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We propose and experimentally demonstrate a dual-
wavelength distributed feedback (DFB) laser array utilizing
a four-phase-shifted sampled Bragg grating. By using this
grating, the coupling coefficient is enhanced by approxi-
mately 2.83 times compared to conventional sampled Bragg
gratings. The devices exhibit a stable dual-mode lasing
achieved by introducing further π-phase shifts at 1/3 and
2/3 positions along the cavity. These devices require only
one stage of lithography to define both the ridge waveguide
and the gratings, mitigating issues related to misalignment
between them. A dual-wavelength laser array has been
fabricated with frequency spacings of 320 GHz, 500 GHz,
640 GHz, 800 GHz, and 1 THz. When integrated with semi-
conductor optical amplifiers, the output power of the device
can reach 23.6 mW. Furthermore, the dual-wavelength las-
ing is maintained across a wide range of injection currents,
with a power difference of <3 dB between the two primary
modes. A terahertz (THz) signal has been generated through
photomixing in a photoconductive antenna, with the meas-
ured power reaching 12.8 µW.
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Terahertz (THz) frequency sources have garnered significant
interest owing to their wide-ranging applications in environ-
mental detection, bio-imaging, sensing, and communications
[1,2]. Researchers have explored various methods, encompass-
ing both electrical and optical approaches, for THz generation
[3–5]. The all-optical method involves the use of nonlinear crys-
tals for optical mixing to generate THz signals and requires
complex collimation systems. An optimal optical approach for
THz generation is photomixing, utilizing a photoconductive
antenna (PCA), where two distinct longitudinal modes are mixed
to produce a time-varying current and electromagnetic field.
Compared to employing discrete laser sources, the use of mono-
lithically integrated dual-wavelength lasers (DWLs) simplifies
the collimation and polarization system. Additionally, DWLs

demonstrate similar mode-noise rejection effects for the two
longitudinal modes, enhancing their phase correlation.

Distributed feedback lasers (DFBs) determine the lasing
wavelength through periodic grating structures. DWLs utilizing
uniform Bragg gratings have been reported to have the capability
to generate THz signals [6]. However, the resolution limitations
of electron beam lithography (EBL) restrict the difference in the
corrugation pitch to no less than 0.5 nm, thereby placing a lower
limit on the frequency difference between the two longitudi-
nal modes [7]. To overcome the constraints imposed by EBL
on high-precision wavelength control, an effective approach
is the reconstruction-equivalent-chirp (REC) technique, which
employs sampled Bragg gratings (SBGs) [8]. In REC, a constant
seed grating period defines a center wavelength, with aperiodic
SBG section enabling precise control of the wavelength of the
side modes.

Conventional sampled Bragg gratings (C-SBGs) have been
commonly employed in REC designs [9,10], where each sam-
pling period comprises half with a seed grating and half without.
However, the coupling coefficient, κ, of the ±first-order side
modes of a C-SBG is only 1/π times that of a uniform Bragg
grating (UBG) [11], and for a device lasing on the +first-order
channel, the presence of the zeroth and –first channels can
negatively impact laser performance. As a result, DFB lasers
utilizing two-phase-shifted sampled Bragg gratings (2PS-SBGs)
have been used in fabricating arrays with a wavelength spac-
ing of around 0.8 nm [12]. This structure featured two sections
within each sampling period, with each section having a length
equal to half the sampling period and a π-phase shift differ-
ence between them. In the 2PS-SBG, the zeroth-order mode is
suppressed and the +first channel reflections were used as the
lasing channels. The utilization of both −first- and +first-order
channels for generating a DWL to generate 560 GHz signals has
also been reported [13]. However, achieving smaller channel
spacing requires a considerable increase in the sampling period
due to their inverse proportionality relationship. For instance,
a 320 GHz DWL at 1.55 µm based on the 2PS-SBG typically
necessitates a sampling period exceeding 300 µm [14].

