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Abstract: In this paper, we demonstrate a novel approach utilizing tunnel junction (TJ) to
realize GaN-based distributed feedback (DFB) laser diodes (LDs). Thanks to the use of the TJ
the top metal contact is moved to the side of the ridge and the DFB grating is placed directly on
top of the ridge. The high refractive index contrast between air and GaN, together with the high
overlap of optical mode with the grating, provides a high coupling coefficient. The demonstrated
DFB LD operates at λ=450.15 nm with a side mode suppression ratio higher than 35dB. The
results are compared to a standard Fabry-Perot LD.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Distributed feedback (DFB) laser diodes (LDs) are compact light emitters that offer high spectral
purity, which makes them desirable for a wide range of applications such as telecommunication,
sensing, metrology and atomic clocks [1,2]. DFB LDs are commercially available in the
spectral range extending from red up to far infrared [2,3]. Surprisingly, in the violet, blue and
green regimes the DFB LDs are not available, despite the commercial success of the III-nitride
Fabry-Perot LDs [4,5].

The early attempts to manufacture violet DFB LDs were based on techniques well known from
conventional III-V materials [6–8]. The gratings were buried inside the epitaxial structure and
consisted of a material with a different refractive index. Such an approach allows for a high
overlap between the optical mode and the grating. However, in case of III-N DFB LDs this
approach provides limited coupling due to high lattice mismatch and low refractive index contrast
between alloys. These reports showed low side mode suppression ratio (SMSR) below 20 dB
[6–8]. The typical SMSR of conventional III-V DFB LDs is higher than 40 dB, which shows that
the coupling strength to the grating in case of the early III-N devices is poor.
Recently, there has been much attention devoted to III-N DFB LDs with gratings fabricated

after the epitaxial growth. Slight et al. fabricated deep patterns on the sides of the ridge, which
allowed for a very high refractive index contrast between GaN and air [9]. The resulting SMSR in
pulsed mode was 22 dB. Further development of this technique led to CW lasing and SMSR of 35
dB [10]. Kang et al. used laterally coupled SiN grating and achieved SMSR of 23 dB in pulsed
mode [11,12]. Fabrication of grating by focused ion beam on fully processed commercially
available green or cyan LD was proposed by Holguin-Lerma et al. [13,14]. The LDs showed
SMSR of 37 dB. Zhang el al. presented a DFB LD with a patterned indium tin oxide cladding
made on a semipolar crystal orientation [15]. The optical mode had a relatively high coupling
with the grating, thanks to the transversal configuration. The resulting SMSR was 29 dB. As
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can be seen, achieving a high SMSR in III-N DFB LDs, which is essential in many applications,
remains a challenge.
In this paper we demonstrate a blue DFB LD with a very high coupling to the grating. The

grating is placed on top of the epitaxial structure and is made by patterning of the ridge through
its whole width, as shown in a concept art presented in Fig. 1. Such a design benefits from the
high refractive index contrast between GaN and air and from the high overlap between optical
mode and grating, due to the transversal coupling. The problem in such a design is the placement
of the top metallization. The conductivity of the p-type layers in III-nitrides is the limiting
factor. Due to high activation energy of the Mg dopant, the layers have to by highly doped,
which decreases the mobility of carriers and results in resistivity of GaN:Mg on the order of 1
Ωcm [16,17]. Such a high resistivity excludes lateral conductivity in p-type layers. However,
Malinverni et al. proposed to change the conductivity to n-type with the use of a tunnel junction
(TJ), which enabled demonstration of a LD with metallization on the side and an air cladding
[18]. The TJ is partially removed by means of dry etching. It is left only inside the ridge, which
allows to form a current aperture. The n-type GaN:Si regrown on the structure supplies the
current horizontally into the ridge and through the TJ. There is negligible tunneling outside of
the ridge due to low Mg-doping in the layer below the TJ. Here we adopt this method in order
to leave the ridge exposed to air, which allows us to exploit the high refractive index contrast
between GaN and air and place the grating directly on top of the ridge.

Fig. 1. Birds-eye view of the concept of a DFB LD with the metallization on the sides and
the GaN/air grating on the top of the ridge.

