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Abstract. — It is shown that spectral characteristics of laser diodes are rather poor and that
frequency control methods are needed to be able to use laser diodes in numerous applications.
We describe precisely the problems encountered with laser diodes and attempt to explain their
origin. Various means used to control laser diodes frequency are then reviewed ; each of them can
be used in order to obtain a better control on a particular feature needed for a given application.
However, we put an emphasis on the Extended-Cavity laser solution which is shown to solve
satisfactorily each problem. Another challenge consists in obtaining a good frequency control
with high power laser diodes. We also describe the state of the art for this purpose and discuss the
experiments already made.

1. Introduction.

Wide wavelength tunability, low power operation, direct modulation capabilities and low
prices make laser diodes very attractive light sources for many laser applications in the red
and near infra-red regions of the spectrum. However, in practice, we have to moderate our
enthusiasm when we consider, for instance, the spectral purity of laser diodes. Laser diodes
are generally not satisfactory if the relevant applications needs a high spectral purity, an easy
tunability at a precise wavelength or an absolute frequency stability. Such properties are
desired in coherent optical communications [1], length and frequency metrology [2], atomic
physics and spectroscopy [3], sensor technology [4], because they have a significant influence
upon the accuracy and resolution in spectroscopy and metrology, and upon detection signal-
to-noise ratio in communication systems.

The aim of this paper is to review the problems encountered with the frequency control of
laser diodes. Then, we shall see how such problems can be solved. A particular attention is
paid to the extended-cavity laser structure which appears to be the most efficient solution at
present time.

2. Laser diode frequency control review.

2.1 SINGLE MODE OPERATION OF LASER DIODES. — Laser diodes may be classified in two
types (Fig. 1) :



1558 JOURNAL DE PHYSIQUE III N°9

N

Current
&y

Nty pe Cleaved Facets

Active region

Ptype Light out
X Fig.1a X
Niype —f» o~ DFB grating N DBR sections \
Gain region

Active region

P, Light out Light out
YPe b GROUND // //GROUND '
Figlb
Fig. 1. — a) Schematic illustration of a Fabry-Perot semiconductor laser. b) Schematic illustrations of

DFB and DBR lasers.

— Conventional Fabry-Perot structures (FP).
— Lasers based on distributed feedback (DFB) and distributed Bragg reflector (DBR)
structures.

The first category of lasers is the most common. Index-guided AlGaAs FP lasers are
generally single frequency under CW operation in the 750 to 850 nm range although the
visible InGaAlP lasers and infrared InGaAsP lasers (1 300-1 500 nm) will have their power
distributed in several longitudinal modes. The modal discrimination is poor in the FP laser
structures because it only comes from the gain curve itself which is very wide in semiconductor
lasers. At 850 nm, it amounts to 40 nm while the mode spacing is on the order of 0.3 nm which
shows that adjacent modes have practically the same gain and losses, therefore often leading
to a multimode output.

DFB and DBR lasers are specially designed to deliver a single frequency output. The
internal optical losses are made wavelength dependent in order to favour only a few modes. In
DBR structures, the output mirrors are replaced by gratings that are etched in the
longitudinal direction, in the vicinity of the junction plane near cavity ends (Fig. 1b). These
unpumped corrugated regions act as wavelength selective mirrors which are called Bragg
reflectors.

In DFB lasers, a grating is etched under the active layer, all over the cavity length. Internal
forward propagating waves are gradually scattered backward by the grating and feeds the
backward wave which is scattered likewise. The various scattered waves interfers constructi-
vely for a limited wavelength range and therefore, only a few wavelengths can grow in such a
structure. The measure of spectral purity is given by the side-mode suppression ratio which is
the ratio of the main mode power to the maximum side modes power. DFB and DBR lasers
exhibit a single frequency output with high side mode suppression (= 30dB).

2.2 OSCILLATING MODE CONTROL.

2.2.1 Mode control using temperature/current control. — Frequency tuning of semiconductor
lasers is possible because both the cavity refractive index x and maximum gain wavelength
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shifts with temperature and injection current. The lasing mode wavelength A, shifts with
refractive index variations according to :

SAg/Ay =8ulu . 1)

In FP lasers, the tuning curve versus temperature follows a typical staircaise pattern (Fig. 2).
This shape arises from the velocity difference between gain curve shift (0.25 nm/K) and
optical length shift (0.05 nm/K). For any temperature variation, the selected mode wiil thus
shift but at the same time, the next adjacent mode will progressively be favoured, which lead
to the observed periodic mode hops. Although the mode hop should normally occur between
adjacent modes, it is often observed that the wavelength jumps several intermodes or even
jumps in the wrong direction. This phenomenon comes from technological defects. In FP
diodes, the wavelength selectivity is so low that any parasitic wavelength selectivity, such as
weak internal reflections inside the laser waveguide, can become dominant and lead to a
random tuning behaviour. An important consequence of this fact is the existence of forbidden
wavelength bands leading to an uncomplete spectral coverage of the diode amplifying band.
This is a major drawback to the use of FP lasers in atomic physics or spectroscopy for instance
because sometimes, it is impossible to attain a fixed desired wavelength. Moreover, it has
been observed that the forbidden wavelengths drift during laser diode aging [7]. There is then
no certainty that the laser will keep its wavelength once the desired wavelength is attained.