Here, we present a semiconductor DWL array based on a
four-phase-shifted sampled Bragg grating (4PS-SBG) and a
sidewall grating structure. The device incorporates a sidewall
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Table 1. Parameters for the DWL Array

Channel P1 (nm) P2 (nm) Designed Frequency

CH1 4639 4806 320 GHz
CH2 4639 4906 500 GHz
CH3 4639 4986 640 GHz
CH4 4639 5082 800 GHz
CH5 4639 5206 1 THz

grating structure, with each side featuring a distinct sampling
period. The +first-order reflections are used resulting in the
generation of two lasing modes, and the wavelength separa-
tion between these modes is regulated by varying the sampling
periods. The 4PS-SBG exhibits a higher effective κ (0.9 times
that of a UBG) compared to the 2PS-SBG (0.64 times that of
a UBG). This enhancement, coupled with the elimination of
the zeroth channel subgrating reflection, helps avoid negative
effects from unwanted longitudinal modes. To ensure a single
longitudinal mode (SLM) operation of each mode, an additional
π-phase shift section is introduced in the cavity. To mitigate
mode competition between the two longitudinal modes, these
phase shifts are strategically positioned at 1/3 of the cavity for
one mode and 2/3 of the cavity for the other. In comparison to tra-
ditional buried DWL gratings, our approach utilizing a sidewall
grating structure can be defined through a streamlined fabrica-
tion process involving only one step of metal organic chemical
vapor deposition (MOCVD) and one step of III–V material
etching.

In this Letter, we demonstrate a DWL array with frequency
spacings of 320 GHz, 500 GHz, 640 GHz, 800 GHz, and 1 THz,
based on the 4PS-SBG architecture. A stable and uniform inten-
sity dual-wavelength lasing can be maintained over a wide
range of DFB injection current and electroabsorption modu-
lator (EAM) reverse voltage settings, as confirmed by both the
measured optical spectra and autocorrelation traces. Each device
in the array has been used to generate a THz signal using a PCA,
with the 500 GHz DWL device providing a THz signal power of
approximately 12.8 µW.

The key issue in designing DWL is to use two different
+first-order channels and each of them represents a single-mode
operation. The wavelength of the +first-order subgrating λ+1 can
be expressed as follows [15]:

λ+1 = 2neff
PΛ0

P + Λ0
, (1)

where neff denotes the effective refractive index of the ridge
waveguide, while P represents the sampling period, and Λ0 indi-
cates the seed grating period. The ridge waveguide exhibits an
effective refractive index neff of 3.19. The seed grating period Λ0

is set to 257 nm, corresponding to a wavelength of 1630 nm at
the zeroth channel. The sampling periods are precisely adjusted
to position the+first-order sub-grating channel around 1555 nm,
aligning with the gain peak of the multiple quantum well (MQW)
material. It is crucial to consider the dispersion coefficient, meas-
ured at −0.00021/nm, when determining the sampling periods
(P1 and P2) for the two lasing modes. For all five DWLs, P1 is
set to 4639 nm. The specific P2 for the five DWLs are detailed
in Table 1.

The DWLs are constructed using the AlGaInAs-/InP-based
material system. Its MQW structure comprises five quantum
wells (QWs) and six quantum barriers (QBs). Each QW mea-
sures 6 nm in thickness with a compressive strain of 1.2%,

Fig. 1. (a) Schematic of the dual-wavelength DFB laser based
on 4PS-SBG. (b) SEM image of the ridge waveguide and sidewall
grating defined by HSQ. (c) Optical microscopic picture of the
device.

while the QB has a thickness of 10 nm with a tensile strain of
−0.3% [16].

The schematic of the device is illustrated in Fig. 1(a). The
DWL features an 1100-µm-long DFB section using two 4PS-
SBGs [12,15].

Two semiconductor optical amplifiers (SOAs), each
measuring 400 µm in length, are positioned at the front and rear
sides, offering gain equalization. Adjustment of the SOA cur-
rent enables slight alterations in the photon distribution within
the DFB laser cavity. The curved waveguides (with a radius of
1730 µm) of the SOAs are designed to produce a 10° angled
output facet resulting in an intensity reflectivity around 10−4

at 1550 nm, thereby minimizing the occurrence of Fabry–Perot
(FP) modes induced by facet reflection. Within the DFB laser
cavity, π-phase shift sections are inserted at 1/3 and 2/3 of
the DFB cavity length respectively on either side of the ridge
waveguide. This configuration enables each side to operate in a
SLM at the intended wavelength. Given that the photon density
peaks occur around the π-phase-shifted sections [17], distribut-
ing these sections across the DFB laser cavity separates the
positions of peak light intensities of the two lasing modes. As a
result, this configuration mitigates mode competition, ensuring
a stable dual longitudinal mode operation across a wide range
of operating currents [7]. The EAM section, spanning 30 µm
in length, enhances the phase relationship between the two las-
ing modes and stabilizes the mode beating frequency through
the mechanism of four-wave mixing (FWM) [18]. Each sec-
tion is isolated by a 20-µm-long electrical isolation, achieved
through etching the heavily doped 200-nm-thick InGaAs con-
tact layer and the 50 nm 1.3Q layer. This isolation results in a
corresponding resistance of approximately 10 kΩ.

