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Abstract-Mode-locked semiconductor lasers which incorpo- 
rate multiple contacting segments are found to give improved 
performance over single-segment designs. The functions of 
gain, saturable absorption, gain modulation, repetition rate 
tuning, wavelength tuning, and electrical pulse generation can 
be integrated on a single semiconductor chip. The optimization 
of the performance of multisegment mode-locked lasers in terms 
of material parameters, waveguiding parameters, electrical 
parasitics, and segment length is discussed experimentally and 
theoretically. 

I. INTRODUCTION 

EMICONDUCTOR lasers are important sources of S short optical and electrical pulses. Semiconductor la- 
sers are small in size, use electrical pumping, are easy to 
operate, and consequently short optical pulses can now be 
used in applications that were previously infeasible or un- 
economical. These pulses are used in high-speed optical 
fiber communication systems using time-division multi- 
plexing for transmitters and for demultiplexing at the re- 
ceiver [l], [2]. Short optical pulses are also being used 
for optoelectronic measurement applications such as elec- 
trooptic sampling [3], analog to digital (A-D) conversion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[4], and impulse response testing of optical components. 

This paper concentrates on advances in the short pulse 
generation field that are a result of using multiple-segment 
semiconductor laser structures. Three such structures that 
will be studied are shown in Fig. 1. Fig. l(a) and (b) 
shows monolithic and external-cavity mode-locked semi- 
conductor laser configurations. Fig. l(c) shows a struc- 
ture which can be used to generate optical pulses by gain- 
switching or Q-switching techniques. Multisegment 
mode-locked lasers have produced very short single op- 
tical pulsewidths, and allow device configurations which 
were previously not obtainable. 

Section I1 describes the performance of the individual 
structures shown in Fig. 2. Section I11 gives a compre- 
hensive comparison of the important characteristics such 
as pulsewidth, spectral width, amplitude noise, phase 
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Fig. 1. Multisegment structures for generating short optical and electrical 
pulses. (a) Monolithic cavity mode-locked semiconductor laser. (b) Exter- 
nal cavity mode-locked semiconductor laser. (c) Gain-switched or 
Q-switched laser. Section A is the waveguide saturable absorber, Section 
B is the gain section, and Section C is the gain modulation segment. 

noise, pulse energy, and repetition rate of these devices. 
Section IV addresses the optimization of multisegment 
designs in terms of the free parameters in the design such 
as segment length, active region parameters, electrical 
parasitics, and electrical drive signals. Section V dis- 
cusses the limitations on achievable pulsewidth for these 
structures. Finally, Section VI gives a discussion on future 
directions for the field and conclusions of this paper. 

11. MULTIPLE-SEGMENT STRUCTURES 
This section describes the importance of multisegment 

structures for short pulse generation and compares the 
performance of the three device types shown in Fig. 1. 
There are six different mode-locking configurations that 
will be discussed. Active, passive, and hybrid (active- 
passive) modulation techniques will be considered for both 
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Fig. 2. Multisegment mode-locked semiconductor laser configurations. (a) 
Single-segment external cavity active mode locking. (b) Two-segment ex- 
ternal cavity active mode locking. (c) Two-segment external cavity passive 
mode locking. (d) Three-segment external cavity hybrid mode locking. (e) 
Functionality in a monolithic cavity mode-locked laser structure. ( f )  Scan- 
ning electron micrograph of a multiple-segment mode-locked laser struc- 
ture. 

monolithic [Fig. l(a)] and external cavity [Fig. l(b)] con- 
figurations. The mode-locking results will be contrasted 
with gain-switching and Q-switching measurements on 
two-segment lasers [Fig. l(c)]. 

A.  Actively Mode-Locked External-Cavity Lasers 
The simplest extemal-cavity configuration for mode 

locking is the single-segment design of Fig. 2(a). It con- 
sists of a semiconductor diode laser with a single pumping 
electrode and an antireflection coated facet coupled to an 
external cavity. The external cavity contains a collimating 
lens, a feedback mirror, and possibly a wavelength con- 
trol filter. In active mode locking, the gain of the laser is 
modulated with electrical pulses that have a period nearly 
equal to the round-trip time in the laser cavity. In order 
to get very short optical pulses from the device, the elec- 
trical modulation pulse must be narrow and of large am- 
plitude in order to create a very short time window of net 
gain in the device. The laser must also have a small par- 
asitic capacitance and small resistance so that the high- 
frequency components of the electrical pulse are not at- 
tenuated. Pulses as short as 0.6 ps with 0.024 pJ of energy 
have been generated using active mode locking of single- 
segment semiconductor lasers [5]. The device was ac- 
tively mode locked with a 27 dBm sinusoid at a 16 GHz 
repetition rate. The problem with a single segment device 
is that it is difficult to get short single pulse outputs from 
the laser. Secondary pulses spaced at the round-trip time 
in the laser diode are often generated. These secondary 
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pulses are initiated from imperfect antireflection coatings 
on the laser diode facet. Over many round-trips, the sec- 
ondary pulses are amplified to energy values that are sig- 
nificant compared to the main pulse. Simulations have 
shown that power reflection coefficients as small as lop5 
can cause multiple pulse formation [6]. In order to sup- 
press the formation of secondary pulses, the net gain for 
the secondary pulse should be much less than unity so that 
there is no amplification of the secondary pulse. For ef- 
fective suppression, the electrical modulation pulsewidth 
should be as narrow as possible. High frequency sinu- 
soidal signals (e.g., >5 GHz) provide narrow effective 
pulsewidths, but for many applications lower repetition 
rates are required. Step recovery diodes pulses can be used 
at lower repetition rates (e.g., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 5  GHz). The round-trip 
time in the laser diode should be long enough so that the 
electrical modulation pulse is not pumping the gain region 
during the transit of the secondary pulse through the laser 
diode. It is also desirable for the electrical modulation 
signal to remove carriers from the active region during the 
off period of the modulation. 

The functions of gain and gain modulation are accom- 
plished in the same segment in the device of Fig. 2(a). By 
separating the gain and gain modulation functions into two 
separate locations as in Fig. 2(b), the multiple pulsation 
problem can be suppressed. The long segment is forward 
biased with a dc current to provide the over-all gain for 
the device. The short segment is reverse biased and driven 
by the electrical modulation pulse. In order to achieve a 
lower repetition rate, a step recovery diode with 29 ps 
pulsewidth and 7 V amplitude (into a 50 load) was used 
as a modulation source at 3 GHz. Since the modulation 
segment is reverse biased, only the peak of the modula- 
tion cycle actually injects charge into the short segment 
resulting in an even shorter effective pumping interval. 
After the electrical modulation pulse ends, the reverse- 
biased segment removes carriers from the active region of 
the short segment, resulting in a very high loss condition 
for secondary pulses. Fig. 3 shows autocorrelation results 
for two-segment actively mode-locked semiconductor la- 
sers with laser diode lengths of 450 pm [Fig. 3(a)] and 
1000 pm [Fig. 3(b)]. For the 450 pm experiment, the 
round-trip time of 10 ps in the laser diode is not sufficient 
for the modulation pulse to decay and allow the short seg- 
ment to recover to a high loss condition for the arrival of 
the reflected pulses. When the laser length is increased to 
1000 pm, the round-trip time is increased to 22 ps giving 
sufficient time for the reverse bias to aid in recovering the 
short segment to a high loss condition to prevent multiple 
pulse formation. Single pulses as short as 1.4 ps [7] and 
energies as high as 3.5 pJ [8] have been achieved using 
this two-section active mode-locking technique. 