The realization of such a design is enabled by use of a growth method, which allows to obtain
highly conductive p-type without the hydrogen passivation issue. In metalorganic chemical vapor
deposition (MOCVD), which is the commonly used technique to grow optoelectronic devices,
the as-grown Mg-doped layers are passive and require post-growth annealing [16,19]. However,
during the annealing process, the Mg-doped layers are required to be exposed to air to allow for
hydrogen out-diffusion from the crystal [20,21]. Unfortunately, if the Mg-doped layers are buried
below n-type layers, this process is blocked, due to low diffusivity of hydrogen in n-type material
[22]. In the case of the demonstrated DFB LD structure the n-type material covers the sides and
the top of the ridge and prevents hydrogen out-diffusion from the crystal. Therefore, the growth
of the structure has been performed by plasma-assisted molecular beam epitaxy (PAMBE). With
this technique the p-type conductivity in Mg-doped layers is active as-grown [23,24]. This is
due to the hydrogen-free atmosphere during growth. Alternatively, ammonia MBE could be
used, in which at the low growth temperatures, used in MBE, hydrogen does not incorporate into
Mg-doped layers and p-type conductivity does not require activation [25,26].
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2. Utilization of tunnel junction in the design of DFB LD

2.1. Structure detail

The growth was carried out by PAMBE in metal-rich conditions. Details of PAMBE growth can
be found elsewhere [27]. High quality GaN crystals, obtained by the ammonothermal method
were used [28]. The threading dislocation density of the substrate was in the order of 1×104 cm−2.
The schematics of the epitaxial structure of the DFB LD is presented in Fig. 2(a). It consists
of a 700 nm Al0.06Ga0.94N:Si cladding, followed by a 100 nm GaN:Si. A high indium content
In0.08Ga0.92N waveguide is used to ensure high optical confinement [29] and prevent leakage of
optical modes to GaN substrate [30]. Inside the waveguide there is a 25 nm wide In0.17Ga0.83N
QW, in which transitions between excited states ensure a high oscillator strength and optical gain
[31]. The waveguide is followed by a 20 nm Al0.15Ga0.85N:Mg (Mg: 2×1019 cm−3) electron
blocking layer (EBL). The thickness of the GaN:Mg cladding between the EBL and TJ was
chosen to be 70 nm, which is essential for this type of DFB LD The thickness of the GaN:Mg
cladding is relatively thin compared to standard III-N LDs. It is chosen on purpose to allow for
strong coupling of the optical mode with DFB grating on top of the ridge. In Section 2.2, the
dependence of GaN:Mg thickness on coupling will be discussed. The TJ consisted of 60 nm
In0.02Ga0.98N:Mg, 5 nm In0.17Ga0.83N:Mg, 5 nm In0.17Ga0.83N:Si and a 20 In0.02Ga0.98N:Si. The
structure was capped with a 30 nm GaN:Si.

Fig. 2. (a) Schematics of the epitaxial structure. (b) Calculated dependence of κL on
thickness of GaN:Mg layer and the grating depth.

Afterwards, a ridge was formed by reactive ion etching (RIE). The etching depth and ridge
width were 130 nm and 2 µm, respectively. Importantly, the TJ was etched away everywhere
except the ridge. This forms a current path, which ensures that the active region is pumped only
below the ridge [18,32,33]. Next, a regrowth was performed. A 150 nm GaN:Si was grown
on the whole surface. A 5th order DFB grating was made by electron beam lithography and
RIE. The period of the grating was Λ=456 nm, the width of the top (unetched) and bottom
(etched) parts were the same and equal to 228 nm. The etching depth was 100 nm, which is
very shallow. After RIE, the sample was wet etched in TMAH at a temperature of 85°C for 15
minutes to smoothen the walls of the grating. The choice of the 5th order grating was motivated
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by the interplay of the resonator length, coupling strength and the capability of realization of
grating. A 5th order grating delivered reasonable κL (will be discussed in Section 2.2) and could
be manufactured properly because of a relatively high period. Smaller grating is even more
technologically challenging. Next, standard metal contacts to n-type GaN, consisting of 30 nm
Ti, 60 nm Al, 40 nm Ni and 75 nm Au, were deposited on both sides of the device. The top
metallization was not deposited on the ridge in order to leave it exposed to air. The resonator
length was 700 µm and the facets were left uncoated.

2.2. Simulations of light coupling to DFB grating

To have an estimate of how the light traveling in the waveguide couples to the GaN/air grating
on top of the ridge we have performed calculations in the following way. A two dimensional
waveguide solver, CAMFR [34], was used to calculate the effective refractive index in two cases -
etched and unetched parts of the grating. Next, the coupling coefficient has been calculated using
the formula [35]:

κL = 2m
n2 − n1
n2 + n1

where κ is the coupling constant, L is the device length, m is the number of grating repetitions (a
5th order grating and a device length of 700 µm results in m=1535), n1 and n2 are the effective
refractive indices of the etched and unetched parts of the grating, respectively.

