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We present experimental investigations of highly nondegenerate four-wave mixing in a tunable
dual-mode semiconductor laser. The fundamental interacting waves are two lasing modes selected
in an external double Littman—Metcalf cavity configuration. We investigate the conversion
efficiency depending on the detuning frequencies up to 1.2 THz. We find that the newly generated
waves are significantly enhanced due to the cavity resonances. Our investigations allow us to
characterize and understand the dynamics of the simultaneous dual-mode operation in the
semiconductor laser, which is attractive for the generation of continuous-wave THz radiation by
photomixing. ©2004 American Institute of PhysiddOIl: 10.1063/1.1764604

Dual-mode semiconductor lasers have recently foundpectrally filtered optical feedback from an external double-
considerable interest for Terahe(fHz) wave generation by cavity configuration. The laser beam from the front facet is
subsequent photomixing on antenna structures because @dllimated by an antireflection-coated microscope objective
their compactness, stability, and cost efficieh®ut simul- and is incident on the diffraction  grating
taneous dual-mode emission in the semiconductor laser al§8200 grooves/mm which is used for spectral selection.
gives rise to nonlinear optical process, in particular intracavThe first-order diffraction beam of the grating is coupled into
ity nondegenerate four-wave mixifQlDFWM). In general, the external double-cavity with a length of 40 cm. The beam
two primary optical waves at frequencigsandf, copropa- is divided into two beams by a 50/50 beam splitter. Within
gating in the active semiconductor medium induce a modueach branch, we select the desired wavelength via tilting the
lation of the gain and refractive index of the medium at theexternal mirror which simultaneously controls the feedback
difference frequencyAf=f,~f,, which generates dynamic strength. Consequently, the compound cavity system consists
gain and index gratings. The primary waves are then scaPf the semiconductor laser resonator of lendtlyiary
tered by the resulting dynamic gratings, and the new waves 670 um and the external resonator. Therefore, the com-
are generated at frequenci&$ apart from either side of the pound mode structure consists of the comb of the external
primary waves. The nonlinear mechanisms contributing t¢savity modes modulated by the solitary laser modes. The two
the NDFWM in semiconductor lasers and semiconductor opmodes which satisfy both resonator conditions can be tuned
tical amplifiers have been studied theoretically and experiindependently but only discontinuously over the whole gain
mentally by many grou6§9 and have been identified as car- bandwidth. The zeroth-order beam of the grating is used as
rier density pulsation(CDP), carrier heating(CH), and output and is characterized using an optical spectrum ana-
spectral hole burningSHB). NDFWM in a tunable dual- lyzer with a resolution of 0.1 nm. For the study of the effi-
mode laser has not yet been studied systematically. ciency of highly NDFWM as a function of the frequency

In this letter, we present experimental demonstration ofletuning, we kept the wavelength of one mode at 784.6 nm
highly NDFWM in a tunable dual-mode semiconductor laserfixed close to the gain maximum and changed the wave-
The experiment has been performed using a multiple quariength of the other mode within the gain regime. For conve-
tum well (MQW) GaAlAs laser in an external double-cavity nience, we here define the pump wavefatas the wave
configuration. The interaction of the two modes in the laseMvhose frequency is kept fixed close to the gain maximum
medium induces newly generated waves. Both laser mode¥d vary the wavelength of the probe wavefat
and the newly generated waves are resonant with the Figure 2 shows an optical spectrum of the diode laser
solitaryw laser cavity mode. By discontinuously tuning the €mission measured with the experimental setup of Fig. 1. We
frequency difference of the two laser modes, we investigate
the dependence of conversion efficiency on the detuning fre-
quencies up to the THz range.

The highlyll NDFWM has been studied in a commercial
MQW GaAlAs laser diodgHitachi HL7851Q operating at
785 nm and providing an output power of 50 mW. The laser
has a high-reflective rear facet and a low-reflective front
facet. The laser is driven at a pump currentl gf,= 4l
(I4w=43 mA) and the temperature is stabilized at room tem-
perature. Figure 1 shows the experimental setup of the tun-

