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Abstract: We report the design, fabrication and characterization of a 1.55-um dual-
wavelength Distributed Bragg Reflector (DBR) laser photonic integrated circuit (PIC) chip
for continuous-waves (CW) terahertz generation. The PIC chip consists of a pair of par-
allel DBR lasers with integrated semiconductor optical amplifiers (SOA), and a multimode
interference (MMI) coupler for combining the two wavelength channels into a single output
waveguide. A room temperature continuous wave THz tuning range of 0.06 THz —0.71 THz
was obtained through optical heterodyne technique.

Index Terms: Terahertz (THz) sources, distributed Bragg reflector (DBR) lasers, monolithic
integration, heterodyning, mode-beating.

1. Introduction

Technologies for the generation of electromagnetic radiations operating in the Terahertz (THz)
have been developing at a rapid pace over the past two decades, overcoming the traditional
challenges of the “Terahertz Gap”, due to a broad range of emerging applications in THz sensing,
THz spectroscopy, THz imaging, nondestructive material inspections, and THz wireless data com-
munications [1]-[5]. In recent years, metamaterial based THz devices were also investigated for
THz sensing and imaging applications, but they are still relatively novel and immature technologies
not ready for commercial [6], [7]. Overall THz wave radiation can be generated by either photonics
or electronics-based approaches. Electronic approaches are typically limited by the requirement of
bulky and expensive equipment, tend to operate at a fixed THz signal frequency with low efficiency,
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and lacking the ability for room temperature continuous frequency tuning that is a key requirement
for many THz applications.

Optical heterodyning, a photonic based process, provides a simple and efficient technique for
generating broadly tunable THz wave radiation at room temperature. In this approach, the output
from two single wavelength lasers operating at slightly offset wavelengths are combined and
coupled into a broadband photo-mixer or through nonlinear crystal based conversion process, and
generating the THz radiation signal at a frequency equivalent to the wavelength difference of the
two single mode laser signals [8].

While optical heterodyne experiments traditionally use two separate external solid laser sources,
in recent years, THz generation by the optical heterodyning method based on dual-mode semi-
conductor lasers [9]-[15] attracts researchers’ attention for its unique advantages such as low
cost, wide continuous tuning range, room temperature operation, and the potentials for monolithic
integration resulting in a very compact form factor chip solution that can be volume manufactured
through standard semiconductor processing technologies. Based on the monolithic photonic inte-
gration chip (PIC) technology, various photonic components such as laser light sources, optical
waveguides, optical amplifiers, and optical couplers can be monolithically integrated on the same
semiconductor substrate. Therefore, the PIC technology has been recognized as one of the best
technical approaches for reducing the size and cost of the devices, as well as improving the
system long term reliability. Integrated tunable optical heterodyning source based on two parallel
single-mode DFB lasers have been reported by several groups [16]-[20], with wavelength tuning
achieved through either thermal tuning which is a relatively slow process [19], or wavelength shift
through DFB section current injection which also affects the output power level [18], [20].

In this paper, we have demonstrated a monolithic 1.55-um dual-wavelength optical heterodyne
PIC chip for THz generation, integrating two DBR lasers, semiconductor optical amplifiers (SOAs),
and a multimode interference (MMI) coupler on the same InP-based substrate. In principle, optical
heterodyning by two DBR lasers is capable of faster frequency tuning and broader tuning range
compared with the DFB laser-based solution, while maintaining constant output power which is
important for optical heterodyning efficiency [21]. We report THz wave generation with a record
room temperature continuous tuning range from 0.06 THz to 0.71 THz for a dual DBR monolithic
PIC chip, demonstrating the potentials of our PIC chip for future high-volume and low-cost THz
applications.

2. Device Design and Fabrication

Fig. 1 shows the schematic diagram of the 1.55-um dual-wavelengths heterodyne THz PIC chip.
The design and fabrication of this chip were carried out in a multi-project wafer (MPW) run on
the Joint European Platform for Photonic Integration of Components and Circuits (JePPIX) InP
foundry process [22]. The chip consists of multiple building blocks (BBs), which includes two DBR
laser sections (DBR1 and DBR2), a 2 x 2 multimode interference coupler combining the output
power from the two DBR laser sections to two separate output waveguides. A 300-um long SOA
section was integrated onto one output arm of the MMI in order to amplify the output signal and
compensating for the 3dB loss at MMI combiner. The other MMI output was unamplified as a
reference. The two MMI output waveguides connect to two spot-size converters (SSCs) in order to
improve coupling efficiency to external lensed fibers. The total length of each DBR laser section
is 900-um, including a 300-um back and a 100-um front grating sandwiching a 100-um phase
section and a 400-um gain section. The reflectivity of the front and back grating was designed to
be 0.5 and 0.95, respectively, resulting in maximizing the DBR laser output emitting primarily in the
front direction.

