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We designed and fabricated a semiconductor optical 
amplifier-integrated dual-mode laser (SOA-DML) as a 
compact and widely tunable continuous-wave terahertz 
(CW THz) beat source, and a pin-photodiode (pin-PD) 
integrated with a log-periodic planar antenna as a CW 
THz emitter. The SOA-DML chip consists of two 
distributed feedback lasers, a phase section for a tunable 
beat source, an amplifier, and a tapered spot-size converter 
for high output power and fiber-coupling efficiency. The 
SOA-DML module exhibits an output power of more than 
15 dBm and clear four-wave mixing throughout the entire 
tuning range. Using integrated micro-heaters, we were able 
to tune the optical beat frequency from 380 GHz to   
1,120 GHz. In addition, the effect of benzocyclobutene 
polymer in the antenna design of a pin-PD was considered. 
Furthermore, a dual active photodiode (PD) for high 
output power was designed, resulting in a 1.7-fold increase 
in efficiency compared with a single active PD at 220 GHz. 
Finally, herein we successfully show the feasibility of the 
CW THz system by demonstrating THz frequency-domain 
spectroscopy of an α-lactose pellet using the modularized 
SOA-DML and a PD emitter. 
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I. Introduction 

Owing to the unique properties of terahertz (THz) radiation, 
THz technologies have potential applications in spectroscopy, 
imaging, non-destructive testing, and wireless communications 
[1], [2]. Over the past decade, THz time-domain spectroscopy 
(THz-TDS) systems have been commercialized and are now 
commonly used in spectroscopy and non-destructive testing. 
However, the applications of THz-TDS systems are limited 
because they require expensive and bulky femtosecond lasers. 
Continuous-wave terahertz (CW THz) spectroscopy systems, 
which use an alternative method for generating THz 
frequencies, have several advantages over pulsed systems. 
Their spectral resolution, which is less than 1 GHz, is superior 
to that of typical THz-TDS systems, which have a limited 
spectral resolution of a few GHz because of a mechanical delay 
and noise [3]. Additionally, CW THz systems have a lower cost 
and portability owing to the elimination of an expensive and 
bulky femtosecond laser. For the realization of a compact and 
hand-held CW THz system, a simple system configuration, 
small size, and low power consumption can be achieved by 
removing expensive optical components, such as the external 
power amplifier and polarization-maintaining fiber. 

Current technological trends clearly indicate that the key 
components of THz systems are selected according to the 
specific applications for which they are used. THz-TDS 
systems, which typically employ wide-band photoconductive 
antennas based on low-temperature-grown (LTG) III-V 
materials, are mainly applicable to spectroscopic applications 
that require a bandwidth of at least 3 THz [4], [5]. High-power 
RF devices, such as resonant-tunneling diodes, Gunn diodes, 
and vacuum devices, such as gyrotrons, are suitable for  
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imaging applications [6], [7]. Photomixing methods have 
potential applications in thickness measurements, sensors, and 
hand-held systems requiring low power consumption and for 
which a moderate tuning range of ~1 THz is sufficient [8], [9]. 
Photomixing typically suffers from a low power-conversion 
efficiency of the photomixers, which are fabricated using LTG 
III-V materials [10]. However, systems that employ high-speed 
photodiodes (PDs) have recently shown an enhanced output 
power of CW THz radiation [11], [12]. Therefore, optical beat 
sources have also attracted a great deal of interest in recent years. 

