm have many applications such as high resolution imaging in medical, 
production inspection and 3-D sensing. In this paper, we demonstrate a purely gain coupled distributed feedback 
laser based on periodic electric injection. By using simple fabrication process steps, the same as those for Fab-
ry–Perot lasers except for periodic current injection windows, we realized lasing single longitude mode in F–P 
structure due to surface periodic electric injection only. The device operates with a single-mode CW output of 
51.9-mW power at 250 mA. The slope efficiency is 0.24 W/A, and the side-mode suppression radio is greater than 
35 dB. The spectra maintain good single-mode output characteristics over a tuning range greater than 3.48 nm 
within only 9 �C.   

1. Introduction 

Distributed feedback laser diodes (DFB-LDs), having the advantages 
of small size and stable single-mode operation, have attracted wide-
spread attention and are widely used in optical communication systems 
[1], integrated optical circuits and pumping sources for Erbium doped 
fiber (EDFA) lasers [2], etc. Because of their good single-mode operation 
properties and directly tuneable characteristics [3], DFB lasers have 
been seen as a promising candidate for the light sources in laser 
communication systems [4] and photonic integrated devices [5]. 1045 
nm DFB-LDs are especially, ideal for spectroscopy, interferometry, high 
resolution imaging in medical and production inspection, as well as for 
3-D sensing, LiDAR, and swept source optical coherence tomography 
(SS-OCT) [6]. In these cases, wide wavelength tunability is the first 
concern, and DFB-LD lasers can well satisfy the application of tunable 
laser field. With the introduction of mode-selective gating structures, 

two modified mechanisms for DFB-LD operation were introduced [7]. 
One of these is index-coupling DFB-LD operation, in which the real part 
of the reflective index is modulated to realize the laser output. However, 
the introduction of a uniform grating will cause the problem of de-
generacy of two modes symmetric to the Bragg frequency [8]. Although 
there are some methods for solving this problem, such as introducing a 
phase shift to the grating [9] and asymmetrical facet coating [10], these 
approaches introduce additional problems. Phase-shifted gratings suffer 
from spatial hole burning effects if the laser diode is operated at high 
power, which results in reduced side-mode suppression ratio (SMSR) 
and quantum efficiency [11]. Asymmetrical facet coatings suffer from 
random facet phases introduced by cleavage, and this will decrease the 
single-mode yield [10]. 

Instead of index-coupling DFB-LD, gain coupled DFB-LD (brought up 
by Prof. K. Tada’s group in Tokyo University) occurs by introducing a 
periodic change of gain (or loss) to modulate the imaginary part of 
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reflective index and finally realize single-mode laser output exactly at 
the Bragg frequency [12]. In other words, gain coupled DFB-LD is 
inherently single-mode [8]. Moreover, gain coupled DFB-LD has the 
advantages facet immunity [13,14], insensitivity to external feedback 
[15], and easy integration using taper structures [16,17]. However, the 
realization required the introduction of etched active region [18]or 
periodic absorption grating [19], either affected the stability or suffered 
from higher threshold currrent and lower efficiency. The built-in grating 
structure still brought in index coupled effected even though may be 
compensated by multile complex grating structure [20]. Meanwhile, the 
manufacture of DFB-LD still requires the use of nanoscale grating 
fabrication technology and secondary material regrowth steps [21,22]. 

