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Abstract: We present and experimentally demonstrate a novel oxide-confined ridge-waveguide
distributed feedback (DFB) laser with the first-order surface grating using only a single growth
step. The metal contacts are laterally offset from the ridge waveguide to inject current thus
avoiding unwanted light absorption from the electrodes. The oxide aperture is defined by selective
wet oxidation of aluminium-rich material, which confines the injection current from the electrodes
to the active layer under the ridge waveguide. This allows that a thin ridge layer can be used
with relatively higher refractive index compared to the active layer and thus the grating can be
shallowly etched but provides a strong coupling effect. The fabricated 150 um-long DFB laser
exhibited a relatively low threshold current of 8 mA and a side mode suppression ratio (SMSR)
up to 50 dB at the injected current of 32 mA around 4 times threshold at 20 °C. Stable single
mode operation has been observed for the fabricated DFB laser over the temperature range from
10 to 50 °C. The variation of wavelength with temperature AA/AT was 0.06 nm/°C. The proposed
laser may have advantages combined both DFB lasers and vertical-cavity surface-emitting lasers
(VCSELs), such as single mode, stabilized polarization, potentially narrow linewidth and low
power consumption. In addition, the laser is regrowth free, thus has advantages of low cost and
high reliability.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Semiconductor distributed feedback lasers in the GaAs-AlGaAs material system are attractive
sources for many applications including optical communication system, and pump sources for
quantum sensors [1-4]. Of particular importance is the development of single-mode, single
polarization, low threshold, low power consumption and narrow linewidth optical sources for
atomic clocks [5], laser cooling [6], interferometers [7], light detection and ranging (LIDARS)
[8].

Generally there are two kinds of laser schemes to realize the above sources. One is the
VCSEL and another is the side (edge) emitting laser. VCSELSs have advantages of low threshold
and low power consumption due to their very small laser cavities [9-10]. However, VCSELs
generally have disadvantages such as low output power and difficulty to realize a high side-mode
suppression ratio (SMSR) [10-12]. VCSELs’ linewidth is also generally wide at around 100 MHz
due to the inherently short photon lifetime in a typical VCSEL cavity [13]. In addition, VCSELs
don’t have a well-defined polarization direction and generally require additional approaches to
stabilize the polarization [14—15].

The edge emitting lasers generally use different approaches to integrate gratings so as to
realize single mode working. To avoid the problem of AlGaAs oxidation, the buried grating DFB
laser was realized by implementing p-GaAsP and p-InGaP grating layers [16]. Also Al-free
buried grating DFB lasers were proposed with an active layer of a GaAsP [17] and GalnAsP [18]
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quantum well structure. The edge emitting lasers based on surface gratings have been presented
for many years including laterally coupled grating lasers [19-20] and vertically coupled grating
lasers [21-24]. Recently, laterally coupled surface grating lasers with narrow linewidth have
been demonstrated using nanoimprint lithography [25-27]. However, the lateral coupled grating
generally suffered from a weak coupling effect on the optical waveguide mode [25]. The vertical
coupled grating normally has a trade-off between the absorption loss caused by the metal contacts
on the top of gratings and the coupling overlap with optical waveguide mode in the active layer
[23]. To decrease the loss but increase the coupling effect, surface grating lasers with higher
order vertically coupled gratings have been recently demonstrated by carefully defining V-shaped
grating trenches [28], however, the process is relative complex. These edge emitting lasers have
advantages of single mode, single polarization, good SMSR and relatively narrow linewidth.
However, the threshold of these lasers is generally high when compared with VCSELs. Other
than this, the lateral-current-injection DFB (LCI-DFB) lasers [29] with a surface grating structure
was demonstrated, which has a high index-coupling coefficient and low power consumption [30].
However, the LCI-DFB lasers require complex regrowth techniques [29].

In this work, we propose a novel scheme of oxide-aperture confined ridge-waveguide DFB
laser with first-order surface gratings using conventional AlGaAs materials for potentially low
threshold based on a single epitaxial growth. There is no metallization on the ridge waveguide.
The metal contacts are laterally offset from the ridge waveguide to inject current, thus avoiding
unwanted light absorption from the electrodes. The oxide aperture is defined by selective wet
oxidation of aluminium-rich material, which confines the injection current from the electrode to
the active layer under the ridge waveguide. This allows that a thin ridge layer can be used with
relatively high refractive index compared to the active layer and thus the grating can be shallowly
etched (~ 100 nm deep) but provides a strong coupling effect. It predicts that the presented laser
can potentially work with low threshold at a short cavity length. Relatively low threshold current
and stable single mode operation have been demonstrated for the fabricated 150 um-long DFB
lasers of the first run.

