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optimized epitaxy conditions
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Selective area growth (SAG) is performed to fabricate monolithically integrated distributed feedback (DFB)
laser array by adjusting the width of a SiO2 mask. A strain-compensated-barrier structure is adopted to
reduce the accumulated strain and improve the quality of multi-quantum well materials. Varying the strip
width of the SAG masks, the DFB laser array with an average channel spacing of 1.47 nm is demonstrated
by a conventional holographic method with constant-pitch grating. The threshold current from 14 to 18
mA and over 35-dB side mode suppression ratio (SMSR) are obtained for all DFB lasers in the array.
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Monolithically integrated distributed feedback (DFB)
laser array has an important role in the modern wave-
length division multiplexing (WDM) system, which
makes optical networks cost-effective, reliable, and low-
ers the power consumption to greatly enhance their
performance[1−5].

Several techniques have been proposed for the fab-
rication of DFB laser array, such as electron beam
lithography[6−8], ridge width variation[9], reconstruc-
tion equivalent chirp (REC) technology[10], sampled
gratings[11], post-growth fabrication[12], and thermal
tuning[13,14]. However, most of these techniques require
high costs and harsh manufacture. The high cost and
low yield of the laser arrays hinder their wide applica-
tion. Thus, a simple fabrication technology is urgently
needed for the production of a high-yield and low-cost
DFB laser array.

Selective area growth (SAG) using metal organic va-
por phase epitaxy (MOVPE) is an attractive method
to fabricate monolithically integrated devices[15−17]. In
this technique, epitaxial layers are grown in the areas
between dielectric masks. The thickness enhancement
factors of the selectively grown layers are affected by
the geometry of mask patterns, including mask widths
and the mask gap between two adjacent mask patterns.
For multi-quantum well (MQW) materials, the varied
thickness and composition cause an emission wavelength
shift. The effective refractive index of MQWs may be
controlled by modulating the thickness of the waveguide
layer, which may control the lasing wavelength.

In this letter, a tensile strained barrier layer is added
to obtain a wide working range for optimizing SAG epi-
taxy conditions. Multi-wavelength DFB laser array, with
an average channel spacing of 1.47 nm, is demonstrated
using a conventional holographic method with constant-
pitch grating. In the array, the threshold currents of
the DFB lasers are between 14 and 18 mA, and the side
mode suppression ratio (SMSR) of all the laser spectra
is above 35 dB.

The dielectric masks used for the SAG study are SiO2

grown via plasma-enhanced chemical vapor deposition
(PECVD). The thickness of the film is 150 nm. The
parallel pairs of the mask strips with 250-µm period are
patterned by photolithography and HF wet etching in
the [110] direction. An AXITRON close coupled shower-
head (CCS) MOVPE reactor as used for the SAG study,
with the growth temperature kept at 640 ◦C. The MQWs
comprise six compressively strained InGaAsP wells (+1.1
×10−2, λPL = 1.59 µm) and seven InGaAsP barrier lay-
ers, and are sandwiched between two 80-nm InGaAsP
separate confinement heterostructure (SCH) layers (λPL

= 1.2 µm) lattice matched to the InP. In unpatterned
substrates, the thickness of the well and barrier are 5
and 10 nm, respectively. The emission wavelength and
intensity of the SAG MQWs were studied by micro-area
photoluminescence (PL).

The PL emission wavelength in the SAG region ex-
hibits a red shift correlating to the mask patterns. The
red shift is mainly caused by the SAG, which induces the
thickness enhancement and indium enrichment of the
quantum wells (QWs) in the selective grown region[18].
Figure 1 schematically shows the mask pattern for SAG.
For the material growth study, the width of the mask gap
(W0) is kept constant at 20 µm, and the width of mask
strips (Wm) ranges from 1 to 34 µm in 1 µm increment.
The period of the adjacent mask is 250 µm.

