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A dual-mode laser operating in the excited states (ESs) of a quantum dot is realized by combining

asymmetric pumping and external optical feedback stabilization. In generating two single-mode

emission peaks, a mode separation ranging from 1.3-THz to 3.6-THz is demonstrated over

temperature. This effect is attributed to the unique carrier dynamics of the quantum-dot gain

medium via the excited state inhomogeneous linewidth coupled with a proper external control.

These results are particularly important towards the development of future THz optoelectronic

sources with compact size, low fabrication cost, and high performance. VC 2011 American Institute
of Physics. [doi:10.1063/1.3667193]

Applications pertaining to THz radiation are both

diverse and many, encompassing homeland security, com-

puting and communications technologies, medical and phar-

maceutical fields, as well as basic material science.1–6 THz

waves can be generated by coherently interfering two optical

modes, which are generated by two separate single-mode

lasers. The light is then absorbed in an ultrafast photocon-

ductive semiconductor.7–9 An alternative approach simulta-

neously generates dual wavelength emission from a single

laser cavity. This approach has the advantage of being free

of optical alignment issues since there is no need to align

two laser beams-a critical requirement for photomixing effi-

ciency. Typically, dual wavelength emission from quantum

well (QW) lasers requires two separate gratings to be incor-

porated into the device. Furthermore, the tunability associ-

ated with these devices is limited by the bandwidth of the

QW gain profile.10 By contrast, quantum dot (QD) lasers

offer a more flexible platform to generate tunable dual-

wavelength emission. Simultaneous ground state (GS) and

excited state (ES) operation with multi-mode emission has

been previously observed in QD lasers and was attributed to

the incomplete clamping of the ES carrier population at the

GS threshold, in contrast to the complete clamping of the

threshold carrier density associated with QW lasers.11 Due to

the relatively low density of states inherent to QDs and con-

sequent unique carrier dynamics, dual-wavelength emission

consisting of a single distributed feedback (DFB) mode and

a single Fabry-Perot (FP) mode, both originating from the

same inhomogeneously broadened QD transition can be real-

ized. This phenomenon of accessing different carrier popula-

tions in an inhomogeneously broadened system is not likely

in a QW active region because of the contrasting carrier dy-

namics associated with a homogeneously broadened continu-

ous density of states.12 The wide gain bandwidth

characteristic of QD nanostructures enables a relatively large

frequency difference between the two modes.

Recently, dual-mode emission was demonstrated in a

two-section QD laser where one mode was coupled to a

Bragg grating and the other to the FP cavity.13 It was shown

that the relative spectral intensities between the QD GS and

ES modes could be equalized, resulting in a simultaneous

dual-mode emission with an 8-THz frequency difference.

Following the same concept with a similar device, this paper

focuses on the generation of dual-modes from the QD ES

only with one peak being coupled to the grating and the other

to the FP cavity. By appropriately combining asymmetric

pumping with controlled optical feedback, it is shown that

the observed mode frequency difference can be tuned from

1.3-THz to 3.6-THz over a wide temperature range. These

results are enabled through the unique nature of the QD

media via the ES inhomogeneous linewidth and are also

coupled with the effects of using an external stabilization

mechanism. The technical approach described in this paper

addresses the need for compact size and low fabrication cost,

which is significant for the development of future THz opto-

electronic sources.

Device fabrication and epitaxial structure details of the

two-section dual mode QD laser can be found elsewhere.13

Figure 1 shows the light current characteristics L(I) meas-

ured under uniform pumping and at different temperatures

from 5 �C to 40 �C. The device was mounted on a heat sink

using conductive epoxy and the temperature is thermoelectri-

cally controlled. From Fig. 1, one can see that the device

turns on at the QD ES for threshold currents ranging from

55-mA at 5 �C up to 120-mA at 40 �C. The inset in Fig. 1

shows the optical spectrum of the solitary laser recorded at

20 �C and under an asymmetrical bias condition where the

total pump current was 130-mA (75 mA/55 mA). The result

shows that the ES lasing takes place at 1192.4 nm with a side

mode suppression ratio (SMSR) greater than 40-dB. This

strong single emission demonstrates that the lasing peak is
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coupled to the DFB mode of the device. Similar single-mode

operation can be obtained under symmetric current injec-

tion.12 Figure 2 presents the observed cavity mode shifts of

the DFB and FP peaks at different temperatures, ranging

from 5 �C to 40 �C, for both uniform and asymmetrical opti-

cal pumping conditions. Solid symbols correspond to the

actual measurements while the solid lines represent the

curve-fittings. The results in Fig. 2 show that regardless of

the pumping conditions, the cavity mode shift of the DFB

peak remains roughly constant at about 0.10 nm/�C while

that of the FP modes is larger at 0.16 nm/�C.

In order to increase the laser’s stability as well as to

manipulate the different FP cavity modes, an optical fiber-

based feedback loop is implemented in the experimental

setup. The feedback loop to the laser consisted of a four-port

polarization-maintaining (PM) 50/50 fiber coupler. The DFB

laser output light was injected into port 1, and the optical

feedback was then created using a high-reflectivity coated

fiber connected to port 2. The applied external feedback level

was controlled via a fiber-based variable attenuator at port 4.

