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Abstract—Integration of the whole mode-locked laser onto a
single piece of semiconductor offers a great deal of advantages,
including total elimination of optical alignment processes, im-
proved mechanical stability, and the generation of short optical
pulses at much higher repetition frequencies. We utilize the
semiconductor laser processing technologies to implement the
colliding-pulse mode-locking (CPM) scheme, which is known to
effectively shorten the pulses and increase stability, on a mini-
ature monolithic semiconductor cavity. In this paper, we re-
view the principles and recent progress of monolithic colliding-
pulse mode-locked quantum-well lasers.

I. BACKGROUND

ECENT advances in the areas of high bit rate time-
ivision multiplexed communication systems with
external modulation, ultralong distance soliton fiber
transmission experiments [1, 2], picosecond optical logic
gates [3]-[5], optoelectronic sampling systems [6], and
broad-band submillimeter-wave generation [7] require
very short optical pulses with pure spectral properties. In
order to realize these systems, a compact, stable, and re-
liable optical source is highly desirable. Theoretically, it
is possible to generate very short optical pulses (~ 50 fs)
in semiconductor gain medium because of its broad gain
spectrum (~1000 A). Over the past decades, the reli-
ability and compactness of semiconductor diode lasers
have been well proven and implemented in today’s com-
munication systems. In this paper, we utilize the semi-
conductor quantum-well diode laser technologies to gen-
erate short optical pulses with excellent spectral purity and
tuning capability on their lasing characteristics.

Gain switching and mode locking are two commonly
used methods to generate short optical pulses from semi-
conductor lasers. Gain switching of a laser diode is easily
achieved by capitalizing the first period of the relaxation
oscillation which is generated by switching on a diode
laser biased just below threshold [8]-[10]. The advantage
of using the gain-switched pulses is the flexibility to
change the repetition rate without modifying the cavity
length. However, when the laser is suddenly switched
from below to above threshold, significant fluctuations in
both the carrier density and the time delay between the
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cxcitation and optical output are produced. These produce
significant frequency chirp [11] and timing jitter [12] as-
sociated with the gain-switched optical pulses.

Short optical pulses with very pure spectral properties
and low timing jitter can be obtained by mode-locked
semiconductor lasers. Earlier works have successfully re-
placed the gain and absorption media such as dyes with
compact semiconductors in implementing active (forced)
mode-locked, passive mode-locked, and hybrid mode-
locked lasers using external resonant cavities and bulk op-
tical elements [13]. Active mode locking generates ac-
curately timed pulses and provides synchronization be-
tween electrical clocks and optical pulses. By using a
stable microwave oscillator to modulate an intracavity
gain, loss, or phase element at the intercavity mode spac-
ing frequency, the longitudinal modes of the laser are
phase-locked together to produce short optical pulses. Ho
et al. reported the first mode-locked semiconductor laser
with a pulsewidth of 23 ps [14]. A shorter pulsewidth of
0.58 ps was obtained by modulating the laser at higher
harmonics of the fundamental cavity frequency [15]. Lau
indicated that narrow-band modulation of semiconductor
lasers is possible above 100 GHz at the intercavity mode
frequency [16]. Optical pulses with a repetition rate up to
100 GHz have been generated with passive mode-locked
tandem-contact semiconductor lasers [17], [18]. Practi-
cally, it is difficult to couple the modulation signal to the
device at high frequency because of parasitics. In order
to synchronize the pulses at a high repetition rate, the hy-
brid mode-locking technique is very useful [19]. In hybrid
mode locking, an intracavity saturable absorber shortens
the pulses and brings the laser close to the passive mode-
locking condition. Shorter pulses and less RF driving
power can be obtained. A pulsewidth of 1.4 ps was re-
ported from a monolithic hybrid mode-locked semicon-
ductor laser at 15 GHz [20].