Comprehensively strained QWs were grown to improve
the quantum efficiency and reduce the threshold current
density of the laser device. Figure 2 shows the PL wave-
length variation with the width of mask strip (Wm) when

Fig. 1. Mask pattern for selective area growth.
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the barriers of the QWs are 1.2 Q layer matched to the
InP. The total red shift of the PL wavelength is about 100
nm (from 1 483 to 1 583 nm), which shows a slope of 4.62
nm/µm. However, the PL intensity of the SAG MQWs
exhibits a steep decline as the strip width increased, drop-
ping by 60% when the strip-width exceeds 15 µm. This
occurrence is caused by the increase of the accumulated
strain in SAG MQWs as the thickness of the MQWs in-
creases with the strip width, leading to the rapid degra-
dation of the material quality. Tensile-strained barriers
(about 0.3% tensile strain) were used to compensate the
compressive strain of the QWs to reduce the effect of
accumulated strain. Figure 3 shows the results of PL
spectra of the strain-compensated MQWs. The degrada-
tion of PL intensities with the increase in stripe width is
less than 40% until the strip-widths (Wm) reached up to
27 µm. The quality of the MQW materials showed an
obvious improvement with the strain compensation.

The effective index method (EIM) is a well-known ap-
proximate analytical approach for the theoretical study
of optical waveguides, which is used to analyze the struc-
ture of ridge-waveguide laser[19,20].

Figure 4 shows the ridge waveguide structure and its
equivalent slab waveguide. A composite slab with ver-
tical walls whose width is equal to that of the ridge
waveguide was formed using the effective refractive in-
dices calculated. The material thickness of each layer
has been given in the aforementioned paragraphs. For
the calculation, the refractive index was set as follows:
n1 = n32 = 3.167 for the InP, n21 = n23 = 3.339 for the
SCH, n31 = n33 = 1 for air, and W = 3 µm. The effective
refractive index of the MQW region was obtained by

n22 =
√

(Hw · n2
w + Hb + Hw · n2

b)/(Hw + Hb), (1)

where nw and nb are the refractive indices of the well and
the barrier, respectively, and tw and tb are the thicknesses
of the well and the barrier, respectively. In Eq. (1), nw

and nb are 3.587 and 3.339, respectively. Using the thick-
ness enhancement factor, the refractive index of the ridge
waveguide for each selective grown region was calculated
by EIM. The results are given in Fig. 5, which shows an

Fig. 2. PL wavelength and normalized intensity versus strip
width Wm without strain compensation. The subgraph is the
side morphology for the SAG material.

Fig. 3. PL wavelength and normalized intensity versus strip
width Wm with strain compensation.

Fig. 4. Ridge waveguide structure and its equivalent slab
waveguide by EIM.

Fig. 5. Calculated refractive index versus the thickness en-
hancement factor by EIM.

approximately linear relationship between the refractive
index and thickness enhancement factor, with a linear
fitting slope of 0.053.

The thickness enhancement factors of the selectively
grown layers were determined by the geometry of the
mask patterns, including the mask width gap (W0). The
thickness enhancement factor of the InGaAsP material
was measured when the SAG masks with W0 = 30 µm
and 250-µm pair separation was used. The experimental
results of the thickness enhancement factor are given in
Fig. 6, which show a good linearity with a linear fitting
slope of about 0.02 µm. Thus, the effects of varying the
strip width of SAG on the effective refractive index may
be estimated, as shown in Figs. 5 and 6. The lasing
wavelength of the DFB laser was determined by

λi = 2Neffi · Λ, (2)
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where λi and Neffi are the lasing wavelength and the
effective refractive index of the ith channel and Λ is the
period of the grating. Therefore, the wavelength λi of
the ith channel was calculated by the strip width Wm,
as shown in Figs. 5 and 6.

