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Abstract—Active mode locking in broadband quantum cascade
(QC) lasers with a repetition rate of about 14.3 GHz has been
achieved through the modulation of the laser bias current. At low
driving currents, the active mode locking in broadband QC lasers
resembles the active mode locking in single-wavelength QC lasers,
while at high driving currents, the mode locking properties are
governed by the broad spectral gain of these lasers. At high bias
currents, the active modulation excites Fabry—Perot modes across
the entire gain spectrum from 6.7 to 7.4 pum, with clear evidence
of mode locking. The spectral width of the optical gain in the
broadband QC lasers exceeds 2 THz and indicates the potential
for generating subpicosecond pulses.

Index Terms—Mode-locked lasers, pulse generation, pulsed
laser, semiconductor lasers, ultrafast optics.

1. INTRODUCTION

ROADBAND lasers are of particular interest for ultra-
B short pulse generation based on active and passive mode
locking [1]. A mid-infrared (IR) broadband quantum cascade
(QC) laser emitting in pulsed mode from 6 to 8 m has recently
been demonstrated [2] and subsequent optimization of the laser
design resulted in broadband continuous wave (CW) emission
at wavelengths spanning the range from 6.7 to 7.4 pm [3]. The
mid-IR spectral region is scientifically and technologically im-
portant for applications such as chemical and biological sensing
[4].

Active and passive mode locking in conventional,
single-wavelength QC lasers have recently been observed
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[5], [6]. There is significant interest in the demonstration of
mode locking in broadband QC lasers. In these devices, laser
action occurs in active regions designed for emission at dif-
ferent wavelengths; thus, the gain spectrum is inhomogeneously
broadened. The broad spectral gain of these lasers is expected
to shorten the pulse duration below picoseconds, and, therefore,
leading to higher peak optical power, which is important for
nonlinear spectroscopy. Furthermore, mode locking in inho-
mogeneously broadened lasers, in particularly in intersubband
lasers where all carrier relaxation times are very short, is not yet
well understood. Recent work by Lu et al. indicates that active
mode locking in inhomogeneously broadened lasers depends
strongly on the group velocity dispersion (GVD) in contrast to
active mode locking in homogeneously broadened lasers [7].
The negative GVD in actively mode-locked inhomogeneously
broadened lasers is required to compensate for the effects
of self-phase modulation and to limit the spectral width of
the optical pulse in order to avoid instabilities, such as pulse
breakup.

In this paper, we demonstrate active mode locking of
broadband QC lasers by modulation of the laser drive current
at frequencies close to the cavity round-trip frequency. The
active current modulation brings above threshold hundreds of
Fabry—Perot modes and changes laser operation from a CW
emission to a pulsed emission. The spectral response of the
lasers was found to be strongly dependent on the dc laser bias,
and on the modulation amplitude and frequency. The spectral
width of the optical emission in the actively mode-locked
broadband QC lasers exceeds Av > 2 THz, which is sufficient
for the generation of the subpicosecond pulses.

II. DESIGN OF GAIN SPECTRUM

The design of the lasers has previously been discussed in
[3]. In short, the QC laser consists of 35 stages with active re-
gions centered at different emission wavelengths [2]. All ac-
tive regions were chosen to be of the so-called “three-well ver-
tical-transition” type [Fig. 1(a)] with center wavelengths span-
ning the range from 6.9 to 7.9 pum [Fig. 1(b)]. The number of
stages at each wavelength was chosen to compensate for optical
loss variations with wavelength and to achieve a sufficiently flat
net modal gain spectrum [3].

The lasers were processed as deep as 10—14-ym-wide etched
ridges with 4-pm-thick chalcogenide glass (Geg 25Seq.75) in-
sulating coating that covers the ridge sides to allow metallic
interconnection between the top contact and the bonding pad.