2. Device structure and fabrication
2.1. Device structure

The proposed DFB laser is a surface ridge waveguide laser with the schematic diagram shown in
Fig. 1(a). To achieve the laser operation, the first-order grating is introduced into the surface
ridge waveguide. To avoid light absorption from the metal contacts, there is no metallization on
top of the ridge waveguide. Instead, n-metal contacts are laterally offset by 2 um from the ridge
as shown in the cross-sectional structure of the laser in Fig. 1(b). Therefore a thin ridge layer
with high refractive index (higher than the average index of the active layer, as shown in Table 1)
can be used and the grating can be etched shallowly but has a large overlap with the optical mode,
therefore the grating can provide a strong coupling effect.

Table 1. Simplified Waveguide Structure

Layer Material Refractive index Thickness (um)
Upper cladding AlGaAs 3.437 0.4
Active region AlGalnAs 3.413 0.164
Lower cladding AlGaAs 3.311 2.0
Substrate GaAs 3.648

As shown in Fig. 1(b), the proposed DFB laser is a surface ridge waveguide laser. At the
same doping level, the n-doped layer has lower resistance because the mobility of electrons
is much larger than holes. Therefore, the upper cladding layer is n-doped to reduce the sheet
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Fig. 1. Schematic diagrams of the proposed DFB laser: (a) top view, (b) cross section of
the laser structure.

resistance. The junction is thus a n-i-p structure from the top to bottom. To facilitate the use
of n-type substrate, we introduce a tunnel junction into the whole structure [31]. Therefore,
the laser is based on an n-i-p-n epitaxial wafer structure. The active region consists of 0.5%
compressively-strained (CS) InGaAs 5 quantum wells (QWs) and 4 Al 37Gag ¢3As barriers
sandwiched by two 60 nm-thick Aly37Gage3As confinement layers. The optical confinement
factor I of the quantum wells is 0.0381. The MQWs have a photoluminescence (PL) peak around
837 nm. The high refractive index n-Aly25Gag 75As is selected to be the n-doped upper cladding
layer with a thickness of 400 nm to ensure the large optical confinement of the fundamental
mode in the rib area. An n+-GaAs contact layer is then grown on top of the upper cladding layer.
The p-doped lower cladding layer is p-Alp44Gag 56As with a thickness of 2 um. Just below the
active region there is an Aly96Gag g4As oxidation layer inserted into the lower cladding layer. An
oxidation aperture will be formed afterwards to force current injected into the required region as
shown in Figs. 1(a) and (b). The detailed parameters of the simplified structure are shown in
Table 1 where the MQWs and confinement layers are simplified into one equivalent layer with
the average index of around 3.413 and the thickness of 164 nm.

To obtain a low threshold, the two-section DFB laser structure [32—33] is used as shown in
Fig. 1(a) to maintain a short laser cavity including the front gain section Lpgg = 150 um and the
back reflection section Lyefector = 100 pm. Both sections are of the same epitaxial wafer structure
and the grating extends the full length of the laser structure. The reflection section is just behind
the gain section. The laser has just contacts only for the gain section. The n-contact area of
the reflection section is etched off as shown in Fig. 1(a). This ensures that the current injection
aperture in the reflection section is fully closed during the Aly9sGag g4As oxidation process and
therefore there is no current injection in this section. The integrated reflection section provides
additional feedback [32], which helps the laser to improve the output efficiency. It also helps to
extend the total chip length so as to facilitate the chip cleavage later on because the laser cavity is
only 150 um long. To achieve a high single mode yield, a quarter wavelength (4/4) phase shift
is introduced into the grating of the gain section of the designed DFB laser. The phase shift is
optimized to be placed in the position around two-fifths of the active section closer to the back as
analyzed in [33] to ensure a high output power and good side-mode suppression-ratio (SMSR).

