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Abstract—The quantum cascade laser (QCL) is a powerful,
narrow linewidth, and continuous wave source of terahertz ra-
diation. We have characterized a 2.5 THz distributed feedback
QCL with respect to linewidth and frequency tunability. Both
were found to be sufficiently good for high resolution gas phase
spectroscopy. The QCL was implemented in a spectrometer for
high-resolution gas phase spectroscopy where the absolute fre-
quency of the laser was determined by mixing its radiation with
the radiation of a 2.5 THz optically pumped gas laser. The abso-
lute frequency as well as the pressure broadening of a rotational
transition of methanol at 2.519 THz was measured. The results
demonstrate that THz QCLs are well suited for either direct ab-
sorption or heterodyne high resolution spectroscopy.

Index Terms—quantum cascade laser, spectroscopy, terahertz

[. INTRODUCTION

HlGH resolution gas phase spectroscopy at terahertz (THz)

frequencies is a powerful tool for investigations of the
structure and energy levels of molecules and atoms. Besides
information on the species itself, important information on
Doppler and pressurc broadening can be obtained from THz
spectra. These data arc a prercquisite for the interpretation of
spectra obtained from astronomical sources or planetary at-
mospheres including the Earth [1]. While in the low THz re-
gion many different methods have been developed, spectros-
copy above 2 THz is hampered by the lack of frequency tun-
able, continuous wave, powerful, and narrow linewidth radia-
tion sources. The recently developed THz quantum cascade
laser (QCL) [2] has attractive features for gas phase spectros-
copy, namely, its intrinsic linewidth of less than 20 kHz [3, 4]
and high output power [5]. The goal of the work described in
this paper is to characterize a distributed feedback (DFB) THz
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QCL with respect to linewidth and frequency tunability and to
implement it into a THz spectrometer for high resolution gas
phase absorption spectroscopy. The experiment also allows
assessing the performance of the QCL when used as local os-
cillator (LO) in a heterodyne spectrometer.

II. DESIGN OF THE QCL

A distributed feedback (DFB) QCL has been used for the ex-
periments described in this article. It is designed for an opera-
tion frequency at about 2.5 THz. The active medium of the
laser is bascd on a GaAs/AlGaAs superlattice. The design
follows the so-called bound-to-continuum approach [6] with
a rather uniformly chirped superlattice and no marked distinc-
tion between the injection and lasing regions. The active me-
dium is formed by 110 repeat units of the superlattice (total
thickness 15 pm) covered on top by a Cr/Au layer. Between
the ~250 um thick substrate and the active medium is a highly
doped GaAs layer. This layer has two doping concentrations:
2.7x10"® cm™ in the 530 nm next to the superlattice and
2.6x10"7cm™ in the 500 nm close to the substrate. By these
means the boundary conditions at the two sides of the buried
doped layer can be controlled separately. The resonator is a
mesa-etched, 240 pm wide ridge with a length of 2.5 mm de-
fined by cleaving. The top layer of the QCL is patterned into a
series of narrow slits with half-wavelength period to create the
DFB structure [7]. The laser is soldered to a copper bar, wire
bonded, and mounted on a copper holder thermally coupled to
a 4 K stage of a mechanical cryo-cooler. In order to minimize
vibrations the laser holder is mechanically isolated from the
4 K stage by copper wires. The cooler has a heat cxtraction
capacity of 1 W at 4 K. Since the input power of the laser is 5-
10 W the smallest achicevable temperature at the position of
the QCL is ~20 K during laser operation. The laser threshold
is about 80 A/em’ at 20 K, the maximum output power is
about 6 mW, and the laser works up to 58 K in continuous
wave. Due to the limited capacity of the cryo-cooler the opera-
tion temperature changes with current.