Variations of injection current affect the diode refractive index through two independent
mechanisms that are junction temperature variations and injected carriers density. For low
frequency variations (42 <1 MHz), the two contributions are summed which lead to a
frequency shift of — 2 GHz/mA. Above 1 MHz, the carrier density contribution only remains
and the frequency shift versus current is divided by ten.

Alnm)4 :
Laser Diode: Hitachi HLP1400
i =100mA
855
/ Beginning of tuning
D2 =
850}
Thermistance (kQ)
845 8 7 8 P2 L
ol of ol ol o~
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Fig. 2. — Typical wavelength tuning curve of a FP laser versus temperature (reprinted from G. Avila,
thesis, Orsay, 1984).
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DFB and DBR lasers outperform FP lasers with respect to the tunability versus
temperature (Fig. 3). The same unique longitudinal mode can be maintained in a great
temperature range without mode hops. Of particular interest are three sections DBR lasers
which exhibit a large electrically controlled tuning range. A schematic view of such lasers is
shown in figure 4. One of the mirrors is a Bragg reflector (first section) which provides the
modal selectivity while the other is a cleaved facet. The other two sections are the gain and
phase shift sections. Tuning is achieved by increasing the current injection in the phase shift
region which lowers its refractive index, thus giving a higher mode frequency. A large free of
mode hops tuning range can be obtained if the Bragg wavelength tracks the longitudinal
modes frequencies, which can be obtained by maintening a suitable relationship between the
driving currents of the Bragg and phase shift section. The total frequency span can be as wide

as 800 GHz.

2.2.2 Mode control using an ultra short external-cavity (SXC). — It is possible to force a laser
diode to oscillate in a given longitudinal mode by using an external spectrally selective
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Fig. 3. — Longitudinal mode spectra of a DFB laser at several temperatures (After Ref. [8]).
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Fig. 4. — Schematic illustrations of a three sections electrically tunable DBR laser.
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element. This element can be a Fabry-Perot etalon which modifies the effective reflectivity of
one laser facet.

An external etalon is formed by placing a mirror of reflection coefficient R, at a distance
L., close to one diode facet of reflectivity R (Fig. 5). We define the effective reflection
coefficient p (or « feedback ratio ») as the fraction of laser output power reflected by the
external reflector and effectively coupled back in the laser diode :

p=R.,m 2

where 7 is a geometrical factor describing the coupling of reflected light in the laser diode

optical guide.
PZT External mirror (Rey)
7 l ’/ \ Diode facet (R)
Laser diode
~ 13 (1)
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Fig. 5. — Experimental setup for the mode control of a laser diode using an ultra-short external-cavity.

The laser diode facet is thus replaced by a Fabry-Perot etalon which acts as a wavelength
dependent mirror of « effective » reflectivity R 4 given for p <1 by:

Reff=R[1+2\/;1

—R os 2 koLex)] @)

N

where ky is the wave vector in vacuum (kg = 2 7/A).

Therefore, the cavity losses versus wavelength are periodically decreased with a period
AAgc = AAy. (#l/L ) corresponding to the external-cavity modes. If the distance L., is
smaller than the diode optical length (AAge > AA,), one diode mode will be favoured each
AMXgc. The selected mode with highest gain will oscillate and the other selected modes are
usually too far from gain peak to oscillate simultaneously. For a mirror displacement of
A/2(L./ul) the external cavity modes will select the next diode mode and the laser frequency
jumps to this mode. This mirror position variation should be very precise and requires to
mount the external mirror on a piezoelectric transducer (PZT).

— If the solitary diode is initially single mode, this method allows to introduce a selective
mechanism much stronger than any parasitic selective mechanism responsible for the
uncomplete spectral coverage of laser diodes. Any mode among the ten dominant modes
which are located at the diode gain peak can thus be selected, and any frequency can be
attained in the AAgc spectral range.

We have used a microscope glass plate with a R, = 30 % reflective coating, placed between
the diode and a collimating objective at about 100 wm from the output facet, to control the
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frequency of a 0.85 pwm Hitachi HLP1400 laser diode. A 3 nm PZT tuning range has been
obtained at a fixed temperature, and we could reach the Cesium D, resonance at 8§52.1 nm
that has not been reached with the solitary laser. However, it is difficult to set
L., with enough stability (about A/20) to avoid jumps to neighbouring modes induced by
variations of external reflector position. In our experiments the stability of the selected mode
was limited by PZT drifts to a few hours and attempts to glue the reflector at the desired
position have failed. However, it is possible to use a servo control which locks the etalon
spectral position to a laser diode mode [10]. When temperature variations are used to shift the
gain peak frequency, it is possible to obtain an entire spectral coverage over 20-40 nm with the
same laser diode.

— This method has also been used to obtain single frequency operation of 1.3-1.5 pm
Fabry-Perot InGaAsP diodes [11, 12]. For p > — 20 dB the loss modulation attains a few
cm~! which is enough to provide a single-mode operation with a high side-mode suppression
ratio (about 30 dB). In order to obtain such a high value of p, it is however necessary to use a
focusing element to increase the coupling of the external reflector to the diode. It is possible
to use a grinrod lens [13] or a spherical mirror [14]. Single mode operation and external tuning
have been obtained with lasers that exhibited as much as ten modes in free running operation.
However, the method seems to be less efficient for lasers that had initially more longitudinal
modes.