Optical beat sources for photomixing should have certain 
characteristics, including dual-mode operation, a tuning range 
of ~1 THz without mode-hopping, and an output power of 
greater than 30 mW when considering the responsivity of the 
photomixer. Several groups have reported the realization of 
optical beat sources for CW THz generation through the use of 
photomixing. Monolithically integrated dual-wavelength lasers 
with two independent laser cavities have been reported [13]. 
Although these devices exhibit a wide tuning range of the 
optical mode beat frequency using a distributed Bragg reflector 
laser diode (LD) structure or integrated micro-heaters (µ-
heaters), a single cavity scheme is preferable because of the 
improved spectral purity of the resulting CW THz radiation. 
The longitudinal single-mode operation of the reported dual-
wavelength fiber lasers [14], [15] is a critical problem because 
it prevents fiber lasers from being used as optical beat sources. 
In addition, optical-comb based optical beat sources [16] 
appear to be particularly suitable as beat sources for CW THz 
generation from a physical point of view; however, they 
present problems in optical tunable filters, and their complex 
configurations have yet to be resolved. Recently, 
monolithically integrated dual-mode lasers (DMLs) with a 
single-cavity geometry have been reported [17], [18]. Although 
the output power of DMLs has increased by changing the 
grating structure from complex-coupled gratings to λ/4 phase-
shifted gratings, this remains limited owing to the compound 
cavity modes, which limit the operating current and dual-mode 
operation. Consequently, integrating semiconductor optical 
amplifiers with DMLs can offer a promising solution for the 
development of a beat source with sufficient power to drive a 
photomixer or high-speed PD. 

In this paper, we report a semiconductor optical amplifier-
Integrated dual-mode laser (SOA-DML) module with an 
output power of greater than 15 dBm (31.6 mW), and a wide 
optical beat frequency tuning range of 380 GHz to 1,120 GHz. 
We show that the SOA-DML can achieve a high side-mode 
suppression ratio (SMSR) of more than 35 dB throughout this 
tuning range. The use of an integrated spot-size converter 
(SSC) ensures stable mode behavior by suppressing reflections 
from the output facet, and provides a high coupling efficiency. 

Furthermore, we describe the design a dual active PD for a 
high output power, resulting in a 1.7-fold increase in efficiency 
compared with the single active PD at 220 GHz. Finally, by 
demonstrating the THz frequency-domain spectroscopy of an 
α-lactose pellet, we confirm that the SOA-DML and packaged 
PD can be implemented as a compact beat source and an 
emitter for CW THz systems. 

II. Device Fabrication of the SOA-DML 

Figure 1 shows a schematic of the SOA-DML, and the inset 
shows the structure of the SSC region. The DML consists of 
two DFB LDs and one phase section, which controls the cavity 
losses by applying a reverse bias to suppress the compound 
cavity modes. Compound cavity modes are lasing modes that 
obtain the optical gain from the entire device structure. The 
integrated µ-heaters on top of each DFB LD section control the 
operating wavelength of each DFB LD independently. Because 
the µ-heaters adjust the temperature of the small active layer  
of the DFB LDs, the lasing wavelength tuning can be 
accomplished independently at a high speed (30 ms/THz) [19].  

The lengths of the DFB LD, phase section, and SOA are 400, 
50, and 700, respectively. Each active region is electrically 
isolated using deep-trench etching through a highly doped p-
type cladding layer. The base waveguide for the SSC consists 
of a 150-nm thick 1.1Q-InGaAsP quaternary layer, a spacer, 
and a grating layer, and is fabricated using metal-organic 
chemical vapor deposition. The λ/4 phase-shifted gratings are 
then defined using electron-beam lithography. The Bragg 
wavelengths of the gratings were 1,300 nm and 1,304 nm, 
which correspond to an initial optical beat frequency of ~700 
GHz. The grating layers are etched using reactive ion etching 
followed by a wet treatment to remove the polymer and 
damaged layer. The active layer for the DML and SOA regions 
consist of seven strained InGaAsP quantum wells sandwiched 
by a two-step separate-confinement heterostructure [18]. 
Because the SSC is composed of a passive layer and a tapered 
region, regrowth of the passive layer has been conducted 
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Fig. 1. Schematic diagram of the SOA-DML. Inset shows details 
of the SSC structure. 
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Fig. 2. Optical propagation simulated using the BPM for the SSC
region: (a) top view of the tapered region and active
waveguide region, (b) top view of the base waveguide
layer, (c) side view showing both waveguides, and (d)
measurement output beam profile of the SOA-DML. 
Pseudo-color plot of the field profile and FFA
measurement. 
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through a butt-coupling process [20]–[22]. To reduce the 
internal loss and reflection at the butt-joint interface, the angle 
of the interface and the regrowth conditions were carefully 
optimized. A waveguide, including a tapered structure, was 
defined, and the regrowth process was applied to form a p-n-p 
current-blocking layer and a p-type cladding layer. The SSC is 
composed of a tapered region with a passive and base 
waveguide for the shallow-ridge structure. The width of the 
tapered region gradually decreases from 1.2 μm to 0.1 μm over 
a length of 300 µm, and the tip was fabricated using a two-step 
lithography process. The length of the shallow-ridge region is 
50 μm. In addition, the height and width of the p-cladding layer 
are 3 μm and 5 μm, respectively. 

