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Abstract

We present results that describe the evolution of the spectrum of a pulsed quantum cascade (QC) laser. By mapping
the temporal characteristics of the light pulse into the wave number domain, we show how the spectral evolution
depends on the duration and the quality of the current pulses used to excite the QC laser. © 2001 Elsevier Science B.V.

All rights reserved.
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The quantum cascade (QC) laser has the po-
tential to improve the both the detection sensitivity
and spectral resolution of mid-infrared spectro-
meters that are currently used for a variety of differ-
ent spectral measurements [1-3]. The most obvious
advantage offered by the QC laser system is the
potential ability to operate at or close to room
temperature in a continuous-wave manner and
major steps have been taken towards the realisa-
tion of this goal [4]. To date, however, the majority
of spectral measurements made with QC lasers
have used pulsed operating conditions, where the
duration of the current pulses range from 5 to
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200 ns. To fully quantify the behaviour of a pulsed
QC laser it is necessary to monitor both the spec-
tral and temporal evolution of the emitted light
pulses. The temporal characteristics have been
measured by use of infrared detector and oscillo-
scope combinations that have a time resolution
typically ranging from 0.1 to 1 ns [5]. The spec-
tral characteristics, however, have been recorded
with medium to low resolution interferometric [6]
or dispersive [7] infrared spectrometers. Although
this approach has been successful in showing and
allowing the partial quantification of both the lon-
gitudinal mode structure and the wavelength chirp
induced by pulsed operation, little information is
available about the detailed spectral evolution of
the pulse.

In this paper we show that a high resolution
continuously scanning Fourier transform spec-
trometer (FTS) can be used to probe the spectral
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Fig. 1. Schematic of the experimental arrangement: QCL, QC
laser; RC, Rowgoski coil; PCS, pulsed current source; BS, beam
splitter; MCT, mercury—cadmium-telluride detector; FTS,
Fourier transform spectrometer.

behaviour of a QC laser provided that the pulse
repetition rate of QC laser is greater than the
sampling rate of the spectrometer. We describe
how we are able to map the temporal character-
istics of the light pulse into the wave number do-
main and show how the temporal evolution of the
current pulse influences the spectral behaviour.
The experimental configuration used to dem-
onstrate the principle of our approach is shown in
Fig. 1. The QC laser was a DFB structure (fabri-
cated by Alpes lasers) that was designed to oscil-
late at a wavelength of 10.2 um. The laser was
housed in airtight chamber, and the light was
coupled from the chamber through an anti-reflec-
tion coated ZnSe window. The QC laser substrate
was mounted on a Peltier cooler, which allowed
the substrate temperature to be varied between
—30°C and +30°C. The temperature of the sub-
strate was stabilised to a level of +0.01°C. The
laser was excited by use of an in-house designed
pulsed current source. This generated top-hat shaped
current pulses with durations ranging from 10 to
200 ns, at repetition rates of up to 100 kHz, and
with average currents of up to 10 A. This genera-
tor will be described in more detail elsewhere [8].
The amplitude and shape of the current pulse ap-
plied to the QC laser were monitored using a
Rogowski coil [9] placed between the current
source and the QC laser. The threshold current of
the QC laser was 3.2 A at a substrate temperature
of 0°C. The temporal profile of the resulting light
pulses generated by the QC laser was recorded
using a high speed mercury—cadmium-telluride
(MCT) photovoltaic detector and digital oscillo-

scope, which had a nominal combined temporal
resolution of 10 ns. The spectral profile of radia-
tion produced by the QC laser was studied by use
of a Bomem DA-3 FTS which had a maximum
effective resolution of 0.005 cm~! (150 MHz). This
is significantly higher value than that of the Nico-
let (0.125 cm™' (3.75 GHz)) that was used in a
recent study of the frequency comb produced by a
QC laser when operated in a gain-switched mode
[5]. The maximum sampling frequency of our FTS
is 20 kHz, which is less than the repetition fre-
quency of the current pulses applied to the QC
laser (50-100 kHz). As a result the QC laser ap-
pears as a quasi-continuous-wave light source
when viewed by the FTS.

