
DOI: 10.1007/s00340-006-2343-6

Appl. Phys. B 85, 223–229 (2006)

Lasers and Optics
Applied Physics B

s. borri1,2

s. bartalini2,3,�

p. de natale2,3

m. inguscio1,2

c. gmachl4

f. capasso5

d.l. sivco 6

a.y. cho 6

Frequency modulation spectroscopy
by means of quantum-cascade lasers
1 Dipartimento di Fisica dell’Università di Firenze, Via G. Sansone 1, 50019 Sesto Fiorentino (FI), Italy
2 European Laboratory for Non–Linear Spectroscopy (LENS), Via N. Carrara 1,

50019 Sesto Fiorentino (FI), Italy
3 CNR – Istituto Nazionale di Ottica Applicata (INOA), Largo E. Fermi 6,50125 Firenze, Italy
4 Electrical Engineering Dept., Princeton University, Princeton, NJ 08544, USA
5 Division of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA
6 Bell Laboratories, Lucent Technologies, 600 Mountain Ave., Murray Hill, NJ 07974, USA

Received: 5 April 2006/Revised version: 19 May 2006
Published online: 7 July 2006 • © Springer-Verlag 2006

ABSTRACT In this paper we investigate the performance of
quantum cascade (QC) lasers for high frequency modulation
spectroscopy, particularly using frequency modulation (FM)
and two-tone (2T) techniques. The coupling of the rf signal to
the QC laser through the cryostat is studied in detail as well as
the noise contributions of both the detector and the laser source
to the �nal spectra. The experimental traces are obtained by
spectroscopy on low-pressure N2O and CH4 gases at 8.0µm
and 7.3µm wavelength, respectively, and reproduce the line
pro�les predicted by theory. As a preliminary result, an en-
hancement of a factor six is measured with respect to direct
absorption line recording.

PACS 42.62.Fi; 42.72.A1; 07.88.+y

1 Introduction

Right after the �rst successful applications of fre-
quency modulation techniques to optical heterodyne spec-
troscopy with standard laser set-ups (for example dye la-
sers [1]), it was clear that the more recent diode lasers would
have been particularly well suited for these techniques. In fact
they permit a direct modulation of the optical radiation by
means of the supply current, so that additional devices, such as
electro–optic modulators, are no longer needed.

Moreover, laser diodes presently cover most of the near-
infrared spectral region, up to2µm, thus allowing high-
precision spectroscopy on a wide range of molecular transi-
tions with moderate sensitivity. Quantum-cascade (QC) lasers
�nally extend the peculiar features of laser diodes at longer
wavelengths.

Since their birth, in 1994 [2], QC lasers have shown
tremendous performance improvements and technological
progress. At present, they are the only semiconductor lasers
operating at room temperature [3–5] in the4–24µm wave-
length range [6], in pulsed and continuous mode, with output
power from tens of mW to several Watts [7]. These new de-
vices are based on one type of carrier (electrons) jumping be-
tween energy levels created by quantum con�nement [8]. The
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availability of high optical power, in addition to their high sta-
bility and monochromaticity, makes these devices very well
�t for high sensitivity spectroscopy in the mid-infrared (MIR)
spectral range. This region, infact, represents a �rst choice
for high sensitivity detection of many simple molecules, since
their fundamental ro-vibrational transitions lay there. Even
organic compounds exhibit strong absorption of light at MIR
frequencies: medicine, process control, environmental sci-
ence and many other scienti�c and technological branches
have a strong demand for sensing systems. In the last decade
QC lasers have been successfully used for mid-infrared spec-
troscopy [9, 10] and many scientists have improved QCLs per-
formance and found new applications. QCLs linewidth reduc-
tion was demonstrated by frequency locking to resonant cav-
ities [11, 12] and, very recently, adopting an extended-cavity
con�guration [13], whereas two groups have reported satu-
rated absorption recording of Doppler lines [14, 15]. How-
ever, some questions, like the applicability of high-frequency
modulation spectroscopic techniques to QC lasers, remain
still open. Such techniques are well assessed techniques for
high sensitivity spectroscopy with more “conventional” laser
sources (for a review see, for example, Hall in [16]).