The impact of the external optical feedback on the laser

spectrum was analyzed with a resolution of 10 pm. The dis-

tance between the laser and the external reflector is estimated

to be a few meters, which corresponds to an external round-

trip time of about 10–30 ns (long external cavity condi-

tion).14 The amount of injected optical feedback into the

laser, C, is defined as the ratio between the reflected power

and the emitted power. Figure 3(a) shows the optical spectra

recorded under asymmetric pumping at the lowest tempera-

ture (5 �C) and for a total pump current of 115-mA

(66.5-mA/48.5-mA). In Fig. 3(a), the red spectrum corre-

sponds to the solitary laser while the blue one is obtained for

an optimum feedback level of C¼ 2� 10�3. Results show

that optimizing the applied external feedback conditions

leads to the generation of an additional mode lasing at

1208.1-nm and related to the FP cavity, which is also located

within the ES inhomogeneously broadened bandwidth. Since

the ES DFB peak remains robust and stable as a result of

strong Bragg gratings, a dual-mode emission with 3.6-THz

frequency difference is demonstrated. Figure 3(b) shows

similar results for the highest temperature (40 �C) but for a

total pump current of 153-mA (86-mA/67-mA). Although

the total pump current had to be increased to compensate for

temperature-related effects, it is important to note that the ra-

tio of current in each section was kept constant at around 1.3

throughout the entire experiment. Under the highest achieva-

ble optical feedback level of C¼ 4� 10�3, a separate FP-

generated peak excites at 1200.1 nm, which is 8-nm away

from the grating coupled ES mode. This configuration leads

to dual-mode emission with a 1.3-THz frequency difference.

In order to summarize the experimental findings, the varia-

tions of the frequency difference (left axis) over temperature

as well as the corresponding SMSR (right axis) are illus-

trated in Fig. 4. In this figure, each point is measured for the

configuration that yielded the optimum optical feedback con-

dition. Solid lines in Fig. 4 are used as a guide for the eye.

FIG. 1. (Color online) The L(I) characteristics of the QD dual-mode laser at

different temperatures from 5 �C to 40 �C. The inset shows the optical spec-

trum of the solitary laser under asymmetric pumping and at room

temperature.

FIG. 2. DFB and Fabry-Perot cavity mode shifts as a function of tempera-

ture for different pumping conditions.

FIG. 3. (Color online) Spectra under total asymmetric pump current for the

solitary laser (strong peak at shorter wavelength) and under controlled

optical feedback (two strong peaks) at (a) 5 �C and (b) 40 �C.
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Based on these results, it can be deduced that the frequency

difference is progressively tuned closer to the gain peak

from 3.6-THz all the way down to 1.3-THz when the temper-

ature is decreased successively from 40 �C to 5 �C. The cor-

responding SMSR ranged from 10-dB to 20-dB meaning that

in all cases studied here, the two peak powers could not be

equalized due to the limited optical feedback amplitude as

well as the loss induced by the fiber-based feedback setup.

The optical feedback is known to induce variations in stimu-

lated emission, which are provoked by the beating of the

photons with the delayed field. Consequently, the carrier

fluctuations related to the cavity photons can deplete carriers

from both resonant QD states inside the homogenous broad-

ening as well as non-resonant states outside. The small

decrease in the DFB peak power under optical feedback can

be explained by the carrier depletion of the resonant QD

states, which are transferred to another dot population. As

shown in Fig. 2, the DFB and FP cavity mode shifts do not

exceed 0.10-nm/�C and 0.16-nm/�C, respectively, therefore,

these variations alone cannot explain the change in the

observed frequency difference with temperature. Another

important point to take into account is the temperature and

injected current level dependence of the homogenous broad-

ening.11 At low temperature, dots with different energies

remain spatially isolated from each other (see inset of Fig.

3(a)) while they get spatially and energetically connected to

each other at higher temperatures (inset of Fig. 3(b)). Finally,

the homogeneous linewidth also increases with increasing

current injection.15 These three effects can cause the homo-

geneous broadening to vary from 5-meV to 30-meV and can,

although other effects may be present, explain the progres-

sive shift with temperature of the resonant mode towards the

ES gain peak. Although simultaneous GS and ES with multi-

mode emissions have been previously observed in QD mate-

rial when increasing the bias current well above thresh-

old,12,16 the results presented here demonstrate dual-mode

operation exclusively from the QD ES. To conclude, dual-

mode lasing within the ES inhomogeneous broadening can

be manipulated via a suitable combination of asymmetric

pumping and external optical feedback in a two-section QD

laser. This technique could enable THz frequency generation

ranging from 1.3-THz to 3.6-THz. Compared to existing

technologies, the technical approach described in this paper

has potential for implementation in a compact and low-cost

THz source.
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FIG. 4. (Color online) Measured THz frequency difference (data decreasing

with temperature) and side mode suppression ratio, data showing a minimum

at 15-20 �C, as a function of temperature under the best optical feedback

conditions. Solid lines are a guide for the eyes.
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