An intracavity saturable absorber sharpens the leading
edge of the recirculating pulses by preferentially passing
the high energy peak of the pulses with minimum loss. In
order to obtain a net reduction of pulsewidth over a round-
trip through the gain and absorber elements, the recovery
of the absorber saturation must occur faster than that of
the gain. The peak portion of the pulse sees a net gain
because of the smaller gain cross section, while the trail-
ing edge of the pulse is sharpened by the fast recovery
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time of the absorber [21]. The pulse shaping process con-
tinues until it is limited by the pulse-broadening (disper-
sive) mechanisms inside the cavity. Because the pulse-
shaping mechanisms are determined by the difference in
transient saturation and recovery time constants between
the gain and absorber, it is possible to generate short op-
tical pulses with a repetition rate beyond the relaxation
oscillation frequency of the semiconductor laser.

The colliding-pulse mode-locking (CPM) scheme has
been widely used to generate ultrashort transform-limited
pulses in dye lasers [22], [23]. Instead of having a single
pulse passing through the saturable absorber at one time,
CPM lasers utilize the coherent interaction of two counter-
propagating pulses colliding at the saturable absorber to
produce shorter pulses [24], [25]. The two counter-prop-
agating pulses time themselves to collide in the saturable
absorber because less energy is lost. Compared to a single
pulse traveling in the cavity, the pulse shaping is more
effective with the CPM configuration because there are
two pulses added coherently to saturate the absorber while
there is only one pulse to saturate the gain section. This
enhanced effective saturation cross section of the absorber
helps to stabilize and shorten the pulses. In this paper, we
exploit the multiple quantum-well (MQW) semiconductor
laser technology to implement the CPM configuration on
a single chip.

II. DEVICE STRUCTURE

Previously, colliding-pulse mode-locked semiconduc-
tor lasers were implemented using degraded semiconduc-
tor in external ring or linear cavities [26], [27]. One major
problem associated with the external cavity configuration
is the intracavity reflection from nonideal antireflection-
coated facet interfaces. Instead of a single pulse repeating
at the round-trip time of the external cavity, bursts of
pulses are generated from this interface [15], [26]. The
mechanical alignment and thermal stability of each opti-
cal element also make the whole system very difficult to
use. The use of an integrated waveguide cavity in a semi-
conductor laser removes the uncontrollable muitiple-pulse
bursts in mode-locked lasers with external cavities [28].

Degraded semiconductors were utilized to shorten the
lifetime of saturable absorbers [26], [29]. Saturable ab-
sorbers obtained through this process were unstable and
not reliable for practical system applications. Over the
past decade, the optical properties of semiconductor
quantum wells have been studied extensively [30]-[32].
Their unique properties such as high differential gain, low
dispersion, broad-gain spectrum, nonlinear gain-satura-
tion characteristics, and the fast recovery time enable them
to be used as the gain and absorber media to generate short
mode-locked pulses. Recently, very short and high power
optical pulses have been generated in mode-locked lasers
using semiconductor MQW epilayers as saturable ab-
sorber inside an external cavity. However, the output
pulses from the cavity were strongly chirped, and exten-
sive chirp compensation and pulse compression tech-
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niques were needed to shorten the pulses outside the laser
cavity. For example, Delfyett er al. reported 0.46 ps
pulses with a peak power of 70 W at 828 nm, which was
amplified and compressed from the 5 ps pulses emitting
from the cavity with 800 uW averaged power [33]. Xiang
et al. demonstrated 0.153 ps pulses with peak power ex-
ceeding 1 kW by chirp compensating the 21 ps output
pulses with a pair of diffraction gratings [34].