B. Passively and Hybridly Mode-Locked External- 
Cavity Lasers 

Passive mode-locking techniques are used in many laser 
systems to generate short optical pulses. The key com- 
ponent necessary for passive mode locking is a suitable 
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Fig. 3. Autocorrelation traces for the two-segment mode-locked laser of 

Fig. 2(b) for a cavity length of (a) 450 pm and (b) loo0 pm. 

saturable absorber. The saturable absorbers used in semi- 
conductor laser systems are slow saturable absorbers [9]. 
This means that the leading edge of an optical pulse is 
absorbed and the trailing edge of the optical pulse is un- 
attenuated during the passage of the optical pulse through 
the saturable absorber. Slow saturable absorption in con- 
junction with gain saturation during the trailing edge of 
the optical pulse leads to a net pulse narrowing on each 
transit around the mode-locked laser cavity. For success- 
ful passive mode locking, the absorption of the saturable 
absorber must saturate at a lower energy than the gain of 
the gain medium. The saturation energy of a material is 
defined as 

aN 

where h is Planck’s constant, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY is the optical frequency, 
A is the mode cross-sectional area, and dg/dN is the dif- 
ferential gain with respect to carrier density. The satura- 
tion energy is a measure of the energy necessary to satu- 
rate the gain of a gain segment or the absorption of an 
absorber segment. 

Suitable absorbers can be made with semiconductor 
laser materials. The slope of the gain versus carrier den- 
sity function in semiconductor lasers decreases in value 
as the carrier density level is increased [lo]. Since the 
carrier density level in saturable absorbers is much smaller 
than in gain regions, semiconductor saturable absorbers 
will have lower saturation energies than semiconductor 
gain regions. The reduction in differential gain with in- 
creased carrier density can be particularly large in quan- 
tum-well lasers due to the step-like density-of-states func- 
tion in quantum wells. The mode cross-sectional area can 
also be useful in reducing the saturation energy of satu- 
rable absorbers but it is difficult to achieve a mode cross- 
sectional area that is much smaller than the already tightly 
confined mode found in edge-emitting lasers. Reduction 

of the mode cross-section area in a saturable absorber 
should be an effective technique in vertical-cavity sur- 
face-emitting lasers in which the gain region may have a 
mode diameter of over 10 pm [l 11. 

The saturable absorber must quickly recover to the large 
absorption state after the passage of the optical pulse for 
passive mode locking to be stable with a slow saturable 
absorber [9]. Fast saturable absorber recovery is also im- 
portant for achieving high repetition rates since the ab- 
sorber must reset to a large attenuation value on each 
round-trip. The absorption recovery time constant due to 
spontaneous emission recombination, typically 1 ns, is too 
long for effective absorption recovery. This has led re- 
searchers to introduce damage to the material in order to 
decrease the nonradiative lifetime of the material. Proton 
and nitrogen bombardment of laser diode facets have been 
successful in producing mode-locking results [ 121, [ 131. 
There is some question as to the long-term reliability of 
the damage centers created with these techniques. Exter- 
nal-cavity saturable absorbers which use the excitonic ab- 
sorption feature of multiquantum-well samples have also 
been implemented [14]. A more convenient method for 
achieving passive mode locking is with the incorporation 
of waveguide saturable absorbers as shown in the two- 
section laser of Fig. 2(c) [15]. The long laser section is 
forward biased to provide gain for the laser. By reverse 
biasing the short segment of the laser, a waveguide sat- 
urable absorber is formed. Reverse-biased laser segments 
also behave as waveguide photodetectors. The incoming 
optical pulse saturates the band-to-band absorption (ex- 
citonic absorption is not the dominant process) and 
bleaches the short segment. After the passage of the op- 
tical pulse through the absorber section, the electric field 
in the photodetector sweeps the carriers out of the active 
region and returns the segment to the high attenuation 
state. Single pulses as short as 2.5 ps with 0.7 pJ of en- 
ergy have been achieved in these two-section passively 
mode-locked structures [ 161. Similar pulsewidths were 
obtained over a wide repetition rate from 0.2-9 GHz with 
a similar pulse energy independent of repetition rate. 

The absorption recovery time of waveguide saturable 
absorbers was measured using pump-probe techniques 
[ 171. Waveguide saturable absorbers with GaAs bulk and 
quantum well active regions were pumped with 80 fs 
pulses from a mode-locked Ti : sapphire laser. The wave- 
length of the pump signal was chosen to be the same as 
that which would have occurred in an actual mode-locked 
semiconductor laser experiment. The pump pulse bleaches 
the absorption of the saturable absorber and a delayed 
probe pulse is used to measure the transmission through 
the absorber versus the time difference between the pump 
and probe signals. Fig. 4 shows a result from the pump- 
probe measurements. The absorption recovers back to its 
maximum value in a time of less than approximately 15 
ps. This fast recovery time has several important impli- 
cations for mode-locked semiconductor lasers. Since the 
absorption recovery time sets an upper limit on the 
achievable repetition rate in a passively mode-locked 
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Pump-Probe Time Delay (ps) 

Fig. 4. Relative transmission versus pump-to-probe time delay for an 80 
pm long reverse-biased waveguide saturable absorber with 4 GaAs quan- 
tum wells. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
semiconductor laser, the measured recovery time implies 
that very high frequency mode locking (e.g., 100 GHz) 
is possible. Experimentally, semiconductor lasers have 
been passively mode locked with repetition rates as high 
as 10 GHz in external cavity lasers, and up to 350 GHz 
in monolithic cavity mode-locked lasers [18]. The very 
fast recovery time of waveguide saturable absorbers can 
be used to suppress multiple pulse formation induced by 
imperfect antireflection coatings zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 161. 

Since saturable absorbers act as photodetectors, elec- 
trical pulses are also generated when the optical pulse 
passes through the saturable absorber. A photocurrent re- 
sponse from a passively mode-locked semiconductor laser 
[16] is shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  The photocurrent response is lim- 
ited by the RC time constant of the saturable absorber ca- 
pacitance and the 50 D resistance of the measuring sam- 
pling oscilloscope. As the carriers are swept out of the 
active region, a field is built up which opposes the internal 
photodetector field resulting in an increased camer sweep- 
out time. Note that the photocurrent response time is much 
longer than the absorption recovery time which is mea- 
sured by the pump-probe experiment. This result shows 
that it is the transit-time response of the saturable photo- 
detector which is important in absorption recovery. The 
capacitance of the saturable absorber stores the swept-out 
charge until it can be dissipated in a charge-bleeding re- 
sistance. It is important to discharge the capacitor on each 
round-trip of the mode-locked laser. The optimal termi- 
nation resistance for the absorber segment should have a 
small value to quickly drain the capacitor’s stored charge. 
The electrical photocurrent pulses from the saturable ab- 
sorber are a useful electronic pulse source [ 191. The elec- 
trical pulses can be used to synchronize the optical pulse 
to an electronic system. Passively mode-locked semicon- 
ductor lasers can also be used as microwave oscillators 
with only dc power supplies required. 

Hybrid mode locking can be achieved with the addition 
of a separate gain modulation segment to the laser to form 
the three-section laser of Fig. 2(d). The requirements on 
the electrical modulation waveform are reduced in hybrid 
mode locking. Since saturable absorption is the dominant 
mechanism for achieving very short pulses, it is not as 
important to have an extremely short electrical modula- 
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Fig. 5. Saturable absorber voltage in a 50 0 load (ac coupled measure- 
ment) due to the photocurrent from a 16 pm long waveguide saturable ab- 
sorber from the passively mode-locked laser structure of Fig. 2(c). 

tion waveform. A larger capacitance on the modulation 
segment can be tolerated resulting in simpler device fab- 
rication. Since the saturable absorber is dc reverse biased, 
the absorber can recover to an absorbing state only a few 
picoseconds after the passage of the optical pulse leading 
to an effective multiple pulse suppression mechanism. A 
three-section hybridly mode-locked laser with the config- 
uration of Fig. 2(d) was tested. The laser diode had a 
GaAs bulk active region [20] and an over-all laser diode 
length of 500 Fm. The modulation segment and gain seg- 
ment lengths are 16 pm. The autocorrelation width was 
2.85 ps which deconvolves to a 1.9 ps pulsewidth assum- 
ing a hyperbolic secant squared pulse shape. The spectral 
width was 1 THz, the pulse energy was 0.18 pJ and the 
repetition rate was 6 GHz. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C. Monolithic Cavity Mode-Locked Semiconductor 
Lasers 

The previous discussion of multisegment external-cav- 
ity mode-locked lasers has shown that all of the necessary 
functions for active, passive and hybrid mode-locked la- 
sers can be implemented together on a single semicon- 
ductor chip. For the next step, the entire external cavity 
can be replaced with a semiconductor waveguide resulting 
in an integrated monolithic cavity mode-locked laser 
structure such as that shown in Fig. 2(e). Monolithic cav- 
ity devices are very small and do not have the mechanical 
instabilities associated with the optical elements in an ex- 
ternal cavity. Fig. 2(f) shows a scanning electron micro- 
graph of a monolithic cavity structure. Fig. 2(e) illustrates 
the wide range of functionality that is possible from a pro- 
cess which incorporates separated top contacts for non- 
uniform electrical biasing and a continuous waveguide 
along the entire device length. In this simple process, six 
distinct functions can be performed. 

