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A B S T R A C T   

We report a slotted high-order surface grating semiconductor laser without a multi-section design. A wide tuning 
range of 20 nm with side mode suppression ratios (SMSRs) larger than 30 dB is realized by controlling the 
temperature and the injection current. With a temperature variation of 30 ◦C, the wavelength tuning range is 
larger than 10 nm, in contrast to ~3 nm for thermo-optic tuning range in other grating-based lasers. By analyzing 
the gain and the reflection spectrum of the device, we attribute this wide tuning range to the movement of the 
temperature-induced gain spectrum between the two adjacent Bragg reflection peaks of high-order surface 
gratings. This is a new method to realize the wide wavelength tuning range.   

1. Introduction 

Widely tunable semiconductor lasers are well suited for numerous 
applications in communications and spectroscopy [1–4]. A variety of 
monolithic integrated tunable semiconductor lasers have been devel-
oped, such as distributed feedback (DFB) lasers, distributed Bragg 
reflector (DBR) lasers and Fabry-Pérot (F–P) lasers with sufarce etched 
slots. Based on thermal-optical effects, a single DFB laser can only tune 
about 4 nm [5]. A DBR laser with one grating section can achieve a 
tunable range of 20 nm by changing the carrier density and temperature 
in the grating region [6]. Based on sampling grating structures and 
Vernier effect, multi-section DBR lasers can realize a tuning range over 
50 nm [7–10]. Coupled cavity lasers can achieve a tuning range of 50 nm 
by combining temperature-assisted gain spectrum shift with vernier 
effect [11]. F–P lasers with high-order surface gratings can be fabricated 
without high resolution lithography and secondary epitaxy, which 
greatly reduces manufacturing difficulty [12–18]. A tuning range over 
30 nm is achieved based on a four-sections slotted surface grating 
structure fabricated by standard resolution lithography [12]. And a 
tuning range of 55 nm with SMSR >30 dB is reported for a semi-
conductor laser with six sections based on etched slots [13]. 

Most of the wavelength tuning principles mentioned above are based 
on carrier-induced refractive index variation and vernier effect of the 

gratings. In order to use the vernier effect, multiple grating sections and 
therefore multiple electrodes are required. A slotted high-order surface 
gratings semiconductor laser without multiple sections and electrodes is 
demonstrated in this letter. Depends on the common tuning of current 
and temperature, the device realized a wide tuning range of 20 nm. 
Preliminary analysis attributed the mechanism of this wide tuning to the 
temperature-induced gain spectrum movement between two adjacent 
Bragg reflection peaks of the gratings. It is, to our knowledge, a new 
method to realize the wide wavelength tuning range, which is different 
from the abovementioned mechanism. The basic structure of the article 
is as follows: First, the device structure and the design of the gratings is 
introduced. Then, the device performance is presented such as spectral 
characteristics, power-current characteristics, and wavelength tuning 
range. Finally, the mechanism of wide tuning is analyzed theoretically. 

2. Device structure and grating design 

A schematic drawing of the epitaxial layer structure and the imple-
mentation of the grating and the ridge waveguide is depicted in Fig. 1. 
The epitaxial structure of the device contains a symmetrical waveguide 
layer with 1.2 μm, and a 10 nm InGaAs/GaAs quantum well with In 
content of 0.28 in the middle of the waveguide layer. The thickness of 
the cladding layers above and below the waveguide layer is 1.4 μm. The 
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GaAs cap layer is 100 nm. The devices have a total length of 3 mm and a 
ridge width of 4 μm. The grating parameters include grating period dΛ, 
slot width ds, etching depth hetch, and the number of gratings N. 