The inhomogeneously pumped semiconductor laser
with tandem contacts utilizes the same medium under dif-
ferent bias conditions to provide both saturable absorption
and gain functions [16]. As shown in Fig. 1, if the ab-
sorber is biased at a lower pumping level than the gain
section, the saturation cross section of the absorber ele-
ment is larger than that of the gain element. This consti-
tutes a necessary condition for the generation of stable
passive mode-locked pulses. Recently, the gain recovery
dynamics in semiconductor laser amplifiers has been stud-
ied with ultrafast pump-probe techniques using femto-
second optical pulses [35]-[38]. After a short optical pulse
traversing the active semiconductor medium, the gain is
depleted by the stimulated emission and the redistribution
of free carriers. The recovery of the gain depends on the
carrier cooling processes, initial carrier concentration
(i.e., the bias condition of the medium), and carrier-stor-
age reservoir of the waveguide structure. The observed
recovery process usually consists of a very fast subpico-
second time constant associated with the carrier cooling
process and a 1.7-7 ps time constant from the carrier dif-
fusion. The fast relaxation dynamics of the semiconductor
multiple quantum wells allows the generation of short
pulses at very high repetition frequency. Together with
the low loss and low frequency chirp properties of the
waveguide, the MQW semiconductor laser structure meets
the necessary criteria to implement monolithic mode-
locked lasers.

Fig. 2 shows the epitaxial layer structure of the mono-
lithic CPM lasers. The lasers are fabricated with an
InGaAsP buried heterostructure (BH) graded index sepa-
rate confinement heterostructure (GRIN-SCH) Ilattice-
strained MQW structure prepared by a two-step organo-
metallic vapor phase epitaxy (OMVPE) growth tech-
nique. In the first growth, the lower part of InGaAsP
graded index confining layers are deposited on top of a 2
um thick n-InP cladding layer with step-wise decreasing
band-gap layers with band-gap wavelengths of 1.08 um
(25 nm thick), 1.16 ym (25 nm thick), and 1.25 pm (25
nm thick), and followed by five InGaAs strained quantum
wells (5 nm thick) and InGaAsP quaternary barriers with
a band-gap wavelength of 1.25 um (22.5 nm thick). The
lasing wavelength is 1.55 um. The upper InGaAsP graded
index confining layers, similar to the lower part, are then
grown with increasing bandgaps, and followed by a 2 pm
thick p-InP cladding layer and a 120 nm thick p*-In-
GaAsP contact layer (Zn doped to 5 X 10'® cm ™). After
1 um wide continuous waveguide strips are formed by
etching down to the lower n-cladding layer with SiO,
mask, the iron-doped semi-insulating InP layer is selec-
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Fig. 1. The saturation characteristics of semiconductor quantum wells. The
cross section of the absorber is larger than that of the gain bias condition,
which constitutes the necessary condition for passive mode locking.
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Fig. 2. The epitaxial layer structure used to fabricate monolithic colliding-
pulse mode-locked quantum-well lasers.

tively grown around the waveguide strips to provide elec-
tric isolation and optical confinement. Detailed growth
conditions and device performance of the MQW lasers
were reported in [39]. Standard lithography and wet
chemical etching are used to construct the final structure.

III. MonNoLiTHIC PAssivE CPM LASERs

The schematic diagram of the monolithic passive CPM
laser is depicted in Fig. 3 [40]. The continuous GRIN-
SCH quantum-well region extends through the entire cav-
ity to remove undesired waveguide mismatches. The sat-
urable absorber is located at the symmetry center of the
cavity in order to maximize the coherent coupling be-
tween the two colliding pulses [25]. The remaining two
sections are electrically connected together and forward
biased to provide gain. The electrical isolation between
contact metals is achieved by removing the heavily doped
top p-type contact epitaxial layer with wet chemical etch-
ing. The length of the saturable absorber is 15 um for
lasers with 0.25 mm cavity length, and is 50 um for other
cavity lengths. Typical resistance between the 10 um gap
is 1 K Q. Because there are two counter-propagating pulses
traveling simultaneously in the cavity, the fundamental
repetition rate in the CPM configuration is twice of the
round-trip frequency of the whole cavity. Devices of cav-
ity length of 2.1, 1.0, 0.534, and 0.25 mm are fabricated
to generate optical pulses with repetition rates of 40, 80,
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Fig. 3. The schematic diagram of the passive monolithic colliding-pulse
mode-locked quantum-well laser. The saturable absorber is located at the
center of the linear cavity with the remaining cavity as the gain sections.
Only two dc power supplies are needed to generate passive mode-locked
pulses.
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Fig. 4. The SHG autocorrelation traces of the pulses from passive mono-
lithic CPM lasers of various cavity lengths (a) 2.1 mm, (b) 1.0 mm, and
(c) 534 um. The simulated SHG autocorrelation traces (solid curves) agree
well with the measured traces (dots) using a hyperbolic-secant pulse shape
with transform-limited pulsewidths of 1.1, 0.83, and 1.0 ps, respectively.
The mode-locked optical spectra are simultaneously recorded in (d), (e),
and (f), respectively. Because of the CPM configuration, the correspond-
ing optical pulse repetition rates are 40, 80, and 156 GHz, respectively.
The optical modulation depth is nearly 100%.