The coupling coefficient in our design strongly depends on two parameters: (i) grating depth d,
marked in Fig. 2(a) and (ii) distance between the waveguide and grating, the thickness T of the
GaN:Mg was used to tune this parameter. The results of the calculations are presented in Fig. 2(b)
as a two-dimensional map, which shows the influence of the two parameters. To achieve a strong
coupling either the etching has to be deep or the thickness of GaN:Mg has to be low. We have
decided to use the latter approach in the realization of the DFB LD because small etching depth
of 100 nm ensures proper realization of the grating. The calculated κL and κ parameters for a 70
nm GaN:Mg, which was chosen for the experimental demonstration, were equal to 0.68 and 9.7
cm−1, respectively. These values are slightly lower than those reported in Refs. [9,11]. However,
the simplicity of fabrication of shallow grating ensures a good reproducibility over the whole
resonator length and allows to obtain a high SMSR. It is important to stress that the placement of
the grating on top of the ridge ensures a large coupling, even for such a small etching depth.

2.3. Electrical characterization of regrown GaN:Si

In order to keep the ridge exposed to air and supply current into the active region underneath,
a GaN:Si layer is needed to be regrown after the ridge formation. This makes the GaN:Si not
planar. During the standard operation of the LD with the metallization on the side of the ridge,
the current needs to flow not only laterally, but also through the side walls of the ridge, if the
mesa is deeper than the thickness of the regrown GaN:Si.
It is important, for the operation of a LD, that the current spreading throughout the length of

the resonator is uniform. Therefore the GaN:Si regrown layer needs to be continuous on the walls
of the ridge. Otherwise, inhomogeneities of electrical pumping of the active region might occur.
Therefore, we will study here the electrical properties of the regrown material. To give an insight
into the conductivity in the lateral part and through the walls of the ridge, three configurations
will be compared, as shown in Fig. 3: (a) standard transmission line measurement (TLM), (b)
resistivity between two metal pads on both sides of a shallow mesa and (c) deep mesa, in which
the current needs to flow through GaN:Si grown on walls of the ridge. The etching depth of the
ridge is 130 and 330 nm in case of the shallow and deep mesa, respectively. The thickness of the
GaN:Si regrown layer is 150 nm. The measured resistivity is presented in Fig. 3(d). Remarkably,
there is no significant difference in the resistivity between the fully planar GaN:Si and the sample
with GaN:Si grown on walls of the ridge. The contact and GaN:Si resistivity were 5.6×10−5
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Ωcm2 and 9.8×10−4 Ωcm, respectively. We have noticed a higher scatter of resistivities measured
for the configurations with the ridge. This can be due to inhomogeneities of the GaN:Si grown
on the edges and/or walls of the ridge. However, the fact that the resistivities in these two cases
are comparable to the standard TLM suggests the part of the GaN:Si, grown on the walls, should
be fairly continuous.

Fig. 3. Schematic design of the samples for electrical characterization of the regrown top
GaN:Si layer: (a) standard TLM configuration, (b) shallow mesa and (c) deep mesa. (d)
Dependence of resistance on distance between metal pads.

In the standard operating condition of the DFB LD, in which current is provided through the
two metal pads, each 5 µm away from the ridge, and flow through the current aperture formed by
the ridge, the resistance is estimated to be 0.5 Ω. Therefore, the voltage drop, due to moving the
metallization away from the ridge, at an operating current of 150 mA, would be less than 0.1V.
This is a small addition to the operating voltage, and can be accepted considering the benefits
given by the exposed ridge.

3. Characterization of the DFB laser diode with tunnel junction

We have designed a DFB LD operating at λ=450 nm. Figure 4 presents scanning electron
microscope picture of the processed device: (a) a view from the top of the ridge with grating and
(b) a bird-eye view of the facet, ridge and metal pads on the sides of the ridge.

The DFB LDs were mounted in TO56 cans and operated in quasi-CW mode - the pulses were
sufficiently long to keep the LD in an optically steady state. However, this resulted in a chirped
spectrum due to heating. The pulse length was 1 ms and the duty cycle was up to 20%. Full CW
operation was not achieved due to device overheating. The DFB LD is compared to a standard
Fabry-Perot LD grown by PAMBE [36]. There are a few differences between the DFB LD and
the Fabry-Perot LD. In the latter: (a) the thickness of GaN:Mg cladding is 500 nm (b) there is no
TJ and (c) there is a standard Ni/Au metallization on top of the ridge. The LIV characteristics of
a regular Fabry-Perot LD and DFB LD are presented in Figs. 5(a) and 5(b), respectively. The
threshold current densities of the standard LD and DFB LD are 3.3 and 7.0 kA/cm2, respectively.
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Fig. 4. Scanning electron microscope images of the fabricated DFB LD: (a) top view of
the grating on the ridge and (b) the birds-eye view of the LD facet, ridge with grating and
metallization on the sides.

