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Quantum cascade (QC) lasers1 are
based on optical intersubband tran-

sitions between quantized states in the
conduction band of multiple coupled
quantum wells. Four distinct characteris-
tics contribute to the uniqueness of the
QC laser.

The peak wavelength of the active re-
gion can be chosen freely over a very wide
range by band structure engineering2; the
strength of the optical dipole matrix ele-
ment can similarly be tailored; the semi-
conductor heterostructure is transparent
outside the customarily narrow band-
width of the intersubband transition; and
finally, many active regions—unipolar by
nature—can be stacked upon each other
and interleaved with injector regions in
the so-called cascading scheme.

We exploit these four characteristics to
demonstrate the first QC laser with an en-
gineered ultrabroadband gain spectrum,3

designed to provide flat net gain from 5 to
8 �m wavelength. Yet the concept is more
general, allowing the generation of com-
posite gain spectra with near-arbitrary
shapes.

This is achieved by stacking many dis-
similar but cooperative active regions into
one waveguide core, which is mathemati-
cally equivalent to adding individual inter-
subband transition lineshapes until a de-
sired envelope function is obtained. Band-
structure engineering of QC lasers pro-
vides a large number of free design param-
eters to solve this mathematical task rigor-
ously, as is shown in Ref. 3. Here we re-
duced the problem to a design rule stating
the peak wavelength of each active region
as a function of that region’s position in
the stack. All active regions were further-
more chosen to be of the so-called three-
well vertical transition type. In essence, ac-
tive regions at the top of the stack are con-
tributing to the shorter wavelength region
of the gain spectrum, while active regions
at the bottom of the stack are building the
gain for the long wavelengths. This struc-
ture was then grown by molecular beam
epitaxy and processed in conventional
fashion.

We measure electrolumines-
cence and optical gain over the
entire design spectral range from
5 to 8 �m wavelengths. Wave-
lengths around 7.3 �m are
reaching laser threshold first. As
the current is increased, a
broader and broader range of
wavelengths is brought above
threshold until a continuous
Fabry-Perot spectrum from 6 to
8 �m is established (see Fig. 1).
At higher currents, this spec-
trum remains broadband and
continuous throughout, up to
the highest peak currents avail-
able to us.

Figure 1 also shows the light
output and voltage versus cur-
rent characteristics of the laser.
We measure a peak optical pow-
er of more than 1.3 W and a
maximum slope efficiency of
350 mW/A. The threshold cur-
rent density increased from 
4 kA/cm2 at 10 K heat-sink tem-
perature to 16 kA/cm2 at room tempera-
ture. At the wavelength of best perform-
ance, 7.4 �m, a modal gain coefficient of
16 cm·kA-1 at threshold and a waveguide
loss of 18 cm-1 have been estimated.4

Finally, we determined the group re-
fractive index dispersion of the ultra-
broadband QC laser from subthreshold
amplified spontaneous emission spectra.4

In the wavelength range of 5 to 8 �m, the
global change of the group refractive in-
dex is as small as + 8.2 � 10-3 �m-1, which
may become essential in mode-locking ex-
periments, for example.

Lasers which emit light over an ex-
tremely wide wavelength range are of in-
terest for applications as varied as wide
spectral range trace-gas sensing, ultrapre-
cision metrology or terabit optical data
communications.

This material is based on work sup-
ported in part by DARPA/US Army Re-
search Office.
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Figure 1. Top: Normalized spectra obtained at
various peak current levels (as indicated) from a
laser operated in pulsed mode at cryogenic tem-
perature. Peak currents up to 4 A are indicated
with gray lines, higher peak currents with black
lines, showing ultrabroadband emission from 6 to
8 �m wavelengths. Bottom: Light output (solid
lines) and voltage (dashed line) versus current
characteristics of a laser operated in pulsed mode
at various heat-sink temperatures as indicated.The
light has been collected with near unity efficiency
from one laser facet and focused onto an uncali-
brated HgCdTe detector (black lines) or a cali-
brated thermopile laser power meter (gray line
and separate vertical axis).
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U ltrahigh-speed sampling is a critical
function for next-generation optical

signal processing architectures, including
optical bit-error-rate test systems, optical