In order to obtain the best grating parameters, the finite element 
method (FEM) and two-dimensional scattering matrix method (SMM) 
were used. The refractive index difference caused by the surface etching 
slot structure makes the optical field at the grating section exhibit 
obvious Bragg feedback characteristics. The S parameter of a single 
grating varies with wavelength and can be obtained by parametric 
scanning. Then the reflectivity and loss curves of multiple pairs of 
gratings were calculated by the SMM method. The detailed analytical 
method and conclusions have been already fully described in previous 
research [19]. Through the method of controlling variables, the in-
fluences of the four grating parameters dΛ, ds, hetch, and N on the 
reflectivity of the grating are studied respectively. As can be seen from 
Fig. 2(a), when the wavelength is set to 1064 nm and the grating number 
is set to 200, the reflectivity changes periodically with the grating 
period. The interval between two adjacent grating periods is 157 nm. At 
different etching depths, the change of reflectivity with the number of 

grating N is shown in Fig. 2(b). For deep slots, reflection saturates 
rapidly as the number of gratings increases due to relatively large 
scattering losses. When the slot depth is1.7 μm, the reflection begins to 
saturate at N is 35. And the reflectivity increases as the etching depth of 
the grating increase. 

Fig. 3 shows the effect of slot width ds and etching depth hetch on the 
reflectivity of the grating. As can be seen from Fig. 3(a), when ds in-
crease, the center wavelength appears blue-shifted, and the peak 
reflectivity decreases, and a full width at half maxima (FWHM) of the 
reflectivity is almost unchanged. Fig. 3(b) depicts that as hetch increases, 
the peak reflectivity and the FWHM are both increasing, and the peak 
position is slightly blue-shifted. 

Based on the above conclusions, the final grating parameters used 
are as follows: dΛ = 7681 nm, ds = 1500 nm, hetch = 1900 nm, N = 15. 
The order of grating calculated by the Bragg formula is 49. The peak 
reflectivity of 8.3% near 1064 nm and a ~3 nm FWHM of reflectivity 
spectrum that is beneficial to realize single longitudinal mode lasing 
[20] have been achieved. The distance between two adjacent reflection 
peak positions is ~21 nm. 

3. Experimental results and discussions 

The epitaxial structure of the DBR lasers was grown by MOCVD on an 
GaAs substrate. The grating and ridged waveguide structures were 
fabricated by standard photolithography and dry etching processes. The 
SiO2 electrical insulation layer is 300 nm and deposited by Plasma- 
Enhanced Chemical Vapor Deposition (PECVD). Metal electrodes were 
deposited on the top and back of the wafer by magnetron sputtering, 
respectively. After the alloying process, the wafer was cleaved into a 
single chip, which is flip chip bonded on aluminum nitride (AlN) carrier. 
A thermal-electric cooler (TEC) is used for temperature control, and the 
accuracy is 0.1 ◦C. A multi-mode fiber is used to collect the light emitted 
by the laser chip and transmit it into spectrometer for analysis. The 
resolution of the spectrometer is set to 0.02 nm. 

Fig. 4(a) depicts the lasing spectrum with current at the temperature 
of 17 ◦C. The single longitudinal mode performance of the device is 
stable, and the highest SMSR reaches 43 dB. The peak wavelength 
redshift from 1058.3 nm to 1062 nm with current change from 100 mA 
to 700 mA. The lasing wavelength shows an obvious redshift as the 

Fig. 1. The 3D device structure of the DBR laser.  

Fig. 2. Effect of (a) grating period and (b) number of gratings on the reflectivity 
at the wavelength of 1064 nm. Fig. 3. Effect of (a) slot width and (b) etching depth on the reflectivity.  
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current changes from 300 mA to 400 mA and a slight blueshift as the 
current changes from 600 mA to 700 mA. This is primarily due to the 
effects of gain on wavelength tuning caused by carrier density change, 
which is consistent with the research conclusions of Ref [21]. Fig. 4(b) 
shows the lasing spectrum with temperature at the current of 400 mA. 
The peak wavelength redshift from 1061.7 nm to 1074.4 nm with 
temperature change from 17 ◦C to 47 ◦C. 

