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I. INTRODUCTION

Terahertz wave science and technology have been 

developed over the last 30 years. In the 1980s and 1990s, 

terahertz waves were used primarily in astronomy and 

spectroscopy. After the development of terahertz time- 

domain spectroscopy based on lasers in the 1980s and 

1990s, the terahertz wave has been rapidly employed for 

many disciplines. For example, terahertz waves can be 

utilized as a novel tool for evaluating solar cells employing 

a laser terahertz emission microscope (LTEM) [1], or they 

could be used for the realization of next-generation airport 

inspection systems due to the transparency of most non-

conductive materials in the terahertz frequencies [2]. In 

addition, the terahertz wave in 0.1-0.3 THz frequency band 

provides potentially enormous bandwidth for next-generation 

6G wireless communication networks [3].

A continuous wave (CW) terahertz wave can be generated 

through photo-mixing in a dual-mode optical source. A 

variety of dual-mode optical sources whose mode spacing 

can be tuned up to ~1 THz without mode hopping have 

been reported [4-6]. Monolithically integrated dual-mode 

laser sources with two parallel cavity structures have been 

reported [6-8]. Even though this kind of terahertz laser 

source provides a wide tuning range, an in-line dual-mode 

laser tends to provide better spectral quality of CW terahertz 

wave than the parallel-cavity source.

Monolithically integrated in-line dual-mode laser diodes 

consisting of two in-line distributed feedback (DFB) laser 

diodes (LDs) have been reported [9-11]. The dual-mode 

laser diodes consisting of two in-line DFB LDs exhibited 

a tuning range of 0.38-1.12 THz which was used for the 

demonstration of a compact THz spectroscopy system [11]. 

In this paper, a dual-mode laser diode consisting of two 

in-line distributed Bragg reflector (DBR) LDs is proposed. 

The proposed dual-mode DBR LD has a potential to be 

less dependent on the residual reflections from the facets 

because two DBR LDs are quite independent from each 

other due to the detuned Bragg reflectors and the residual 

facet reflections are mostly prohibited from being introduced 

to the DBR LD cavities due to the leftmost and rightmost 

Bragg reflectors. The lasing characteristics of the in-line 

dual-mode DBR LD are theoretically studied with a split- 

step time-domain modeling and compared with those of the 

in-line dual-mode DFB LD.
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II. DEVICE STRUCTURE

The proposed in-line dual-mode DBR LD is illustrated 

in Fig. 1, in which two DFB LDs of the in-line dual-mode 

DFB LD [9-11] are replaced by two DBR LDs. A phase 

section is placed between two DBR LDs for the suppression 

of the facet-to-facet cavity modes [11]. The losses of the 

facet-to-facet cavity modes can be increased by the reverse 

bias onto the phase section, which aids the independent 

lasing of two DBR LDs. The wavelength of each DBR 

LD can be adjusted by the heating currents through the 

tuning pads on the DBRs. The proposed dual-mode DBR 

LD has a potential to be less dependent on the residual 

reflections from the facets because two DBR LD’s are quite 

independent from each other due to the detuned Bragg 

reflectors and the residual reflections from the facets are 

mostly prohibited from being introduced to the DBR LD 

cavities due to the leftmost and rightmost Bragg reflectors.

In Fig. 1, the lengths of the semiconductor optical 

amplifier (SOA), LD active sections, DBRs, phase sections 

of the left and right DBR LD, and the center phase 

section in the overall in-line dual-mode DBR LD are 500, 

200, 50, 40, and 50 µm, respectively. The length of the 

whole device is 1230 µm which is a little bit larger than 

half the length of the widely tunable SOA-integrated DBR 

laser by combination of sampled and superstructure gratings 

[12] and the proposed device is believed to be well realized 

using the state-of-the-art InP photonic integrated circuit 

fabrication process [13].

III. SIMULATION RESULTS

The performance of the proposed in-line dual-mode DBR 

LD is theoretically investigated using the split-step time- 

domain modeling which is described in [14, 15]. In the 

simulation, the whole structure is sliced into small sections. 