The basic operating principle of an SSC is evanescent 
coupling between the tapered region and base waveguide, 
which has a large optical field. The output waveguide is tilted 
by 7° to reduce the facet reflections, which can degrade the 
spectral purity of the DFB LD and may even inhibit the single-
mode operation of the DFB sections. Figure 2 shows the 
simulated optical propagation for the SSC region, created using 
the beam propagation method (BPM). Figures 2(a) and 2(b) 
show top views of the tapered region and base waveguide 
region, respectively, and Fig. 2(c) shows a side view of the 
beam propagation. It is clear that the optical beam propagating 
through the tapered region is gradually transferred into the base 
waveguide. An SSC with a short taper typically perturbs the 
output mode profile and increases the coupling losses to the 
single-mode optical fiber (SMF). Figure 2(d) shows the three-
dimensional beam profile and far-field output beam profile of 
the SOA-DML in the vertical and horizontal directions. The 
beam profiles are clearly similar to a Gaussian curve. The far-
field angles in the vertical and horizontal directions are 19° and 
16°, respectively.  

III. Optical Characteristics of the SOA-DML 

Figure 3 shows the initial operating state of the SOA-DML. 
The operating currents of the two DFB LDs are 50 mA 
(DFB1) and 80 mA (DFB2), the reverse bias of the phase 
section is –0.6 V, and the current in the SOA is 250 mA. The 
SOA-DML chip is mounted on a Cu plate, with the 
temperature set to 20 °C. The coupled power of the lasing 
modes is greater than 10 dBm, and strong four-wave mixing 
(FWM) signals can be observed. Although the FWM signals 
are generated principally in the SOA section because of the 
large input power and strong nonlinear effects of the 
semiconductor active layer, a DML without the SOA has been 
reported to exhibit strong FWM signals [23]. This clearly 
indicates the strong phase correlation of the two lasing modes 
and high spectral purity of the SOA-DML. In our experience, 
strong FWM signals are accompanied by clear optical     
beat signals, which are apparent in the autocorrelation 
measurements. Additionally, because FWM signals with a 
frequency detuning above 100 GHz are mainly caused by 
carrier density pulsations, we can expect a low phase noise and 
stable mode beating [23]. 

Compound cavity modes do not result from the all-active 
structure. Even if we use a passive waveguide for the phase 
section, compound cavity modes may be excited, and are 
difficult to suppress. However, the phase section with the active 
material provides an effective control mechanism for cavity 
losses in the compound cavity modes. In the SOA-DML, we 
used an SSC to extend the spatial extent of the optical modes 
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Fig. 3. Initial operating state of the SOA-DML. Operating 
currents of the two DFB LDs are 50 mA and 80 mA,
reverse bias of the phase section is –0.6 V, and current in
the SOA is 250 mA. 
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and hence reduce the reflections at the output facet. This 
approach also increases the mirror losses of the compound 
cavity modes and consequently reduces the reverse bias in the 
phase section, which requires a dual-mode operation. Without 
the SSC section, DMLs typically require –1.0 V to be applied 
to the phase section to ensure clear dual-mode operation 
throughout the entire tuning range [19]. However, the reverse 
bias in the phase section is only –0.6 V, and the SOA-DML 
exhibits dual-mode states at the specific beat frequency even 
with a forward bias of less than 0.5 V and with a negative 
current. 

