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Tunable Monolithic Colliding Pulse Mode-
Locked Quantum-Well Lasers

M. C. Wu, Y. K. Chen, T. Tanbun-Ek, R. A. Logan, and M. A. Chin

Abstract—The tunabilities of both the wavelength and the
pulse width of monolithic mode-locked semiconductor lasers are
demonstrated for the first time. Pulses shorter than 1.6 ps,
tunable over 8.8 nm, have been generated by a temperature-tuned
monolithic colliding pulse mode-locked (CPM) quantum-well
laser. For a fixed wavelength, the pulse width is independently
controlled from 1.2 ps to longer than 3 ps by external bandpass
filters, Near transform-limited time-bandwidth products of 0.34
are maintained throughout the tuning processes.

HE combination of mode-locked lasers generating trans-

form-limited pulses at 1.55 pum [1]-[5] and erbium-doped
fiber amplifiers (EDFA) have generated a great deal of
interests in many applications, including optical soliton trans-
missions [6], [7], nonlinear optical logic devices [8], elec-
trooptical sampling, and millimeter-wave generations. In
many of these applications, tuning of both the wavelength
and the pulse width are highly desirable. For example, in
optical solitons, the peak power P, and the pulse width 7
satisfy the relation P72 = y| Ao — \p| where v is a con-
stant depending on the fiber properties, A. is the signal
center wavelength, and A, is the zero dispersion wavelength
of the fiber [9]. The freedom of tuning A- and 7 allows the
soliton parameters to be properly optimized. Furthermore,
with two or more tunable mode-locked lasers, multicolor
solitons can be transmitted simultaneously [7].

In mode-locked lasers with external cavities, the wave-
length and the pulse width can be mechanically tuned by
grating feedback elements or intracavity filters {5], [10].
However, these structures are bulky and suffer from exces-
sive losses, and the tuning is usually accompanied by realign-
ment of the optical cavity. On the other hand, monolithic
mode-locked semiconductor lasers are compact and stable
sources of short optical pulses [1]-[3], [11]. Their capabili-
ties of generating transform-limited pulses were first demon-
strated by monolithic colliding pulse mode-locked (CPM)
quantum-well lasers [2], [3]. However, the tuning capabili-
ties of the monolithic mode-locked semiconductor lasers have
not been studied. In this letter, we report, for the first time,
the tunability of both the wavelength and the pulse width of
the monolithic mode-locked semiconductor lasers. Pulses
shorter than 1.6 ps are generated over a broad wavelength
range, 1.528 ~ 1.537 um, using a temperature-tuned mono-
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lithic CPM laser. The tuning range of 8.8 nm is limited by
the gain bandwidth of the EDFA. At a fixed wavelength, the
pulse width is independently controlled by external bandpass
filters. The time-bandwidth products of the pulses remain
unchanged (~ 0.34) throughout the tuning processes.

A schematic of the experimental arrangement is shown in
Fig. 1. A monolithic InGaAs/InGaAsP CPM quantum well
laser generating picosecond optical pulses at 80 GHz repeti-
tion rate is used as the optical source. The output pulses are
coupled into an optical fiber and then amplified by a 1480-nm
diode-pumped EDFA. Optical isolators are placed on both
sides of the EDFA to prevent reflections back to the CPM
laser and to suppress lasing in the EDFA. The pulse width
and the optical spectrum are monitored simultaneous with a
noncollinear second-harmonic autocorrelator and an optical
spectrum analyzer. The wavelength of the CPM laser is
designed to be 1.53 um, matching the gain spectrum of the
EDFA. The detailed device structures have been reported
previously. The center section of the CPM laser (~50 pum
long) is reverse biased as saturable absorber, while the rest of
the laser is forward biased as gain media. Under normal
passive mode-locking conditions (gain section current I; =
100 mA, saturable absorber voltage V,,, = —0.5 V, and heat
sink temperature T = 18°C), the CPM laser generates pulses
with a duration of 1.28 ps, a time-bandwidth product of 0.34,
and a peak power of 5 mW. The EDFA operates in gain-
saturation regime and- provides 20 dB gain at an average
input power of —8 dBm. The peak power of the amplified
pulses is 160 mW. ,

To implement the tuning schemes similar to those in
external-cavity mode-locked lasers, sophisticated fabrication
technologies such as those used in photonic integrated circuits
[12] need to be used. On the other hand, the well-known
temperature dependence of the semiconductor energy bandgap
provides a convenient way to tune the wavelength of the
monolithic mode-locked lasers, taking advantage of the me-
chanical stability of the integrated optical cavities with tem-
perature changes. Fig. 2 shows the second-harmonic autocor-
relation traces and the corresponding time-averaged optical
spectra of the CPM pulses for three laser (heat sink) tempera-
tures: (a) T = 11°C, (b) T = 18°C, and (¢) T = 25°C. The
spectral envelop shifts continuously toward the longer wave-
length side with increasing temperature, and A- moves from
1528.4 nm (R = 11°C) to 1537.2 nm (T = 25°C). The
spectral envelops are smooth and symmetric at all tempera-
tures, indicating that the modes are well locked over the
entire wavelength tuning range. The autocorrelation traces
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Fig. 1.