In this paper we report some experimental results obtained
by implementing several frequency modulation techniques on
QC lasers to detect molecular absorption lines. Advantages
with respect to direct absorption and dif�culties peculiar to
QCLs are discussed.

2 Frequency-modulation techniques

In the following section, we will brie�y recall the
main theoretical points underlying the two techniques that we
are testing on QC lasers: frequency modulation (FM) and two-
tone (2T) spectroscopy.

2.1 FM spectroscopy

Frequency-modulation spectroscopy has long been
implemented on diode lasers [17, 18] while its application
to QC lasers represents a novelty. As described for the �rst
time in [19], a high-frequency sinusoidal signal at a fre-
quencyνm = ωm/2π is added to the laser carrier (frequency
νo = ωo/2π and amplitudeE0). The resulting signal becomes



224 Applied Physics B – Lasers and Optics

E(t) = 1
2

E0eiωot
+∞�

n=−∞
Jn(β)einωmt +c.c., (1)

where Jn(β) is the Bessel function of ordern and β the
modulation index. This signal is then composed by a carrier
frequency with sidebands equally spaced (by the modula-
tion frequency) whose amplitude depends onJn. The signal
then passes through a sample of lengthL with an absorption
coef�cient α and an index of refractionη. By de�ning the
amplitude attenuationδj = αj L/2 and the optical phase shift
ϕj = ηj L(ωo + jωm)/c for the j-th signal sideband, the beat
signal detected after the cell containing the substance under
test can be written as

I(t) = cE2
0

8π
e−2δ0

�
1+ (δ−1 − δ1)β cosωmt

−2
�
ϕ0 − ϕ1 +ϕ−1

2

�
β sinωmt

�
, (2)

where several approximations have been done (we have as-
sumed that all the quantitiesβ, |δ0 − δ1|, |δ0 − δ−1|, |ϕ0 −ϕ1|,
|ϕ0 −ϕ−1| are small compared with 1) [20]. We see that only
the beating signal between the carrier and the two sidebands
survives. This signal is composed of a dc and a sinusoidal
component at a frequencyωm. The in-phase (cosωmt) com-
ponent of the beat signal is proportional to the difference in
loss experienced by the upper and lower sidebands, whereas
the quadrature component is proportional to the difference
between the phase shift experienced by the carrier and the
average of the phase shifts experienced by the sidebands. The
beating signal is then demodulated by a mixer at the modula-
tion frequencyωm (and the detection phase adjusted in order
to select one of the two contributions). The null signal that re-
sults with pure frequency-modulated light is due to a perfect
cancellation of the rf signal arising from the upper sideband
beating with the carrier with the rf signal from the lower side-
band beating with the carrier. The high sensitivity to the phase
or amplitude changes experienced by one of the sidebands re-
sults from the unbalance of this perfect cancellation.

The FM condition is achieved whenωm is large compared
with the spectral feature of interest and only one sideband at
a time probes the spectral feature. In our experimentωm must
be larger than the Doppler broadenedN2O line, ΓD, at about
8.0µm wavelength and room temperature (ΓD � 120 MHz
FWHM).

The main advantage of this technique consists in the re-
duction of both the source and the detector noise in the ac-
quired signal. In fact relevant information is shifted to radio-
frequencies, where low-frequency noise is suppressed.

2.2 Two-tone spectroscopy

An important limitation of standard FM techniques
essentially arises from the fact that, in the presence of pres-
sure broadened lines (for example in atmospheric gas detec-
tion, where the linewidths can be as large as10 GHz), high
modulation frequencies are required and consequently detec-
tion/processing electronicsmust have huge bandwidths. The
problem is even more important in the MIR region, where
fast and sensitive detectors are really expensive, fragile and

hard to be found even if we consider Doppler broadened
lines.