2.3 LONG-TERM WAVELENGTH STABILIZATION. — Because of their high wavelength tunabi-
lity, laser diodes present bad frequency stability in free-running conditions. Their frequency is
very sensitive to small changes in injection current and temperature, therefore it has to be
stabilized in many metrological applications. Such a long-term frequency locking requires a
stable optical frequency reference. Laser diodes gain curve is very broad and thus, it cannot
be taken as a reference like in He/Ne lasers. Therefore, it has been necessary to use external
frequency references to improve their frequency stability. Many studies have been carried out
on this subject and to date, two main methods were proposed using atomic or molecular
absorption lines or Fabry-Perot interferometers. As their resonance frequency may change
with mechanical vibrations, acoustic noise and temperature, stabilizations on Fabry-Perot
interferometers will not be discussed here. It is preferable to use atomic or molecular
absorption lines to improve the long term stability and accuracy because they are very stable
frequency references by nature.

2.3.1 Frequency references. — The main wavelength regions in which laser diodes are widely
spread are 0.78-0.85 pm and 1.3-1.5 pm, because of weak attenuations at these wavelengths
in optical fibers. In the 0.8 wm spectral region, interesting transitions are available in alkali
vapours such as Cesium (852.1 nm) [15], Rubidium (780.0 nm, 794.8 nm) [16] or Potassium
(766.5 nm, 769.9 nm) [17]. Water vapour [18] or Krypton [19] have also been used. These
references are usually gases or vapours contained in a glass cell under a low pressure
(P <20 torr) in order to reach a Doppler limited minimal absorption linewidth (500 MHz-
1 GHz at room temperature).

Absorption lines around 1.3-1.5 pm generally involve transitions from upper vibrational
states of molecules. They are therefore often very weak and no systematic studies have been
made to find the most absorbing lines. However, a few molecules showed interesting lines and
were used to realize lasers stabilizations. Absorption lines were reported in Hydrogen
fluoride (HF) [20], Ammonia (NH;) [21, 22], Acetylene (C,H,) [23], water (H,O) [24],
Carbon dioxyde (CO,) [25] or Cyanhidric acid (HCN) [26] and atoms like Argon (Ar),
Krypton (Kr) and Neon (Ne) [27] or Rubidium (Rb) [28].

Sub-Doppler reference lines : using saturated absorption techniques allows to detect
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narrow resonances inside Doppler lines of atoms and molecules. It consists in saturating a
transition with a high intensity beam (pump beam) and detecting the absorption of a
counterpropagating beam (probe beam) [29]. If the frequency is swept over the absorption
line (by sweeping the laser current or the temperature), a narrow Doppler-free spectrum can
be observed on the Doppler-broadened background in the probe beam absorption signal. The
saturated absorption lines are usually 100 times narrower than the Doppler line. Depending
on the absorbing medium, a more or less high power pump beam is required. The very low
power required for Cesium (852 nm) or Rubidium (780 nm) transitions has led to many
successful realizations with these gases. On the other hand, the known lines around 1.3-
1.5 pm seems to be difficult to saturate with the available laser diode power and have not yet
been detected.

2.3.2 Frequency stabilization using a frequency modulation. — An interesting feature of laser
diodes is that frequency modulation up to several gigahertz can be achieved by directly
modulating the injection current [30]. A first method consists in using this interesting
property.

a) Low frequency current (2, <1 MHz) modulation. — The laser beam is slightly
frequency modulated in order to elaborate an error signal using a lock-in amplifier (Fig. 6).
After being absorbed in a cell containing the gas, it is detected by a photodetector and fed in
the lock-in amplifier. The lock-in amplifier output is proportional to the derivative of the
absorption line ; it thus cancels at the top of the absorption line which is a very stable
frequency reference. This signal is an interesting error signal that can be applied to the current
or temperature driver through a servo integrator in order to lock the diode frequency to the
top of the absorbing line. However, an additional amplitude modulation is superimposed to
the useful signal because of the output power dependence on the injection current. However,
this effect usually only leads to a slight offset on the locking point because the amplitude
modulation is generally much lower than the frequency modulation converted to amplitude
modulation by the absorbing gas.

r i mod—Freq. generator (Qm)‘—Ref.

Laser - | Absorption
diode ™ cell [P0 |
aser Error signal
beam

. v
correction| SERVO LOCK-IN )

AY

Fig. 6. — Basic setup used for laser diode frequency stabilization on a reference line, using a low
frequency modulation.

At 1 277 nm, a hydrogen fluoride (HF) line obtained with a 9.5 cm long cell was used to
stabilize an InGaAsP semiconductor laser [20]. Around 1.52 pm, Ammonia (NH,) lines were
used to lock an InGaAsP DFB lasers. A 50 cm-long absorption cell with a pressure of 20 torr
provided an absorption of about 13 % at the center wavelength. The frequency drift of about
100 MHz under free-running conditions was lowered to less than 2 MHz by frequency
stabilization [21]. Strong absorption lines in C,H, and 3C,H, were used [22] to stabilize
DFB lasers around 1.53 pwm. A 2 cm-long absorption cell filled under 20 torr pressure could
provide a 57 % absorption at 1 531.59 nm. All these experiments led to stability results in the
10-1%-10-!"! range expressed in terms of the square root of the Allan variance
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o (2, 7)for rbetween 1 and 100 s. Successful stabilizations were also realized [27] using glow
lamps filled with neon. Ohtsu et al. stabilized a 1.56 pm DFB laser on an atomic ¥’Rb line
using internal second harmonic (ISH) generated from the laser itself. The absorption of this
ISH (2 pW optical power) from a 87Rb absorption line at 780 nm was detected to stabilize the
1.56 pm fundamental frequency. The resulting stability was estimated to be around
9.10™ 2 for an averaging time  of 100 s [28].