156, and 350 GHz, respectively. Typical continuous-wave
(CW) threshold current is 50 mA for a 2.1 mm long laser
at room temperature.

Fig. 4 (a)-(c) shows the noncollinear second harmonic
generation (SHG) autocorrelation traces (dots) from the
monolithic passive CPM lasers with cavity lengths of 2.1
mm, 1.0 mm, and 534 um, respectively. Their optical
spectra are recorded in Fig. 4 (d)-(f). Using a hyperbolic-
secant pulse waveform, the simulated SHG autocorrela-
tion traces [solid curves in Fig. 4 (a)-(c)] fit very well
with the measured data. The extinction ratios are better
than 95%, and only a single pulse is observed for each
cycle. The full width at half maximum (FWHM) pulse-
widths of 1.1, 0.83, and 1.0 ps are obtained for CPM
lasers with cavity length of 2.1 mm, 1.0 mm, and 534
pm, respectively. From the measured FWHM spectral
widths in Fig. 4 (d)-(f), time-bandwidth products (A7 X
Av) are 0.34, 0.31, and 0.34, respectively, which are very
close to the transform-limited value of 0.31 for hyper-
bolic-secant pulses.
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Fig. 5. (a) Measured (dots) and simulated (solid curves) SHG autocorre-
lation traces of the passive CPM laser with a cavity length of 250 um show
optical pulses with FWHM pulsewidth of 640 fs at 350 GHz. A hyperbolic
secant pulse shape is used in the simulation. (b) The time-averaged optical
spectrum shows a FWHM bandwidth of 4 nm which corresponds to a nearly
transform-limited time-bandwidth product of 0.32.

By shortening the cavity length to 250 um, we are able
to obtain subpicosecond pulses at 350 GHz. Because of
the large mirror loss in a short cavity laser, the length of
the saturable absorber is reduced. Fig. 5(a) shows the
measured (dots) and calculated (curve) SHG autocorrela-
tion trace of this short cavity CPM laser. It shows a very
good fit with a hyperbolic secant pulse shape, and the
pulse width is 640 fs. The measured FWHM spectral
width is 4 nm [Fig. 5(b)], which indicates these optical
pulses are transform limited with a time-bandwidth prod-
uct of 0.32. To effectively sharpen the optical pulses, the
physical length of the saturable absorber should be shorter
than the optical pulses. It takes almost 1 ps to traverse a
50 pm saturable absorber and two 10 pm long gaps, or
0.5 ps for the 15 um long saturable absorber and gaps.
The effect of the length of the saturable absorber on the
pulse width of the 0.25 mm long CPM laser is shown in
Fig. 6. A minimum pulsewidth of 610 fs is obtained in
this experiment.

IV. MonNoLiTHIC HYBRID CPM LASERS

In many applications, it is necessary to synchronize op-
tical pulses to electrical clocks. This can be achieved by
hybrid mode locking. The schematic diagram of the
monolithic hybrid CPM laser is depicted in Fig. 7 [41].
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Fig. 7. The schematic diagram of the hybrid monolithic colliding-pulse
mode-locked quantum-well laser. A pair of 70 xm long modulator sections
are separated from the gain section in order to synchronize optical pulses
with the external microwave sources.