sampling oscilloscopes and
high resolution imaging radar
systems. Key to obtaining the
performance promised by the
bandwidth in photonics is the
optical sampling duration and
the timing fluctuation of the
sampler. Mode-locked semi-
conductor lasers are potential
candidates for optical sam-
pling clocks in the aforemen-
tioned applications. We ad-
dress the issue of timing sta-
bility (or timing jitter) of ex-
ternal cavity mode-locked
semiconductor lasers under 
high-repetition-rate opera-
tion (10 GHz). In this regime
of operation, the designer has
the option of using a harmon-
ically mode-locked configura-
tion, owing to the availability
of high-speed modulators, or
a fundamentally mode-locked
configuration, with the added
complexity of fabrication of
the modulator directly on
chip.

Two types of mode-locked
semiconductor laser cavity
geometries were constructed
based on either harmonic
mode-locking1,2 or funda-
mental mode-locking.3,4 The
experimental arrangement of
the harmonically mode-
locked external ring cavity
laser is shown in Fig. 1(a).
Mode-locked pulse-trains
were characterized by meas-
urements of intensity auto-

correlations, optical spectra and wideband
residual phase and amplitude noise in the
offset frequency range extending from 10
Hz to 5 GHz.3 In addition, a narrow
linewidth (100 kHz) cw semiconductor
laser was used to measure the optical
linewidth of the individual comb compo-

nents within the mode-locked laser optical
spectrum by the heterodyne method.4

The results of the experiments are
summarized in Fig.s (b) and (c). Figure
(b) shows the amplitude and residual
phase noise spectra of the 10 GHz har-
monically mode-locked ring laser. The
salient features are the close-in corner fre-
quency and supermode noise spurs in har-
monic mode-locking. By contrast, in a
fundamentally mode-locked laser, the cor-
ner frequency extends far out and there is
no supermode noise.3 The timing jitter is
therefore dominated by the supermode
spurs in harmonic mode-locking and by
the large-offset corner frequency in funda-
mental mode-locking.

It has been shown that the longitudinal
mode linewidth, which is inversely pro-
portional to laser cavity length, determines
the phase noise corner frequency.4 To
achieve low timing jitter, one must elimi-
nate the supermode noise spurs and main-
tain a close-in corner frequency, which is
easily obtained by harmonically mode-
locking a long cavity. Figure 1(c) shows
the noise spectra of the 10 GHz harmoni-
cally mode-locked ring laser with the su-
permode suppressed to -140 dBc/Hz. This
is achieved by incorporating a high-fi-
nesse intracavity etalon whose free spec-
tral range was chosen to match the mode-
locking frequency.5 The timing jitter for
the laser, obtained by integrating the area
in the offset range 10 Hz-10 MHz, yields
35 fs. This result, to our knowledge, is the
lowest timing jitter reported for a mode-
locked semiconductor diode laser.

References
1. C. M. DePriest,T.Yilmaz,A. Braun, J.Abeles, P. J.

Delfyett, Jr., J. Quantum Elec. 38, 380-9 (2002).
2. C. M. DePriest,A. Braun, J.Abeles, P. J. Delfyett, Jr.,

Photon.Technol. Lett. 13, 1109-11 (2001).
3. T.Yilmaz, C. M. DePriest, and P. J. Delfyett, Jr., Elec-

tron. Lett., 37, 1338-9 (2001).
4. T.Yilmaz, C. M. DePriest,A. Braun, J.Abeles, P. J.

Delfyett, Jr., Opt. Lett. 27, 872-4 (2002).
5. C. M. DePriest,T.Yilmaz, S. Etemad,A. Braun, J.

Abeles, P. J. Delfyett, Jr., Opt. Lett. 27, 719-21 (2002).

Christopher M. DePriest, Tolga Yilmaz (tolga@creol.
ucf.edu) and Peter J. Delfyett, Jr., are with the School
of Optics/CREOL, University of Central Florida, Or-
lando, Florida. Joseph H. Abeles and Alan Braun are
with the David Sarnoff Research Center, Princeton,
New Jersey.Figure 1.(a) Mode-locked ring laser cavity layout

and its AM and residual PM noise (b) before and
(c) after supermode suppression.
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