Figure 4 shows the output power characteristics of the SOA-
DML as a function of the operating current of the SOA section. 
The operating conditions of the DML are as described above. 
The output power of the SOA-DML chip, measured using an 
integrating sphere, exceeds 60 mW (18 dBm) and is gradually 
saturated at 65 mW for an operating current of 300 mA. It must 
be noted that the large gain of the SOA section amplifies the 
reflected light from the output facet and degrades the spectral 
purity of the DFB LDs. The reflection coefficient at the output 
facet must be smaller than 10–6 [20]; in the SOA-DML, this is 
accomplished using the SSC with a 7° tilted output waveguide 
and an anti-reflection coating. The SSC expands the output 
beam profile, which helps reduce the coupling losses to the 
SMF and decreases the back-coupling (that is, the reflections) 
into the waveguide. The mode profile and spectral purity of the 
SOA-DML are maintained as the operating current of the SOA 
section increases. The spectral linewidths of the lasing modes 
are good figures of merit to measure the effect of the feedback 
and spectral purity. Herein, we measured the spectral 
linewidths using a delayed self-homodyne method and a time 
delay of 25 μs [24]. Each measured mode was selected using a 
narrow band-pass filter. The spectral linewidths in the dual- 

 

Fig. 4. Output power of the SOA-DML chip as a function of the 
operating current of the SOA section. Here, DML 
operating conditions are fixed. Inset shows the spectral 
linewidth as a function of the µ-heater current. 
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Fig. 5. Tuning spectra of the SOA-DML: (a) spectra of the initial, 
minimum, and maximum beat frequencies, and (b) spectra 
over the entire tuning range (we defocused the lensed fiber 
to avoid unwanted feedback from the tip of the fiber). 
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mode state are approximately 4 MHz, and are well maintained 
when changing the μ-heater currents. The linewidths of the 
DFB2 mode (right-side mode) as a function of the μ-heater 
currents are shown in the inset of Fig. 4. The operating current 
of the SOA is 250 mA.  

Figure 5 shows the tuning spectra of the SOA-DML. By 
using integrated μ-heaters, we are able to tune the optical beat 
frequency from 380 GHz to 1,120 GHz. As shown in Fig. 5, 
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the output power of the SOA-DML is maintained owing to the 
integrated SOA, and strong FWM signals can be seen 
throughout the tuning range. Figure 5(a) shows the spectra at 
the initial, minimum, and maximum optical beat frequencies. 
The side mode suppression ratio at the initial beat frequency 
was 48 dB and remained above 35 dB throughout the entire 
tuning range. 

The tuning range is limited owing to a lasing of the –1 mode 
in each DFB section. This phenomenon most likely results 
from the reduced optical gain and the change of the modal 
power distribution inside each DFB LD section owing to the 
dissipated power of the integrated μ-heaters. Thermally tuned 
DFB LDs typically exhibit lower optical gain because the gain 
peak shifts an order of magnitude faster than that in the lasing 
mode [23]. The output power of the DFB LD then decreases 
slightly and becomes sensitive to the external feedback of the 
phase variation. Although the output powers of the lasing 
modes in the SOA-DML are maintained owing to the 
integrated SOA, the gain peak shift in response to wavelength 
tuning cannot be avoided. This problem might be solved by 
introducing an active layer with a wide optical gain bandwidth, 
such as multi-quantum wells with varying thickness. This 
limited tuning range, however, does not reduce the importance 
or potential applications of SOA-DMLs. A tuning range of 
larger than 700 GHz is sufficient for thickness measurements 
and sensing applications. Furthermore, the initial optical beat 
frequency of the SOA DML can be easily adjusted to satisfy 
the demands of specific applications. 

IV. Design and Fabrication of Pin-PD 

Figure 6(a) shows a three-dimensional schematic diagram of 
the PD designed to operate at a wavelength of 1.3 μm. The PD 
chip is mainly comprised of a single-mode ridge waveguide, a 
pin-mesa with an extended optical matching layer, and a 
broadband THz antenna with the bias pads on the 
benzocyclobutene (BCB) layer. The epitaxial layers and 
structures were designed using the Harold program and BPM 
method. 