It is well known that the application of a cur-
rent pulse to a QC laser results in a wavelength
chirp, which is almost linear [3,10]. This mapping
between the time and frequency response of the
QC laser combined with the resolution offered by
the FTS has allowed the characterisation of the
spectral output from the pulsed QC laser as a func-
tion of current pulse shape, current pulse duration,
current amplitude and substrate temperature, at a
resolution that has not been reported to date. A
direct consequence of this is that we have been able
to observe non-linear spectral dynamics as the
current pulse is applied to the QC laser that, to our
knowledge, has not been previously reported.

The initial measurements made on the spectral
performance of the QC laser were made with a
substrate temperature of 5°C, current pulses of 106
ns duration and 4.4 A amplitude at a repetition
frequency of 50 kHz. With the FTS set to give
spectral resolutions of 1 cm™' (30 GHz) and 0.1
cm~! (3 GHz), the spectral output appeared to be
single frequency as shown in Fig. 2(a) and (b). It
can be seen that even with a resolution of 0.1 cm™!,
the resolution of most commercial FTSs (see Fig.
2(b)), it is impossible to obtain much information
about the structure of the pulse. There was no
evidence of any spectral sidebands at the cavity
longitudinal mode spacing. As the spectral reso-
lution of the FTS was increased to 0.03 cm™!, it
was found that there was significant structure
within the spectral envelope (see Fig. 3). The os-
cillatory variation in the spectral output, as shown
in Fig. 3, was attributed to the damped oscillations
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Fig. 2. Spectral output from QC laser using low FTS resolution:
resolution set to (a) 1 cm™' and (b) 0.1 cm™'.

present on the driving current pulse (see Fig. 4(a)),
which are due to the current source and the QC
laser not being correctly impedance matched (see
also Ref. [3]).
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Fig. 3. Spectral output from QC laser with FTS resolution set to
0.03 cm™'. This resolution is just sufficient to allow the modu-
lation of the pulse envelope to be clearly seen.

It is also evident from Figs. 3 and 4(b) that
there is a linear mapping of the pulse temporal
profile into the wave number domain, as the am-
plitude modulation seen on the temporal profile of
the pulse is mirrored in the amplitude variation
with wave number of the pulse spectrum that
is recorded via the FTS. The linear correspon-
dence between the pulse duration and wavelength-
up-chirp is further verified by reference to Fig.
5(a). From this graph the rate of change of wave
number, as a function of pulse duration, was de-
termined to be 6.1 x 1073 cm~!/ns (183 MHz/ns).
Furthermore this pulse induced wavelength change
appears to be, within the accuracy of our mea-
surement, independent of the substrate tempera-
ture. This wavelength change is due to the local
heating induced in the QC laser structure by the
applied current pulse. Fig. 5(b) shows the wave-
length change as a function of the duty cycle of the
applied pulse at a range of different substrate
temperatures whilst Fig. 5(c) shows the tempera-
ture induced wavelength-up-chirp. From this plot
it was found that the rate of change of wave
number as a function of temperature was 7.6 x
102 cm~!'/K (2.3 GHz/K). Finally, by placing two
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Fig. 4. (a) Temporal response of the current pulse used to drive
the QC laser as measured with the Rowgoski coil. (b) Temporal =
output from the QC laser measured using a fast photovoltaic E
MCT detector. B o757
g
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different germanium etalons between the laser and =
the FTS, we have recorded the etalon fringes
related to the wavelength-up-chirp. The fringes 073 : : :
generated using the shorter of these etalons, with a 250 260 270 280

fringe spacing of 0.05 cm™! have a similar period
to the intensity oscillations of the pulse amplitude.
However, the shorter period 0.02 cm™! oscillations
produced using the longer etalon are clearly shown
in Fig. 6. The final trace, Fig. 6(c) shows the ratio
of the pulse with and without the etalon. The
quality of the resultant fringe pattern demon-
strates that this method of ratioing will allow a
high resolution spectrum to be recorded directly