2.2. Fabrication

The fabrication process of the proposed DFB laser is quite simple with the first-order gratings
shallowly etched on the surface of the ridge waveguide, and the detailed process is shown in
Figs. 2(a)-2(f). First, we selectively wet etched the contact layer n+-GaAs with citric acid:
H,O; to reduce the optical absorption of the waveguide as shown in Fig. 2(b). An electron
beam lithography (EBL) was used to pattern first-order gratings with a 50% duty cycle. These
gratings were transferred into a silicon dioxide (SiO,) hard mask by inductively coupled plasma
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reactive ion etching (ICP-RIE) using a gas mixture of CF4/O;. The gratings were further etched
into the upper cladding layer by RIE etching with a gas mixture of Cl,/BCl3/CHy as shown in
Fig. 2(c). The scanning electron microscopic (SEM) image of the fabricated first-order surface
gratings is shown in Fig. 3(a). Next, the 2 um-width ridge waveguide was patterned by i-line
lithography, transferred into the silicon dioxide by ICP-RIE with CF4/O;, and etched into the
upper cladding layer to a thickness of about 300 nm by ICP-RIE drying etching with a gas mixture
of Cl,/BCl3/CHy4 as shown in Fig. 2(d).

(a) (b)

Fig. 2. Fabrication process of the proposed DFB laser: (a) the whole wafer, (b) selectively
removing the top ohmic contact layer, (c) patterning the gratings, (d) etching the waveguide,
(e) selective oxidation, (f) metallization.
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Fig. 3. Scanning electron microscopic (SEM) images of (a) the first-order surface gratings
(b) the oxide-aperture for current confinement. (c) Microscope image of fabricated DFB
laser.

Then, the oxidized region was also patterned by i-line lithography and etched by ICP-RIE
etching using Cl,/BCls/Ar as shown in Fig. 2(e). The aluminum-rich Al 9sGaggsAs layer was
oxidized by a mixed gas of N, and H,O vapour at a temperature 455 °C to perform a current
confined aperture. Each of the two sides of the oxidation region is oxidized to about 7 um, and
the average oxidation rate is about 0.135 pm/min. The scanning electron microscopic (SEM)
images of the oxide-apertures for current confinement is shown in Fig. 3(b) where the dark line is
the oxidized Al 9sGaggsAs layer. A current aperture is formed right below the ridge waveguide
as shown in Fig. 3(b) which ensures high injection efficiency. The devices have current aperture
of around 2 um. Afterwards, top side N-electrodes Ge/Au/Ni/Au were evaporated on the contact
layer by a lift-off process as shown in the Fig. 2(f). The epiwafer was thinned to ~150 um and
the backside electrode was realized by depositing Ge/Au/Ni/Au. Finally, the chips were cleaved
into separate bars without facet coating.

3. Results and discussion

The fabricated devices were mounted on a simple Cu heat sink with the Thermo Electric Cooler
(TEC) for testing. We first tested the FP lasers fabricated in the same run and from the same
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epitaxial structure as the DFB lasers. The devices were tested at 20 °C with the cavity length L in
the range from 300 pum to 500 um of 50 um intervals and at 1000 um. Figure 4(a) shows the
reciprocal of the differential quantum efficiency 1/7, of the FP lasers as function of the cavity
length L. According to the following expression in [34]:

. (1)
na  nn(1/R) 1
and
e
77d=h—77 (2)
v

where 74 is the differential quantum efficiency, R = rr, is the mean reflectivity of the FP laser,
a; represent the net internal optical loss and and 7; is injection efficiency, 7 is the slope efficiency
of the laser, e represent the elementary charge, 4 and v represent the Planck constant and optical
frequency, respectively.
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Fig. 4. (a) The reciprocal of measured efficiency versus cavity length of the FP lasers. (b)
Measured optical spectrum of the test laser with uniform grating near threshold.

The reflectivity R of the laser is about 0.3. By the linear fitting the reciprocal of the slope
efficiency 1/n, versus the FP laser cavity length L, we can deduce the net internal optical loss «;
and the injection efficiency 7; which are about 7.84 cm™! and 53.56%, respectively, from Fig. 4(a).
The high internal loss and low injection efficiency were contributed from the fabrication quality
and the unoptimized current aperture size, which in a result decreased the laser performance in
terms of the threshold and slope efficiency as demonstrated later. The metal contacts are placed
on both sides of the ridge waveguide. In this case, rather than directly injecting the current into
the active region below the ridge waveguide like the conventional ridge waveguide DFB laser,
the current has to spread in the ridge layer before vertically inject into the active layer, which will
affect the injection efficiency of the laser. The current aperture can help improve the injection
efficiency of the DFB laser. According to [35-36], the injection efficiency is largely determined
by the size of the current aperture, with the decrease of the current aperture, the threshold of the
laser decreases and the injection efficiency of laser increases within limits. So we can optimize
the size of current aperture to improve the injection efficiency and thus the laser performance in
future designs.