In our previous studies, we proposed a novel gain coupled DFB laser 
structure based on high-order periodic electric injection realized by 
periodically etched isolation grooves [23–25] to avoid nanoscale grating 
fabrication and secondary epitaxy. However, the introduction of etched 
grooves means that high-order photon diffraction, which causes power 
loss and a rise in the threshold, is inevitable [23]. To further optimize 
this structure, in this paper, we propose a purely gain coupled DFB-LD 
without any built-in grating structure. DFB single mode operation is 
realized in an Fabry–Perot (F–P) cavity based on periodic surface elec-
tric injection windows that modulate the imaginary part of reflective 
index, which will remove the fabrication of built-in grating structure, 
thus reducing the threshold current and improving output power and 
slope efficiency, as well as making the cavity without any inherent index 
coupling effect to be purely gain coupled. Furthermore, compared with 
formal works [26,27], our suggested approach didn’t introduce any 
etched surface grating structures, the step of material etching can be 
reduced, which means we simpler fabrication method. Meanwhile, we 
have better performances such as lower threshold current and higher 
slope efficient since none high order diffraction loss was introduced. The 
devices were designed with periodic electric injection windows 
(6.12-μm period) in a 1-mm length of cavity and a 4-μm ridge width, and 
their fabrication requires the same steps as that of Fabry–Perot (F–P) 
lasers. Our devices realize single-mode laser outputs under all operation 
currents and temperatures, and their SMSR values is over 35 dB. The 
waveguide structure was just the same as F–P lasers, except for the help 
of periodic surface current injection windows only. A same production 
procedure as F–P laser was adopted, without nanoscale grating fabri-
cation or secondary material regrowth. These devices exhibit threshold 
current of 40 mA, slope efficiency of 0.24 W/A, and power of 51.9 mW, 
and the minimum linewidth is 1.12 p.m. Thanks to their simplicity and 
low cost, the new scheme we proposed has great potential to be widely 
applied in commercial DFB products. 

2. Structure design 

A schematic diagram of the designed device structure is shown in 
Fig. 1(a). The GaAs substrate is at the bottom of the structure and the 
active region is sandwiched between the P-AlGaAs and N-AlGaAs 
waveguides. The p-cladding is directly beneath the periodic surface 
electrodes that are etched onto the ridge of the insulation layer. Ohmic 
contact electrodes were also fabricated. 

In order to realize single-mode transmission, we simulated the mode- 
field distribution using COMSOL software. The 4-μm ridge width and 
1.8-μm etching depth allow the waveguide to satisfy the conditions for 
single-transverse-mode operation. Fig. 1(b) shows the results of the 
simulation. 

The carrier injection distribution of the device is shown in Fig. 2 (a): 
as can be observed, when current is injected, the carrier concentrations 
can be fitted by a sine function in the active region [28,29]. In this way, a 
periodic gain difference is induced within the active region, resulting in 
a periodic modulation of the imaginary part of the refractive index [30]. 

We simulated the carrier concentration distribution in quantum 
wells using PICS3D software. The results of the simulation with a 200- 
mA current injection are shown in Fig. 2(b). The hole distribution 

along the cavity within the quantum well fits a sine function and the 
fitted result is 

y¼ 2:46þ 0:14 * sinððx � 1:54Þ = 2:98Þ (1) 

We can obtain the maximum and minimum values of carrier con-
centration C1 and C2 (shown in Fig. 2(b)). The corresponding gains, 
obtained using PICS3D (Fig. 3(a)), g1 and g2 at 1045 nm, are 
1869:55cm� 1 and 1657:217cm� 1, respectively; the difference in the gain 
contrast is Δg ¼ 212:3328cm� 1 . According to Refs. [23], 

κ¼ k0Γ*
�

Δnþ i
Δg
4k0

�

(2)  

where Γ is the optical confinement factor and its value is 1.35%, as 
simulated by COMSOL. 

Because there is no built-in grating structure in our device, the only 
index-coupling effects arise from the free-carrier-concentration induced 
material change within the quantum well, as shown in Fig. 2(b) and 
obtained using PICS3D, and imaginary part κL ¼ 0:0717, which can 
characterize the strength of the gain coupling. Using PICS3D, we 
simulated the gain spectrum according to different carrier density. Then 
we simulated the carrier density for the peak and the valley of the 

Fig. 1. Schematics of the purely gain coupled DFB laser. (a) Device structure. 
(b) Schematic diagram of simulation results. Ridge width is 4 μm, and etching 
depth is 1.8 μm. 
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quantum under different injection currents. Then we can get the gain 
difference versus injection current and calculate the gain coupling 
strength κL. The relation curve of imaginary of κL and injection current 
is shown in Fig.4, the reason for κL’s gradual decrease is that, when the 
current density rises, the gain doesn’t go linear any more; meanwhile the 
carrier density in the peak region tends to research gain saturation while 
the valley region still manages to rise as the current density rises, which 
causes the gain difference reduction. 