The cavity is divided into five sections with two extra sec-
tions added near the facets as modulators. The lengths of
the modulator sections and the saturable absorber are 70
um. In this monolithic hybrid CPM laser, an external RF
source is used to actively mode lock two counter-propa-
gating pulses in the linear cavity. The timing accuracy
between the two modulators is maintained by the equal
path length of the integrated transmission line, which is
defined by accurate photolithographic process.

Fig. 8 shows the measurement arrangements to char-
acterize the monolithic CPM laser. The laser is driven by
the amplified signal from a RF network analyzer which
sweeps from dc to 20 GHz to locate the cavity resonant
frequency. The emitted light is distributed to an autocor-
relator, an optical spectrum analyzer, and a high-speed
PIN detector connected to the receiver port of the network
analyzer. By injecting small-signal RF current into the
modulators, the frequency response of a 2.1 mm long laser
is shown in Fig. 9. As shown in Fig. 9(a), a Fabry-Perot
cavity resonant peak can be clearly seen at 19.2 GHz when
the whole cavity is uniformly biased. However, when a
negative bias of —0.4 V is applied to the saturable ab-
sorber, the laser operates close to passive CPM regime
and the resonant peak is suppressed by 20 dB [Fig. 9(b)].
Once the cavity resonant frequency is located, the RF
analyzer is then switched to the CW mode with its fre-
quency set to twice the cavity resonant frequency. The
influence of the RF power on the time-average optical
spectrum of a 2.54 mm long CPM laser is illustrated in
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Fig. 8. The experimental arrangement to characterize the monolithic hy-
brid mode-locked CPM laser.
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Fig. 9. The small-signal frequency response of the 2.1 mm long mono-
lithic hybrid CPM laser (a) under uniform injection and (b) close to passive
mode locking. The fundamental Fabry-Perot cavity resonant peak is sup-
pressed by more than 20 dB when the laser is operated near passive mode
locking.
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Fig. 10. At —25 dBm of RF power, there is a dominant
single longitudinal mode. The peak height of the domi-
nant mode is suppressed, as the RF power increases. At
+10 dBm (trace 07), a series of longitudinal modes with
heights reduced by more than 10 dB is observed. The
spectral width broadens to a few nm and the peak wave-
length is shifted to the longer wavelength.

Fig. 11 shows the temporal response of the 2.1 mm
long CPM laser recorded by a synchron-scan streak cam-
era. Driven at 38.5 GHz, it shows a FWHM pulsewidth
of 5.96 ps with nearly 100% modulation depth. This
pulsewidth is limited by the resolution of the streak tube
and timing jitters from the synchronizing electronics.
Using a noncollinear second harmonic generation auto-
correlator with 5 mm thick LiNbO; crystal, more accurate
temporal pulse shape measurements are performed. The
influence of saturable absorber bias on the pulse shape is
illustrated in Fig. 12. The power from the RF amplifier is
fixed at 25 dBm. As the negative bias on the absorber
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Fig. 10. The influence of the RF driving power on the optical spectrum of
a 2.54 mm long monolithic hybrid CPM laser. The RF power starts at —25
dBm (Trace 00) and increases by steps of 5 dBm. The mode-locked spec-
trum starts to appear for power beyond 10 dBm.
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Fig. 11. The temporal response of a 2.1 mm long monolithic hybrid CPM
laser with a repetition rate of 38.5 GHz recorded by a synchron-scan streak
camera.
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Fig. 12. The influence of the saturable absorber bias on the SHG autocor-

relation traces. The 2.1 mm long laser is driven under a fixed RF power of
25 dBm at 38.5 GHz.

increases, the dc component decreases and the pedestal of
the pulse envelope narrows down. When the absorber is
biased below —0.4V, near transform-limited pulses are
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Fig. 13. The SHG autocorrelation pulse width of a 2.1 mm long laser
under various microwave driving frequency. A 5% tuning range is
obtained.

obtained with very little dc components. The mode-locked
SHG autocorrelation trace fits very well to the calculated
curve using a hyperbolic secant pulse shape with 0.95 ps
pulsewidth. From the 2.6 nm spectral width, the time-
bandwidth product (Ar x Avp) is 0.32 which is very close
to the transform-limited value of 0.314. Because the
waveguide consists of active media, the effective index of
the waveguide can be modified by the injected carrier con-
centration. This provides a small tuning range of the cav-
ity resonant frequency. A 5% tuning range is obtained for
this 2.1 mm long CPM laser as shown in Fig. 13.