Many stabilizations were also performed with 0.8 um laser diodes. The use of Krypton lines
at 769.4 nm led to a 10~!! stability [19]. An absorption line of water vapor (with a 10 cm long
cell under 20 torr) at 824.3 nm led to stability of 1 x 10~ !! and a Rubidium-D, line (vapor
pressure of 105 torr) at 780.0 nm gave a 1.4 x 107 '2 stability for a 100 s observation times
[31].

Influence of the transition linewidth. — It is obvious that the precision of a frequency
reference is given by its linewidth, therefore, the narrower the reference line, the better the
obtained frequency stability. In order to obtain a significant improvement in stability, it is
highly recommended to use saturated absorption lines. This method has widely been used
with Cesium and Rubidium lines to stabilize 0.8 jm lasers. Hori et al. stabilized the frequency
of an GaAlAs laser on a Doppler-free Cs-D, line (852.1 nm) using a 5 cm long cell, using a
direct modulation method. A stability below 10-!! for = between 0.1 and 1000s was
obtained [17, 32]. Barwood et al. used a similar configuration to lock a laser on a Doppler-free
rubidium line at 795 nm and obtained a stability around 2 x 10~ 0 for + = 30s [33].

Influence of the laser noise. — Although better than with Doppler lines, the improvements
obtained with saturated absorption lines are not as great as expected from the transition
linewidth reduction. We believe that the laser stability was rather limited by the laser
frequency noise. One must keep in mind that the detection signal is a convolution of the
absorption line and the laser line. As saturated absorption lines are usually narrower than the
laser line, the observed line will be limited by the laser line. A stability improvement has been
observed when using a semiconductor laser with a low linewidth, such as lasers associated to
an external cavity.

It can be seen in figure 7 that the detection lines observed with an extended-cavity laser are
much less noisy than those obtained with a solitary diode. Using a saturated absorption

21

a: With solitary 3

diode. b: With an ECL

200 MHz

Fig. 7. — Saturated absorption spectrum of Cesium D, line at A = 852 nm illustrating the strong
influence of laser frequency noise on the reference signal. The various saturated lines are labeled from 1
to 6. a) Spectrum obtained with a solitary laser diode. b) The same line obtained with a low Inewidth
extended-cavity laser. The lines are better resolved and the spectrum is much less noisy.
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technique, we have successfully stabilized on a Cesium line, a 852 nm extended-cavity laser
with a 10-12 stability for a 1 s observation time [2]. A laser linewidth reduction using an
external confocal Fabry-Perot has also led with the same stabilization method, to a significant
stability improvement [14]. The obtained stability was 4 x 10~ 13 for a 50 s averaging time.

b) High frequency (£, >1MHz) current modulation. — Using the same current
modulation, it is possible to modulate at high frequencies (1 MHz-1 GHz), a laser diode
output frequency. For a low meodulation index, the observed optical spectrum is close to a
pure FM modulation spectrum with lateral bands at + 2, from the carrier, however, the
residnal amplitude modulation leads to a characteristic distortion [35]. The laser beam is
passed through the absorbing cell, and detected with a high speed detector. Figure 8
illustrates the detection principle : in case of a pure FM output, the detector should not detect
any amplitude modulation if the lateral bands have the same magnitude. When the laser
frequency reaches the transition frequency, the lateral bands are not absorbed equally unless
the carrier frequency is perfectly centered on the top of the line. The photodetector electrical
signal has thus a Fourier component at {2, which is detected with standard RF methods and
which cancels at the top of the line. The experimental set-up is the same as in the previous
description for the servo control of the frequency.

Absorption
cell

Qg ger l

e——- ~ PD
Laser spectrum Transmitted
spectrum

Detected electrical
Spectrum.

Fig. 8. — Basic principle of frequency modulation spectroscopy.

The advantage of this method is its high sensitivity, because the signal is detected at high
frequencies at which electronic noise and laser noise is generally very low. However, with this
method residual amplitude modulation seems to be a major problem.

External frequency modulation. — A very similar method consists in realizing the
frequency modulation with an external phase modulator in order to minimize residual
amplitude modulation. This method can be very suitable for modulating external-cavity lasers
because of their poor modulation efficiency. Yanagawa et al. used this method to stabilize an
InGaAsP DFB laser and a Fabry-Perot cavity laser to an absorption line of NH; at 1 513.7 nm
with an external LiNbO; frequency modulator. They obtained a stability around 10~!! which
was better by one or two orders of magnitude than a direct modulation method [36].
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2.3.3 Frequency stabilization without laser frequency modulation. — For some applications a
laser frequency modulation is troublesome and a frequency stabilization without frequency
modulation is then required.

a) Stabilization to the edge of the line. — The experimental scheme is shown in figure 9.
The laser beam is divided in two parts with a beam splitter. One beam is directly detected by a
first photodiode giving a signal proportional to the laser intensity. The other beam passes
through a gas cell before being detected by a second photodiode. The two signals are fed in a
differential amplifier to obtain an error signal which is applied to the laser frequency control
via a servo-loop. The laser frequency will thus be locked on the edge of the absorption line.
The advantage of this method is a great simplicity and non-modulated output, however, it is
much less accurate because the locking point is not defined absolutely and may drift with the
temperature dependence of the absorption linewidth.