0018-9197/04$20.00 © 2004 IEEE
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(a) Conduction band diagram of two active regions of a broadband QC laser designed for the emission at 7.25 pm (right) and 7.40 pm (left)

and the intermediate injector. The layer thicknesses in nanometers are, from right to left starting from the injection barrier (indicated by an arrow):
4.2/1.9/1.3/6.3/1.4/4.9/2.0/3.3/1.9/3.2/1.9/3.1/2.0/3.0/2.1/3.0/2.2/3.0/4.2/2.0/1.3/6.3/1.3/5.0/2.0. AllnAs layers are in bold. The moduli
squared of the wavefunctions involved in the laser emission are shown with thick lines. (b) Calculated peak gain wavelength versus active region index.
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Fig. 2. Laser spectra of the broadband QC laser (sample D2813) operating
CW at T' =20 K at different bias currents as indicated. The gain spectrum below
threshold calculated from the luminescence spectrum is shown by a dash line.

We chose to replace the more common thin SizN, insulating
coating with thick Geg 25Seq.75 coating in order to reduce chip
parasitic capacitance and achieve more efficient gain modula-
tion [5]. The lasers were mounted inside a helium flow cryo-
stat and all measurements were performed at cryogenic temper-
ature (7" = 20 K). In order to minimize the package parasitics,
the lasers were bonded to a 50-{2 microstrip line connected to a
cryogenic semirigid cable.

Fig. 2 shows the optical spectra of the D2813 laser operating
in CW at different values of operating current, where the optical
spectrum at [ = 0.73 A (middle) is shown together with the net
modal gain measured below threshold. The net modal gain was
calculated from the subthreshold electroluminescence using the
method developed by Hakki and Paoli [8]. The lasers have a
measured net modal gain ripple of only about 4 cm™! over the
spectral range from 6.7 to 7.4 pm (Fig. 2, middle). At currents
slightly above the threshold current I3, =~ 0.6 A, the laser is
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Fig. 3. Optical spectra of the actively mode-locked broadband QC laser at

constant dc laser bias I = 0.63 A and temperature 7' = 20 K for different values
of the RF modulation frequency as indicated. The RF power is P.¢= 30 dBm.

single mode at the position of peak gain. The increase of the
current to [ = 0.73 A results in the appearance of the second
mode at the other maximum of the gain spectrum. As the current
is further increased, additional modes appear across the entire
gain spectra.

Active mode locking was achieved by driving the laser with
an RF signal from a low-phase-noise signal generator followed
by a high-speed amplifier. A bias tee was inserted at the
input connector of the cryostat to combine the RF modulation
and laser dc bias current. The maximum power of the RF
modulation was 30 dBm after the amplifier, but we estimate the
power actually reaching the laser to be significantly lower due
to a mismatch between the 50-(2 microstrip line and the laser
bonding and packaging. The optical spectra were measured
with a Nicolet fast Fourier transform infrared spectrometer
(FTIR) and a deuterated triglycine sulfate (DTGS) detector.
The high-frequency photocurrent signal was measured with
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Fig. 4. Optical spectra of the broadband QC laser output at constant dc laser bias I = 0.63 A and temperature T = 20 K for an RF modulation frequency
f = 14.220 GHz. The RF power ( Py¢) is 28 dBm (bottom) and 30 dBm (top). Inset: The corresponding photocurrent spectra of the laser output at I = 0.63 A

measured with the QWIP for various powers of RF modulation, as indicated.

a fast quantum-well infrared photodetector [9] (QWIP) with
40-GHz cutoff frequency! followed by a high-speed amplifier
and electrical spectrum analyzer.

III. Low-CURRENT REGIME

The optical spectra of an actively mode-locked 3.2-mm-long
broadband QC laser (D2813) are shown in Fig. 3 at various RF
modulation frequencies. The RF modulation power is kept con-
stant at P = 30 dBm and the laser dc bias is / = 0.63 A. In the
absence of any modulation the laser emits CW at A ~ 7.16 ym
(Fig. 2, bottom). The active current modulation transfers the en-
ergy from the lasing modes to their neighbors and brings them
above threshold [5]. As the modulation frequency is tuned to
the range of cavity round-trip frequencies the number of excited
modes grows, reaching a maximum in the frequency interval
f = 14.22-14.28 GHz.