For efficient fiber-to-chip coupling, a shallow ridge-type 
InP/InGaAsP (core) passive optical waveguide is integrated at 
the bottom layer of the active PD section, as shown in     
Figs. 6(a) and 6(b) [25]. The width and height of the upper clad 
in the ridge waveguide are 3 μm and 0.5 μm, respectively, and 
the thickness of the core is 0.25 μm. Figures 6(b) and 6(c) 
show the fundamental and asymmetric mode profiles of the 
shallow ridge waveguide owing to the thin upper-clad 
thickness. The calculated coupling efficiency from the lensed 
fiber (mode field diameter of 3.2 μm) to the waveguide is about 
70% because of the asymmetric mode profile in the vertical 
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direction (Y-axis). To reduce the reflection loss, an anti- 
reflective coating layer is deposited on the input facet of the 
ridge waveguide. Actually, to obtain the maximum coupling 
efficiency from fiber to chip, thick diluted waveguide structures 
can be used. However, owing to the burdens of the deep 
etching over a few micrometers in the fabrication and the thick 
epitaxial layers in the growth process, the waveguide structures 
should be considered with the maximum input power from the 
optical source and the coupling efficiency of the waveguide. To 
couple the optical beam evanescently from the base waveguide 
to the active region (absorber), the matching layer is important 
in achieving a high quantum efficiency in the PD. The uniform 
absorption along the absorber and the maximized coupling 
efficiency can be obtained based on the design parameters of 
the matching layer, such as the thickness, refractive index, and 
protrusion length. Actually, this design should be considered 
using the base waveguide structures determining the mode 
profile of the optical beat signal. In our structure, a 300-nm 
thick n+-doped InGaAsP layer, which is used as a low-
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resistance n-type contact layer, is grown on the ridge 
waveguide. In addition, the protrusion length is 14 μm, and the 
starting taper width is 1 μm, with an angle of 14°. The active 
material of intrinsic In0.53Ga0.47As is used as the absorber for 
1.3-μm light. For high-speed operations and a high absorption 
efficiency, we designed the thickness, width, and length of the 
active layer as 240 nm, and 5 μm, and 7 μm, respectively.   
Figure 6(d) shows the simulated optical propagation for the PD 
region. Owing to the matching layer, the calculated responsivity 
in the active layer is about 0.25 A/W. Using these geometrical 
parameters, the p-clad and p-contact layers are stacked up on the 
active mesa layer with a 500-nm thick p+ doped InGaAsP    
(p-clad) and a 150-nm thick p+ doped In0.53Ga0.47As p-contact 
layer. In addition, to reduce the potential spike preventing the 
current flow, an InGaAsP space layer is inserted between the p-
contact layer and absorption layer [25]. 

The absorbed optical beat source induces the photocarriers 
(holes and electrons), which are transported by the externally 
applied reverse bias voltage and then radiated by a log-periodic 
toothed planar antenna, as shown in Fig. 6(e). To reduce the 
antenna resistance and propagation loss of the THz signals, the 
antenna is plated with Au with a thickness of about 2 µm. In 
addition, we use BCB materials with a low dielectric constant 
(εr = 2.67) compared with the InP substrate under the 
bias/antenna lines instead of an air bridge structure, such that 
the capacitance and propagation loss can also be reduced. 

The materials of the InGaAsP/InGaAs/InP on the InP 
substrate are grown using metalorganic chemical vapor 
deposition. To fabricate the devices, standard III-V processing 
techniques are used. This includes photolithography (stepper), 
thermal/E-beam evaporation, annealing, wet etching, dry 
etching, Au plating, lapping, and scribing.  