Laser
beam
Laser Absorption .
diode -*- cerﬁ !Iil Error signal
PDsy
!
Viack o aser

i correction] SERVO 1=

Fig. 9. — Basic setup used for laser diode frequency stabilization on the edge of an absorption line.

We have stabilized an extended-cavity laser (using a grating) on an NHj; absorption line at
1 513.99 nm. A 60 cm long cell under 10 torr pressure provided around 70 % absorption, and
the locking point on the side of the line was reached by a PZT controlling the grating position.
This lead to stability values of 10-1° up to 10® s which increased to about 5 x 10~ for 105 s.
Using a modulation method, the stability stayed around 10-1° [21].

b) Reference line modulation. — When the line frequency depends strongly on a physical
parameter such as magnetic or electric field strength, it is also possible to modulate the line
frequency while keeping the laser unmodulated. The error signal is obtained with a lock-in
amplifier in the same way as for a laser frequency modulation [38].

2.4 LINEWIDTH REDUCTION.

2.4.1 Laser diode linewidth. — Experimental measurements have shown that the linewidth of
semiconductor lasers {38-40] was in the Megahertz range, which was unusually large for a
laser oscillator. This large linewidth value is now well explained with standard laser theories
[41, 42].

— The main frequency noise source in semiconductor lasers is spontaneous emission in the
lasing mode. This noise source which is often refered as quantum noise is unavoidable in a
free-running laser. A small part of spontaneously emitted photons is coupled in the lasing
spatial mode and randomly added to the oscillating field. Each spontaneous emission event
leads to a small phase and amplitude fluctuation of the coherent optical wave [43-45].

The random amplitude fluctuations of the lasing field are damped by gain saturation, with a
characteristic resonance frequency {2;. The associated output amplitude noise is flat at low
frequencies with a resonance peak for 2 = 2;.
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The spontaneous phase fluctuations are not modified by the laser dynamics and can be
described as a white frequency noise which is simply added to the coherent optical wave. The
phase jitter A®@ (t) = ¢ (¢ + 7) — ¢ (¢) of the output optical field for an observation time ris
the sum of many uncorrelated elementary random phase variations, it can thus be assumed
Gaussian, with a variance (A(ﬁf) proportional to observation time. Such a noise leads to a
Lorentzian spectrum whose linewidth is given by the Schawlow Townes formula [46] :

(a22)

2mT

1 Rspom
37728 S

m

Sv, =

$

where R, is the number of photons emitted per second in the lasing mode and
S the total number of photons in the spatial mode.
When expressed in terms of easily measured quantities, we find :

Vv N AV
‘o‘vs—_—<L ) 16p 2 (2 a;f —Log /R R;) «, *)

with @, = —Log (R)) . 6)

Where f and L are respectively the length of amplifying medium and optical cavity,
V, is the group velocity of light, A» is the photon energy, 7, is the spontaneous emission
factor (g, = 2), a, are internal losses, P is the output power from mirror j with reflectivity
R;. It has been shown that this expression holds for a monolithic DFB lasers if the end-loss
factor a, is replaced by (m/ «€)? [1], where « is the DFB coupling coefficient.

This result clearly shows that the linewidth associated with spontaneous emission noise is
inversely proportional to the laser cavity optical length. More precisely, it depends on the
« photon lifetime » which is the decay time for any coherent wave due to the losses in the
passive cavity. Since the optical cavity of a semiconductor laser is much shorter than most
single-mode lasers (optical length =~ 1 mm), a direct application of Schawlow Townes formula
shows that its linewidth is much wider and lies in the Megahertz range. The broad linewidth of
laser diodes is thus well explained by a standard theory, however, the exact measured
linewidth value was always broader than & »  [47]. This discrepancy was explained by Henry
[43] and arises from a phase/amplitude coupling that is particularly important to explain laser
diodes specific features.

— In laser oscillators, any optical power variation 8P in the gain medium is compensated
by a gain variation 8g which restores the laser to steady state through gain saturation
mechanisms. In laser diodes, gain compensation is provided by electron concentration
variations which always lead, due to material properties, to refractive index variations
8 u. The change of u versus g is described by the a « linewidth broadening factor » [48]
defined as :

_ Sp
= —2kg 7

where kg is the wave vector in vacuum (kg = 2 7/Aq).
This parameter has an experimental value of « = 4-7 [48].

— An additional effect of spontaneous emission on laser diode linewidth arises from this
phase/amplitude coupling : the amplitude noise leads to a refractive index noise which is
directly transformed into phase noise in laser output. Therefore, the frequency fluctuation
spectrum is the sum of the previously described white noise contribution, and a contribution
which has the shape of the amplitude fluctuation spectrum [49], with a strong resonance peak
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at f2;. The corresponding optical spectrum (Fig. 10) is composed of a main Lorentzian peak
with a linewidth 8» = (1 + a?) 8»,, which takes in account the phase/amplitude coupling.
The resonance at relaxation frequency {2; has the same effect on the optical spectrum as a
frequency modulation : it thus leads to small lateral peaks located at + vy = + 2;/2 7 from
the main peak. However, these peaks can only be seen at low power (P <1 mW) and they
can often be neglected for high enough power. The main peak linewidth which is usually 10-
50 times larger than 8 v is fairly well explained with this interpretation.

| S
2.1 GHz

Fig. 10. — Measured spectral lineshape for a solitary laser diode at low power (After Ref. [123]).