The experimental arrangement for the tunable monolithic CPM
quantum well laser.
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Fig. 2. The autocorrelation traces and the corresponding optical spectra of
the CPM pulses for laser heat sink temperatures of (a) 11°C, (b) 18°C, and
(c) 25°C.

agree very well with those of sech? pulse shapes, and have
full-width-at-half-maximum (FWHM) pulse widths of (a) 1.62
ps, (b) 1.30 ps, and (c) 1.62 ps. Near 100% intensity
modulation is obtained. At high temperature, the signal power
decreases and the amplified spontaneous emission noise from
the EDFA contributes to the background of the autocorrela-
tion traces.

The variations of the pulse width versus the center wave-
length are shown in Fig. 3. The laser temperature is also
shown in the same figure. The inset shows the amplified
spontaneous emission (ASE) spectra of the EDFA for various
1480 nm pump powers. The ASE power in the signal band at
the output fiber is lower than the signal power by 15 dB,
giving a very good signal-to-noise ratio. The ASE has a peak
at 1.53 pum and a broad plateau around 1.56 um. The
experimental wavelength tuning range of the CPM laser is
marked on the ASE curves. The total tuning range exceeds
8.8 nm, limited by the gain bandwidth of the EDFA at the
1.53 um peak. Wider tuning range can be expected if the
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Fig. 3. The pulse width and the laser heat sink temperature versus the
center wavelength of the mode-locked pulses. The inset shows the ASE
spectra of the EDFA for various pump powers. The total wavelength tuning
range, AMNc, limited by the gain bandwidth of the EDFA, exceeds 8 nm.

laser operates around the 1.56-pm plateau. The wavelength
tuning rate of d\./dT = 0.63 nm/°C is slightly larger than
that of a Fabry-Perot laser (d\/dT = 0.5 nm/°C) [13].
The difference mainly results from the extra current applied
to the laser at high temperatures, which introduces further
heating in the p-n junction [14]. The pulse width has a
minimum of 1.3 ps at 1532.8 nm, the gain peak of the
EDFA. The parabolic dependence of the pulse width on
wavelength indicates that the gain spectrum of the EDFA
limits the spectral bandwidth of the CPM pulses as the center
wavelength is tuned away from the gain peak of the EDFA.
As a result, the pulse width increases to 1.6 ps at A, = 1528.4
and 1537.2 nm. Nevertheless, the time-bandwidth products
of the amplified pulses are 0.37, 0.34, 0.35 for A\, = 1528.4,
1532.8, and 1537.2 nm, respectively, which are very close to
the transform-limited value of 0.31.

The pulse widths of the tunable CPM lasers are further
adjusted by spectral windowing with external bandpass filters
(BPF’s) if broader pulses are desired, as in the case of optical
solitons. Fig. 4 shows the autocorrelation traces and the
corresponding optical spectra of the filtered CPM pulses. The
pulse width is increased by inserting filters with various
bandwidths (A Agpp), and FWHM widths of 1.6, 1.8, and 2.9
ps are obtained for ANgr = 4, 2.4, and 1 nm, respectively.
The pulse width can be approximated by

1 1
— 1
% Ak, ®

where 7, and A\, are the pulse width and the spectral
bandwidth, respectively, in the absence of the filters. The
experimental pulse width agrees very well with the calculated
value, as shown by the solid line in Fig. 5. Near transform-
limited time-bandwidth product (~ 0.34) is maintained for
different filter bandwidth (Fig. S). This is in sharp contrast to
the spectral filtering of gain-switched laser pulses. Because
the pulses generated by the gain-switched lasers are highly
chirped, very narrow filter bandwidth is required to obtain
near transform-limited pulses. For example, a filter band-
width of 0.2 nm is required to reduce the time-bandwidth

7= (10AN)
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Fig. 4. The autocorrelation traces and the corresponding optical spectra of

the filtered CPM pulses for various filter bandwidth (ANgpg) of =, 4, 2.4,
and 1 nm, respectively.
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Fig. 5. The pulse width and the time-bandwidth product of the filtered
CPM pulses versus the bandwidth of the bandpass filters (A Agpg).

product to 0.45, as reported in [15]. Here, the transform-
limited pulses is already achieved by the CPM laser alone,
and the filter bandwidth can be freely selected to tailor the
desired pulse width without affecting the time-bandwidth
product.

In summary, the tunability of both the wavelength and the
pulse width of monolithic mode-locked semiconductor lasers
are demonstrated for the first time. Pulses shorter than 1.6 ps
and tunable from 1528 to 1537 nm have been achieved using
a temperature-tuned monolithic colliding pulse mode-locked
(CPM) laser. The 8.8-nm wide tuning range is at present
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limited by the gain bandwidth of the erbium-doped fiber
amplifier at 1.53 um. At a fixed wavelength, the pulse width
is independently controlled by an external bandpass filter. In
all cases, the time-bandwidth product remains near trans-
form-limited.
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