able dual-mode operation of the laser which is realized by

FIG. 1. Experimental setup: LD: Laser diode; BS: Beam splitter; M1, M2:
External mirrors; M3: Mirror for output coupling; and OSA: Optical spec-
3Electronic mail: icksoon.park@physik.tu-darmstadt.de trum analyzer.
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FIG. 2. Laser output spectrum of a cascaded FWM progeasdq are the 10*F (b) 1
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see the two fundamental frequencies and a cascade of newly
generated frequencidswith corresponding power;. First,
we have verified by autocorrelation measurement that the ,
two fundamental modes are indeed emitted simultaneously. O s oz a0 08 To T2 T
In the time domain, this autocorrelation trace picture is detuning frequency |Af] / THz
equivalent to an ultrafast intensity modulation. Whether the
nonlinearity and the power can also lead to modulation infIG. t_3~ '\éortmalize? Conver;k)m efgcitleggg d?Ap?r}ding 0{1. poziti;/e and
ili H i negative detunin requencya) =F . or positive daetunin
sf[ablhty related phenomena has not been |dent|f|ed7y'élt1e (fuﬁ circle), (B) fc?r negaﬁve o L?ningé pepn @ o (o) 5)7: ol Pt (C)g
SlmUItan?ous dual'moqe operat|o_n of the lapeand q at for positive detuning(full squarg, and (D) for negative detuningopen
frequenciesf, and f, with a detuning frequency oAf=f, squarg.
—f4=189 GHz results in the generation of new waves de-
noted ascl andc2 at frequencies=f,+Af and f,=f,
- Af, respectively. We find additional waveS andc4 at  positive detuning Af>0) and up to 890 GHz for negative
frequencied 5=f,+2Af andf.,=f,—2Af resulting from the  detuning(Af <0). For even higher detuning frequencies, the
interaction of the newly generated wavesfgtand f, with detectivity has been limited by noise. For positive detuning,
the primary waves af, and f,, respectivel 2 The newly  # is nearly constant up to a detuning frequency of about
generated frequencies are effectively amplified due to thd00 GHz and decreases for further detuning. For negative
high efficiency of the wave mixing process within the gain detuning, » decreases up to about 400 GHz and increases
bandwidth of the laser and are enhanced by the laser cavitygain for higher detuning. It approaches a nearly constant
resonancé?*®Neglecting phase mismatching, which is jus- value as the detuning frequency increases above 600 GHz. In
tified in the present experimehtyhere the maximum detun- Figs. 3a) and 3b), we observe a similar behavior of for
ing frequency is 1.2 THz, the four-wave mixitGWM) per-  the newly generated waves at frequencie$ pf f,+Af and
formance is even improved by increasing the interactiorf.,=f,—Af, respectively. However, in both images, there is
length due to reflection of the waves at the rear fat&t. an asymmetry ofy between positive and negative detuning
Studying NDFWM at large detuning frequencies pro-[i.e. (A) versus(B) in Fig. 3a), (C) versus(D) in Fig. 3b),
vides information on the characteristic mechanisms contribrespectively.
uting to the nonlinear response of the medium to the optical CDP is the dominant mechanism contributing to FWM
field. One possibility to characterize the NDFWM process isat detuning frequencies below 100 GHEor the generation
the determination of the conversion efficiency extracted fromof new waves at higher frequencies, where the carrier density
the measured output power. The electric figldo;) of the  cannot be effectively modulated, intraband processes, such
newly generated waves at frequencies=2=f; is propor- as CH and SHB, are the dominant mechanisms. In particular,
tional to the induced polarizatio(w;) at frequenciesw; the observed asymmetry of the conversion efficiency be-
which is related by the third-order susceptibilif®’(w;) to  tween positive and negative detuning in Fig. 3 indicates that

conversion efficiency n/ mW?  conversion efficiency n / mW=
o
o

the electric fieldsE(w;), E(wy), E(w) according t0° more than one mechanism is responsible for the behavior in
this detuning range. We attribute this asymmetry to the inter-
Ple) = € () E(0) E(@)E* (@), (1)  ference of CDP, CH, and SHB mechanisf#$The interfer-

ence between CDP and CH is almost symmetrical with re-

. . . < o spect to the sign of detuning, whereas CDP and CH interfere
g”?.d' grl‘ge Phorma}hi%(:lq conversion efficiency(w;) is then with SHB constructively for positive detuning and destruc-
efined by the relall tively for negative detuning. This interference between dif-

P(w) = 7(w) P(w) P(@)P(w), (2)  ferent mechanisms results in a less efficient conversion for

) negative detuning as compared to positive detuning as shown
where P(w;) is the output power of the newly generated iy Fig. 3a).

where the energy conservation= w;+ w,— o has to be ful-

wave, andP(w;), P(wy), P(wy) are output powers of the pri- It is worth noting from Fig. 3 that, although the two
mary waves. The conversion efficieng§w;) is proportional  primary waves have almost the same output power, the con-
to the square of the susceptibiligf® (o). version efficiency of the lower frequendiC) is slightly

Figure 3 shows the normalized conversion efficiency ofsmaller than that of the higher frequen¢4) for positive
the FWM process obtained in the experiment depending odetuning. In contrast, for negative detuning the two waves
the detuning frequendyAf| from 100 GHz up to 1.2 THz for show nearly the same conversion efficieri¢g) and (D)],
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