V. Design of Single and Dual PD 

The measured dark current of the fabricated PD with a log-
periodic antenna was 80 nA under a 1.4 V reverse bias 
condition. When the input optical power is around 30 mW at a 
1.3-μm wavelength, the measured responsivity is 0.3 A/W 
corresponding to a photocurrent of 9 mA under a reverse bias 
of 1.4 V. A lensed fiber with a mode field diameter of 3.2 μm is 
used for the measurement. As mentioned before, to reduce the 
resistance, propagation loss, and capacitance of the PD, which 
are related to the f3dB bandwidth and output power, we 
fabricated a Au-plated antenna on BCB polymer with a low 
dielectric constant, and thus the output power is increased   
by about four-fold at 400 GHz, as shown in Fig. 7(a). A 
homodyne measurement system based on an In0.53Ga0.47As 
detection photomixer grown at low temperature is used when a 
log-spiral antenna is utilized for the receiver [9], [26]. In  

 

Fig. 7. (a) Measured amplitudes of THz photocurrent and (b) 
HFSS simulation data as the frequency with and without 
BCB and Au plating, (c) images of the fabricated single 
and dual PDs, and (d) measured power ratio of dual to 
single PDs. 
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addition, resonance peaks near 0.25 THz originate from the 
antenna structure. The blue-shifted resonance is due to the 
BCB material with a low dielectric constant compared with the 
III-V materials. Figure 7(b) shows the simulated resonance 
property of the log-periodic antenna, which is related to the 
BCB material under the antenna, using commercial HFSS 
software. The thickness of the BCB layer is 2 μm. The 
resonance frequencies are shifted about 50 GHz, which 
originates from the BCB layer. This effect should be 
considered when we try to design the resonance antenna.   

A typical Pin-photodiode (pin-PD) suffers from an output 
current saturation resulting in a saturation of the output power 
through the space charge effect. We designed the dual active 
PD to overcome the power limit, as shown in Fig. 7(c). 
Identical absorbers are connected in parallel with the antenna, 
such that the generated in-phase THz signals in each of the 
absorbers are summed and radiated through the antenna. In 
addition, to couple the optical signal from the waveguide to the 
dual absorbers without a phase difference, Y-type waveguide 
bends are used. The design concept of the dual active PD is 
similar to that described in [27], which uses a horn antenna and 
matching circuit with an operating frequency of around    
300 GHz. Figure 7(d) shows the measured power ratio of the 
dual to single PDs, which results in a 1.7-fold increase in 
output power at 220 GHz. However, the enhanced power is 
gradually decreased as the frequency increases. Because the 
total capacitance of the dual PDs can be increased by the 
mutual influence of both absorbers, the RC reaches its limit. A 
commercial Schottky-barrier diode (SBD) with a horn antenna,  
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Fig. 8. Schematic diagram of the PD packaging and photograph
of the packaged PD. 
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which limits the measurement bandwidth from 220 GHz to 
325 GHz, is used for the output power measurement. 

VI. Package Design of the PD 

To utilize the fabricated PD chip as a CW THz emitter in 
various THz application fields, a mobile PD package is needed. 
Figure 8 shows a schematic of a PD package designed using 
the commercial software SolidWorks. The package is 
comprised of nine parts: the body, optical lens, PD chip, 
submount, Si lens, polyurethane spacer, metal cover, SMA 
connector, and fiber assembly. 

Initially, the PD chip is bonded to the AlN submount using a 
flip-chip bonding process. The submount material should have 
a high thermal conductivity. Because a thermal failure can be 
generated during a high current operation, the output power 
can be limited by the saturation current. The thermal 
conductivity of the AlN material is 285 W/(m·k). [26] Then, 
using the die-bonding technique, the bottom of the submount is 
attached to the body. During this process, the centers of the log-
periodic antenna and the silicon lens must absolutely be same 
for the symmetric THz radiation patterns. In addition, the SMA 
connector is fixed to one side of the body and connected with 
the bias pads of the submount to supply the operation voltage. 
To transfer the optical power from the DML to the PD chip, the 
single-mode fiber is aligned with an optical lens by monitoring 
the photocurrent of the PD. It is then joined with the body 
using laser beam welding for long-term stability of the package. 
Finally, the Si hyper-hemispherical lens is mounted on the PD 
chip using a polyurethane spacer and a metal cover in a 
compact body, as shown in Fig. 8. Owing to the high dielectric 
constant of the InP substrate, the generated CW THz signals 
are mainly emitted toward the backside of the chip, and the 
signal divergence is thus properly suppressed by the Si lens.  