Direct evidence of active mode locking follows from an anal-
ysis of the laser emission with a fast QWIP [9] and an electrical
spectrum analyzer. The spectra of the QWIP photocurrent are
shown in the inset to Fig. 4 for an actively mode-locked QC laser
at a dc bias I = 0.63 A, RF frequency f = 14.220 GHz, and
for two RF powers of P = 28 dBm and P = 30 dBm. The cor-
responding optical spectra are shown in Fig. 4. The peak in the
photocurrent results from the laser pulse emission at the cavity
round-trip frequency. The photocurrent peak broadens signifi-
cantly when the number of the excited modes increases with
RF power. This broadening apparently indicates an incomplete

IThe upper frequency limit of these measurements (f = 25 GHz) is set by a
cutoff frequency of the electrical spectrum analyzer.
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Fig. 5. Optical spectra of the broadband QC laser output at constant dc laser
bias I = 0.63 A and temperature ' = 20 K for different values of the RF
power. The RF modulation frequency is f = 14.27 GHz. Inset: Spectral width
of the actively mode-locked broadband QC laser output measured with FTIR
plotted on a logarithmic scale versus RF modulation current. The dc laser bias
I = 0.63 A, the temperature 7' = 20 K, and the modulation frequency f =
14.27 GHz. The straight line shows the theoretically predicted dependence of
the spectral width on the RF power, Av ~ %25,

phase-locking of the excited modes that results in the fluctua-
tions of the pulse properties such as the amplitude, pulse dura-
tion, and repetition frequency.

The dependence of the spectral response on the RF power
is shown in Fig. 5 at a laser bias current of / = 0.63 A and
modulation frequency of f = 14.27 GHz. When the RF power
P < 23 dBm, the active modulation results only in the ex-
citation of two weak neighboring modes or RF sidebands. A
small increase of RF power to P = 25 dBm causes a significant
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Fig. 6. Optical spectra of a single wavelength QC laser at constant dc laser bias
I = 1.6 A and temperature 7" = 20 K for different values of the RF power.
The RF frequency is f = 11.46 GHz. Inset: Spectral width of the actively
mode-locked single wavelength QC laser plotted versus RF modulation current.
The dc laser bias is I = 1.3 A, the temperature is T = 20 K, and modulation
frequency is f = 11.486 GHz. The straight line is a quadratic least square fit
to the data at high RF power (data points above P,y = 2 dBmor I,y = 5.6 mA
are included in the fit).
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Fig. 7. Optical spectra of the broadband QC laser output at constant dc laser
bias I = 0.73 A and temperature 7' = 20 K for different values of the RF
modulation frequency as indicated. The RF power is P, = 30 dBm.

change of the emitted spectra and an even broader spectrum is
observed when P > 28 dBm.

At low currents, and without RF modulation, the broadband
QC laser operates in single mode so that it would be natural
to compare the response of the broadband QC laser with
the response of a conventional mode-locked QC laser with
a gain spectrum peaked at a single wavelength. The active
mode locking of conventional QC lasers is described in [5].
Fig. 6 shows optical spectra of the actively mode-locked
single wavelength QC laser for the various powers of RF
modulation. Similarly, in the single wavelength QC lasers,
the spectral response is very weak, below a certain value of
RF power (14 dBm here), while a small increase of the RF
modulation triggers a considerable change of the emitted
spectra and results in the transition from CW to the pulsed
emission. After transition to the pulsed emission, the spectral
width (and pulse duration) depends weakly on the RF power, as
shown in the inset of Fig. 6. A fit to the data at high RF power
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Fig. 8. Optical spectra of the broadband QC laser output at constant dc laser

bias I = 0.73 A and temperature 7' = 20 K for RF modulation frequencies
f=14.292 GHz (top) and f =14.296 GHz (bottom). The RF power is Pf =
30dBm. Inset: Corresponding photocurrent spectra of the laser output measured
with the QWIP. The sharp spike is caused by crosstalk between the RF generator
and the QWIP, while the broader peak results from the laser pulsed emission at
the cavity round-trip frequency.