1) Section 1 is reverse biased to act as a waveguide 
saturable absorber-photodetector for passive and 
hybrid mode locking. 

2) Section 2 is the gain modulation segment. 
3) Section 3 is forward biased and provides the overall 

gain necessary for lasing. 
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5 )  

6) 

Section 4 is a segment that allows for electrical tun- 
ing of the repetition rate during passive mode lock- 
ing by adjusting the camer density. 
Section 5 is the active or passive waveguide section 
which provides the delay necessary for achieving a 
specific repetition rate. Active waveguides are the 
easiest to fabricate in a laser process. Low-loss pas- 
sive waveguides can be integrated with a more com- 
plex processing sequence [20] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, [2 11. Multiple pul- 
sation effects can be a problem if there is a reflection 
at the active-to-passive waveguide transition. Re- 
flection problems caused by imperfect active-pas- 
sive transitions can be suppressed using the multi- 
segment external-cavity laser techniques discussed 
earlier. 
Section 6 incorporates Bragg wavelength filters to 
control the center wavelength and bandwidth of the 
laser [21]. Control of the laser bandwidth is very 
important for optical fiber communication system 
applications. 

Monolithic cavity designs have been demonstrated with 
over-all lengths between 7 and 0.25 mm corresponding to 
a repetition rate as low as 5.5 GHz [22] and as high as 
350 GHz [ 181. Such high repetition rates in the millimeter 
wave range are made possible by the very fast absorption 
recovery times of waveguide saturable absorbers. A three- 
segment monolithic cavity mode-locked semiconductor 
laser with a device length of 2 mm and a corresponding 
repetition rate of 21 GHz was fabricated and tested. The 
device had 4 InGaAs quantum wells [23] and a saturable 
absorber length of 40 pm. The device was hybridly mode- 
locked with a 24 dBm sinusoidal signal. The resulting op- 
tical pulsewidth was 2.1 ps, with a spectral width of 500 
GHz, and pulse energy of 0.04 pJ. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. Multisegment Gain-Switched and Q-Switched Lasers 

Gain-switched lasers are an attractive alternative to 
mode-locked semiconductor lasers in several aspects. The 
devices are small in size, don’t require external cavities, 
and are easy to operate. The repetition rate of the device 
is not constrained to the round trip time in the laser. How- 
ever, gain-switched lasers tend to have wider pulsewidths 
and larger time-bandwidth products than mode-locked la- 
sers. The performance of single-section gain-switched la- 
sers can be enhanced with the use of the two-segment de- 
signs shown in Fig. l ( ~ ) .  Two-segment lasers can be gain 
switched by reverse biasing the short segment to act as a 
saturable absorber and applying a short electrical pulse to 
the main segment. In single-segment gain-switching ex- 
periments, wide pulses (e.g., 30 ps) are often produced 
because the optical pulse is emitted early with respect to 
the peak of the electrical pump waveform. The presence 
of the saturable absorber delays the pulse emission since 
the saturable absorber must first be bleached. This delay 
of the output pulse with respect to the electrical modula- 
tion pulse causes a higher level of inversion and decreases 
the width of the gain-switched pulse. 

In Q-switching experiments, the long segment is for- 
ward biased to produce gain in the device. The short seg- 
ment is reverse biased to suppress lasing in the structure. 
When an electrical pulse is applied to the short segment, 
the peak of the pulse forward biases the segment resulting 
in a narrow time window of low loss in the cavity for the 
optical pulse being emitted. In both cases, it is important 
to have very short, large amplitude electrical modulation 
pulses. It is also important to have a low electrical para- 
sitic laser process so that the high frequency components 
of the electrical pulse are not attenuated in the laser. Two- 
segment gain-switched and Q-switched lasers were fab- 
ricated and tested. The laser diode had a GaAs bulk active 
region [20] with an overall length of 150 pm and a short 
segment length of 16 pm. The electrical modulation pulse 
was from a step-recovery diode operating at 1 GHz with 
a 60 ps pulsewidth and 6 V amplitude into a 50 Q load. It 
was found that the two-segment lasers produced the short- 
est pulsewidths near the frequency at which they tended 
to self-pulsate when no modulation was applied (typically 
a few GHz). The resulting pulsewidths for the gain- 
switched and Q-switched lasers were 13 and 15 ps, re- 
spectively. The pulse energy for the gain-switched device 
was 3.4 pJ and the gain-switched device was 4.0 pJ. The 
spectral widths for the gain-switching and Q-switching 
experiments were 4 and 2.4 THz, respectively. 

111. COMPARISON OF DEVICE PERFORMANCE 

Table I lists a comparison of the performance for the 
multiple-segment devices shown in Fig. 1 .  The pulse- 
width, spectral width, time-bandwidth product, pulse en- 
ergy, repetition rate, and active region composition are 
included in the comparison. From the results listed in the 
table along with additional experiments which are not in- 
cluded in the table, there are several important trends 
which can be identified. 

A. Pulsewidth 
The pulsewidths that have been demonstrated for mul- 

tisegment external cavity mode-locked semiconductor la- 
sers with single pulse outputs are typically in the 1-3 ps 
range for the active, passive, or hybrid mode-locking 
techniques. It is in general easier to get short optical pulses 
using hybrid and passive mode-locking techniques. The 
saturable absorber is primarily responsible for pulse nar- 
rowing with the active modulation providing amplitude 
and phase stabilization. Monolithic cavity mode-locked 
semiconductor lasers showed wider pulsewidths as the 
repetition rates were decreased (e.g., 5 . 5  GHz). The 
poorer performance of the monolithic cavity devices at 
the lower repetition rates is believed to be a result of the 
use of all-active waveguides. Gain dispersion effects [24] 

tend to broaden the pulses more effectively when the op- 
tical pulse propagates through long sections of active 
waveguide. Performance at lower repetition rates should 
improve with the incorporation of low-loss passive wave- 
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TABLE I 

COMPARISON OF MULTISEGMENT STRUCTURE PERFORMANCE 

Spectral Time- Pulse Repetition 
Cavity Modulation Pulse width Width Bandwidth Energy Rate Wavelength Active 
Type Technique (PS) (GHz) Product (PO G H z )  ( w )  Region Reference 

Ext. 

Ext. 

Ext. 

Ext. 

Mon. 

Mon. 

Mon. 

Mon. 

Mon. 

Mon. 

Mon. 

Mon. 

Active 
Two-Seg. 

Passive 
Two-Seg. 

Hybrid 
Two-Seg. 

Hybrid 
Three-Seg. 

Active 
Two-Seg. 

Hybrid 
Three-Seg. 

Passive 
Two-Seg. 

Passive 
Two-Seg. 

Hybrid 
Three-Seg. 

Passive 
Two-Seg. 