VII. Compact CW THz Spectroscopy System 

Figure 9 shows a schematic diagram of a simple THz  

 

Fig. 9. Schematic diagram of a simple THz frequency-domain 
spectroscopy system. 
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frequency-domain spectroscopy system. The SOA-DML 
module is used by a typical butterfly package. Optical beat 
signals provided by the SOA-DML are focused on the input 
waveguide of the PD chip using a polarization controller. Most 
of the generated THz fields are radiated onto the InP side 
because of the high refractive index, n = 3.5, at 1 THz. The PD 
is mounted on the silicon lens used for the collimation of the 
THz radiation. A radiated THz signal is detected using a quasi-
optical broadband SBD detector after a free-space transfer for a 
distance of 1-in below the silicon lens side. The function 
generator supplies a –1.4 V signal modulated by 1.03 kHz with 
a 50% duty-cycle square wave for the PD and the modulation 
frequency for a lock-in amplifier. This simple CW THz 
spectroscopy system based on the heterodyne configuration 
eliminates the use of passive components, such as a 3-dB 
optical coupler, polarization-maintaining fiber, or polarization 
controllers, and thus the system size, power consumption, and 
system configurations are significantly enhanced. 

To demonstrate a simple THz frequency-domain spectroscopy 
system, we prepared an α-lactose pellet from a 30% α-lactose 
and 70% polyethylene mixture with a 1-mm thickness. The 
characteristic absorption peak of α-lactose monohydrate below 
1 THz, associated with the molecular vibration of α-lactose in 
the crystal, can be identified at 0.53 THz (17.1 cm–1) [26]. The 
α-lactose pellet was placed between the emitter (PD) and 
detector (SBD), as shown in Fig. 9. Figure 10(a) shows the 
frequency-domain spectra measured without (free space, line) 
and with the sample (dots) using a lock-in technique. We tuned 
the optical beat frequency with a 1-GHz resolution from   
380 GHz to 900 GHz using the integrated μ-heaters. The 
measured data are from only one scan, and the values of the 
time constant, acquisition time, and reference frequency in the 
lock-in amplifier are 300 ms, 0.7 s, and 1.03 kHz, respectively. 
The photocurrent of the PD is 5.7 mA at a bias voltage of     
–1.4 V, and the input optical power is only about 20 mW, 
which is within the output power capability of the SOA-DML. 
The measured broad dip near 650 GHz was caused by the 
Tx/Rx antenna pair with log-periodic antenna structures. A 
commercially available Schottky barrier diode is used for the 
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Fig. 10. (a) Measured output voltages in free space (line) and with
an α-lactose pellet (dots) from the SBD detector and (b)
comparison of α-lactose resonances measured using CW
THz and pulse spectroscopy systems. 
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receiver. Figure 10(b) shows the ratio of the voltages (blue line) 
and the absorption coefficient (red line) of the α-lactose pellet, 
as measured by the THz-TDS system [26]. The same 
absorption peaks measured near 530 GHz indicate the 
effectiveness of our simple frequency-domain spectroscopy 
system. 

VIII. Conclusions 

In conclusion, we developed an SOA-DML module 
demonstrating a high output power of over 15 dBm, a wide 
optical beat frequency tuning range of 380 GHz to 1,120 GHz, 
and an SMSR above 35 dB throughout the entire tuning range. 
The integrated SSC ensures a high coupling efficiency with an 
SMF and a narrow spectral linewidth owing to the reduced 
facet reflection. We believe that a single-chip THz emitter or 
compact CW THz emitter module with a wide tuning range of 
the optical beat frequency can be fabricated using the SOA-
DML approach described herein. A hybrid package composed 
of an SOA-DML and a high-speed PD without any other 
devices may be the first step toward the development of a 
single-chip CW THz emitter based on photonics technology. 
Additionally, we successfully demonstrated the simple 
implementation of CW THz frequency-domain spectroscopy. 
These results indicate that the proposed system constitutes a 
promising development toward the realization of a compact 
and cost-effective CW THz system. 
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