T/K

Fig. 5. Wave number tuning as a function of current pulse
duration and substrate temperature. (a) Wave number chirp as
a function of pulse width, using a current of 4.4 A and a re-
pletion rate of 50 kHz. This is recorded at temperatures of (i)
268 K, (ii) 273 K, (iii) 278 K and (iv) 283 K. (b) Wave number
variation with both duty cycle and substrate temperature, the
other conditions are a given in (a). (¢) Temperature tuning of
the device, at a pulse width of 106 ns and a 50 kHz repetition
rate, using an interferometer resolution of 0.03 cm™!.
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Fig. 6. Wave number tuning produced by a 100 ns current pulse
observed via the 0.02 cm™' fringe pattern of a solid Ge etalon.
The resolution of the FTS was 0.005 cm™': (a) without etalon,
(b) with etalon, (c) etalon fringes obtained by ratio of (b)/(a).

using a pulsed laser spectrometer. We have also
shown that the use of a 200 ns pulse will give
almost 1 cm™' of useful tuning. It is noted both by
Namjou et al. [10] and by Kosterev et al. [3] that
when a variable pedestal of sub-threshold current
is added to produce laser tuning, the wave number
chirp is partly quadratic. However, in the present
experiments this approach to tuning has not been
used, and as a result the tuning appears to ap-
proximate to linear behaviour over a tuning range
of 0.6 cm™'.

The FTS spectrum offers more information
about the dynamics of the laser than our temporal
measurement scheme, since Fig. 3 clearly shows
that the QC laser “turns off” between successive
current spikes. This feature was investigated in a
more detail by increasing the resolution of the FTS
6 x 1073 cm~! (180 MHz) and varying the ampli-
tude of the current supplied to the laser. The pulse
duration was fixed at 106 ns, the repetition rate
was 50 kHz and substrate temperature was —10°C.
The data obtained from this study are shown in
Fig. 7. As the current pulse amplitude increased
the spectral structure changes from the almost
regular damped oscillatory behaviour seen in Fig.
3, to a pattern in which there is significantly more
spectral structure (cf. Fig. 6(a) and (f)). Initially as
the amplitude of the current pulse is increased the
oscillating frequency associated with the first
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Fig. 7. Variation of the pulse structure as a function of in-
creasing the amplitude of current pulse. The pulse width was
106 ns at a repetition rate of 50 kHz. The Michelson interfero-
meter resolution was 0.006 cm~!. The currents (A) used are (a)
3.6, (b) 3.8, (c) 4, (d) 4.4, (¢) 4.8 and (f) 5.2.

spectral spike shifts to a higher frequency, which
is attributed to the fact that the laser reaches
threshold earlier in the current pulse and so the
effects of local heating due to the current pulse are
not so dominant. As the current is further in-
creased the first spectral spike appears to down-
shift in frequency and this spike, together with
subsequent spikes, start to show significant struc-
ture. The origin of these features is not fully un-
derstood at present, but is thought to arise from a
combination of the modulation of the gain inside
the QC laser induced by the modulation on the
current pulse, and the carrier injection dynamics.
These processes are the subject of on going nu-
merical modelling and will be reported on at a
later date.

In conclusion we have shown that a high reso-
lution continuously scanning Fourier transform
infrared spectrometer may be used as a very sen-
sitive probe of the spectral/time dependence of the
output pulse of a single mode QC laser driven via a
high repetition rate, short pulse power supply. The
use of a high repetition rate source obviated the
need to use a time resolved Fourier transform in-
strument. Furthermore, the resolution of the high
resolution scanning FTS is much greater than that
of commercially available time resolved FTS [11].
Hence the use of a FTS for studying the pulse
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duration induced wavelength-up-chirp behaviour
is currently only possible via the method des-
cribed in this paper. Although Namjou et al. [10]
and Kosterev et al. [3] have shown that the wave-
length-up-chirp behaviour may be measured by
deconvolution of the observed line shape of the
absorption lines of a trace gas, the use of the FTS
allows this behaviour to be measured over a wider
wave number region. It has also been pointed out
to us by the referee that a high resolution scanning
Fabry—Perot interferometer can also be used to
measure wavelength-up-chirp. Whilst this is true,
and can provide higher resolution for a narrow
wave number scan, the advantages of the FTS are
the direct measurement of the absolute wavelength
of the QC laser, and also the wider wave number
range over which the measurements can be made.
We have recently exploited this property to obtain
the high resolution spectrum of a multi-longitudi-
nal mode laser over a 20 cm~' wave number in-
terval [12].
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