To extract the coupling coefficient of the surface gratings, we fabricated some test lasers with
uniform surface grating which is distributed in the whole ridge waveguide and has the same period
without introducing any additional phase shift. Since the spectral shape at threshold current is not
affected by the loss and gain, we can get the stopband width A2 from the measured spectrum of
the uniform grating lasers. The coupling coefficient then can be estimated based on the following
relationship between it and the stopband width for the uniform grating lasers [37-38]:

2
Ad = :73\/(71/@2 + K2 (3)

8
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where, n, is the group index of the waveguide and L is the grating length, A1 is the Bragg
wavelength, « is the coupling coefficient. We measured the optical spectrum of the fabricated
lasers with uniform grating. The light output of the lasers was first coupled into a lensed
single-mode fiber, and then connected to the optical spectrum analyser. Figure 4(b) shows the
measured spectrum near threshold current for the 250 um-long laser with uniform grating. It is
found that the stopband width is about 1.1 nm and the Bragg wavelength is 861 nm as shown
in Fig. 4(b). Therefore, the grating index-coupling coefficient of our devices is estimated to be
200cm™! by the above formula with the etching depth measured to be about 100 nm, which
is much higher than the generally used gratings of lasers. Numerically, we also calculated
the coupling coefficient of the grating in such a waveguide structure through the simulated
transmission spectra using the 3D FDTD method. Figure 5(a) shows the calculated results versus
the etching depth of the grating when the ridge waveguide height is 300 nm. It is obvious that
the deeper etching depth, the larger coupling coefficient. When the etching depth is 250 nm, the
coupling coefficient reaches 800 cm™'. In that case, the threshold predicted is sub-milliampere
theoretically for the proposed laser. However, the index-coupling coefficient of our fabricated
devices is much lower than expected mainly caused by the imperfect etching profile with the
tilt side walls and inappropriate duty cycle of the fabricated grating during the first run. The
decreased coupling coefficient increased the threshold of the laser as demonstrated later.
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Fig. 5. (a) The calculated index-coupling coefficient as a function of depth of the etched
grating. (b) Light output (solid line) and voltage (dashed line) versus injection current for
the fabricated DFB laser.

The proposed surface grating DFB lasers were fabricated with the microscope image shown in
the Fig. 3(c). The gain and reflection sections are 150 um and 100 um long, respectively. The
width of the surface ridge waveguide is 2 um. We characterized the fabricated bare lasers on a Cu
heat sink with the TEC to control the devices’ temperature. Figure 5(b) shows light output versus
injection current (L-I) (solid line) and voltage versus current (V-I) (dashed line) characteristics at
20 °C.

Both facets of the fabricated DFB lasers are as-cleaved, and the output power was detected by
a large-area Si detector from the facet close to the gain section. It is seen that a relatively low
threshold current (Iy,) of about 8 mA and a slope efficiency of about 0.16 mW/mA were obtained.
As discussed before, if the injection efficiency and coupling coefficient are properly increased,
we will get a lower threshold and higher slope efficiency. The differential series resistance and
the turn on voltage were about 23 Q and 1.5 V, respectively. According to a V-I characteristic
between two n-type electrodes separated on both sides of ridge waveguide, the sheet resistance
was roughly estimated to be about 1600 {/square which corresponds to about 46% of the total
series resistance. The sheet resistance was high possibly resulted from the insufficient offset
distance between the ridge waveguide and the n-contact metal, and also the unoptimized thickness
of the transverse conductive layer Aly25Gag 75As. Figure 6(a) shows the output power of the DFB
laser versus injection current for various operating temperature from 10 °C to 50 °C. Single mode
operation was observed with the injection current up to 45 mA and without any mode hopping.
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Fig. 6. (a) Light output versus injection current for the fabricated DFB laser at the
temperature from 10 °C to 50 °C. (b) Lasing spectrum of the fabricated uncoated DFB laser
at 20 °C when the bias current was 32 mA.

The output power is limited by thermal roll-over due to the poor heat conductance of the
bare devices and the large series resistance mainly contributed by the contact resistance and
sheet resistance. We can reduce the series resistance to improve the device performance by
optimizing the gap between the ridge waveguide and the n-contact metal, the thickness of the
sheet Aly,5Gag 75As, and also the contact resistance in future designs.

The output spectrum of the fabricated two-section surface grating DFB lasers was also
measured. The fabricated lasers show very good single mode operation with the side mode
suppression ratio (SMSR) ~ 50dB as shown in Fig. 6(b) with the injected current of 32 mA
around 4 times threshold at the temperature of 20 °C.

