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Frequency combsl' 21 consisting of equally-spaced fre-
quency lines can be fully described by two frequencies, i.e., carri-
er offset (fcgo) and repetition rate (fi,p). Once the two frequen-
cies are stabilized, the frequency comb is well defined. Fre-
guency combs can be used for various applications, i.e., metro-
logy, spectroscopy, timing, communications, absolute dis-
tance measurements, and so on, due to their two important
characteristics, i.e., stabilized frequency lines and ultra-short
optical pulses (if the mode-locking is obtained) as shown in
Fig. 1. First of all, by employing the highly-stabilized fre-
quency lines, a frequency comb can be used as a ruler to meas-
ure the absolute frequency. Furthermore, high-resolution and
fast spectroscopies can be demonstrated using a dual-comb
technique. Secondly, exploiting the ultrashort pulses gener-
ated from afrequency comb, it can be used to study the time-re-
solved dynamic process of carriers in semiconductor materials
and molecules by using a pump-probe technique.

Although the first demonstrations of frequency combs
were developedininfrared wavelengths, the coherentcomb op-
erations in other wavelengths have been much in demand for
various spectral applications. Here, we pay more attention to
the terahertz frequency range (between 0.1 and 10 THz) which
is also called “terahertz gap” in the entire electromagnetic spec-
trum due to the lack of efficient radiation sources in this fre-
quency band. However, the terahertz frequency range is of
greatimportance for practical applications since diverse charac-
teristic absorption lines of gases and chemicals are located in
this range. The electrically-pumped semiconductor-based tera-
hertz quantum cascade laser (QCL)B! featured by high output
power, narrow far-field beam divergence, broad frequency cov-
erage (1.2-5 THz) is an ideal candidate for achieving fre-
quency comb operation in the terahertz regime.

Terahertz combs have been realized in QCLs by employ-
ing an active mode-locking or phase seeding technique as-
sisted by femto-second lasers!* >l However, such techniques re-
quire complex optics and electronics. So the frequency comb
operation in free-running QCLs will be highly expected for vari-
ous practical applications. In free-running QCLs, the comb form-
ation is resulted from the locking mechanism induced by the
four-wave mixing of the nonlinear cavity. But the four-wave mix-
ing effect can be strongly perturbed by the group velocity dis-
persion. As the frequency becomes wider, the group velocity
dispersion can result in the gradual change of the mode spa-
cing with frequency, which is the main factor that prevents the
laser from working as a frequency comb. Free-running tera-
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hertzQCL combs have been demonstrated by delicately consid-
ering the group velocity dispersion resulted from the fre-
quency-dependent gain, waveguide, material, and intersub-
band absorptions(® 7,

Currently, the application of terahertz QCL frequency
combs is still in the preliminary stage. Although terahertz QCL
combs have been successfully demonstrated in actively mode-
locked or free-running lasers, the practical application of such
combs for spectroscopy normally requires an implementation
of dual-comb technique. The on-chip dual-comb terahertz
source has been demonstrated using double-metal wave-
guide QCLs by employing a self-detection schemel8], However,
due to the cryogenic working temperature of QCLs, the on-
chip configurationdoesn’tallow practical spectroscopicapplica-
tions and it is generally used for characterize the frequency
comb operation of lasers. Furthermore, a dual-comb based on
two terahertzQCLs and a fast super-conducting hot electron bo-
lometer has been proved to be feasible for terahertz spectro-
scopy.

Since the dual-comb spectroscopy shows advantages of
high-resolution and fast data acquisition without a need of mov-
ing parts in the system over the traditional Fourier transform in-
frared (FTIR) spectroscopy, it will renovate the terahertz spectro-
scopy in the future. The spectral resolution is expected to be in-
creased significantly by at least three orders from GHz (a typic-
al value of a commercial FTIR) to MHz by employing the tera-
hertz QCL dual-comb technique. The following two difficulties
should be overcome for pushing the dual-comb technique for
commercialization. First of all, the optical bandwidth of a
single QCL-based frequency comb should be broadened for de-
tecting absorption lines of various molecules. This is the main
difficulty because the QCL is specially designed for narrow emis-
sion frequency. Moreover, as the frequency becomes wider,
the dispersion compensation would becomes harder and
harder. Secondly, the fine frequency tuning of QCL combsiis crit-
ical for accurately measuring narrow absorption lines with
high spectral resolutions. Therefore, external perturbations,
for instance, by radio frequency modulation, is necessary to be
employed.

It is worth mentioning that although optical pulses gener-
ated from terahertz QCL combs have been observed, it is still a
way to go to use the terahertz pulses for nonlinear study in ma-
terials. Terahertz QCL combs are characterized by high output
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Fig. 1. (Color online) Frequency comb and its applications in spectroscopy and nonlinear dynamics of materials. fgg and f,o, denote the carrier

envelope offset frequency and repetition frequency of a frequency comb, respectively. f,; and f,, are the two repetition frequencies of two
combs and the difference between the two is Af (= f,, - f,,;) which is the line spacing of the down-converted dual-comb spectrum.

power. However, due to the high repetition rate of GHz level
that is more than 1000 times larger than the femto-second
laser pulses and much wider pulse duration of dozens of pico-
seconds resulted from the limited optical bandwidth, the peak
power of a terahertz QCL comb is much weaker than that of a
femto-second laser combs. Therefore, in the near future, to de-
velop ultra-broadband terahertz QCL frequency combs with ul-
trashort pulse widths and low repetition rates is of great in-
terest for spectroscopic and nonlinear studies.
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