V. OPERATION RANGES AND STABILITY

A necessary condition for passive mode locking is that
the saturable absorber cross section is larger than the gain
cross section [21]. However, the same condition is also a
necessary condition for self-pulsation. It was concluded
that it was very difficult to generate very short pulses
without the simultaneous self-pulsating envelope with
single pulse tandem-contact mode-locked semiconductor
laser [42]. High reflection facet coatings were needed to
separate the mode-locking regime from the self-pulsation
regime [43]. Because of the enhanced cross section of the
saturable absorber in the CPM configuration, we observe
a clean mode-locked regime without any self-pulsation.

Depending on the bias conditions of the gain and ab-
sorber, the semiconductor CPM laser can operate in sev-
eral modes: mode-locking, self-pulsating, and CW las-
ing. Fig. 14 shows the three regimes of operation for
different absorber bias voltage (Vso7) and gain section
current (I;) for a passive CPM MQW laser with 1 mm
long cavity length. In contrast to the tandem-contact la-
sers, a clean mode-locked region is observed between the
CW and self-pulsation regions. Furthermore, the mode-
locked pulses are completely free from self-pulsation, as
observed in Fig. 15. Fig. 15 shows the optical output of
a 1 mm long passive CPM laser in various bias regions.
The optical output is analyzed by a SHG autocorrelator,
a high-speed 20 GHz sampling scope, a RF spectrum ana-
lyzer, and an optical spectrum analyzer. Under the uni-
form injection condition, the laser lases in CW mode, and
no features are observed by the autocorrelator or sampling
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Fig. 15. Simultaneous measurements of the 1 mm long CPM laser with (a)
autocorrelator, (b) optical spectrum analyzer, () sampling scope, and (d)
microwave spectrum analyzer and high speed PIN detector in three oper-
ation regions.

scope. The mode spacing of the optical spectrum corre-
sponds to the round-trip time through the whole cavity.
When the laser is partially mode locked with a self-
pulsating envelope, a coherent spike is observed in the
SHG autocorrelation trace with a large dc background,
and the time-averaged spectral linewidth is broadened in
the optical spectrum. The strong pulsation are visible on
the sampling scope as well as the RF spectrum with a
repetition rate of 1 GHz. When the laser operates in the
mode-locked regime, the autocorrelation trace shows a
clean pulse with very low dc background. The pulsewidth
is 1.3 ps after the SHG autocorrelation trace is deconvo-
luted with a hyperbolic secant pulse shape. The spacing
between adjacent modes is twice that of a CW laser, which
indicates the double-pulse operation in colliding-pulse
mode locking. Because the repetition rate is 80 GHz, no
structures are observed on either the sampling scope or
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Fig. 16. The experimental bias ranges of 2.1 mm long monolithic CPM
laser to operate in CW lasing, self-pulsating, hybrid mode-locking, and
passive mode-locking regimes, respectively.

the microwave spectrum analyzer with bandwidths of 20
GHz.

The mode-locking range occurs at lower pump level
(less gain current or more negative biased absorber volt-
age) than that of self-pulsation. This improved mode-
locking stability in the CPM configuration is the result of
the enhanced saturation cross section from the coherent
interference between two colliding pulses in the saturable
absorber, as was analyzed theoretically in [25]. The two-
pulse CPM configuration is very effective in generating
short mode-locked pulses and preventing the occurrence
of self-pulsation envelope. The influence of the external
microwave modulation on the mode-locking operations is
shown in Fig. 16 for a 2.1 mm long CPM laser. In the
mode-locked regions, stable optical pulses with less than
1.4 ps pulsewidth and greater than 90% modulation depth
are obtained. By adding the active driving source, mode-
locked pulses are generated with less reverse bias on the
saturable absorber.