Q-Switch 
Two-Seg. 

Gain-Switch 
Two-Seg. 

1.4 

2.5 

2.5 

1.9 

13 

6.5 

10 

5.5 

2.2 

1.3 

15 

13 

342 

720 

1000 

900 

330 

540 

400 

550 

500 

600 

2400 

4000 

0.48 

1.8 

2.5 

1.71 

4.3 

3.5 

4.0 

3.0 

1.1 

0.78 

36 

52 

0.28 

0.7 

0.8 

0.18 

0.19 

0.18 

0.25 

0.53 

0.03 

0.02 

4 

3.4 

3 

5 

5 

6 

5.5 

5.5 

5.5 

11 

21 

41 

1 

1 

1.3 

0.84 

0.84 

0.83 

0.84 

0.84 

0.84 

0.84 

1.58 

1.58 

0.825 

0.822 

Bulk 

4 QW 

4 QW 

Bulk 

4 QW 

4 QW 

4 QW 

4 QW 

4 QW 

4 QW 

Bulk 

Bulk 

guide segments which act as a more ideal medium for short 
pulse propagation [2 11. Two-segment gain-switched and 
Q-switched lasers generally had pulsewidths in the 10-20 
ps range. Single section gain-switched lasers from the 
same material gave pulsewidths in the 20-30 ps range. 

B. Spectral Width 
The experimental results show that for designs in which 

bandwidth control filter elements are not placed in the 
cavity, the optical pulses exhibit excess optical bandwidth 
beyond the Fourier transform limit. The principle cause 
of this extra bandwidth is self-phase modulation of the 
optical pulses induced by gain and absorption saturation. 
The self-phase modulation process which is important for 
semiconductor lasers is outlined in Fig. 6. When a semi- 
conductor amplifier produces an optical pulse with an en- 
ergy approaching the saturation energy of the amplifier, 
the gain of the amplifier and thus the carrier density is 
depleted. Index of refraction changes are coupled to gain 
changes through the linewidth enhancement factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. The 
drop in camer density causes an increase in the index of 
refraction which in turn phase modulates the optical pulse. 
In a semiconductor laser amplifier, gain saturation causes 
a drop in the instantaneous frequency over the duration of 
the pulse. When a pulse propagates through a saturable 
absorber, the carrier density increase results in an instan- 
taneous frequency rise in the leading edge of the optical 
pulse. The effects of self-phase modulation can in general 
be reduced by decreasing the output power and therefore 
the amount of self-phase modulation in the device. Note 
that the chirp that results from mode-locked semiconduc- 
tor lasers is in general not linear over the central portion 

Fig. 6. Self-phase modulation effects in mode-locked semiconductor la- 
sers. Self-phase modulation due to (a) gain saturation and (b) absorption 
saturation. 

of the pulse. Linear chirp is important because pulses that 
are linearly chirped lend themselves well to pulse 
compression techniques. It has been found experimentally 
that the chirp from both actively and passively mode- 
locked external-cavity lasers has been linear enough to 
accomplish pulse compression with a modified grating pair 
compressor [25], [26]. Fig. 7 shows the results of pulse 

2191 



compression of a pulse from a two-segment GaAs-Al- 
GaAs passively mode-locked semiconductor laser 1201 
with a 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGHz repetition rate. The input pulsewidth is 3.5 
ps and a 0.5 ps pulsewidth is produced after compression 
[27]. For some applications such as optical soliton gen- 
eration, it is required to have Fourier transform-limited 
pulses. In external-cavity lasers, it is possible to achieve 
near transform-limited pulses by using a bandwidth-lim- 
iting element such as a diffraction grating in the external 
cavity. The bandwidth-limiting element filters out the ex- 
cess bandwidth created by self-phase modulation on each 
pass at the expense of a wider optical pulsewidth. Fig. 8 
shows the results of using a collimated 2 mm beam on an 
830 grooves per millimeter diffraction grating for the de- 
vice of Fig. 2(b). The pulsewidth from the device in- 
creased from 1.4 ps to 7.5 ps, but the time-bandwidth 
product was decreased from 0.48 to 0.30 which is close 
to the theoretical value of 0.314 for a hyperbolic secant 
squared pulse shape. Bragg reflectors can also be incor- 
porated into monolithic cavity devices in a similar manner 
to reduce the optical bandwidth [2 13. The bandwidth from 
gain-switched devices has also been reduced with spectral 
filters placed outside the cavity for applications in soliton 
pulse generation [28]. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C. Pulse Energy 

The energy from a mode-locked laser is limited by the 
saturation energy of the gain and saturable absorber re- 
gions. In passively and hybridly mode-locked devices, the 
output pulse energy is typically near the saturation energy 
of the gain segment. The pulses from mode-locked semi- 
conductor lasers can be further amplified with external 
semiconductor or erbium-doped fiber amplifiers. The sat- 
uration energy for semiconductor laser amplifiers may 
range from 1 pJ in a tightly confined index-guided laser 
up to 20 pJ for lightly confined gain guided edge emitting 
structures. Erbium-doped fiber amplifiers are limited by 
the saturation power instead of the saturation energy due 
to the long lifetime of the gain medium. Average power 
levels of 10 mW are obtainable. Vertical-cavity surface- 
emitting laser structures, which have much higher satu- 
ration energies due to their large mode cross section areas, 
have been shown to give pulse energies as large as 300 pJ 
v11. 
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D. Timing Jitter and Intensity Noise 
The timing jitter of mode-locked semiconductor lasers 

is an important parameter since jitter can increase the ef- 
fective optical pulsewidth for most applications. Absolute 
timing jitter is the amount of jitter which is contributed 
by the modulating electrical source together with the 
mode-locked laser. Residual timing jitter is a measure of 
the jitter contributed by the mode-locked laser alone, in- 
dependent of the electrical modulation source. The resid- 
ual timing jitter from the mode-locked structures shown 
in Fig. 1 was measured using the phase detector technique 
[29] and the resulting comparison is shown in Fig. 9. The 
rms timing jitter was calculated from the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdata in Fig. 9 

0.829 0.831 0.833 0.835 0.837 0.839 
Wavelength (um) 

(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-6 -4 -2 0 2 4 6 

“e (PI 
(b) 

Fig. 7. Pulse compression of a passively mode-locked two-segment laser 
as in Fig. 2(c). (a) Optical spectrum before compression. (b) Autocorre- 
lation traces taken before and after pulse compression in a modified grating 
pair compressor. 

-40 
1.306 1308 131 1.312 

Wavelength Quo) 

(b) 
Fig. 8. (a) Autocorrelation trace and (b) optical spectrum for a two-seg- 
ment actively mode-locked laser as in Fig. 2(b) with mirror replaced by an 
830 grooves per millimeter diffraction grating. 

and is listed in Table 11. The low frequency intensity noise 
is also presented. The comparison of mode-locked de- 
vices is done with devices from the same GaAs quantum- 
well wafer and is done at a common repetition rate of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.5 
GHz in all cases. Active mode locking of a single-section 
external cavity laser gave the lowest root mean square re- 
sidual and absolute timing jitter levels of less than 0.06 
ps and 0.25 ps (150 Hz-50 MHz) respectively, with a 12 
ps pulsewidth. This represents the lowest level of timing 
jitter measured in any laser system. Such low levels of 
timing jitter are possible because the mode-locked laser 
adds very little amplitude and phase noise to that of the 
electrical modulation source driving the mode locking. 
Active mode locking of the two-segment external cavity 
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Fig. 9. Residual single side-band phase noise zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC(f) comparison for 
monolithic and external cavity multisection mode-locked semiconductor la- 
sers using active, passive, and hybrid mode-locking techniques. All de- 
vices are from the same GaAs-AIGaAs quantum-well wafer. 

