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A bstract: A dual-wavelength emission source is realized by asymmetrically
pumping a two-section quantum-dot distributed feedback laser. It is found
that under asymmetric bias conditions, the powers between the ground-state
and excited-state modes of the two-section device can be equalized, which
is mainly attributed to the unique carrier dynamics of the quantum-dot gain
medium. As a result, a two-color emission with an 8-THz frequency
difference is realized that has potential as a compact THz source. It is also
shown that the combination of significant inhomogeneous broadening and
excited-state coupled mode operation allows the manipulation of the
quantum-dot states through external optical stabilization.
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1. Introduction
Terahertz (THz) technology has a wide variety of applications in fields as diverse as next
generation computing and communications technologies, medical and pharmaceutical fields
as well as basic material science and homeland security [1±5]. Recently, significant progress
has been made in the field of THz source generation, which has created engineering
opportunities that exploit this new technology [6]. Specifically, there has been interest in the
development of THz optoelectronic sources since their electronic addressability and tunability
would make them easier to operate [7]. For this particular source, two coherently interfering
optical modes are typically generated by two single-mode lasers, and the light is absorbed in
an ultrafast photoconductive semiconductor [8±10]. This process creates time varying electron
and hole densities that under the influence of an applied electric field are accelerated and
generate a THz wave that is equal to the difference frequency between the two optical modes
[11]. Among other uses, such THz signals can be coupled to a radiating antenna for
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transmission [12], and the frequency of the THz signal can be changed by varying the
wavelengths of the optical modes. In order to tune and stabilize the frequency output of the
semiconductor lasers, an external cavity is commonly used that requires a relatively bulky
opto-mechanical design. Thus, it is highly desirable to develop a THz signal source that is
more compact and inexpensive to fabricate. One possible approach is to use a dual-mode
semiconductor laser that features a device with two longitudinal modes simultaneously
emitting at two different frequencies from a single or combined laser cavity [13]. The use of
the dual-mode laser has the advantage of being free of optical alignment issues since there is
no need to align two laser beams, which is critical for photomixing efficiency. Several optical
cavity approaches have been studied that achieve simultaneous two-color generation from a
compact, monolithic system [14±17]. The dual-mode laser source for THz generation has
been previously studied in bulk and Quantum-Well (QW) semiconductor lasers [15±18], but
very little is known about the behavior of nanostructured active regions in these types of
devices.
Compared to QW and bulk materials, nanostructures such as Quantum-Dots (QDs) are
known to have superior characteristics due to their ultrafast carrier dynamics, ultralow
threshold current density, reduced linewidth enhancement factor, and improved temperature
characteristics [19±22]. Simultaneous ground-state (GS) and excited-state (ES) with multimode emissions have been previously observed in QD material when increasing the bias
current well above the threshold [23,24]. The technical approach described in this paper
simultaneously addresses the need for compact size, low fabrication cost, and high
performance by concurrently generating two single-mode emission peaks±one line from the
GS and the other from the ES of the laser device. The laser source used in this investigation is
a two-section Laterally Loss-Coupled (LLC) Distributed Feedback (DFB) laser in which the
Bragg grating is coupled only to the QD ES. Two-color operation is realized through
simultaneous GS emission that is uncoupled to the Bragg grating due to inhomogeneous
broadening in the QD active medium.
In order to accurately characterize the performance of the DFB device under investigation,
the values of the index and gain coupling coefficients are calculated by using the numerical
least-squares-fitting of the sub-threshold spectra. The two-color emission is then demonstrated
in the DFB device by using either (1) an asymmetric bias configuration or (2) an external
optical feedback stabilization under uniform pumping conditions. Finally, it is suggested that
the combination of both techniques while taking the advantage of unique characteristics of the
QD gain media can further optimize the performance of the two-section QD DFB laser as a
continuous-wave (CW) THz source by purifying and stabilizing the two-color operation in a
well-controlled manner.
2. Device structure, fabrication and characterizations
The epitaxial structure and two-section waveguide design are schematically shown in
Fig. 1(a). The InAs/InGaAs dots-in-a-well (DWELL) laser structure was grown by elemental
source molecular beam epitaxy on a (001) n+-GaAs substrate. The active region consists of six
stacks of InAs QDs embedded in In0.15Ga0.85As QWs each separated by undoped GaAs barrier
OD\HUV 7KH XSSHU DQG ORZHU FODGGLQJ OD\HUV ZHUH  ȝP WKLFN $O0.66Ga0.34As. Room
temperature photoluminescence (PL) measurements show that the QD material has a nominal
GS lasing around 1240 nm. The device fabrication starts with formation RIȝPZLGHULGJHwaveguides (RWG), etched by the inductively coupled plasma (ICP) etching technique. As
illustrated in Fig. 1(b), the two-section LLC-DFB laser bars were fabricated by patterning 100
nm wide lateral absorptive chromium grating lines adjaFHQWWRȝPZLGHULGJHVXVLQJD-(2/
JBX-6300FS electron-beam lithography system followed by metal evaporation and liftoff.
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Fig. 1. (a) Oblique schematic view of the epitaxial layers and two-section cavity structure of
the InAs QD LLC-DFB laser. (b) Oblique SEM image of the 100 nm wide chromium grating
lines adjacent to the ridge waveguide processed by electron-beam lithography and metal
evaporation.