VI. TuNING WITH EXTERNAL ELEMENTS

For many applications such as optical solitons and non-
linear optical logic devices, optical pulses with high peak
power, prescribed wavelength, and pulsewidth are
needed. Tuning of the wavelength and pulsewidth allows
more flexibility in the design of optical systems. For la-
sers operating at 1.55 um, the erbium-doped fiber ampli-
fiers (EDFA) [44] are ideal for amplifying ultrashort op-
tical pulses without distortion because the relaxation time
of the EDFA’s (~1 ms) are much longer than both the
pulse duration and the period. In the following, we dem-
onstrate the amplification with EDFA, wavelength tun-
ing, and spectral windowing of the CPM pulses.

A schematic diagram of the experimental arrangement
is shown in Fig. 17. A CPM laser operating at 80 GHz
repetition rate is used as optical source. The light are cou-
pled 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 wavelength
of the CPM laser is designed to be 1.53 um, matching the
gain spectrum of the EDFA. Under normal passive mode-
locking conditions, the CPM laser generates pulses with
a duration of 1.28 ps, a time-bandwidth product of 0.34,
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Fig. 17. The experimental arrangement for the tunable monolithic CPM
quantum-well laser.
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Fig. 18. The center lasing wavelength (A.) and the corresponding pulse-
width (7) of a 1 mm long passive CPM laser for various heat sink temper-
atures. The inset shows the amplified spontaneous noise spectra of the er-
bium-doped fiber amplifier under various optical pump power.

and a peak power of 5 mW. The EDFA provides 20 dB
gain for an average input power of —8 dBm. The peak
power of the amplified pulses is 160 mW.

The center wavelength of the CPM laser can be fine
tuned by adjusting the heat-sink temperature. Fig. 18
shows the temperature dependence of the center wave-
length (A;) and the pulsewidth () from 11 to 25°C. The
spectral envelope shifts continuously toward the longer
wavelength side with increasing temperature, and Ac
moves from 1528.4 to 1537.2 nm. This tuning range of
8.8 nm is limited by bandwidth of the EDFA gain peak
at 1.53 pm. Wider tuning range can be expected if the
laser operates at the 1.56 um plateau of the EDFA. The
wavelength tuning rate is 0.63 nm/°C. The pulse has a
minimum width of 1.3 ps at 1532.8 nm, which is the gain
peak of the EDFA. As the laser wavelength is tuned away
from the EDFA gain peak, the spectral bandwidth be-
comes narrower and the pulsewidth broadens slightly.
Larger pulsewidth can be produced by spectral window-
ing with narrow band-pass filters. Fig. 19 shows the au-
tocorrelation traces and the corresponding optical spectra
of the filtered CPM pulses. The pulsewidth is increased
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Fig. 19. The autocorrelation traces and the corresponding optical spectra
of the filtered CPM pulses for various filter bandwidth. The FWHM pulse-
widths of 1.6, 1.8, and 2.9 ps are obtained for filter bandwidths (AXgpe)
of 4, 2.4, and 1, respectively.

by inserting band-pass filters with various bandwidths
(ANgpp), and the FWHM widths of 1.6, 1.8, 2.9 ps are
obtained for A\gpr = 4, 2.4, and 1 nm, respectively. The
pulse width can be approximated by

1 1

5 0))

T=(7 ) |- t+
oA AN ANEpr

where 7o and AN, are the pulsewidth and the spectral
bandwidth in the absence of the filters, respectively.

VII. MonNoLiTHIc CPM LASER WITH INTEGRATED
GRATING REFLECTORS

The wavelength tuning and bandwidth filtering can be
integrated into the monolithic laser cavity using semicon-
ductor processing technology. Integrated Bragg reflectors
have been used in the photonic integrated circuits (PIC’s)
[45] and integrated active mode-locked lasers [46]. We
have integrated Bragg reflectors into the cavity to control
the emission wavelength as well as the spectral width of
monolithic CPM MQW lasers.