The two monitor PDs placed at the end of the back grating sections were employed to monitor
output power from the back grating section and also absorbing back emitting light output, thereby
eliminating any potential back reflections into the cavity, which could cause the instability in laser
operation. The front and rear facets were coated with the anti-reflective (AR) coating to keep the
reflection below 2E-3. As shown in Fig. 1(b), metal interconnects lines provide electrical connection
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Fig. 1. (@) Schematic diagram of the 1.55 xum-dual DBR optical heterodyne THz PIC chip. (b) optical
microscope view of the fabricated monolithically integrated THz PIC chip.

from various PIC chip biasing sections to the bondpad arrays at the edge of the chip, which can be
probe with a custom designed DC probe card. The overall dimension of the PIC chip is 6 mm x
1.2 mm.

The fabricated PIC chip was mounted onto a ceramic submount and temperature stabilized at
20 °C using a thermoelectric cooler (TEC). In our test, the SOA amplified optical signal from port2
in Fig. 1 was coupled out into a lensed fiber, and after further amplification with an EDFA, routes
to an optical spectrum analyzer (OSA) for optical spectrum, an autocorrelator for time domain
optical waveform measurement, and a commercial Uni-Traveling Carrier Photodiode (UTC-PD)
with integrated THz antenna for direct THz emission measurement.

3. Results and Discussions

Fig. 2(a) and (b) show the typical light-current (L-1) characteristics of the two parallel DBR lasers
from our PIC chip, respectively. Each trace corresponds to a combined grating tuning current
injected into the front and back DBR grating sections. Current injection into the grating section
of each DBR section produces a blue-shift in the operating wavelength through plasma effect by
modifying the carrier density and correspondingly the refractive index [23]. To simplify the DBR
laser tuning operation, the front and back grating sections are shorted together electrically and
current biasing applied using the same current source. In this approach, the grating current density
remained the same, resulting in the same refractive index and Bragg wavelength shift for both the
front and back grating sections. Fig. 2 shows that to first order, the DBR laser slope efficiency and
output power level is independent of the grating tuning current which only shifts the DBR Bragg
wavelength, as expected. The lasing threshold currents of two DBR lasers were 34 mA and 35 mA,
respectively. The kink in LI curves at high gain current setting in the 80-90 mA range in Fig. 2(b)
is most likely due to foundry process variation induced mode instability and mode hopping effects
occurring at high optical power conditions. We carefully avoided these unstable operating regimes
in our THz generation experiment. Due to the instability of the foundry process, the 300 xm SOA
did not operate properly resulting in the low output power observed. We believe that it is not a major
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Fig. 2. L-I characteristics of the two DBR sections of the optical heterodyne PIC chip measured from
output Port2. Measured fiber-coupled power as a function of applied gain section current for various
DBR grating tuning current. (a) DBR1. (b) DBR2. The grating section tuning current is varied from 10
to 90 mA and the operation temperature is set to 20 °C.
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Fig. 3. A typical CW optical spectrum of a DBR laser section.

factor in evaluating THz wave generation of our prototype design, and follow up fabrication runs are
ongoing which should result in much improved optical power level.

Fig. 3 shows a typical CW optical spectrum of a DBR section of the PIC chip. The injection
current levels of the front and back grating sections were set at 21 mA and 7 mA respectively,
the phase section injection current was 3.7 mA and the gain section biasing current was 60 mA.
Under this operation condition, the center wavelength of the DBR laser was 1554.92 nm, and a
high Side-mode Suppression Ratio (SMSR) of 41 dB was obtained.

Fig. 4 shows the wavelength tuning operation of the two DBR sections of a typical THz PIC chip.
The initial lasing wavelengths of two DBR laser sections were 1550.8 nm (DBR1) and 1547.5 nm
(DBR2), respectively. Fig. 4(a) shows the DBR1 lasing wavelength blue-shifted by 2.8 nm, with
the grating tuning current varied from 0 to 100 mA, and the gain current kept constant at 50 mA.
Discontinuities in the wavelength sweep can be observed, which was referred to as mode hop
tuning [24], a typical feature of a DBR laser. Meanwhile, when the injection current was greater
than 80 mA, the DBR wavelength blue-shift effect was replaced by a slight red-shift red. This can
be explained by thermal effect at high injection current levels acting opposing the carrier plasma
effect. Fig. 4(b) shows the optical spectra of DBR1 laser under different grating current biasing.
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Fig. 4. Wavelength tuning operation of a two DBR THz PIC chip. (a) Lasing wavelength shift as the
DBR1 grating current is tuned, with the gain section current fixed at 50 mA (b) corresponding optical
spectra at different grating tuning current. (c) Lasing wavelength shift as the DBR2 grating is tuned,
with the gain section current fixed at 50 mA (d) corresponding optical spectra at different grating tuning
current.

Between mode hopping, single mode lasing operation with SMSR>40 dB was maintained, and
optical power level remains constant as well. The DBR2 laser section of the same test PIC devices
shows similar tuning characteristics as shown in Fig. 4(c) and (d). The DBR2 laser wavelength
has an overall tuning range of 2.7 nm with grating current varying between 0 to 100 mA keeping
the gain section constant at 50 mA. Similar to DBR1, slight red-shift can also be observed from
device heating when the injection current was greater than 60 mA. Between mode hopping, DBR2
operated single mode with SMSR above 40 dB.