The two-tone technique combines the advantages of stan-
dard FM with the bene�ts of a drastic reduction in detection
bandwidth, with an additional improvement in signal-to-noise
(S/N) ratio [21–23]. This technique was �rst proposed in
1982 for a tunable diode laser and small modulation frequen-
cies (in the kHz range) [23] and then extended in 1986 to much
higher frequencies (up to16 GHz) [24] using a cw dye laser
source and an electro–optic modulator. In the same year, high-
frequency (hundreds of MHz) two-tone FM with a lead-salt
diode laser was achieved, thus demonstrating the general va-
lidity of this technique.

We intend to extend this technique to quantum-cascade
lasers, thus making possible to work even in large linewidth
regime. Although we encountered some dif�culties, as de-
scribed in the following, wecan �nally conclude that QC
lasers are suitable for this kind of spectroscopy, and we
present in this paper the �rst two-tone molecular spectra ever
acquired with a QCL in the mid infrared region.

The complete description of two-tone FM theory is given
in detail elsewhere [25]. Here we just recall the main theoret-
ical aspects.

In the most general picture, we have a laser �eldE0 at
frequencyν0 = ω0/2π, and a generic amplitude and angular
(frequency and phase) modulation at two different frequen-
ciesν1 = ω1/2π andν2 = ω2/2π (the 2 “tones”):

Em(t) = E0(t) [1+ M1 sin(ω1t +ψ1)] [1+ M2 sin(ω2t +ψ2)]
×exp[iβ sin(ω1t)+ iβ sin(ω2t)] ,

(3)

whereM1,2 andβ1,2 are, respectively, the standard AM and
FM indices, andψ1,2 the phase differences. A �rst simpli�ca-
tion is suddenly made by posingM1 � M2 = M, β1 � β2 =
β andψ1 � ψ2 = ψ, since the two modulation frequencies
are generally closely spaced and symmetrically generated by
mixing a carrier signal of frequencyνm = ωm/2π with a sec-
ond signal of frequencyνs = 1

2Ω/2π, so thatω1 = ωm +Ω/2
andω2 = ωm −Ω/2,Ω � ωm.

We are interested on how a generic absorption and dis-
persion mechanism modi�es (3); in other words we are look-
ing for the expression of the resulting beam intensityIf(t) =
|Ea(t)|2, where Ea(t) is the light �eld after the absorption
process.

Callingα(ω) andϕ(ω) the absorption and the phase shift,
respectively, introduced by the sample interacting with the
laser beam at a frequencyω, we can easily write the ex-
pression of the light �eld after the sample, in the frequency
domain:

Ẽa(ω) = Ẽm exp[−α(ω)− iϕ(ω)] . (4)

Using (3) and (4), it is possible to write the expression for
If(t) as an in�nite sum of rf terms oscillating at frequencies
ωl,k = lω1 − kω2, (l, k ∈ Z). In the two-tone technique, only
the slowest component, oscillating atω1,1 = Ω, is selected
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and contributes to the acquired signal:

If,Ω(t) = I0(t) cos(Ωt)
∞�

n,m=−∞
rnrmr∗

n−1r∗
m+1e−2α(ω0+(n+m)ωm)

(5)

Herern are functions ofβ, M andψ:

rn(β, M, ψ) = Jn(β)+ M

2i

�
Jn−1(β)eiψ − Jn+1(β)e−iψ�

. (6)

Some important conclusions can be inferred from (5).
First of all, we see that the amplitude of the two-tone sig-
nal is proportional to the intensity of the incident beam|E0|2;
the frequency dependance is given by the in�nite sum of
absorption-like terms. Its effectis to replicate the absorption
pro�le α(ω), with different amplitudes, starting fromω = ω0
and with a constant frequency spacing∆ω = ±ωm. If this
spacing is larger than the characteristic width of the absorp-
tion line the “comb” structure isperfectly resolved, otherwise
the �nal pro�le results from a mixing of adjacent components.

The number of non-negligible side peaks of the two-tone
signal, as we have already noticed, depends on thern parame-
ters, and consequently on theβ, M andψ values. By numeri-
cal calculations in a wide range of parameter values [25], it is
possible to extract the following simple but useful rules.

For pure frequency modulation (M = 0) the signal pro�le
is always symmetric with respect toω0, and the number of
relevant side peaks is proportional toβ.