— Another kind of frequency noise which seems to have nothing to do with spontaneous
emission has been observed in laser diodes spectral output. This noise becomes dominant for
a low level of spontaneous emission noise :

— At high output power, the spontaneous emission noise is reduced as P ~1 (Eq. (5)) but
the linewidth cannot be reduced under a fixed value often refered as the « power independent
contribution » to the laser diode linewidth [50].

— When spontaneous emission is lowered using an external optical cavity, it has been
observed that the optical spectrum is no more Lorentzian which indicates that another kind of
noise is present and becomes dominant [S1].

This additional noise seems to be flicker noise whose origin is not clearly known. It may
come from current/temperature noise sources or even from internal noise processes [52-55].

2.4.2. Laser diode linewidth reduction using an electrical negative feedback. — The main
contribution to the large laser diode linewidth is the power spectral density of frequency
fluctuations in the Fourier range of {2 < 100 MHz. It is possible to reduce this noise using a
negative electrical feedback control. The frequency fluctuations are detected using a
frequency discriminator and an error signal is produced and feedback on the diode
temperature or injection current in order to countermodulate its frequency. However, since
the temperature control is slow, it is more favourable to control the injection current in order
to make a wide bandwidth feedback control. The frequency reference and discriminator may
be a Fabry-Perot interferometer. Although its resonance frequency may change with acoustic
and ambient temperature fluctuations, this drift is negligibly small for Fourier frequencies
greater than 100 Hz, and it is therefore possible to use it to improve short term frequency
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fluctuations. As the spectral linewidth of the semiconductor laser may be as wide as several
dozen of megahertz, the feedback system bandwidth must be close to this value. This is an
important point for the practical realization because such bandwidths are not easy to obtain.
It has also been shown experimentally that with a high gain and low noise servo-loop, the
frequency fluctuations can become lower than the quantum noise limit of the free-running
conditions [56], the ultimate limit is then the noise magnitude generated from the feedback
loop itself [57]. We used this method and obtained a servo loop bandwidth of about 400 kHz
[58], however our experiment was very sensitive to optical feedback, a high optical isolation is
thus required. Ohtsu et al. [59] used this method to improve the spectral linewidth of a 0.8 pm
AlGaAs laser. They obtained a frequency fluctuation reduction of more than 60 dB and
showed that it was practically possible to reduce the frequency fluctuations below the
quantum noise limit. The measured spectral power density of the frequency fluctuations was
an order of magnitude smaller than the quantum noise limit for the range 100 Hz-4.4 MHz.

2.4.3 Laser diode linewidth reduction using a small optical feedback. — It is well known that
reflection of laser light into the optical cavity has a perturbing effect on the laser output
amplitude and frequency. This effect is observed with HeNe lasers but only when the external
reflector is very well aligned with the laser cavity. When using laser diodes however, it is
striking to observe that a very small amount of optical feedback can produce huge variations
in amplitude and frequency of the laser. As we have already considered the case of an
external reflector very close to diode output facet, we will now focus on the case of external
reflectors placed at a distance L., > u{ from the diode. The effective reflection coefficient p
(or « feedback ratio ») is defined as in equation (2). Spectral effects of optical feedback have
been measured for feedback ratios as low as p = — 80 dB [60]. In order to classify the effects
of optical feedback, it is necessary to distinguish between three main laser regimes :

— In the low feedback regime (p lower than — 30 to — 40 dB) the laser output amplitude
and optical spectrum depend on the phase ¢, = kyL. of the unperturbed laser reflected
field. The efficiency of feedback can be measured by the feedback parameter X given by :

PO 1 N/TED ®
AN/

R is the diode output facet reflectivity and a the linewidth enhancement factor. It is
interesting to notice that the X parameter is a linear function of the external cavity length.
The effect of optical feedback can thus be very strong even for low external reflexions if the
external reflector is far from the diode.

It has been found [61}] that the emission frequency mean value v, will stay unperturbed only
for X <1 which is generally obtained for a high isolation from feedback, however, the
linewidth can either be enlarged or reduced depending on the phase of the optical feedback.
For higher X =1 wvalues, several external-cavity modes are possible solutions, their
frequencies are around », with a frequency separation roughly equal to ¢/2 L., and they are
spectrally shifted for any variation of L. The laser frequency then jumps quickly between
several external-cavity modes for X = 1-5 [61] but the lower linewidth mode is favoured in
this process [62] and for X = 5-10 the laser becomes single-frequency on a particular external-
cavity mode. It is important to realize that in this regime, the phase is completely controlled
by the external cavity, but the laser amplitude is only very weakly changed. As the photon
lifetime in the composite cavity is increased, the spontaneous emission related frequency
fluctuations noise level is greatly reduced and the linewidth of the laser mode is given by :

2 Soluary laser ©
(1+X)*

Sy laser =
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It is worth noticing that in that case, the frequency fluctuations related to spontaneous
emission are reduced at all Fourier frequencies. It has also been shown [63] that optical
feedback also leads to a reduction in 1/f frequency noise cutoff

— For higher feedback levels (p higher than — 30 dB but lower than — 10 dB) the reflected
field begins to perturb deeply the laser amplitude and carrier density. The amplitude
resonance at f2; is enhanced and the laser attains a cahotic regime which is refered as
« coherence collapse » [64]. The coherence length is greatly reduced and the laser output is
very unstable. Such a behaviour must generally be avoided.