III. FREQUENCY CHARACTERIZATION OF THE QCL

The linewidth and frequency tunability of the QCL were
measured by mixing the radiation from the DFB laser with the
radiation from an optically pumped gas laser operating on the
mcthanol cmission line at 2.5227816 THz (pump line of the
CO, laser: 9P36 [8]). The radiation from both lasers was su-
perimposed by a wire grid and focused onto a GaAs Schottky
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diode with a quasi-optical 4\ corner cube antenna [9]. The
difference signal was amplified and analyzed with a spectrum
analyzer up to a maximum frequency of 18 GHz which was
set by the available amplifiers. By these means the linewidth
as well as the absolute frequency and the frequency tunability
of the QCL as a function of current and temperature were
measured. The experimental set-up is shown in Fig. 1.
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Fig. 1: Experimental set-up of the mixing experiments.
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Fig. 2: Mixing signal of the QCL and the 2.5 THz gas laser.

The linewidth measured with an integration time of 5s is
shown in Fig. 2. The full width at half maximum (FWHM) is
~1 MHz. With an integration time of 0.3 s it reduces to
300 kHz. This is sufficient for many applications in high reso-
lution gas phase spectroscopy. For example the Doppler lim-
ited linewidth of CH,'°OH is 5.5MHz at 2.5 THz and
300 K. The tuning rate is almost linear with current
(+8.0 MHz/mA, Fig. 3). The temperature related frequency
tuning varies between - 20 MHz/K and - 100 MHz/K depend-
ing on current and temperature (Fig. 4). For both lasers the
tunability is mainly caused by changes of the refractive index
with temperature and current.

FR3-5

2530 T T T T
2525 | B
w
I
Q
% 2520 |- .
g +8.0 MHz/mA
o
g
= 2515 [ .
251 0 1 " ala 1 1
500 600 700 800 900 1000

Current [mA]

Fig. 3: Frequency of the QCL as a function of current (solid line: gas laser
frequency).
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Fig. 4: Frequency of the QCL as a function of temperature for fixed current.

The sct-up of the spectrometer is sketched in Fig. 5. For
frequency tuning the temperature of the QCL is set and the
current is swept in steps corresponding to frequency steps of
0.2 MHz to 2 MHz. The radiation from the QCL is reflected
by a wire grid into a 0.5 m long absorption cell. The cell was
equipped with two polyethylene windows and the pressure
was mcasurcd with a capacitance manometer. For cach mcas-
urement the cell was filled with methanol gas at a certain pres-
sure and sealed off. The transmitted radiation is collimated by
an off-axis parabolic mirror and detected with a Ge:Ga photo-
conductive detector. The transmitted radiation was mechani-
cally chopped in front of the detector and detected with a
lock-in amplifier. A small part of the radiation from the QCL
is transmitted through the wire grid. This is superimposed
with the radiation from the gas laser operating on the 2.5 THz
line. At the output of the gas laser a grid with wires oriented
perpendicularly to the wires of the first grid was used to de-
fine the polarization in a way that it is reflected by the first
grid. The radiation from both lasers is focused onto a GaAs
Schottky diode. The signal at the difference frequency is am-
plified and its frequency is measured with a spectrum ana-
lyzer. This is especially important because the frequency tun-

344



17th International Symposium on Space Terahertz Technology

ing of the QCL is not linear with current. In total a frequency
range from 2.517 THz to 2.521 THz is available.
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Fig. 5: THz spectrometer for high resolution gas phase spectroscopy.
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V. RESULTS

Fig. 6 shows thc absorption line measured with the QCL
along with a Voigt profile fitted to the measured profile. As
can be seen the agreement is very good. The center frequency
of the absorption line is 2.519112(1) THz. This agrees well
with published data measured with a Fourier transform spec-
trometer (2.519107(2) THz [10]). The pressure broadening of
the methanol linc was determined by measuring its profile at
different pressures up to 1000 Pa and dctermining the full
width at half maximum (FWHM). A least squares fit to the
FWHM data yiclds a pressure broadening cocfficient of
229(2) kHz/Pa (Fig. 7). This is similar to pressurc broadening
coefficients of other methanol lines (265.6(2) kHz/Pa at
76 GHz [11] and 290 kHz/Pa at 2.524 THz [12]).
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Fig. 6: CH;OH absorption spectrum measured at 100 Pa. The solid line is a
fit of a Voigt profile to the absorption line.
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Fig. 7: FWHM of the CH3;OH rotational transition as a function of pres-
sure.
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In summary, the linewidth of a DFB QCL operating at
2.5 THz as well as its tuning rates as a function of current and
temperature have been determined. Based on these results, a
THz spectrometer for high-resolution gas phase spectroscopy
with a QCL as the radiation source has been realized. Fre-
quency calibration of the spectra was achicved by instantanc-
ously measuring the frequency difference between the QCL
and a THz gas laser. We have measured the transition fre-
quency and pressure broadening of a methanol rotational tran-
sition at 2.5 THz. The comparison of our data with other spec-
troscopic data shows good agreement. The results show that
QCLs are very promising radiation sources for high resolution
absorption spectroscopy. In a heterodyne receiver the fre-
quency resolution is to a large extent determined by the
linewidth and frequency stability of the LO. Our results show
that the QCL performance is sufficient also for high resolution
heterodyne spectroscopy.