On the other hand, any pure amplitude modulation (β = 0)
is represented by only three peaks: the optical carrier and two
sidebands, all the three with the same sign. This explains why

FIGURE 1 Schematic drawing of the experimental set-up. FM and 2T techniques only differ in the generation of the modulating signal (in thedashed box
we have reported the more complex 2T arrangement)

a simultaneous presence of FM and AM determines, with re-
spect to a pure FM signal, an asymmetry between left and
right sidebands, which becomes evident forM > 0.01β.

In conclusion, even a very qualitative examination of the
two-tone signal can give information on the real mixing of FM
and AM processes on the laser. We will refer to these topics
later, when we will examine the experimental results.

We have not yet mentioned the key point of the two-tone
technique, especially with respect to standard FM. As we have
seen, only the frequencyωm is involved in determining the re-
sulting signal pro�le: it is actually the relevant frequency for
spectroscopic detection. But the signal itself is modulated at
frequencyΩ. As we have seen,Ω can be several orders of
magnitude smaller thanωm. It depends on how close the two
initial frequenciesω1 andω2 are chosen. In this way, the infor-
mation contained into the highfrequency modulated two-tone
signal is transferred to very low frequencies, and can be de-
tected by low-noise, narrow-band detectors. The two-tone,
thus, provides a double improvement to the intrinsic noise
performances: the bene�t coming from the high-frequency
modulation lies in shifting the signal to regions where the
noise of the laser source is reduced, while the low-frequency
acquisition reduces the detection bandwidth and allows one to
choose the best detection condition.

3 Experimental set-up

In our experimental set-up two different Fabry–
Pérot type cw-emitting QC lasers have been used: one at
8.06µmwavelength for FM spectroscopy onN2O, and one at
7.3µm wavelength for 2T spectroscopy onCH4. Their work-
ing conditions are similar: typical temperature and threshold
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current are about80 Kand450 mA, respectively, and the emit-
ting power is up to40 mW. A liquid N2 cryostat is used in
order to stabilize, within about10 mK, the laser.

Both lasers have shown a considerable degradation of their
behavior during the experimental activity, due to the repeated
thermal cycles, the high current �ows and, above all, to the dir-
ect application on the laser of the modulation signals, without
any �ltering. In particular, we have noticed an increase of the
threshold current and a worsening of their spectral purity. For
this reason, after the �rst FM spectroscopy tests, we have re-
placed the8.06µmwavelength device with the other working
at7.3µm.

The strongly diverging beam is transmitted by a ZnSe
AR-coated window and collimated by a short focal length
paraboloidal re�ector, then substituted by a germanium lens
collimator. After adjusting the beam dimensions by a tele-
scope, we directed the laser radiation to a20-cmlong cell,
�lled with the sample gas. Radiation is then collected by a fast
Hg-Cd-Te photodetector(Kolmar Technologies,170 MHz
bandwidth).

The dc current supply is provided by a homemade low-
noise regulated current generator, which includes the possi-
bility of current ramping for frequency sweeping around the
spectral feature.

The wavelength tunability vs. temperature and current is
about2 GHz/K and100 MHz/mA respectively (over a fre-
quency interval of about1 cm−1) for both lasers.

In Fig. 1, the set-up for 2T spectroscopy is shown. It is the
same as the one used for FM spectroscopy, the only difference
being in the processing of the modulation signal.

3.1 Noise and frequency response analysis

By measuring the voltagevs. current response of
the device above threshold we obtain a dynamic impedance of
less than1Ω (about0.65Ω): this may be a serious problem in
coupling the rf signal to the laser.