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 
COMPARISON OF TIMING JITTER AND INTENSITY NOISE LEVELS 

Mode- Absolute rms Residual rms 

Locking Timing Jitter Timing Jitter 

Technique 150 Hz-50 MHz 150 HZ-50 MHz 

Active Monolithic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA600 fs 530 fs 

Passive Monolithic 12.5 ps 12.5 ps 

Hybrid Monolithic 1200 fs 1130 fs 

Active External 240 fs 65 fs 

Passive External 12.2 ps 612.2 ps 

Hybrid Extemal 1060 fs 980 fs 

Two-Segment 

Two-Segment (150 kHz-50 MHz) (150 kHz-50 MHz) 

Three-Segment 

Single-Segment 

Two-Segment (1.5 ~ H z - 5 0  MHz) (1.5 ~ H z - 5 0  MHz) 

Two-Segment 

laser in [7] resulted in an absolute timing jitter of 0.5 ps 
(150 Hz-500 MHz) with a pulsewidth of 2.2 ps. Hybrid 
mode locking gave somewhat higher levels of timing jitter 
[e.g., 0.6-1 ps rms jitter (150 Hz-50 MHz)] than those 
using active mode locking. Passive mode locking has the 
highest level of timing jitter due to the absence of a high- 
stability driving source. Monolithic cavity mode-locked 
lasers with all-active waveguides tend to have higher 
phase noise levels than their external cavity counterparts 
at the same repetition rate. Monolithic cavity devices 
which incorporate large sections of low-loss passive 
waveguide should give comparable timing jitter to 
their external cavity counterparts. Gain-switched and 
Q-switched lasers give somewhat higher timing jitter lev- 
els than mode-locked lasers. The increased timing jitter is 
due to the fact that each gain-switched and Q-switched 
laser pulse starts each time from amplified spontaneous 
emission which adds a randomness to the output pulse 
timing [30]. 

Spontaneous emission causes gain, index of refraction, 
and photon density variations. Index of refraction noise 
can directly lead to timing jitter by introducing a random- 
ness in the round-trip time. Gain and photon density fluc- 

Relative 
Intensity Noise 

@, 100 MHz 

- 122 dB/Hz 

- 116 dB/Hz 

- 109 dB/Hz 

< - 126 dB/Hz 

- 103 dB/Hz 

-105 dB/Hz 
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tuations can also lead to timing jitter through an amplitude 
to timing jitter conversion process. The amplitude to tim- 
ing jitter process occurs because variations in the gain and 
saturable absorber saturation levels lead to variations in 
the round-trip time. In passive mode locking, sponta- 
neous emission frequency modulates the pulse stream re- 
sulting in the 20 dB per octave rolloff with offset fre- 
quency. In active and hybrid mode locking, spontaneous 
emission phase modulates the pulse stream since active 
gain modulation limits the peak phase excursions. The 
level of spontaneous emission noise and thus timing jitter 
increases with the number of longitudinal modes present 
and with the gain level in the semiconductor laser ampli- 
fier. 

Mode-locked lasers are also susceptible to large ampli- 
tude and timing jitter instabilities if the low frequency res- 
onance response is not highly damped [31]. This instabil- 
ity can be seen in actively mode-locked lasers when the 
modulation frequency is tuned to a higher frequency than 
the natural resonance frequency of the cavity [32]. Pas- 
sively and hybridly mode-locked lasers are particularly 
susceptible to this instability because the positive feed- 
back of the saturable absorber reduces the damping of the 
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Fig. 10. Pulsewidth versus detuning of the repetition rate. The monolithic 
cavity device has a center repetition rate of 13 GHz and the extemal cavity 
device has a center repetition rate of 6.1 GHz. The device structures were 
that of Fig. l(a) and (b) with a GaAs bulk active region and 16 pn mod- 
ulation and saturable absorber segment lengths. 

low frequency resonance peak. Lasers with saturable ab- 
sorbers of very high unsaturated loss are more susceptible 
to self-pulsations. The instability is also found to increase 
with the repetition rate of the laser. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E. Repetition Rate 

For repetition rates in the hundreds of MHz to 20 GHz 
range, external-cavity mode-locked lasers work well. The 
upper limit on the repetition rate of external cavity lasers 
is imposed by the finite length of the external cavity op- 
tical elements. Monolithic cavity devices have been shown 
to operate at repetition rates between 5 and 350 GHz. The 
lower repetition rate is limited by fabrication technology 
limits for monolithic devices approaching 1 cm in length. 
The upper repetition rate limit is reached with passive 
mode-locking techniques and is limited by the saturable 
absorber recovery time constant. In mode-locked lasers, 
the repetition period is limited to be near the round-trip 
time in the device. For a fixed cavity length, mode-locked 
lasers can be slightly tuned from this resonance with min- 
imal degradation in device performance. The pulsewidth 
performance versus repetition rate of actively and hy- 
bridly mode-locked monolithic and external cavity lasers 
is compared in Fig. 10. The monolithic device is a 2.75 
mm long bulk GaAs active region device [20] operating 
at 13 GHz. The external-cavity device is 500 pm long, 
operates at 6.5 GHz repetition rate, and comes from the 
same wafer as the monolithic cavity device. The plotted 
tuning range limits represent the points at which the mode- 
locked lasers exhibit significant phase or amplitude in- 
stabilities as measured in an electrical spectrum analyzer 
with a photodiode input. Monolithic cavity devices show 
a greater tunability that external cavity devices. This is 
presumably due to the lower cavity Q of the monolithic 
cavity device with all-active waveguide and the fact that 
the carrier density and thus the index of refraction can 
self-adjust to bring the laser back into resonance with the 
modulation signal. Mode-locked lasers which incorporate 
distributed Bragg reflectors in the cavity have shown a 

larger tuning range due to the frequency dependence of 
the effective reflection point [33]. Passively mode-locked 
semiconductor lasers can be tuned electronically with the 
incorporation of a repetition rate tuning element as is 
shown in Fig. 2(e). Repetition rate tuning segments work 
by changing the gain saturation level in the device which 
in turn changes the effective round-trip time in the device. 
This electronic tuning of the repetition rate is important 
because it provides a convenient way of phase locking the 
device to a lower frequency standard to reduce the timing 
jitter [ 191. The photocurrent from the saturable absorber 
also provides a convenient electrical input for the phase- 
locking circuitry. 

IV. OPTIMIZATION OF MULTISEGMENT DESIGNS 

The multisegment lasers discussed in the first section 
have given short optical pulses in a simple structure where 
gain segments, saturable absorber segments, modulation 
segments and tuning segments are fabricated together in 
a single integration process. In this section, a theoretical 
analysis is performed to understand how to optimize these 
structures. The variables that the designer has under his 
control are: 

1) active region composition, waveguide dimensions, 

2) segment length, 
3) electrical parasitics of the segments (capacitance and 

resistance), and 
4) electrical drive signal in active and hybrid mode 

locking. 

With these variables as free design parameters, this 
section will outline the tradeoffs involved in getting the 
best device performance. Items 3) and 4) have been dis- 
cussed in Section 11. Minimization of electrical parasitics 
is especially important for actively mode-locked lasers and 
gain-switched lasers, in which narrow electrical pulse- 
widths are necessary to create narrow optical pulses. Pas- 
sively mode-locked lasers can tolerate larger electrical 
parasitics since saturable absorption is the dominant pulse- 
shortening mechanism. 

and optical confinement factor, 

A .  Simplified Model for  Multisegment Mode-Locked 
Lasers 

The configuration used to analyze passively mode- 
locked lasers is shown in Fig. 11. The model shows a 
two-segment laser in which the first segment is the gain 
section and the second segment is the saturable absorber. 
This model is analyzed with the rate equation set similar 
to that outlined by Agrawal and Olsson [34], [24]: 
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Absorber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. The two-segment laser model for passive mode locking. The pulse 
is analyzed for each trip around the semiconductor laser diode. 