gives the spectral width Av dependence on the RF current
Av ~ I5"® and is in the good agreement with predictions [10],
[5] Av ~ Irof.25’ where I,y =~ /Py¢/50Q is the RF current
before the bias tee calculated from the RF power P,¢, and 50 €2
is the impedance of the bias tee. So, the strong modulation is

essential to achieve active mode locking in QC lasers.

IV. HIGH-CURRENT REGIME

The optical spectra of an actively mode-locked broadband
QC laser at higher drive current (I = 0.73 A) are shown in
Fig. 7 at various frequencies of RF modulation. The power of
the RF modulation is kept constant at P = 30 dBm. In the ab-
sence of any modulation the laser emits CW at two wavelengths:
A= 6.75 pm and A = 7.25 pm (Fig. 2, middle). As the mod-
ulation frequency is tuned to the range of cavity round-trip fre-
quencies (f = 14.2-14.3 GHz) allowed by the refractive index
dispersion, the number of excited modes grows. The actively
mode-locked broadband QC laser emits a broad spectrum in
two spectral windows centered near the original, unmodulated
wavelengths of A =~ 6.75 ym and A & 7.25 pm, which coincide
with two maxima of the gain. The envelope of the Fabry—Perot
modes centered near A ~ 7.25 um (f = 14.296 GHz) has
two humps which is characteristic for a strong self-phase mod-
ulation resulting from pulse propagation in a medium with in-
tensity-dependent refractive index [11]. This nonlinearity arises
from giant optical Kerr effects of the intersubband laser transi-
tion as discussed in previous work [6].

The spectrum of the QWIP photocurrent is shown in the inset
of Fig. 8 for an actively mode-locked QC laser at a dc bias
I = 0.73 A and RF power of P = 30 dBm for two RF fre-
quencies f = 14.292 GHz and f = 14.296 GHz. The corre-
sponding optical spectra are shown in Fig. 8. The sharp spike in
the photocurrent spectrum arises from crosstalk between the RF
generator and detector. The broader peak results from the laser
pulse emission at the cavity round-trip frequency. The optical
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Fig. 9. (a), (b), and (c) Optical spectra of the actively mode-locked broadband
QClaser at T' = 20 K for various dc bias currents. The RF power is 30 dBm and
the RF frequency varies slightly with the laser bias current. (d) Optical spectrum
of the same broadband QC laser operating in a self-mode locking mode. The
laser dc bias and temperature are I = 1.03 A and T" = 20 K, respectively.
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Fig. 10. Photocurrent spectra of the laser output of the actively mode-locked
broadband QC laser at T' = 20 K for various dc bias currents measured with
the QWIP. The RF power is 30 dBm and the RF frequency varies slightly with
the laser bias current.

and photocurrent spectra of the actively mode-locked broadband
QC laser change appreciably with a small variation of the active
modulation frequency. The tuning of the latter by 4 MHz from
f = 14.292 GHz to f = 14.296 GHz significantly increases
the number of the modes excited by the active modulation, re-
sulting in the higher amplitude of the photocurrent peak, since
more modes contribute in phase to the formation of the pulses.