The time step in the modeling should be the propagation 

time of the optical wave through a sliced small section [14, 

15]. In each small section the gain and phase operations 

are performed followed by the backward coupling operation 

due to the grating wherever it exists to trace the evolution 

of optical waves during a time step. Assume that the left 

DBR-LD lases near 1548.3 nm and the right one lases 

near 1534.5 nm with no heating currents into the tuning 

pads. In the simulation, the spontaneous and Auger carrier 

FIG. 1. Configuration of in-line dual-mode DBR LD.

 

(a)

(b)

(c)

FIG. 2. Simulation results of the in-line dual-mode DBR LD 

in case of 300 cm-1 loss in the phase section, which show (a) 

the optical spectrum exhibiting the dual mode lasing at the 

wavelength of 1534.3 nm and 1548.3 nm, (b) the time- 

domain terahertz waveform at 1725 GHz due to the beating of 

two optical modes, and (c) the terahertz wave spectrum.
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recombination coefficients are 1.0 × 10-10 cm3s-1 and 1.3 ×

10-28 cm6s-1, respectively. The carrier life time is 10 ns. The 

transparency carrier density and the differential gain are 

1.5 × 1018 cm3 and 4.0 × 10-16 cm2, respectively. The line-

width enhancement factor is 3, the waveguide loss in the 

lasing section is 30 cm-1 and the effective group refractive 

index 3.7. The waveguide confinement factor in LD and 

SOA active waveguide region is 0.17 and that in the 

passive waveguide region for phase or loss tuning is 0.51. 

The waveguide width and the active layer thickness are 

1.5 µm and 0.12 µm, respectively. The coupling 

coefficient of the Bragg grating is 150 cm-1, which 

corresponds to κLg = 0.75.

The absorption loss by the reverse bias to the phase 

region between two DBR LDs is required to suppress the 

lasing of the facet-to-facet cavity mode. When the absorption 

coefficient through the phase section is 300 cm-1 which 

results in the loss of 6.5 dB over the 50 µm-long center 

phase region, the facet-to-facet cavity mode is observed to 

be almost completely suppressed. When the current into the 

active regions of the left DBR-LD is 70 mA and that into 

the right DBR-LD 150 mA, the lasing power from two 

DBR-LDs are balanced. The output power is measured at 

the left facet. With the above injection currents into active 

regions and the current into SOA being 120 mA, the 

simulation result for the optical spectrum from the dual- 

mode DBR LD is shown in Fig. 2(a). The mixing of two 

optical waves at the wavelength of 1548.3 nm and 1534.3 

nm results in the terahertz wave at the frequency of 1725 

GHz as shown in Fig. 2(b), whose spectrum is shown in 

Fig. 2(c). As shown in Fig. 2(b), the average power from 

the left facet is about 17 mW (12.3 dBm) which might 

be low considering the packaging loss. The output power 

can be increased by properly adjusting the laser injection 

currents and the SOA current. The experimental results for 

the device with similar structures such as the sampled or 

superstructure grating tunable laser diode integrated with a 

SOA show that the output power can be as large as 45 mW 

(16 dBm) [12]. The tuning characteristics of the terahertz 

source are investigated and shown in Figs. 3(a) and 3(b). 

As the right tuning pad is heated so that the refractive 

index of DBR2 is increased by 0.05, the lasing wavelength 

of the right DBR-LD is changed from 1534.5 nm to 

1545.2 nm while that of the left DBR-LD is maintained to 

be near 1548.3 nm as shown in Fig. 3. As a result, the 

terahertz wave frequency can be tuned from 1725 GHz to 

385 GHz, which is shown in Fig. 3(b).

In the above discussions, the facet reflectivity values of 

the device are assumed to be zero. For the increasing facet 

reflectivity values the dual-mode lasing characteristics are 

calculated and the optical spectra are shown in Fig. 4(a). 