(4) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(5)  

Pin and Po,, are the input and output power from a laser 
segment, din and +out are the input and output phase from 
a laser segment, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 is the time measured with respect to 
the middle of the optical pulse, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg is the gain per unit 
length, L is the segment length, go is the maximum avail- 
able gain for given pump rate, Go zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= exp (goL )  is the 
unsaturated gain of the segment, CY is the linewidth en- 
hancement factor, P is the average power level across a 
segment, t is the absolute time, rc is the carrier lifetime, 
tz is an optical bandwidth parameter, w is the optical fre- 
quency measured with respect to the peak of the gain, 
Ain(w) is the Fourier transform of the input pulse electric 
field envelope, p2 is the material dispersion parameter, 
and F-' is the inverse Fourier transform. Equations (3)- 

(5) relate the input and output pulse waveforms of a laser 
segment without the bandwidth effects of the laser and 
assuming that the pulsewidth is much shorter than t,. 
Equation (6) relates the input and output pulse waveforms 
for a laser segment for the case of no gain saturation ef- 
fects and includes the magnitude and phase response of 
gain medium. The magnitude and phase response is cho- 
sen to have a Lorentzian shape and does not use Agra- 
wal's assumption of a parabolic gain and phase response 
[24]. Equation (2) is used to keep track of the time de- 
pendence of the gain value in each laser segment. The 
two-segment device is analyzed by breaking up the model 
of Fig. 11 into small segments and applying (2)-(6) to 
each segment. The solution method for the following sec- 
tions is the two-step method outlined by Agrawal [35] in 
which first the nonlinearity is calculated [(3)-(5)] and then 
the bandwidth and the dispersion effects are calculated 
[(6)]. Since (3)-(6) represent analytical solutions to the 
input output relationships of a laser segment, fewer seg- 
ments are needed for accurate simulations. Mode-locked 
lasers with counter-propagating waves can be simulated 

with a partial-integration method, where the laser is bro- 
ken up into several segments which are solved analyti- 
cally [36]. 

In this section, results will be first presented for the 
simplest model in which the linewidth enhancement factor 
is set to zero and an infinite gain bandwidth is assumed 
(t2 = 0). This simplified model shows more clearly how 
to maximize the pulse shortening mechanism in passively 
mode-locked lasers. The effects of self-phase modulation 
and the associated frequency chirp are then introduced. 
Finally, the gain and phase response of the amplifier is 
added to the model in Section V. The interplay of pulse 
shaping mechanisms, self-phase modulation, and gain- 
bandwidth effects that ultimately limits the minimum 
achievable pulsewidth is then discussed. 

B. Pulse Shortening with Saturable Absorbers 
In this discussion, the process of passive mode locking 

will be described in terms of how much shorter the optical 
pulsewidth becomes on each pass around the laser cavity. 
The optimization of a passively mode-locked laser for 
shortest pulsewidth is equivalent to the search for the con- 
dition of maximum pulse shaping per pass [42]. Fig. 12(a) 
shows the pulsewidth reduction per pass and Fig. 12(b) 
shows the net energy gain per pass for the two-segment 
laser model of Fig. 11 as a function of the input energy 
divided by the saturation energy of the amplifier. Gain 
bandwidth and self-phase modulation effects are not in- 
cluded in this simulation. The input pulse shape has a hy- 
perbolic secant squared shape and the full width at half of 
maximum (FWHM) is used for pulsewidth measurement. 
At low input energies, the amplifier cannot saturate the 
absorber leading to a small net gain through the gain-ab- 
sorber cascade. As the input energy is increased, the ab- 
sorber starts to saturate and the pulsewidth becomes short- 
ened. As the amplifier gain becomes more and more 
saturated with increasing input energy, the amplifier wid- 
ens the input pulse. There exists an input power at which 
the system experiences the largest pulse shaping per pass. 
The input energy for maximum pulse shortening per pass 
occurs at a similar energy to that of the maximum net 
gain. The maximum net energy gain for these simulations 
is 25, corresponding to a typical value for an external cav- 
ity laser. The ratio of saturation energies between the gain 
segment and the absorber segment is an important number 
in maximizing the pulse shortening per pass. Fig. 12 is 
plotted for a ratio of saturation energies of 3 and gives a 
corresponding minimum net pulse shortening ratio of 
0.82. The input energy for maximum pulse shortening is 
lowered and the maximum pulse shaping per pass is in- 
creased for higher ratios of saturation energies because 
the saturable absorber is more easily saturated. Quantum- 
well devices generally have a higher saturation energy ra- 
tio and thus have a larger pulse shortening ability as com- 
pared to bulk active region devices. 

Fig. 13(a) is a plot of the maximum pulse shortening 
per pass in a gain-absorber cascade as a function of the 
unsaturated transmission value through the saturable ab- 
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Fig. 12. (a) Pulse shortening per pass and (b) net energy gain per pass 
through the gain-absorber cascade laser model of Fig. 11 as a function of 
the input energy divided by the saturation energy of the amplifier. The net 
energy gain through the device is 25. The unsaturated gain of the amplifier 
is 150 and the unsaturated transmission of the absorber is 0.05. The ratio 
of saturation energies between the gain segment and saturable absorber seg- 
ment is 3. 
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(b) 
Fig. 13. (a) Maximum pulse shortening per pass and (b) required unsatu- 
rated energy gain from the amplifier for a single pass through the gain- 
absorber cascade laser model of Fig. 11 as a function of the unsaturated 
transmission level through the saturable absorber. The simulation is done 
for four values of the ratio of saturation energies between the gain and 
absorber segment. The net gain for the gain-absorber cascade is 25 in all 
cases. 
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sorber. The figure shows various values of the ratio of 
saturation energy between the gain and absorber segment 
and is done for a net energy gain of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 through the device. 
Fig. 13(b) shows the unsaturated gain value which is re- 
quired to achieve a saturated net energy gain of 25 through 
the gain-absorber cascade. The purpose of Fig. 13 is to 
find the optimal saturable absorber length and gain length 
for maximization of the pulse shortening per pass in a pas- 
sively mode-locked semiconductor laser. Fig. 13(a) 
clearly shows that increasing the ratio of saturation ener- 
gies is very important to obtain stronger pulse shortening 
effects. Increasing the ratio of saturation energies also re- 
duces the unsaturated gain requirements for the laser am- 
plifier as is shown in Fig. 13(b). As the unsaturated ab- 
sorber transmission value decreases, the pulse shortening 
per pass increases monotonically. For small values of un- 
saturated absorber transmission, the pulse shortening per 
pass becomes a weak function of the absorber length. As 
the unsaturated absorber transmission decreases, the re- 
quired unsaturated gain from the amplifier increases very 
rapidly. At some point, the required gain from the ampli- 
fier will be unachievable due to too large of required car- 
rier density values for a practical device, or from exces- 
sive spontaneous emission noise amplification [37]. 
Unsaturated energy gain values over 1000 are difficult to 
achieve due to gain saturation caused by amplified spon- 
taneous emission. Devices with large values of unsatu- 
rated absorber transmission are also prone to self-pulsa- 
tions at the relaxation oscillation frequency of the device. 
For example, a 40 GHz monolithic cavity mode-locked 
laser with an 80 pm long saturable absorber would only 
self-pulsate at a 1-2 GHz rate. However, wide regions of 
stable mode locking existed when the absorber length was 
reduced to 40 pm. The maximum absorber length that 
does not induce self-pulsation effects decreases with in- 
creasing repetition rate. 