The linewidth reduction obtained with optical feedback has been used by several authors to
make coherent optical sources with laser diodes. There are three main structures :

— The simpler only uses a reflecting element far from the diode. It can be a plane mirror
which reflects a fraction of the laser diode beam collimated with an objective [65], or the end
facet reflection of an optical fiber [66]. Such a method provides a low linewidth (30 kHz have
been obtained [67]), however, the main problem is to control perfectly the phase of the
reflected wave, otherwise, the frequency will hop between external cavity mode for any
parasitic phase variation.

— A slight refinement of this technique consists in using a spectrally selective reflecting
element such as a diffraction grating [68] which enables a slight tuning capability because the
laser will oscillate on the wavelength reflected by the grating. However, as a very low
feedback level is required in order to avoid coherence collapse, the tunability of such a laser
remains Very poor.

— An interesting possibility consists in using the reflection of a resonant optical cavity such
as a Confocal Fabry-Perot cavity (CFP) instead of a single reflecting element (see Fig. 11) [69-
71]. In such an arrangement, the transmission beam of the CFP is reflected back to the diode.
The external cavity mode frequencies depend on the CFP mode frequencies and also on the
optical distance L., from the diode to the CFP. If the latter is well choosen and correctly
controlled, the diode frequency will be optically frequency locked to a CFP mode. The
linewidth of the laser line is then given by an expression similar to equation (5), except that
L., is replaced by Lcpp Fcpp/™ Where Lgp is the CFP length and Fpp its finesse [72] :

Svey L F
Solitary laser CFP ¥ CFP
——y-— where X' =X ————

v =
laser (l + X )2 7rLex

(10)

This expression accounts for the increase in the photon lifetime of the composite cavity. In
order to keep a stable optical locking, it is possible to control automatically the optical path

Confocal Fabry Perot

-
Fig. 11. — Optical frequency stabilization of a SC laser using a resonant optical feedback from a

confocal Fabry-Perot cavity. The transmission beam (maximum power at resonance) is reflected back to
the diode.
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from the diode to the CFP by using a mirror mounted on a piezoelectric element. As the laser
frequency follows the CFP mode, laser tuning is obtained by spectrally shifting the Fabry-
Perot modes. If the CFP mode is too much detuned from the initial diode frequency, the
optical locking will cease, however, a limited continuous tuning can be obtained if the current
is simultaneously varied. This method is very efficient to reduce the diode linewidth and does
not require any modification of the diode, however the experimental setup is rather
complicated and does not give a mean to tune the laser on a wavelength which cannot be
attained by the solitary diode.

2.4.4 Laser diode linewidth reduction using an extended-cavity laser. — When the optical
feedback on a laser diode becomes very strong (p = — 10 dB), the effect of the diode own
cavity becomes negligible and it can be considered that the diode steady state gain as well as
frequency are completely controlled by the external-cavity. The operation of the diode in such
a regime requires an anti-reflection coating on the output facet of the laser diode. If the anti-
reflection coating is perfect, the laser diode cannot oscillate alone, it only acts as an optical
amplifier and has no influence on the laser output frequency. The device behaves like a laser
whose optical cavity is much longer than the amplifying section. The linewidth of such a
structure can be obtained by the same analysis are exposed above. As it is inversely
proportional to the square of the cavity optical length, a 10-20 kHz linewidth can be obtained
[73] using a quite reasonable 50 mm cavity length. Such a structure has other interesting
features which will be reviewed in the next section.

3. Extended-cavity lasers.

3.1 PRINCIPLE AND DEFINITIONS. — As described previously, many structures designed to
improve the spectral coherence of laser diodes use external cavities. We will define an
extended-cavity lasers as an anti-reflection coated laser diode coupled to a passive external
cavity with the characteristic feature that the laser diode does not provide any laser emission
without the external cavity. In a more realistic case, the anti-reflection coating is not perfect
and the diode is likely to oscillate for a sufficiently high drive current, the extended-cavity
operation is then obtained if the lasing threshold is much lower than the solitary AR-coated
laser diode threshold.

Some lasers have been made with a laser diode AR-coated on both facets and external
reflectors on each side of the laser [74], but most of the experimental realizations only use one
AR-coated facet coupled to the external cavity, with the other facet unchanged. It has been
verified experimentally that no phenomenon, such as, for instance spatial hole burning in the
laser diode, justifies the use of a two-sided extended-cavity. It is thus better to use a simpler
single-sided structure which minimizes alignment problems and optical power losses.

The most interesting feature of an extended-cavity structure is to give to the user new
means to control the lasing action. In addition to the temperature and current control, it is
possible to control the wavelength of the intra-cavity optical feedback and its spectral
bandwidth if a spectrally selective external mirror is used. It allows to select the output optical
frequency regardless of the gain peak spectral position. In addition, it must be noticed that the
number of laser cavity axial modes per unit frequency increases with the cavity length. A
spectrally selective element is thus actually necessary if a single-frequency operation is
desired, otherwise, the gain rejection between the dominant and side-modes would be even
lower than in the solitary laser and multimode operation would be highly probable.