We simulated the mode effective index neff1 and neff2 at C1 and C2 
using the material index change of the quantum well; Δn1 and Δn2 are 
drawn from Fig. 3(b). The difference in the real part of the effective 
mode index is Δn ¼ 2:8� 10� 6 (neff1 ¼ 3:44185927 and neff2 ¼

3:44186213) and the real part κL ¼ 2:2728� 10� 4 << 1, which can be 
used to characterize the strength of index-coupling and therefore may be 
omitted. As the imaginary part of κL is much larger than its real part, it 
can be considered that only the gain coupled mechanism is active, and 
hence for this device, the index-coupling mechanism need not be further 
considered [7]. Because the gain coupled effect was so weak that, it only 
helped picking out one of the FP modes into lasing. On the other hand, as 
can be seen from our test results below, even though the gain coupled 
effect was weak, it still managed to maintain our device to behave single 
longitudinal mode over the whole testing range. 

3. Device fabrication 

The key fabrication steps for these devices include material epitaxy, 
ridge etching, insulation-layer deposition, periodic electrode patterning, 
metallization, and chip packaging. The wafer we used was grown by 
metal–organic chemical-vapor deposition (MOCVD) on an n-type GaAs 
substrate. A ridge of 4 μm in width was patterned by photolithography 
and etched using an inductively coupling plasma (ICP) machine. The 
silica layer was grown by plasma-enhanced chemical vapor deposition 
(PECVD), and the periodic electron windows were made by conven-
tional i-line photolithography. After ohmic contact on the surface of the 
wafer, the chip was cleaved into 1-mm-length devices, and coated on 
both sides; on one side with a high-reflective (HR) film (>99%) and on 

Fig. 2. (a) Schematic of cross section for periodic electric injection. (b) Simu-
lated carrier concentration in quantum well. 

Fig. 3. PICS3D simulation results. (a) Material gain vs. wavelength. (b) Mate-
rial index variation of the real part of QW. 

Fig. 4. Calculated curve of imaginary κL versus injection current.  
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the other with an anti-reflective (AR) film (<3%). Then the devices were 
mounted onto AlN ceramic submounts and placed on a water-cooled 
plate for further tests. 

4. Results and discussion 

The typical PIV (power vs. current vs. voltage) characteristics of the 
device during continuous-wave (CW) operation at 17 �C are shown in 
Fig. 5. The threshold current of the device is 40 mA, and the slope ef-
ficiency is 0.24 W/A. The power at 250 mA is 51.9 mW, and the power 
curve is very smooth without obvious discontinuities, jumps, or shifts in 
its slope. 

The spectrum of the device at 220 mA CW is shown in Fig. 6, at a 
temperature of 17 �C. Under these circumstances, the central wave-
length of the spectrum is 1044.81 nm, and the highest side-mode sup-
pression ratio (SMSR) at this temperature is 37.3 dB. The spectrum 
retains its single-mode character and the SMSR value is >35 dB at other 
operating temperatures and currents. 

As shown in Fig. 7, the measured 3-dB spectral linewidth of the 
narrowband single-mode emission, measured by F–P interferometer, is 
less than 1.15 p.m. The linewidth was measured by coupling the colli-
mated laser to the F–P interferometer (Thorlabs, SA200-8B), which has a 
resolution of 67 MHz and free spectral range of 10 GHz. The linewidth is 
calculated as 

Δν¼ðtFWHM =ΔtÞ*ν0 (3)  

where tFWHM is the full width at half maximum of the scanned spectrum, 
Δt is the interval between the scanned spectrum, and ν0 is the free 
spectral range. The 3-dB spectral linewidth of our device is much nar-
rower than that of our previously reported DFB laser which has a 
spectral linewidth of 3.2 pm [23]. 

By changing the water-cool conditions, spectra at different temper-
atures may be recorded, and are shown in Fig. 8. Fig. 8(a), (b), (c), and 
(d) show the spectra at 120 mA, 180 mA, 230 mA, and 240 mA, 
respectively; the inset panels show individual plots measured at 17 �C. 
The central wavelength of the device is red shifted when the tempera-
ture increases, while the spectra retain their single-mode characteristic. 