The first order metal grating pitch size is around 190 nm. It is important to note that the
LLC±DFB structure has the advantages of a gain-coupled device without requiring re-growth
[25]. After surface planarization using benzocyclobutene (BCB), the Ti/Pt/Au layers were
deposited to form the p-metal contact. The electriFDOLVRODWLRQEHWZHHQWKHWZRȝPORQJ
VHFWLRQVZDVSURYLGHGE\SURWRQLPSODQWDWLRQZLWKDQLVRODWLRQUHVLVWDQFHRI!0)LQDOO\
the substrate was lapped and polished, and a Ge/Au/Ni/Au n-metal contact layer was
deposited and annealed at ~380 °C. The two-section QD DFB laser was cleaved at both facets
and has a total cavity length of 1 mm.

Fig. 2. (a) Room temperature Light-Current characteristics of the two-section QD DFB laser.
The inset figure shows the optical spectrum of the solitary laser at 110 mA with a side-mode
suppression ratio of > 40 dB. (b) Broad optical spectrum of the two-section DFB laser at
110 mA indicating the existence of the ES and GS peaks under uniform pumping condition.

Figure 2(a) represents the light-current characteristic, L(I), measured under uniform
pumping and at room temperature. When the two laser sections are uniformly biased, the QD
ES begins lasing with a threshold of 90 mA, and device has single-mode emission at 1193 nm
with a strong side-mode suppression ratio (SMSR) of greater than 40 dB as illustrated in
Fig. 2(a). The slope efficiency reported here is 0.12 mW/mA and values as high as
0.24 mW/mA have been reported for LLC-DFB lasers [26]. Although there is no obvious stop
band observed in the spectra, the side-modes around 1 nm away from the lasing mode might
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be due to the residual index coupling of the chromium metal grating. Figure 2(b), which is the
above threshold and wide-span spectra under uniform pumping condition, illustrates the
strongly-coupled ES emission peak about 40 nm apart and 30 dB above the broad Fabry-Perot
(FP) GS peak.
The ț-value, or the coupling coefficient, is an important design parameter in evaluating the
performance of any type of DFB laser. The complex coupling coefficient is described by:

N

N index  iN gain

N e iT ,

ZKHUHțindex DQGțgain are the index coupling and gain coupling coefficients, respectively. The
mixture of index and gain coupling is described by the phase ș at a given coupling
strength N×L , L being the cavity length. The previous methods used for calculating the
coupling coefficient in conventional DFB structures with embedded gratings involve
approximations which are no longer valid in RWG LLC-DFB structures. Therefore in this
paper an improved computer-based program called LAPAREX (Laser Parameter Extraction)
developed by T. Nakura et al. at the University of Tokyo was used to predict the ț-value of
the device under investigation [27]. This program enables predictive calculation of the
coupling coefficient for both the gain and index-coupled DFB structures through numerical
least-squares-fitting of the measured sub-threshold spectrum with a theoretical sub-threshold
fitting algorithm. Least-squares-fitting of the sub-threshold spectra measured from a 1 mm
long and two-section QD LLC-DFB laser predicts a gain coupling coefficient value of
țgain = 5.2 to 3.2 cm1 as the bias current varies from 60 mA to 70 mA, respectively. The
negative sign indicates anti-phase complex coupling. Extracted values of the index coupling
FRHIILFLHQWVKRZVWKDWWKLVSDUDPHWHUUHPDLQVUHODWLYHO\XQFKDQJHGDWțindex = 11.5 to 12.3 cm1
as the bias current changes in the same range mentioned above. The error analyses for the
coupling coefficient values are evaluated based on a one standard deviation confidence
interval, and are observed to be less than 7% of the extracted values.
3. G eneration of two-color emission through asymmetric pumping
Figure 3 illustrates the optical spectrum of the two-section DFB under uniform and
asymmetric bias conditions. It is shown that under asymmetric pumping conditions, where the
two- sections were biased at 40 mA and 60 mA, respectively, the powers between the GS and
ES modes can be equalized. This phenomenon is mainly attributed to the unique carrier
dynamics of the QD active gain medium that provides an ES emission close to the GS level.
In addition, the inhomogeneous broadening provided by the QD media is crucial towards
achieving the two-color emission in a controllable manner.
As opposed to thin-film QW materials, which are homogeneously broadened, the QD
media has a wide spectral bandwidth as a result of an inhomogeneously broadened gain in
these materials due to QD size dispersion [28]. Although the variation in dot size is normally
an unwanted reality, such broadening, which is significant in QD-based materials, can be
leveraged to our benefit and allows for GS excitation. When the two sections are biased
asymmetrically, the non-uniform distribution of the carriers shifts the refractive index in the
active medium which accordingly alters the contribution of the loss/gain mechanism to the ES
level provided by the distributed Bragg reflectors. This result also indicates that the total
carrier density is not clamped above the threshold, which again can be explained by
inhomogeneity of the gain broadening in QDs [23]. Therefore, the excitation of the GS can be
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Fig. 3. Wide-span spectra of the QD DFB laser under uniform and asymmetric bias conditions.
Under asymmetric pumping, the SMSR for the GS emission is 14 dB.

realized by enforcing the non-uniform distribution of carriers and simultaneously taking
advantage of the inhomogeneous gain broadening in QD active media. As a result, a two-color
laser with, in this case, an 8 THz difference frequency is realized by combining the benefits of
a stable ES-coupled emission peak originating from the distributed Bragg reflector
mechanism, the inhomogeneous broadening provided by the QD media, and the asymmetric
pumping configuration of the two-section laser diode.
It is important to note that depending on the significance of the inhomogeneous
broadening in the nanostructure material under consideration, the frequency difference
between the two laser modes can be further tuned to the desired value. For instance, the
inhomogeneous broadening in the InAs/GaAs QD laser systems is typically around 40 meV to
50 meV, yet for InAs/InP QD based material it can be as large as 70 meV at room temperature
[29]. As a result, a smaller energy separation of ~30 meV between the GS and the ES
emissions and consequently smaller difference frequency can be obtained in the InAs/InP
material system as opposed to the InAs/GaAs QD materials which have a larger GS and ES
energy separation of ~70 meV. Therefore when choosing the appropriate material system for
the THz generation source, the magnitude of the inhomogeneous broadening which is a
unique signature of the nanostructures can be further taken into the account as an alternative
design consideration.
4. G eneration of two-color emission through applying external optical feedback
Remarkably, it was demonstrated that under uniform bias condition, the external optical
feedback can trigger the GS emission while the excited state remains unchanged. Figure 4
shows the optical spectra measured at 110 mA under uniform pumping in the presence of
external optical feedback. The experimental setup used to provide optical feedback to the laser
was based on a four-port Polarization-Maintained (PM), 50/50 fiber coupler as schematically
illustrated in Fig. 5. The DFB laser output light was injected into port 1 of the coupler using a
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Fig. 4. Broad optical spectra at uniform bias of 110 mA under free-running (no feedback) and
external optical feedback level ranges from 50 dB to 25 dB.