By adjusting the grating and phase section current of the DBR laser simultaneously, continuous
wavelength tuning over a broad range can be achieved. The dependence of lasing wavelength on
the phase section current tuning is shown in Fig. 5(a). Current injection into the phase section
causes a local carrier density change, which in term changes the refractive index of the phase
section, np, changes due to the plasma effect [25]. This changes the effective cavity length, and
shifts the cavity longitudinal mode resonance wavelength. Thus, by applying a combination of
tuning currents to the grating and phase sections of a DBR, a broad range of continuous wavelength
tuning can be achieved without experiencing mode hopping effect [26],[27]. In Fig. 5(a), the DBR2
lasing wavelength changed continuously as the phase section injection current increased, between
two grating section current settings of 40 mA and 68 mA respectively, while holding the gain section
current constant at 50 mA. Fig. 5(b) shows the DBR2 optical spectra when the phase current
varied from 0 to 20 mA. Similar broad continuous wavelength tuning without mode hopping can be
achieved in the DBR1 laser by adjusting the grating and phase section current simultaneously.

The optical spectra of the PIC chip were measured from output port2 under different tuning
conditions as shown in Fig. 6 (a). The lasing wavelength of DBR1 laser can be varied from
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Fig. 5. Two section DBR THz PIC chip continuous wavelength tuning. (a) lasing wavelength shift as the
DBR2 phase and grating current varied. (b) continuous tuning optical spectra of DBR2.
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Fig. 6. (a) PIC chip optical spectrum under different tuning condition (b). Measured DBR section optical
linewidth at 70mA gain biasing, fitted with a Lorentzian lineshape function.
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Fig. 7. Measured time domain autocorrelation traces for the two section DBR THz PIC chip, with optical
heterodyne mode beating frequency continuously tunable from 0.06 THz to 0.71 THz.

1548.0 nm to 1550.8 nm, while the DBR2 laser varied from 1544.9 nm to 1547.5 nm. Accordingly,
the wavelength separation between two DBR lasing modes can be continuously tuned from 0.5 nm
to 5.9 nm, corresponding to an optical heterodyne mode-beating frequency ranging from 0.06 THz
to 0.71 THz at 1550 nm. Meanwhile, each DBR laser section operated with a stable single-mode
output and maintained high spectral purity with a SMSR greater than 40 dB throughout the tuning
range. The actual optical linewidth of the DBR laser sections was measured using a delayed self
heterodyne method, and shows a measured value of a few MHz over a broad range of DBR gain
section current level. Fig. 6 (b) shows a typical DBR linewidth measurement result of 3.1 MHz at
70 mA gain section biasing current, fitted with a Lorentzian lineshape function. For demonstration
of the optical heterodyne effect [8], Fig. 7 shows the autocorrelation measurement of the dual DBR
laser output measured at output port2. Stable and sinusoidal autocorrelation traces are obtained,
with the beating signal frequency continuously tunable from 0.06 THz to 0.71 THz by current
injection tuning. This result is also consistent with the corresponding optical spectral results shown
in Fig. 6, and shows that the two DBR sections monolithically integrated onto the same InP PIC
chip has enough sufficient coherence to for THz signal generation.

The dual DBR optical heterodyne PIC output signal after EDFA amplification was coupled into a
commercial UTC-PD detector with integrated antenna, the generated THz emission signal was then
focused with a Si lens into a Golay cell for direct THz emission power measurement. The UTC-PD
biasing voltage was set at -1.0 V, with an observed DC monitor photocurrent level of 1.6 mA.
Fig. 8 shows the measured THz emission power vs the optical heterodyne frequency equal to the
wavelength difference between the two DBR channels, under the same PIC biasing conditions as
in Fig. 7. Continuously tunable THz emission from 0.06 to 0.71 THz can be directly observed,
matching the autocorrelation result in Fig. 7, further demonstrating the optical heterodyne THz
generation capacity of our PIC chip. The fast rise in the THz signal strength near 0.1 THz and
subsequent roll-off toward higher frequency can be attributed to the intrinsic frequency response
of the UTC-PD detector.

4. Conclusion

In this paper, we have reported a monolithic 1.55-um dual-wavelength DBR laser PIC chip for the
first time with an integrated MMI combiner for widely tunable optical heterodyne THz generation.
A room temperature continuous frequency tuning ranging from 0.06 THz to 0.71 THz (0.5 nm-
5.9 nm wavelength tuning) has been demonstrated, and confirmed by autocorrelation and direct
THz emission measurements. The dual-wavelength DBR PIC design is expected to deliver a wider
and more efficient frequency tuning compared with other reported approaches such as the dual
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Fig. 8. Continuously tunable dual DBR PIC chip optical heterodyne direct THz emission from 0.06 to
0.71 THz, measured using a commercial UTC-PD and Golay cell.

DFB designs. Overall our monolithic PIC chip design provides a commercially viable low cost,
compact size, reliable and volume manufacturable THz light source solution for a broad range of
THz sensing and communication applications.
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