As a �rst solution we decided to adopt the simplest con-
�guration, in order to test thebehavior of the laser in a very

FIGURE 2 (a) Dependance of the input and re�ected power of the rf signal on frequency. The overall behaviorof the input power follows the expected trend
obtained by replacing the laser with a 50Ω matched load; (b) from the measurements above we obtained the transmission coef�cientT of our system. The
peaks point out the frequencies at which best signal coupling takes place. This is indeed veri�ed by directly measuring the amplitude of the two-tone signal
acquired in presence of a molecular line, here shown ingray (see Sect. 4.2)

basic set-up. We have, thus, assembled a bias-T circuitry, con-
sisting of a dc line equipped with an inductance in order to
reject the backward rf modulation and an rf input uncoupled
from the dc line by a capacitor. Both the inductance and the
capacitor are external to the cryostat, just before the feed-
trough connections. The dc and rf lines run independently
inside the cryostat and join directly on the laser cathode. Since
the dynamic impedance of the QC laser above threshold is
very low, we need to match the rf modulation line by adding
a low-temperature SMD-type50Ω resistor in series with the
capacitor. It is inserted inside the cryostat, very close to the
laser (about1 cm). In this way the50Ω line carrying the mod-
ulating signal is expected to be matched with the correct load
when the laser is working.

In a �rst test, the rf coupling ef�ciency was character-
ized as a function of the frequency, by measuring the power
directly re�ected through the bias-tee. A directional coupler
was inserted in the rf line, in order to monitor the total input
rf power (PI ) and the re�ected component of a pure modu-
lation note generated by a synthesizer and sent to the QCL
(PR). These data were then compared with measurements
taken after replacing the QC laser with a50Ω termination.
Results are shown in Fig. 2a. The input power dependance
on frequency re�ects the behavior observed with the perfectly
matched load, though very large oscillations around the ex-
pected curve are measured. The same effect is revealed also
when monitoring the re�ected signal. However, in some re-
gions of the analyzed spectrum (0–700 MHz), some other
effects appear and cause stronger negative peaks on the re-
�ected signal, without affecting in a sensible way the input
signal power. In these regions the signal coupling is expected
to get better. By normalizing the curve of the re�ected signal
power with the input signal power curve, the short period os-
cillations disappear and the peaks where best coupling takes
place become more evident. Figure 2b shows the transmission
coef�cient T = 1− PR/PI obtained from the acquired curves.
The transmission drops with frequency quite rapidly, but it is
possible to recognize the sharp positive peaks that likely cor-
respond to a better coupling of the rf signal.
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ure shows the absorption lines of severalN2O isotopomers:
the high stability of the signal con�rms the QC laser to be
a suitable source for isotopic ratio and relative abundance
measurements [26]. A comparison with the direct absorption
signals (in the same conditions of laser power and gas pres-
sure) shows an improvement in the signal-to-noise ratio of
about a factor two. Although this may be a small enhance-
ment, it is what we expected from the reduction of the source
noise contribution.

As a last remark, we notice that we are using the detector
in its cut off region. This is the reason why a natural imple-
mentation is represented by the two-tone technique, since it
allows one to keep the same laser modulation frequency while
shifting the detected signal to lower frequencies.

4.2 Two-tone

In order to generate the two-tone modulating sig-
nal, that is the pair of frequencies separated byΩ, we have
used a rf mixer driven by a rf synthesizers set to the frequency
νm = ωm/2π and a waveform generator set to the frequency
νs = 1

2Ω/2π. The mixer is used in a “reversed” con�guration,
with the rf and IF channels as inputs and the LO channel as
output. In this way, sideband generation is more ef�cient, with
a very good suppression of the higher order harmonics and
the carrier (better than−40 dB). The resulting signal is then
ampli�ed and sent to the QCL for the two-tone modulation.
After the spectroscopy cell, the laser beam is revealed by the
Hg-Cd-Te detector.

We �rst veri�ed the coupling of the rf signal to the laser by
directly observing the detector output signal with a spectrum
analyzer, in presence of an absorption line. For this meas-
urement the set parameters areΩ = 15 MHzandνm variable
from a few MHz to700 MHz. In correspondence with the ab-
sorption peak a signal at a frequencyν = 2πΩ (the two-tone
signal) arises, and we measure its maximum amplitude.

This signal actually appears only for speci�cνm values,
showing that coupling of the rf modulation is not constant

FIGURE 5 (a) A comparison is shown between a doublet of CH4 lines acquired by direct absorption spectroscopy and by 2-tones technique. The improve-
ment on the S/N ratio is about a factor of 4. (b) The asymmetry of the line is enhanced if the modulation frequencyνm is increased (hereνm = 300 MHz). In
this way the modulation indexβ decreases, and the ratioM

β
changes from 0.9% to 1.8%, corresponding to the arising of the asymmetry, as reproduced by the

simulations in [25]

in the 0–700 MHz range. Comparing the set of frequencies
found here with that found before, we see that the two sets
almost coincide (Fig. 2).