Figure 1(b) shows the hydrogen silsesquioxane (HSQ) grat-
ing mask before the dry etching process. The ridge waveguide
is 2.5 µm wide, with grating recesses measuring 0.6 µm on both
sides of the ridge. Figure 1(c) is a microscopic image of the
DWL array, while the sampling periods and frequency spacings
for each sidewall are detailed in Table 1. The measured effec-
tive κ of the DWL array is approximately 10 cm−1. The ratio
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Fig. 2. Measured optical spectrum for each DWL device.

Table 2. Measurement Conditions for the DWL Array

Channel Designed
Frequency

IR−SOA
(mA)

VEAM
(V)

IDFB
(mA)

IF−SOA
(mA)

CH1 320 GHz 35 −1.5 295 40
CH2 500 GHz 0 0 195 60
CH3 640 GHz 0 0 175 40
CH4 800 GHz 0 −1.2 295 60
CH5 1 THz 0 0 105 40

between the effective κ of the 4PS-SBG and that of the UBG
is approximately 0.83, slightly below the theoretical value of
0.9 [15]. This deviation is likely attributed to the reactive ion
etching (RIE) lag effect encountered during the sidewall grating
fabrication process [19].

The fabricated devices were mounted with the epitaxial layer
facing up on a copper heat sink using indium. A thermoelec-
tric cooler supplemented by water cooling was used to control
the temperature of the copper heat sink. All measurements
were conducted under continuous-wave conditions at 20°C, col-
lecting light from the front SOA. The devices had a typical
threshold current of 60 mA and the maximum output power
could reach 23.6 mW at a DFB current (IDFB) of 280 mA and a
front SOA current (IF−SOA) of 80 mA. The comparatively lower
output power may result from the misalignment between the
peak gain of the front SOA (1520 nm) at 60 mA and the center
wavelength of the DWL, which is more than 1556 nm. Address-
ing this issue can be achieved by optimizing the length of
the SOA.

The measured optical spectra of the five DWL devices,
along with their designed frequency spacings, are presented
in Fig. 2. Table 2 outlines the measurement conditions for each
device. Notably, the DWLs exhibit favorable phase relationships
between the two primary lasing modes, with observable FWM
signals. The side mode suppression ratios (SMSRs) for each
device exceed 30 dB, while the power differences between the
two main modes (PDM) are less than 3 dB. In the scanning opti-
cal spectra 2D map (320 GHz, 640 GHz, 800 GHz, and 1 THz)
depicted in Fig. 3, the devices demonstrate a dual-mode las-
ing across a DFB current range exceeding 40 mA. As the DFB
current increases, the spacing between the two lasing modes
remains constant, ensuring a stable beat tone. However, occa-
sional mode hopping is observed in the 320 GHz and 1 THz
DWLs, possibly attributable to random phase shifts introduced
from the cleaved SOA facets. IR−SOA of 35 mA is chosen for CH1
to achieve relatively uniform gain for the two lasing wavelengths.
Conversely, the IR−SOA for CH2 to CH5 is kept at 0 mA to ensure

Fig. 3. 2D optical spectra map of the DWL devices at different
frequency spacings: (a) 320 GHz, (b) 640 GHz, (c) 800 GHz, and
(d) 1 THz.

Fig. 4. (a) 2D optical spectra map and (b) SMSR and PDM as a
function of the DFB current for the 500 GHz DWL device.

uniform gain while suppressing reflection from the rear SOA.
Utilizing additional anti-reflection (AR) coatings on the SOA
facet with less than 1× 10−5 reflection reduces the influence of
external feedback into the SOA, thus expecting relatively less
mode hopping [20].