The spectra at different currents are shown in Fig. 9 at temperatures 
of 18 �C, 20 �C, 24 �C, and 25 �C, respectively shown in Fig. 9(a), (b), (c), 
and (d). It is apparent in Fig. 8 that the central wavelengths gradually 
increase as the current (CW) increases, and the largest SMSR is 38 dB, 
which was obtained at 240 mA with a water-cooling temperature 18 �C 
(inset, Fig. 9(a)). It should be mentioned that at each investigated 
combination of operating temperature and current, the spectrum was 
demonstrated to be stable and repeatable. Nonetheless, when 

temperature or current changes, the spectrum exhibits discontinuity and 
hops from one mode to another. Fig. 10 shows the behavior of the 
central wavelength as operating current increases at different temper-
atures. The phenomenon of mode hopping can be clearly observed. The 
final quasi-continuous tuning range realized was 3.48 nm. 

The reason for the red-shifting of the central wavelength is because 
the device is placed on the water-cooling plate and the water tempera-
ture is the only temperature control, therefore the quantum well will 
accumulate heat and a temperature rise will occur for larger current 
injections; the gain spectrum will red shift as the temperature rises. 

The mode hopping is caused by the two following reasons. The main 
reason is the F–P effect brought by the coating films. The light emitting 
facet of the device is coated with an AR film (<3%), and the other facet is 
coated with a HR film (>99%). This film coating is not sufficient to 
eliminate F–P phenomena caused by the facets. As the temperature rises 
and the current density changes, the gain spectrum shifts and when the 
eigen Bragg DFB frequency shifts match the interval modes of the F–P 
filter, the lasing spectrum tends to hop between F–P filter modes because 
of mode competition. Moreover, the water-cooling machine used to 
change the temperature of the cooling water from 16 to 25 �C is not 
sufficiently accurate to measure the actual working temperature of the 
chip and therefore additional unmeasured temperature fluctuations may 

Fig. 5. PIV characteristics at 17 �C.  

Fig. 6. Spectrum of the device at 220 mA.  

Fig. 7. Linewidth pattern of device at 200 mA.  

D.-Z. Ma et al.                                                                                                                                                                                                                                   



Journal of Luminescence 225 (2020) 117372

5

Fig. 8. Spectra at different temperatures. (a) 120 mA. (b) 180 mA. (c) 230 mA. 
(d) 240 mA. 

Fig. 9. Spectra at different currents. (a)18 �C. (b)20 �C. (c)24 �C. (d) 25 �C.  
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also cause some mode hopping. 
Comparing with our previous study [23], the device without etching 

grooves has a greatly simplified fabrication: the same as an F–P laser. 
And high order diffraction loss has been eliminated. Even though the 
gain contrast is smaller, the spectrum SMSR is still larger 35 dB for all 
testing currents. And single longitude mode lasing reached over 50 mW 
for more than 37 dB, this is an obvious evident that the gain coupled 
effect is the dominant factor, although F–P mode are responsible for the 
mode hopping during tuning. The F–P modes could be further removed 
by better film coating (AR reflectivity < 0,1%, or AR coatings on both 
sides of the cavity) or titled emitting ends. 

5. Conclusion 

In this paper, we demonstrated a DFB laser in an F–P structure, and 
only periodic surface current injection windows are utilized. Through 
the periodic electric injection windows, we realized purely gain coupled 
DFB lasing without introducing any grating structures. Stable single 
mode laser working at 1045 nm based on periodic electric injection was 
demonstrated. The single-mode CW operation output power is 51.9 mW 
at 250 mA, the slope efficiency is 0.24 W/A, and the SMSR is >35 dB for 
the entire test range from 40 mA (at the threshold) to 240 mA, and the 
highest SMSR is 38 dB, which occurs at 240 mA, with water cooling 
temperature at 18 �C. The spectra maintain good single-mode output 
characteristics at all operating temperatures and current-injection con-
ditions in our tests. The total tuning range is larger than 3.48 nm for only 
9 �C water cooling range. Our technique is a promising candidate for 
practical applications in laser communication and optical integration of 
single longitude mode lasers. 
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