The best compromise is to choose a value of unsatu- 
rated absorber transmission located where the pulsewidth 
shortening function is slowly changing but not at the max- 
imum value of pulse shortening. For Fig. 13(a) this would 
occur for an unsaturated absorber transmission between 
approximately 0.01 and 0.2. This represents a range of 
saturable absorber lengths which possess the largest pulse 
shortening per pass without requiring too large of unsat- 
urated gain from the laser amplifier and reducing the sus- 
ceptibility to self-pulsation effects in the mode-locked 
laser. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C. Colliding Pulse Efects 

Passive mode locking can be improved with colliding 
pulse effects in saturable absorbers. The pulse shortening 
characteristics for the three different saturable absorbers 
configurations shown in Fig. 14 are studied [27]. Config- 
uration A is a unidirectional mode-locked laser (UM) in 
which there are no pulse collisions in the saturable ab- 
sorber. Configuration B is a self-colliding pulse mode- 
locking configuration (SCPM) in which the optical pulse 
collides with itself in the saturable absorber. Configura- 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14. Comparison of saturable absorber configurations. 

tion C is a colliding pulse mode-locking (CPM) configu- 
ration in which oppositely directed pulses collide in the 
saturable absorber. 

The CPM and SCPM configurations are nearly the same 
in terms of saturable absorber performance [38]. The ef- 
fectiveness of the saturable absorber is enhanced in the 
SCPM configuration when compared to the UM configu- 
ration. Absorbers in the SCPM configuration can be half 
as long as those in the UM configuration for the same 
unsaturated attenuation value. Half as many carriers are 
needed to reach transparency, reducing the energy needed 
to bleach the saturable absorber by a factor of two. In the 
CPM and SCPM configurations, there is an additional en- 
hancement due to the interaction of counter-propagating 
optical pulses in the saturable absorber. The counter- 
propagating pulses form standing waves in the saturable 
absorber. At the peak of the standing wave, the carrier 
generation rate is high, and at the nulls, the carrier gen- 
eration rate is low. This leads to a carrier density absorp- 
tion grating. Since the carrier density does not have to be 
raised to transparency everywhere in the saturable ab- 
sorber to reach a low loss state, the saturable absorber 
bleaches with a lower pulse energy than would be neces- 
sary if the standing waves did not exist. 

The effects of pulse collision in saturable absorbers has 
been studied in dye lasers [39]-[42]. The optical standing 
waves form an absorption grating which couples the for- 
ward and reverse traveling waves. The equations for co- 
herent pulse interaction [42] can be found from the cou- 
pling coefficients of a conductivity grating. The absorption 
grating is assumed to be sinusoidal. 

The coupled equations for a short segment of length L are: 

hi j: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-ai dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG -aiL (i = A ,  B) (8) 

(9) 

hB - 
A t  = (1 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) A i  - -Ain 4 

A' and A-  are the forward and reverse traveling field val- 
ues. The unsaturated transmission of the segment is exp 
( - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. L). The total absorption integrated over the segment 
length is h, for the dc absorption component and hB for 
the sinusoidal absorption component due to the carrier 
grating. The net gain h is found by integrating the gain 
over the length of a computational segment [34]. The 
value of h is then negative for absorber segments. 

The theoretical performance of a saturable absorber 
with a typical loss found in mode-locked dye lasers is 
shown in Fig. 15(a). The saturation energy is a factor of 
two smaller for incoherent SCPM over the UM configu- 
ration for low energy pulses [39]. The coherent SCPM 
case (with grating) has improved pulse shaping per pass 
and less loss per pass as compared to the incoherent SCPM 
case (no grating) for low input energy pulses. For high 
energy input pulses, the standing wave grating diminishes 
during the pulse propagation until the absorber becomes 
almost uniformly bleached. The total energy lost is nearly 
the same for incoherent and coherent SCPM, but the en- 
ergy is lost later in the optical pulse for coherent SCPM. 
The net effect for coherent SCPM is to reduce the energy 
for optimum pulse shaping per pass and reduce the max- 
imum pulse shaping per pass. 

The theoretical performance of a saturable absorber 
with a typical loss found in mode-locked semiconductor 
lasers is shown in Fig. 15(b). The unsaturated absorption 
is much higher in semiconductor lasers compared to dye 
lasers due to the higher gain per pass in the amplifier sec- 
tion. The effect of the carrier grating for semiconductor 
lasers is smaller than for the dye laser case. The large 
initial loss in semiconductor saturable absorbers causes 
reduced standing-wave effects. Only the section nearest 
the mirror receives the full benefit of coherent SCPM. The 
coherent SCPM interaction increases the pulse shaping per 
pass and reduces the energy for bleaching but at reduced 
levels compared to the dye laser case. An additional effect 
in mode-locked semiconductor lasers is the rapid diffusion 
of the carriers that tends to average out the carrier density 
grating for wide pulsewidths and further reduces the ef- 
fects of coherent SCPM. 

(Y = (YA + UyS cos 2kz The effects of colliding pulses were studied experimen- 
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Fig. 15. Calculated pulse shaping per pass and normalized energy loss per 
pass, (Ein - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE,,,)/E,,,, for a single pass through the saturable absorber 
configurations of Fig. 14. Part a simulates the typical case for a passively 
mode-locked dye laser and part b simulates the typical case for a passively 
mode-locked semiconductor laser. 

tally by varying the facet reflectivity to change the depth 
of the optical standing waves. The results are shown in 
Fig. 16. It is seen that a facet field reflectivity reduction 
from 80 to 55% resulted in no increase in pulsewidth. 
Even for field reflectivities as small as 14% (power re- 
flectivity of 2%), in which the colliding pulse effect is 
small, short pulses were produced. The small increase in 
pulse width for very low mirror reflectivity could also be 
attributed to the increased self-phase modulation caused 
by the need for increased gain in the laser. 

The incoherent colliding pulse effect in mode-locked 
semiconductor lasers is important because it allows a pas- 
sively mode-locked laser to operate at a lower pulse en- 
ergy for maximum pulse shortening, and therefore reduce 
the pulse broadening effects of self-phase modulation. We 
have found that the coherent SCPM improvement in pulse 
shaping from the carrier grating is small, particularly in 
semiconductor diode laser mode locking, and that the 
main effect is from the advantage of incoherent pulse col- 
lision. 

D. Active Region Design 

Quantum-well lasers give the largest ratios in saturation 
energies between the gain and saturable absorber sections 
and therefore should perform better than bulk active re- 
gion devices. Experimentally, both quantum-well and 
bulk active region devices have given excellent results in 
external and monolithic cavity experiments. To take ad- 

0 1 2 3 

Optical Output Power (mW) 

Fig. 16. Experimental pulsewidth versus output power for three different 
field reflection coefficients on the saturable absorber facet. The repetition 
rate is 2.5 GHz for all cases. 

vantage of colliding pulse effects, the saturable absorber 
length should be shorter than the optical pulsewidth so 
that a standing wave can be formed over the entire length 
of the absorber. Thus, choosing a saturable absorber de- 
sign with a large optical confinement factor should give 
better results. It is also important to design the structure 
so that efficient carrier sweep out can occur in reverse- 
biased absorber segments. Trapping of carriers at hetero- 
junction interfaces or deep quantum wells tend to increase 
the carrier sweep-out time. Quantum-well devices also 
give lower levels of self-phase modulation since the line- 
width enhancement factor is typically lower than in bulk 
active region designs. 

V. LIMITS ON THE ACHIEVABLE PULSEWIDTH 

When an optical pulse travels around the mode-locked 
laser cavity, there are mechanisms that widen the optical 
pulse and there are mechanisms that narrow the optical 
pulse. The final solution to the pulsewidth is obtained 
when a balance is reached between the widening and 
shortening mechanisms. 

The dominant shortening mechanisms are: 

1) saturable absorption (passive or hybrid mode lock- 

2) active gain modulation (active or hybrid mode lock- 

The dominant widening mechanisms are: 

1) the gain response (magnitude and phase versus op- 

2) self-phase modulation due to saturable gain, satu- 

3) saturable gain, 
4) dispersion and bandwidth limiting in external cavity 

5 )  spontaneous emission noise. 