This is a more than two-fold increase and it shows how much room for improvement is for the
DFB LDs. Additionally, the slope efficiency decreased from 0.5 to 0.17 W/A. Both changes in
threshold current density and slope efficiency point to an increase in the internal losses of the
DFB LD. It is possible that the grating is not homogenous throughout the whole length of the
ridge – this would lead to an increase in the internal losses.

Fig. 5. Light-Current-Voltage characteristics of the: (a) standard Fabry-Perot LD operated
in CW mode, (b) DFB LD operated in a quasi-CW mode.

The voltage at threshold of the DFB LD was 6.2 V, whereas in the case of the Fabry-Perot LD,
at the same current density, the voltage was 5.2 V. This additional 1V is mainly due to the use of
a TJ [37]. Recently, we have shown that the voltage drop on the TJ can be significantly reduced
by engineering of the doping profile and piezoelectric polarization [38]. We expect that use of an
optimized TJ, together with decrease of the threshold current density, will result in CW operation
in the future.
The optical spectra below threshold of the Fabry-Perot LD and DFB LD are presented in

Figs. 6(a) and 6(b), respectively. In case of the Fabry-Perot LD, clear longitudinal modes
supported by the resonator can be observed. The spacing between the modes is 32 pm. The
FWHM of each mode is ∼10pm. In contrast, in the spectrum of the DFB LD there is one highly
pronounced peak with a FWHM of 25 pm. The Fabry-Perot modes are also visible, however
these are severely dampened compared to the single mode supported by the grating. The spacing
between the Fabry-Perot modes is 45 pm. It is larger than in the Fabry-Perot LD case because
of the shorter resonator length of the DFB LD (700 µm and 1000 µm for the DFB LD and
Fabry-Perot LD, respectively).
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Fig. 6. Optical spectra of: (a) Fabry-Perot LD below threshold, (b) DFB LD below threshold,
(c) Fabry-Perot LD above threshold and (d) DFB LD above threshold. Please note the
logarithmic scale in (c) and (d). The broadening of the lasing mode in DFB LD is caused by
the quasi-CW operation in which the spectrum is chirped due to heating.

The optical spectra above lasing threshold of the Fabry-Perot LD and DFB LD are presented
in Figs. 6(c) and 6(d), respectively. In case of the Fabry-Perot LD clear longitudinal modes can
be distinguished with a spacing of 32 pm. The FWHM of each mode is close to the limit of the
spectrometer accuracy and is equal to 4 pm. In contrast, the DFB LD has only one peak with
FWHM of 36 pm. The peak is asymmetrically broadened due to pulsed operation. During the
pulse, the DFB LD heats up and its emission wavelength red-shifts. The spectrum is collected
throughout the whole pulse width, therefore the resulting spectrum is chirped. It is expected that
after the CW operation is obtained the peak will be symmetrical and narrower. Nevertheless, the
achieved SMSR was above 35 dB, which is exceptionally high for a device operated in pulsed
mode. This result is an order of magnitude better than other reported III-nitride DFB LDs
operated in pulsed mode. Moreover, the achieved SMSR is comparable to values reported for
CW operated devices. Such a high SMSR is a consequence of the high overlap of the optical
mode with the grating placed on top of the ridge. We expect that after optimization, which will
enable CW operation, the SMSR will improve greatly.

We will shortly discuss approaches to optimize the design of the DFB LD. Firstly, the possibility
of generation of optical losses in the TJ has to be investigated. If the TJ is causing unwanted
optical losses the composition of the InGaN QW inside the TJ can be decreased. This could
strongly limit the band to band absorption. Secondly, the doping of the p-type layers can be
optimized. Mg-doped layers are known to cause the major part of the optical losses in III-N LDs.
The DFB LD design strongly differs from the conventional III-N LDs and requires a separate
optimization process. Thirdly, the coupling of the optical mode with the grating can be increased.
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This can be achieved by introduction of λ/4 shift [35], decrease of the grating order, increase of
the duty cycle or increase of the resonator length. Additionally, any improvement in the grating
quality and its uniformity is essential.

4. Conclusions

We have demonstrated a novel concept of a III-nitride distributed feedback laser diode with a
high coupling of the optical mode to the grating. The grating was created by etching of GaN on
top of the ridge. The high refractive index contrast between GaN and air, together with close
vicinity of the grating and waveguide, resulted in high coupling. In order to form the grating on
top of the ridge the metallization had to be moved to the side of the mesa. This was achieved
by switching the conductivity to n-type with a tunnel junction. The devices were operated in
quasi-CW and a high side mode suppression ratio of 35 dB was achieved. This result shows great
promise in the realization of single mode III-N DFB LDs.
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