The materials of the multi-channel DFB array were
grown via a two-step MOVPE. In the first step, a low
SCH layer, a MQW layer, an upper SCH layer, and a p/n
doped InGaAsP layer were grown successively on an n-
InP substrate with the dielectric mask patterns. A grat-
ing with a uniform pitch was then formed on the entire
wafer using a holographic lithograph. The reverse junc-
tion in the InGaAsP layer induces a partial gain coupling
into the DFB structure, which increases the single mode
lasing rate of the device. Afterward, a second epitaxy
growth follows, including a p-type InP cladding layer and
a p+ InGaAs contact layer. A wet etching process was
applied to fabricate the ridge waveguide structure. A
350-nm-thick SiO2 was used as passivation layer for the
ridges. After the SiO2 on the top of ridges was removed,
the Ti-Au p-contacts were formed through thermal evap-
oration. AuGeNi alloy as deposited as n-contact metal
after the wafer was thinned to about 150 µm. For char-
acterization, the laser arrays were cleaved to obtain a
300-µm cavity length. Both facets were left uncoated.

SAG masks with 30-µm opening were used for the fab-
rication of the laser array. Compared with the MQW
materials with 20-µm opening, the PL intensity decrease
of the MQWs with 30-µm opening was relatively slower
as Wm increased. This result may be attributed to
the following reason. The growth rate of the QWs be-
tween the SAG patterns is larger than that of the QWs
at a non-SAG area, and the trend is more prominent
in a smaller W0. At a higher growth rate, the effective
diffusion length of the adatoms is reduced, leading to the
introduction of dislocations in the materials[21], thereby
resulting in the degradation of the material quality. With
the fixed growth rate of the QWs at a non-SAG area, a
smaller W0 leads to a faster increase of the growth rate
with Wm and also a faster quality degradation of the
SAG QWs with Wm. The increase in the strip width is
designed to be 2.8 µm and the Wm is 12.2 µm for the
channel 1. According to Figs. 5 and 6 and Eq. (2), the
expected wavelength spacing between adjacent channels
is about 1.43 nm by numerical calculation.

The light output power versus injection current (P -I)

Fig. 6. Experimented thickness enhancement factor versus
the strip width at W0 = 30 µm. The subgraph is the SEM
image of MQW for SAG.

Fig. 7. (Color online) (a) P -I curves of the device at room
temperature; (b) distribution of threshold current and slope
efficiency for a seven-channel DFB array.

Fig. 8. (Color online) (a) Superposition of spectrum of a
seven-channel DFB array; (b) distribution of lasing spectrum
and SMSR for the device.

curves of a typical seven-channel laser array are shown in
Fig. 7(a), where the P -I properties, measured at room
temperatures with no temperature control, showed good
uniformity. The distribution of threshold currents and
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slope efficiencies for the seven-channel DFB laser array
is shown in Fig. 7(b). The threshold currents were from
14 to 18 mA and the slope efficiency fluctuates at around
0.18 W/A.

By injecting about 60-mA current into each channel,
the light of each laser of the array is coupled into a single
mode fiber and characterized by an optical spectrum
analyzer. Figure 8(a) shows the superimposed output
spectra of the seven-channel DFB laser array. Figure
8(b) shows that the SMSR of all the channels is larger
than 35 dB. The emission wavelength, as a function of
channel number, is also shown in Fig. 8(b) and is best
fitted with a linear fitting curve. An average channel
spacing of 1.47 nm was determined close to the designed
value (1.43 nm) as the strip width increased to 2.8 µm.
The data shown in Fig. 8 indicated that laser arrays with
uniform channel spacing can be fabricated by varying the
strip width of the SAG masks. The techniques for fine
tuning of laser wavelength such as heating may be used
to align the emission of the array to a specific grid.

In conclusion, the SAG of the MQW materials by
MOCVD are studied. The strain-compensated structure
greatly improves the quality of the MQW materials when
the width of the SAG mask is large. The DFB laser array
with an average channel spacing of 1.47 nm is fabricated
by the SAG technique, with only a constant-pitch grating
fabricated by a conventional holographic method. There-
fore, the SAG technique is convenient and cost-effective
for the fabrication of multi-wavelength light source used
in modern WDM system.
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