Fig. 5(a) shows the spectrum of 20 different wavelengths measured 
from the laser, covering a range of 20 nm. The interval between the two 
adjacent wavelengths is 1 nm and the SMSR of each wavelength is over 
30 dB. The variation of the SMSR with the lasing wavelength is depicted 
in Fig. 5(b). The current changed from 100 mA to 700 mA with a step of 
100 mA and the temperature changed from 17 ◦C to 47 ◦C with a step of 
1 ◦C. Points with SMSR below 20 dB are not drawn. The SMSR is mainly 
concentrated in 35 dB–45 dB. All of the emission wavelengths within the 
wavelength range can be accessed with the help of tuning injection 
current and temperature. Fig. 5(c) depicts the peak wavelength changes 
with temperature under different currents. At each current condition, a 
temperature change of 30 ◦C produces a wavelength tuning range 
greater than 10 nm. In contrast, other tunable lasers based on refractive 
index changes have a wavelength drift rate of only 0.1 nm/◦C with 
temperature, and a wavelength tuning range of only around 3 nm with a 
temperature change of 30 ◦C [18,22]. The device in this paper only 
contains uniform high-order surface grating and does not use a 
multi-section design to form electrical isolation between the grating and 
the gain region. Therefore, the wide tuning range is not achieved 
through the vernier effect. 

In order to investigate further the mechanism of the wide 
wavelength-tunable range of our device, the loss and gain spectrum with 
the temperature of the device at fixed carrier density was analyzed. The 
threshold condition of the semiconductor laser can be expressed by the 
formula: 

Γgmaterial = αi +
1

2L
ln

1
Rf RDBR

(1)  

where Γ is the optical limiting factor of the active region, gmaterial is the 
material gain, αi is the internal loss, L is the efficient cavity length, Rf and 
RDBR is the reflectivity of the front cavity surface and the grating section 
of the device, respectively. The Γ, αi, L, and Rf can be considered as the 
constant term. The right-hand side of equation (1) can be called mode 
loss and is only relevant to the RDBR. And the left-hand side of the 
equation is called mode gain. The calculated mode loss and mode gain of 
the device vary with temperature is shown in Fig. 6(a). At 17 ◦C, the 

Fig. 4. (a) Spectrum with different currents under 17 ◦C. (b) Spectrum with 
different temperatures under 400 mA. 

Fig. 5. (a) The measured spectrum of the device with tuning range of 20 nm. 
(b) SMSR values of different lasing wavelengths under varying injection current 
from 100 mA to 700 mA with a step of 100 mA and temperature from 17 ◦C to 
47 ◦C with a step of 1 ◦C. Points with SMSR below 20 dB are not drawn. (c) 
Measured peak wavelengths change as the temperature under 
different currents. 
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peak of the mode gain is close to the first valley of the mode loss, and the 
device emits the laser near the wavelength corresponding to the first 
valley of the mode loss. As the temperature increases from 17 ◦C to 
47 ◦C, the mode loss spectrum is redshifted by ~3 nm [21], while the 
mode gain spectrum is redshifted by ~15 nm. At 47 ◦C, the peak of the 
mode gain is close to the next valley of the mode loss, and the device 
emits the laser near the longer wavelength corresponding to the second 
mode loss valley. Fig. 6(b) depicts the reflectivity and reflectivity peak 
spacing Δλpeak of the surface grating with a different grating period. The 
Δλpeak decreases with the increase of the grating period, and the 
downward trend is gradually gentle. When the grating period is small, 
the Δλpeak is larger than the FWHM of the gain spectrum of the general 
quantum well (~20 nm). As a result, the gain spectrum cannot be timely 
intersected with the two adjacent loss valleys through temperature in-
duction, and the wide tuning cannot be realized. The P–I–V character-
istic at different temperatures of the device is shown in Fig. 7. With the 
temperature increasing from 17 ◦C to 47 ◦C, the threshold current of this 
laser increasing from 70 mA to 100 mA and the maximum output power 
decrease from 105 mW to 90 mW. 

4. Conclusion 

In this paper, a wide-tuning slotted high-order surface grating laser is 
realized. By adjusting the current and temperature, a tuning range of 20 
nm with SMSRs large than 30 dB is achieved. The maximum output 
power of the device is 112 mW. Preliminary analysis shows that this 
wide tuning range results from the temperature-induced gain spectrum 
shifting between two adjacent Bragg reflection peaks of the high-order 
surface grating. 
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