In Fig. 4(a), we present a 2D optical spectrum map for the CH2
DWL (500 GHz). The device demonstrates a stable dual-mode
lasing behavior with a frequency spacing of 500 GHz within the
IDFB range of 130–240 mA, with IF−SOA = 60 mA, IR−SOA = 0 mA,
and VEAM = 0 V. The spectra reveal the presence of a FWM sig-
nal under these operating conditions. When IDFB exceeds the
threshold current (IDFB ≥ 60 mA) but remains below 130 mA,
the device exhibits some mode hopping, resulting in a dual-
wavelength frequency spacing of 450 GHz. The power difference
between the two modes (PDM) and the side mode suppression
ratio (SMSR) are depicted in Fig. 4(b). Within the dual-mode
lasing range (IDFB from 130 to 240 mA), the PDM remains less
than 3 dB, and the SMSR exceeds 32 dB. The sudden jump
observed at an IDFB of 130 mA is attributed to the mode hopping,
as illustrated in Fig. 4(a).

Figure 5 shows the measured autocorrelation (AC) traces of
the five DWL devices. The laser output signal containing two
SLMs was amplified by an erbium-doped fiber amplifier (EDFA)
and transmitted into the autocorrelator for time-domain analysis.
The reciprocal of the average autocorrelation trace period of each
DWL is consistent with its frequency separation measured in the
optical spectra in Fig. 2, which indicates a relatively stable phase
relationship between the two SLMs.
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Fig. 5. Normalized AC trace measured for each DWL device.

Fig. 6. (a) Setup for THz measurement. (b) Measured THz power
as a function of IDFB and IF−SOA when IR−SOA is at 0 mA.

Figure 6(a) is a schematic of the experimental setup for the
generation and detection of THz signals. The output light emitted
by the DWL was initially coupled into a lensed fiber, sub-
sequently passing through an optical isolator. The light was
amplified by an EDFA and was injected into the PCA to gener-
ate THz signals via the photomixing effect. The output signal
from the DWL was amplified to an average power of 25 mW
maintaining it just below the maximum power specified for the
PCA. The PCA operated with a bias voltage of 8 V. The resulting
THz waves were then directed into a Golay cell for signal power
detection. To extract the small THz signal from the ambient
noise, an optical chopper, operating at a modulation frequency
of 20 Hz, was employed after the PCA. It is worth noting that
during the experiment, a piece of white paper with a density of
80 g/m2 was inserted between the optical chopper and the Golay
cell. This was done to block the transmission of any 1.55 µm
light passing through the PCA while still effectively allowing
the THz signal to pass through [21]. Because the transmission
of 1.55 µm radiation through the paper is less than 10%, con-
firming that the leakage of 1.55 µm laser radiation could not be
responsible for more than a small fraction of the signal detected
by the Golay cell. Figure 6(b) shows a 2D intensity map of the
THz signal transmitted through the paper, acquired from the
CH2 laser with 500 GHz frequency spacing. The signal power
below the threshold current is considered as the noise level and
has been subtracted. The device exhibits a dual-mode lasing
as IDFB varies from 130 to 240 mA. Notably, the power of the
associated THz signal can reach 1.28 µW when IDFB is set to
240 mA and IF−SOA is adjusted to 80 mA, ensuring that the input
power into the PCA does not exceed 25 mW. Approximately
10% of the THz signal was captured by the Golay cell, influ-
enced by several factors: the 30° divergence angle of radiation
from the PCA, the distance (140 mm) between the PCA and the
entrance of the Golay cell detector, and the 11 mm diameter of
the entrance cone of the detector. Considering these factors, the
total estimated THz output power is approximately 12.8 µW.

In summary, we have introduced a DWL array built upon the
4PS-SBG platform, offering frequency spacings of 320 GHz,
500 GHz, 640 GHz, 800 GHz, and 1 THz. The sidewall grating
structure demonstrates simplicity in fabrication, requiring only
a single step of MOCVD and a solitary step of III–V dry etching.
The integration of the 4PS-SBG enhances the coupling coeffi-
cient and facilitates precise control of the wavelength spacing.
The lasers exhibit a stable dual-mode operation within a maxi-
mum current range of 110 mA, with a SMSR exceeding 30 dB
and a PDM lower than 3 dB. Autocorrelation traces closely align
with the designed frequency spacings. Additionally, the THz sig-
nal generated by PCA reaches a power level of 12.8 µW. These
experimental results highlight the potential of these devices as
highly integrated, user-friendly sources of terahertz radiation.
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