After this test we have chosen the frequencyνm =
150 MHz, in order to optimize its coupling to the laser.

The detector signal is then processed for the two-tone
measurement: after an ampli�cation stage it is demodulated
by means of a second rf mixer, whose local oscillator input
frequency2νs is obtained by frequency doubling the signal of
the waveform generator (see Fig. 1). After a low-pass �lter,
the signal is sent to the oscilloscope for the acquisition, with
no further ampli�cation stages.

The effective detection bandwidth is �xed by the low-pass
�lter cut frequency, and in our set-up is4.8 MHz, eventually
rescaled by the number of averaged traces. For a more sensi-
tive detection, a narrower �lter should be used.

In Fig. 5a a �rst comparison between a sequence of lines
acquired in direct absorption and with the 2T technique is pre-
sented. The gas pressure in the cell is10 mTorr, resulting in
a relative absorption of about10%. The power level for the
modulating signal is about3 dBm, andΩ = 10 MHz. The fre-
quency sweep is performed by the same1 mslinear ramp. The
pro�le of the 2T lines is the expected one, supposing the con-
tribution of only the �rst side peaks. The slight asymmetry
in the line pro�les is probably caused by the presence of an
AM component that, as we have seen in Sect. 2.2, adds oppo-
site contributions on the side peaks and arises from the strong
dependance of the laser intensity on the driving current (as
indicated by the slope of the direct absorption trace).

This effect is much more evident ifνm is increased from
150 MHzto300 MHz. In thissituation the linepro�lebecomes
that shown in Fig. 5b: The spacing between the central peak
(the negative one) and the side peaks increases, and each peak
replicates the gaussian lineshape. The left peak, however, is
heavily suppressed. In fact, whenνm increases, the FM modu-
lation indexβ = ∆ν

νm
decreases, and the relative contribution of

the AM gets more important. This is the reason why the asym-
metry becomes more evident, as we have noted in Sect. 2.2.
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FIGURE 6 The graph shows a measurement performed with a CH4 pres-
sure in the cell lower than 1 mTorr, leading to a relative absorption of 1%.
The S/N ratios for direct absorption and 2-tones spectra are respectively 2.4
and 14. Both traces are the result of a 4-scan averaging (detection bandwidth
is consequently rescaled)

Finally we want to show in Fig. 6 the comparison between
absorption and two-tone spectroscopy with a very low gas
pressure in the cell (less than1 mTorr). Here the noise be-
comes more evident in both traces, but the S/N ratio in the
two-tone curve is enhanced by a factor of six. This is a sig-
ni�cant improvement, which demonstrates the suitability of
high frequency modulation techniques on QC lasers. We re-
mark on the fact that, due to the starting very low overall noise
level, the enhancement obtained is of the expected order of
magnitude.

This enhancement allows one to improve the minimum
detectable relative absorption from4×10−3 to 7×10−4.
Rescaling by the square root of the effective detection band-
width (1.2 MHz), we can �nally estimate the noise equivalent
absorbance to be6×10−7 /

√
(Hz). The sensitivity per unit

bandwidth is then enhanced with respect to results already
achieved with QC lasers modulated at lower frequencies [27].

4.3 Conclusions

In this paper we have presented what we believe to
be the �rst thorough application of high-frequency modula-
tion spectroscopic techniques to QC lasers. Both for FM and
2T, the signal pro�le is the expected one, according to our ex-
perimental conditions. The maximum measured enhancement
of the S/N ratio with respect to the direct absorption results is
about six times. Such an improvement is of the expected order
of magnitude, considering both the detector response features
and the very low noise �oor of our laser source. This paves the
way to applications of QC lasers to high sensitivity monitor-

ing of even broad molecular lines in real atmospheric pressure
environments, the remaining obstacle being ef�cient coupling
to the laser of GHz frequency modulation.
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