PM lensed fiber. The optical feedback was created by an external cavity through a highreflectivity coated fiber connected to port 2 of the coupler. The applied external feedback
level was controlled via a fiber-based variable optical attenuator (VOA) and its value was
determined by measuring the output power at port 4. The impact of the external optical
feedback on the above threshold spectra was analyzed at port 3 of the fiber coupler via an
optical spectrum analyzer (OSA) with a frequency resolution of 2.1 GHz. An optical
polarization controller (PC) unit was used to adjust the external feedback beam polarization to
be identical to that of the emitted light to maximize the feedback effects. In order to enforce
the mode stability, the two-section DFB device was epoxy-mounted on a heat sink and the
temperature was maintained at 20 °C. The coupling loss was calculated to be about 4 dB and
was carefully monitored and kept constant throughout the entire measurement. Figure 4 shows

Fig. 5. Schematic diagram of the experimental optical feedback setup.

that as the feedback level is increased from the lowest value (50 dB) to the highest (25 dB),
the GS FP emission is enhanced and narrowed. Most notably, optical feedback does not affect
the ES DFB emission peak located at 1193 nm. The lasing peak is similar to the solitary laser
and remains stable even under the strongest feedback level. This robustness of the ES
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emission is attributed to the existence of a larger photon density in the cavity provided by the
ES coupling through the absorptive metal grating. Similar to the case of asymmetric bias
configuration in the two-section QD DFB, the inhomogeneous broadening provided by the
QD media helps to reach the two-color emission. Such a broadening when properly combined
with external optical feedback permits the excitation and narrowing of the GS emission.
It is important to note that no significant evidence of linewidth broadening or coherence
collapse was observed in the ES mode over the entire range of applied feedback levels. This
finding confirms that the ES emission on the QD DFB is less sensitive to external reflections
as was recently demonstrated in similar QD material system [30]. Such a solid feedback
resistivity might be due to the smaller value of the linewidth enhancement factor in the ES
HPLVVLRQZKLFKLVH[SHFWHGWRDVVLVWLQLPSURYLQJWKHODVHU¶VVWDELOLW\ under the influence of
external optical feedback [31,32].
5. Conclusion
Motivated by the need for compact and low-cost THz sources, two-color operation was
demonstrated from a single, two-section QD DFB laser source. An 8 THz mode frequency
difference was realized by applying either asymmetric current bias or external optical
feedback excitation in a two-section QD LLC-DFB with a stable ES-coupled emission. In
order to evaluate the absorptive grating coupling strength of the DFB device under
investigation, the values of the gain and index coupling coefficients were determined using
the numerical least-squares-fitting method of the sub-threshold spectra. The extracted values
for the gain coupling coefficient from least-squares-fitting method was found to be between
5.2 to 3.2 cm1 as the bias current was increased from 60 mA to 70 mA, respectively. It was
also shown that the index coupling coefficient remains relatively constant at 11.5 to 12.3 cm1
for the same bias range.
Regarding the demonstration of two-color operation, it was found that when the DFB laser
is biased above threshold, the ES emission can be relatively stable while the GS emission is
excited and narrowed via either asymmetric pumping of the two-sections or by applying
external feedback. This result is only possible in a QD optical media that is inhomogeneously
broadened unlike QW media that is homogeneously broadened.
In the future, tuning the two-color emission can be realized through separate design
considerations such as choosing a different nanostructure material system with a desired
magnitude of inhomogeneous broadening. Furthermore, simultaneous combination of the two
methods of asymmetric pumping and optical feedback might be beneficial toward stabilizing
and purifying the overall operation of the two-color emission. Compared to existing
technologies, the approach described here and current chip-scale photo-mixing capabilities
have potential to produce a compact and low-cost CW THz source for future applications.
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