Figure 7(a) shows the measured spectra for different bias currents of 15 mA, 25 mA, 35 mA,
45 mA at 20 °C. Stable single-mode operation was observed with SMSR greater than 42 dB.
The lasing wavelength was 850.3 nm at 45 mA. The bare devices suffered from heat dissipation
problem, i.e., with the injection of current, the temperature of the device especially the active
region increases, thus the band gap becomes narrower, which leads to the increase of refractive
index in active region. So that the emission wavelength of the fabricated laser red shifted as a
function of the injection current as shown in Fig. 7(b). The variation of emission wavelength
with injection current, AA/AI is around 0.08 nm/mA.
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Fig. 7. (a) Lasing spectra of the fabricated uncoated DFB laser at 20 °C when the bias
current increased from 15 mA to 45 mA. (b) The emission wavelength shift as a function of
injection current at 20 °C.

As shown in Fig. 8(a), the fabricated laser worked with single mode operation at 25 mA
over the temperature range from 10 to 50 °C. The Fig. 8(b) shows the emission wavelength
shift as a function of stage temperature at injection current 25 mA. The variation of emission
wavelength with temperature, AA/AT, is around 0.06 nm/°C. It is assumed that the electrical input
power is almost converted to thermal power except for the output optical power. Considering
the lasing-wavelength as a function of active region (stage) temperature (AA/AT) and the shift
in emission wavelength as a function of thermal power (AA/AP) [39], the thermal resistance
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Zr = (AA/AT)"'(A1/AP) was estimated to be around 447 K/W for the fabricated DFB lasers.
The thermal resistance is higher than most typical semiconductor lasers, but it is much lower than
VCSELs [40]. This will limit the laser performance especially at high temperatures. We believe
that the laser performance can be greatly improved by soldering the laser to heat-sink structures,
integrating some heat dissipation structures. In addition, we can further reduce differential series
resistance by optimizing the fabrication process and the laser structure.
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Fig. 8. (a) Lasing spectra of the fabricated uncoated DFB laser at a bias current of 25 mA
when the temperature is increased from 10 to 50 °C. (b) The emission wavelength shift as a
function of the stage temperature at 25 mA.

4. Conclusion

In conclusion, we demonstrated, for the first time, in the GaAs/AlGaAs material system, a DFB
laser with a first-order surface grating etched into the surface ridge waveguide. There is no metal
contacts on the surface ridge waveguide, the n-metal contacts are placed on the both sides of the
ridge waveguide instead to remove the absorption of the metal contacts. The thin ridge layer is
allowed to be used with relatively higher refractive index compared to the active layer; therefore
the grating can be shallowly etched but provides a strong coupling effect. The oxidation aperture
forces the current to flow through the active region right below the ridge waveguide, which is
crucial to improve the injection efficiency of the laser. These insure that the proposed laser can
work with low threshold at a short cavity length. The index-coupling coefficient reaches 200 cm™!
for the etched grating with a depth of only about 100 nm which is much higher than the generally
used gratings of lasers. However, it is much lower than expected mainly caused by the imperfect
etching profile with the tilt side walls and inappropriate duty cycle of the fabricated grating.
The fabricated 150 um-long DFB laser exhibited a relatively low threshold current of 8 mA and
single-mode operation with a side mode suppression ratio (SMSR) up to 50 dB at the injected
current of 32 mA at 20 °C. Stable single mode operation has been observed for the fabricated
DFB laser over the temperature range from 10 to 50 °C. Compared to VCSELs, the SMSR of the
laser in this work is higher while the performance in terms of the threshold and output power
is worse. We think the reason is that the coupling coefficient of the fabricated grating is lower
than expected The thermal resistance is higher than most typical semiconductor lasers due to the
high sheet resistance, the high contact resistance and no good heat-sinking, which also affects the
expected performance of the fabricated lasers. In the future, to improve the laser performance, we
can further thin the ridge layer with higher refractive index and optimize the fabrication process
of gratings to obtain a greater coupling coefficient. In addition, we can optimize the distance
between the ridge waveguide and the n-contact metal as well as the thickness of the transverse
conductive layer to reduce the differential series resistance, and the size of current aperture to
improve the injection efficiency. The theoretical prediction shows that when the index-coupling
coefficient reaches 800 cm™!, the threshold current will be below 1 mA and the modulation
bandwidth should reach 25 GHz in this proposed DFB laser. Thus we believe that the proposed
laser scheme will be a potential low threshold DFB laser scheme combines the advantages of
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both DFB lasers and VCSELs. In addition, the laser is regrowth free, thus has advantages of low
cost and high reliability.
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