The three bottom graphs in Fig. 9 show the optical spectra
of the actively mode-locked broadband QC laser at various dc
bias currents. The RF power P is 30 dBm and the modulation
frequency is varied with bias current (f = 14.27-14.45 GHz)
to achieve the respective maximum spectral width. The laser
spectral response depends strongly on the laser bias current and
reflects the broad spectral gain of the laser and its wavelength
dependence. At low drive currents I = 0.63 A, the RF modu-
lation brings above threshold only Fabry—Perot modes near the
wavelength of the unmodulated laser A ~ 7.16 um. At high
dc currents, the active modulation results in the appearance of
numerous Fabry—Perot modes across the entire gain spectrum
from 6.7 to 7.4 pum. The corresponding photocurrent peaks are
shown in Fig. 10. The photocurrent peak broadens with increase

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 40, NO. 7, JULY 2004

of the laser bias current (or laser optical power). This broad-
ening results from poor phase-locking of the modes across the
broad spectrum. At high bias, the laser remains in the pulsed
mode even after the active current modulation is turned off (top,
Fig. 9). This pulsed emission results from a self-mode locking
as will be described elsewhere [12].

The common way to measure the duration of ultrashort pulses
is through second-order autocorrelation based on the second
harmonic generation or on two-photon absorption. These mea-
surements cannot presently be carried out with mode-locked QC
lasers due to limited conversion efficiency of nonlinear crystals
in the mid-IR and the low pulse peak energy.2 An estimate of the
pulse duration, however, can be obtained from the time—band-
width product.

In the presence of self-phase modulation (SPM), the pulse
duration of a Gaussian pulse 7, and the root-mean-square (rms)
spectral width Awv,,,¢ are related by the following expression

[6]:

V2 log 2 4
™ 33

TpAlrms =
where ¢max is the nonlinear phase shift corresponding to the
pulse peak power. At a dc laser bias current I = 0.63 A (Fig. 9,
bottom), the spectral envelope of the laser output has a Gaussian
shape that corresponds t0 oy < /2. The measured rms width
of the spectrum at this current is Av,,s & 131 GHz, resulting
in a pulse duration 7, in the range 7, ~ 2.8—4.8 ps, depending
on the value of ¢, ax.

Apparently, the shortest pulses can be achieved at high dc
laser bias currents where the Fabry—Perot modes across the en-
tire spectral gain width are excited (Fig. 9, I = 1.03 A). The
latter exceeds Av > 2 THz pointing out to the possibility of
achieving a pulse emission with subpicosecond duration. The
spectral envelope at high bias current has a rather unusual shape
that may be due to an uncommon pulse shape, effects of SPM,
or poor phase-locking of the modes across the broad spectrum.
Thus, the estimate of the pulse duration from the spectral width
at high currents is inaccurate.

The wide inhomogeneously broadened spectral gain of these
lasers prompts a question whether all modes across the entire
gain spectrum are phase-locked. For example, at I = 0.73 A
the laser emits in two spectral windows centered around A ~
6.75 pm and A\ & 7.25 um that are separated from each other.
There are no Fabry—Perot modes spaced continuously from one
spectral region to the other, so the phase-locking between the
two groups of modes centered around the above wavelengths
does not hold, since the likelihood that nonlasing modes are
locked is negligible given that the power in the modes must be
sufficiently high in order for them to lock, while definite phase
relations between modes in each group would be maintained.?

2Several groups are actively studying nonlinear optical effect in semicon-
ductor structures that have potential for development of the detectors suitable for
the second-order autocorrelation measurements in mid-IR. In particular, very
promising results were observed for two-photon absorption measurements in
quantum dots and in specially designed QWIP.

3We attributed the absence of phase-locking of all Fabry—Perot modes across
the entire gain spectrum in these lasers to an insufficient flatness of the gain
spectrum and to a weakness of the active mode locking modulation.
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Such scenario would give rise to the emission of two trains of
pulses centered near A =~ 6.75 ym and A =~ 7.25 pm. Di-
rect evidence of such has recently been observed by us in self-
mode-locked broadband QC lasers and will be reported else-
where [12].
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