The layer structure is depicted in Fig. 20. Grating re-
flectors are located near the facets. The first-order grating
(A = 1.54 pm) is defined on the n*-InP substrates by ho-
lography and shallow chemical etching. Dielectric SiO,
patterning and mass-transport process are utilized to de-
fine the localized gratings. After the SiO, mask is re-
moved, the wafer is loaded into the OMVPE reactor and
the following layers are grown subsequently: n-type
InGaAsP quaternary waveguide layer (A, = 1.1 um), un-
doped InGaAsP separate confinement layer (A, = 1.2
um), undoped four quantum wells, undoped InGaAsP
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Fig. 20. The layer structure for fabricating monolithic CPM lasers with
integrated grating reflectors. Gratings outside the SiO,-protected reflector
regions are selectively removed by a mass-transport process before the
growth of epitaxial layers.
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Fig. 21. The schematic diagram of the monolithic CPM laser with inte-
grated grating reflectors.

separate confinement layer (A, = 1.2 um), p-type InP
cladding layer, and p-type InGaAsP contact layer (\, =
1.1 pm). The gain peak of this MQW active region is
adjusted to 1.54 pm to match the Bragg wavelength of the
gratings. Buried heterostructure laser strips are then
formed with Fe-doped semi-insulating InP blocking layer.
Fig. 21 shows the schematic diagram of the monolithic
CPM laser with integrated grating reflectors. The total
cavity length is 2.54 mm and its top contact layer is di-
vided into seven sections: a 50 um long saturable absorber
at the center of the cavity, two 50 gm long modulator
sections near the facets, two 200 um long grating sec-
tions, and two gain sections for the rest of cavity.
Depending on the dc bias combinations of these sec-
tions, the laser operates in one or the combination of
Fabry-Perot, distributed feedback (DFB), and CPM las-
ing modes. Fig. 22 shows the optical spectrum and the
corresponding small-signal microwave response of this
CPM laser with integrated grating reflectors. In Fig.
22(a), a combination of Fabry~Perot and DFB modes co-
exist. Its microwave spectrum shows the Fabry~Perot res-
onant peak at 16.8 GHz together with a DFB resonant
peak near 19 GHz. By reverse-biasing the modulator sec-
tions to suppress the modal gain of the Fabry-Perot modes
and increasing the forward current in the grating sections,
a dominant DFB lasing mode with a side-mode suppres-
sion ratio greater than 35 dB is observed in the optical
spectrum of Fig. 22(b). Under this bias condition, the 16.8
GHz Fabry-Perot resonance disappears from the RF spec-
trum, and a narrow resonant peak is present at 19 GHz
from the DFB mode. The resonant frequency of the DFB
mode (19.4 GHz) is higher than that of the Fabry-Perot
modes (16.8 GHz) because the effective cavity length of
the laser with grating reflectors is shorter than the cavity
length defined by the two cleaved facets. By adjusting the
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bias conditions properly, a mode-locked optical output is
obtained by phase-locking a group of longitudinal modes
inside the stopband of the grating reflectors [Fig. 22(c)].
The width of the stopband is determined by the coupling
coefficient of the grating which can be controlled by the
depth of the grating and the thickness of the n-type 1.1
pm InGaAsP waveguide layer. Fig. 23 shows the tem-
poral response of the CPM laser with integrated grating
reflectors when it is driven by a RF osciilator at 37.4 GHz.
The FWHM pulsewidth is 13 ps. Because of the active
gratings and large kL value used in the current design,
only a limited number of cavity modes are locked which
result in large pulsewidth. Nevertheless, we demonstrate
the controls of the lasing wavelength and spectral width
of the monolithic CPM laser by the integrated grating re-
flectors.

VIII. SUMMARY

In summary, we have exploited the semiconductor laser
technology to fabricate compact and reliable monolithic
CPM lasers on a single chip to produce subpicosecond
transform-limited optical pulses. The pulses are also am-
plified and tailored by broad-band erbium-doped fiber am-
plifier, external band-pass filters, and integrated grating

reflectors. This miniature CPM semiconductor laser is
very useful for many applications in high bit rate optical
communication and computation systems.
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