Saturable absorption is the strongest pulse narrowing 

ing) 

ing). 

tical frequency) of the laser, 

rable absorption and active gain modulation, 

optical elements, and 
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mechanism since the pulse shaping per pass is constant as 
the pulsewidth narrows. Pulse narrowing by active gain 
modulation is very strong for wide optical pulsewidths but 
becomes weak as the optical pulsewidth becomes narrow 
in comparison to the active gain modulation electrical 
pulsewidth. The gain response of the laser amplifier in- 
creases the pulsewidth on each pass strongly as the pulse- 
width approaches the value of t2. The final solution to the 
pulsewidth is found to be a result of the interplay between 
pulse narrowing by saturable absorption, excess band- 
width production caused by self-phase modulation, and 
gain response effects. 

A. Self-phase Modulation 

Self-phase modulation results when optical pulses in- 
duce changes in the index of refraction in the material 
during pulse propagation. The dominant mechanism for 
self-phase modulation in semiconductor lasers is outlined 
in Fig. 6. Active gain modulation also causes frequency 
chirp on the laser pulse. The carrier density rise during 
the leading edge of the optical pulse in active gain mod- 
ulation produces a frequency rise similar to that of the 
saturable absorption induced self-phase modulation of 
Fig. 6(b). The magnitude of the chirp components is very 
dependent on the relative magnitude of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa in the gain and 
absorber segments and on the saturation energies in each 
segment. The chirp would build up with each pass through 
the laser indefinitely if it were not for the gain and phase 
response of the laser which ultimately limits these fre- 
quency excursions and therefore limits the achievable 
pulsewidth. Self-phase modulation is the dominant mech- 
anism for excess bandwidth production beyond the Fou- 
rier transform limit in mode-locked semiconductor lasers. 

B. Laser Amplijier Magnitude and Phase Response 
The magnitude and phase response versus frequency of 

the semiconductor medium is described by the optical 
transfer function in (6). The magnitude and phase re- 
sponse of the amplifier are modeled with a Lorentzian line 
shape. Both the magnitude and phase response of the am- 
plifier can cause pulse widening of a mode-locked laser 
pulse. The pulsewidth narrowing of active gain modula- 
tion and saturable absorption is eventually counteracted 
by the gain response widening. The amplifier broadens 
input pulses with excess optical bandwidth much more ef- 
fectively than pulses with Fourier transform limited spec- 
tral width [43]. 

C. Limits zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the Achievable Pulsewidth 
This section examines how the pulse narrowing effects 

interact with the important pulse widening effects to reach 
an equilibrium value of pulsewidth. Fig. 17 shows the 
pulsewidth versus pass number through the gain-absorber 
cascade passively mode-locked laser model of Fig. 11 for 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 8 12 16 20 
Rouodtrip Number 

Fig. 17. Pulsewidth versus round-trip number for a two section passively 
mode-locked laser with increasing values of the linewidth enhancement 
factor a. The gain and phase response of the laser is included for all cases 
(t2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.1 ps). 

increasing values of the linewidth enhancement factor a. 
The bandwidth parameter t2 is 0.1 ps, and the ratio of 
saturation energies between the gain and absorber seg- 
ments is 3. The unsaturated gain of the amplifier is 150 
and the unsaturated transmission in the absorber is 0.05. 
These parameters have been chosen to simulate the pas- 
sively mode-locked laser experiment of Fig. 7. 

Subpicosecond pulsewidths are easily achieved when 
self-phase modulation effects are not present in the pas- 
sively mode-locked laser (a = 0). As the magnitude of a 
is increased, the amount of self-phase modulation is also 
increased resulting in optical pulses with increasing op- 
tical spectral widths and time-bandwidth products. Pulses 
that are 1-2 ps wide can build up a self-phase modulation 
induced spectral width equivalent to that found in a trans- 
form-limited pulsewidth of a few hundred femtoseconds. 
The gain and phase response of the laser amplifier 
broadens the pulsewidth of the large spectral width input 
pulses much more effectively than transform-limited input 
pulses of the same pulsewidth. The interaction of self- 
phase modulation together with the gain and phase re- 
sponse of the laser limit the achievable pulsewidth to a 
much larger value than would be possible if the self-phase 
modulation effect were not present. This simulation shows 
similar final pulsewidth and spectral characteristics to that 
of Fig. 7 assuming a is in the 2-4 range. The achievable 
pulsewidths for multisegment passively and hybridly 
mode-locked lasers are typically over 1 ps for t2 greater 
than 0.1 ps and a factors greater than 2. 

It is possible to get a smaller t2 value by properly spac- 
ing the quantized energy levels in a quantum-well laser. 
Increasing the ratio of saturation energies between the sat- 
urable absorber and the gain section increases the pulse 
shaping per pass and therefore decreases the minimum 
achievable pulsewidth. The final chirp on the pulse formed 
in the simulation of Fig. 17 (a = 4) was low in frequency 
on the leading edge of the optical pulse and high in fre- 
quency on the trailing edge of the optical pulse. This fre- 
quency up-chirp is consistent with the measured sign of 
the chirp in the passively mode-locked laser compressed 
pulse experiment of Fig. 7. In general, the final shape of 



2200 IEEE JOURNAL OF QUANTUM ELECTRONICS, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVOL. 28, NO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10, OCTOBER 1992 

the frequency chirp is highly dependent on the values of 
CY chosen for the saturable absorber and gain sections, the 
required gain from the semiconductor laser, the loss in the 
saturable absorber, the active gain modulation induced 
chirp, and the detuning of the active gain modulation fre- 
quency from the natural cavity frequency. The value of CY 

can be adjusted by introducing strain or quantum confine- 
ment or by adjusting the material’s bandgap relative to the 
lasing frequency. Values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACY from 1 to 20 have been 
measured. It may be possible to find certain combinations 
of these parameters which will eliminate or reduce fre- 
quency chirp as is suggested by the result in [7]. An al- 
ternative solution is to provide the correct phase filtering 
inside the cavity to counteract self-phase modulation on 
each pass which has been successful in dye laser systems. 

VI. FUTURE DIRECTIONS AND CONCLUSION 

The effects of self-phase modulation at present repre- 
sent the biggest obstacle in obtaining high power, subpi- 
cosecond optical pulses directly from multisegment mode- 
locked lasers. Researchers have initially used the excess 
optical bandwidth to compress the optical pulses down to 
subpicosecond widths. The next step is to provide the cor- 
rect phase filtering inside the cavity to compensate for the 
self-phase modulation effects and phase dispersion of the 
laser diode on each pass. There has been work in this area 
with the use of a Gires-Toumois interferometer in an ex- 
ternal cavity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[U]. There is promise in applying this to the 
multi-segment structures which produce narrower initial 
pulsewidths. Multisegment mode-locked semiconductor 
lasers can also be combined with the more ideal gain me- 
dium in Er-doped fiber amplifiers. The semiconductor can 
provide fast gain modulation and saturable absorption 
while the erbium amplifier provides smaller self-phase 
modulation levels. There are also many other structures 
which can be constructed which are compatible with the 
multisegment configurations. The pump-probe measure- 
ments show that saturable absorbers are useful as opti- 
cally controlled optical switches with less than 15 ps re- 
covery time. This should be a useful effect for the design 
of all-optical demultiplexers, optical sampling oscillo- 
scopes, or in optical logic gates. 

In summary, the design and experimental characteriza- 
tion of multisegment short-pulse semiconductor laser 
structures has been studied. The problem of multiple pul- 
sations in single-segment extemal cavity lasers have been 
solved with the use of two and three-segment laser de- 
signs. Pulsewidths in the 1-3 ps range are shown to be 
easily obtainable with optimized actively, passively, and 
hybridly mode-locked devices in monolithic and extemal- 
cavity configurations. Optimization of passively and hy- 
bridly mode-locked lasers structures in terms of the free 
design parameters of the laser was discussed. The ulti- 
mately achievable bandwidth is shown to be limited by 
the interaction of self-phase modulation and the gain re- 
sponse in the semiconductor laser. 
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