In this simulation, the tuning pads are properly heated so 

that 1725 GHz wave is generated. Figure 4(a) shows that 

the facet power reflectivity as large as 0.36 does not seem 

to deteriorate the performance of the dual-mode lasing 

characteristics. The terahertz power spectrum variation 

versus the facet power reflectivity increase is calculated 

and shown in Fig. 4(b). The observation of the power 

spectra indicates that the facet reflectivity larger than 0.02 

introduces side frequency components 20 GHz apart from 

the main frequency component. The enlarged spectra for 

the facet reflectivity of 0.003, 0.005, 0.01, and 0.02 are 

shown in Fig. 4(c) and the detailed THz spectrum for the 

facet reflectivity of 0.02 is shown in Fig. 4(d). From Figs. 

4(c) and 4(d) it is observed that the full spectral width at 

-10 dB is maintained to be about 30 MHz as the facet 

reflectivity increases up to 0.02. The actual spectral width 

could be lower because the frequency resolution of the fast 

Fourier transform (FFT) calculation is about 10 MHz in 

this simulation.

For the comparison of performance deterioration due to 

the imperfection of anti-reflection coating, the characteristics 

of the in-line dual-mode DFB LD which was discussed in 

the previous report [13] are investigated. The in-line DFB 

(a)

(b)

FIG. 3. Tuning characteristics of the in-line dual-mode DBR 

LD. (a) the lasing wavelength of the right DBR-LD is tuned 

from 1534.5 nm to 1545.2 nm as the right tuning pad is heated 

so that the refractive index of the right DBRs is increased by 

0.05. (b) variation of terahertz wave spectrum as the right 

micro-heater is heated so that the refractive index of the right 

DBRs is increased by 0.05. With this tuning, the terahertz 

wave frequency is tuned from 1725 GHz to 385 GHz.
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LDs are 700 µm-long. The phase section and SOA are 50 

µm and 700 µm-long, respectively. When the injection 

currents into two DFB-LDs are 70 mA, the lasing wave-

lengths from two DFB-LDs are 1308.3 nm and 1304.2 nm, 

and the terahertz wave of 1057.8 GHz is generated. The 

current into the SOA is 150 mA. The terahertz power 

spectrum variation versus the facet power reflectivity increase 

is investigated and shown in Fig. 5(a). The observation of 

(a) (b)

(c) (d)

FIG. 4. Effects of facet reflection on the dual-mode DBR LD characteristics. (a) optical wave spectra and (b) terahertz wave spectra 

of the dual-mode DBR LD for various facet reflectivity values, (c) enlarged spectra for the facet reflectivity of from 0.003 to 0.02, and 

(d) detailed terahertz spectrum for the facet reflectivity of 0.02.

(a) (b)

FIG. 5. Effects of facet reflection on the dual-mode DFB LD characteristics. (a) Terahertz output power spectrum variation of the 

dual-mode DFB LD versus the facet power reflection increase and (b) detailed spectrum for the facet reflectivity of 0.002.
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the power spectra indicates that the facet reflectivity larger 

than 0.002 introduces side frequency components 20 GHz 

apart from the main frequency component. The enlarged 

spectrum for the facet reflectivity of 0.002 is shown in 

Fig. 5(b) and the full spectral width at -10 dB is observed 

to be about 30 MHz. The facet power reflectivity should be 

lower than 0.002 for good spectral quality in the terahertz 

wave generation. The facet reflectivity of the dual-mode 

DFB LD should be maintained to be 10 times lower than 

that of the dual-mode DBR LD.

IV. CONCLUSIONS

An in-line dual-mode laser terahertz source consisting of 

two DBR LDs is theoretically studied using a split-step 

time-domain modeling. In the calculations, the device is 

sliced into a number of small sections. In each small 

section, the gain and phase operations are performed and 

the backward coupling operation caused by the grating 

wherever it exists is stably incorporated. This operation is 

repeated to trace the evolution of optical wave in the 

device. It is shown that the terahertz wave generation from 

385 GHz to 1725 GHz could be achieved through the 

proper combination of thermal tuning of two DBR LDs. 

The residual facet reflectivity to guarantee good spectral 

quality should be lower than 0.02 for the in-line dual-mode 

DBR LD while that should be lower than 0.002 for the 

in-line dual-mode DFB LD.
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