SUMMARY AND CONCLUSIONS

REFERENCES

[1] J. Demaison, K. Sarka, and E. H. Cohen (edts.). Spectroscopy from
Space, Dordrecht: Kluwer, 2001.

[2] R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G.
Davies, D. A. Ritchie, R. C. Iotti, F. Rossi, “Terahertz semiconductor-
heterostructure laser”, Nature, vol. 417, pp. 156-159, 2002.

[3] A. Barkan, F. K. Tittel, D. M. Mittleman, R. Dengler, P. H. Siegel, G.
Scalari, L. Ajili, J. Faist, H. E. Beere, E. H. Linfield, A. G. Davies, and
D. A. Ritchie, *“ Linewidth and tuning characteristics of terahertz quan-
tum cascade lasers”, Opt. Lett, vol 29, pp. 575-577, 2004.

[4] H.-W. Hiibers, S. G. Pavlov, A. D. Semenov, R. Kohler, L. Mahler, A.
Tredicucci, H. E. Beere, D. A. Ritchie, E. H. Linfield, “Terahertz Quan-
tum Cascade Laser as Local Oscillator in a Heterodyne Receiver”, Op-
tics Express, vol. 13, pp. 5890-5896, 2005.

[5] B.S. Williams, S. Kumar, Q. Hu, and J. L. Reno, “High-power terahertz
quantum-cascade lasers”, Elec. Lett., vol. 42, pp. 89-90, 2006.

[6] J. Faist, M. Beck. T. Aellen, and E. Gini, “Quantum-cascade lasers based
on a bound-to-continuum transition”, Appl. Phys. Lett., vol 78, pp. 147-
149, 2001.

[7] L. Mahler, A. Tredicucci, R. Kéhler, F. Beltram, H. E. Beere, E. H.
Linfield, and D. A. Ritchie, “High performance operation of single-mode
terahertz quantum cascade lasers with surface plasmon gratings”, Appl.
Phys. Lett., vol. 87, 181101, 2005.

345



17th International Symposium on Space Terahertz Technology FR3-5

[8] N.G. Douglas, Millimetre and Submillimetre Wavelength Lasers, Berlin:
Springer, 1989.

[9] H. P. Roser, H.-W. Hiibers, T. W. Crowe, and W. C. B. Peatman,
“Nanostructure GaAs Schottky diodes for far-infrared heterodyne re-
ceivers”, Infrared Phys. Technol., vol. 35, pp. 451-462, 1994.

[10] G. Moruzzi, F. Strumia, P. Carnesecchi, B. Carli, and M. Carlotti, “High
resolution spectrum of CH;OH between 8 and 100 cm™”, Infiared Phys-
ics, vol. 29, pp. 47-86, 1989.

[11] P. Minguzzi, M. Tonelli, G. Carrara, and A. Di Lieto, "CH;OH and
CH;*'Br self-broadening measurements with a millimeter-wave stark in-
terferometer”, J. Mol. Spectr., vol. 109, pp. 395-401, 1985.

[12] A. D. Semenov, H.-W. Hiibers, H. Richter, M. Birk, M. Krocka, U. Mair,
K. Smirnov, G. Gol'tsman, and B. V. Voronov, “2.5 THz Heterodyne
Receiver with NbN Hot-Electron Bolometer”, Physica C, vol. 372-376,
pp. 448-453, 2002.

346