3.2 EXTENDED-CAVITY LASERS REVIEW. — An easy way to classify the various possible
extended-cavity lasers consists in reviewing their spectrally selective element,

3.2.1 Extended-cavities using a diffraction grating. — The most popular extended-cavity
structure uses a diffraction grating as the frequency selective element [73-78]. The diode light
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should be collimated by a high aperture optical element (Fig. 12) such as a microscope
objective, and directed toward the grating that is mounted in Littrow position (first order
reflected in the incident beam direction). The various wavelengths emitted by the diode and
dispersed on the grating first order, are spread in a line perpendicular to the grating rulings,
which is focused back to the laser diode fact by the collimating objective. When this spectral
line is aligned with the diode output spot, a small part of the line, corresponding to a narrow
wavelength band centered at A, is coupled back in the laser guide. The oscillation wavelength
A which corresponds to a perfect autocollimation, is related to the grating angle 6 by the
classical relationship :

A=2psinéd. an

Ouﬂ

(Zero order)

4
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Fig. 12. — Schematic of an extended-cavity laser using a diffraction grating.

In order to minimize power losses, the grating period p should be choosen between A/2 and A
to support only two diffraction orders at the diode emission wavelength (the first order and
the unavoidable zero order). The laser has then only two output beams originating from the
diode rear facet, and the grating zero order. Rotating the grating about an axis parallel to its
rulings allows to tune the wavelength that is reflected in the diode optical guide. A 0.5 NA
collimating objective and a 1200 lines/mm diffraction grating are enough to obtain a
~ 20 GHz bandwith and a feedback ratio of about 30 %.

Similar structures can be made with Acousto Optic devices acting as electrically controlled
diffraction gratings [79]. The advantage of such a structure is that the wavelength can be tuned
very quickly by controlling the AO device input frequency. However, problems associated
with AO frequency shift [80] complicate the setup and lead to quite large power losses, which
lowers the tuning range and output power.

Another interesting structure uses a self induced Bragg grating in a photorefractive material
[81] which acts as a phase conjugate external mirror. Although having a certain spectral
selectivity, such a structure is not tunable because it will always oscillate near the gain
maximum. Its main advantage is the self alignment of the laser optical cavity.

3.2.2 Cavities using internal gratings (DFB, DBR). — The wavelength selector can be a
Bragg diffraction grating included in the laser diode itself. A DFB laser coupled to an external
non-selective cavity [82] associates the strong frequency control obtained with DFB lasers to a
narrow linewidth, which is obtained by increasing the optical cavity length. However, it must
be noticed that an internal feedback is already provided by the DFB grating in addition to the
external feedback. The DFB parameters should thus be carefully choosen in order to provide
a stable narrow linewidth laser [83].
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3.2.3 Extended-cavities using interferometric spectral filters. — A spectral selection can be
made by using two-waves interferometric devices similar to Michelson interferometers [84] or
much more selective multi-waves interferometers such as Fabry-Perot Etalons [85]. The
collimated beam is filtered by the interferometric element, the unwanted energy being
reflected off-axis, and the filtered beam is directed back to the laser diode by an ordinary
mirror. Tuning is obtained by etalon length variations. The main problem of such elements is
their spectrally periodic selectivity which limits the extended-cavity tuning range. If the etalon
is thin enough to provide a wide tuning range, it becomes difficult to maintain a narrow
bandpass, which requires high reflectivity coatings, while keeping low power losses. Except
for a few realizations [86, 87], more than one etalon is usually required to provide single
frequency operation, which complicates the spectral tuning [88].

3.2.4 Extended-cavities using a polarizing filter. — In such structures, the TE polarized laser
diode collimated beam crosses a retardation plate which transforms its state of polarization
depending on its wavelength. Only periodically spaced wavelengths recover exactly their TE
polarization after a round trip, while other wavelengths experience extralosses because they
are not well coupled back in the original mode. The main advantage of such a structure is that
the retardation plate can be an electro-optic element which allows to tune very quickly the
lasing wavelength [89, 90], the FM bandpass being limited by the external-cavity length.

3.2.5 Monolithic extended-cavities. — The laser diode linewidth reduction which is obtained
with extended-cavity lasers is a feature that has interesting applications in the coherent optical
communications field. Therefore, many attempts have been made to make monolithic
extended-cavity lasers. Figure 13 shows some examples of such structures.
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Fig. 13. — Various structures of monolithically integrated extended-cavity lasers (After Ref. [1]).

3.3 LASER FREQUENCY CONTROL (TUNABILITY, SINGLE FREQUENCY OPERATION).

3.3.1 Tunability of ECLs. — In an ECL, the wavelength selector defines a minimum loss
wavelength A .. However, the lasing frequency should be one of the resonant cavity modes
whose wavelength A, are regularly spaced, and only linked to the cavity length. The lasing
mode is thus, in principle, the resonance wavelength /\q which is the closest to
A
Tuning the wavelength selector allows the user to obtain the wavelength of the extended-
cavity mode which is the closest to the desired wavelength. In order to obtain exactly the

desired wavelength, the mode wavelength should be shifted by varying finely the cavity length
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using any classical mean (piezoelectric elements, tuning plates...). It should be noticed that
variations of the diode current or temperature also provides fine wavelength tuning because it
changes the cavity optical length through diode refractive index variations. The associated
wavelength variations are given by :

SAJA, = SLIL = 8 (wlYL = (ul/L)(Suip)

the sensitivity of lasing wavelength to diode refractive index variations is thus considerably
reduced compared to the solitary diode case (see Eq. (1)), in the ratio of solitary diode to
extended-cavity optical length.

The wavelength tuning range which can be obtained with an ECL depends on three main
parameters :

— The spectral width of the laser diode gain curve which gives the maximum range of
tuning without varying the temperature of the diode junction. With 0.85 pm standard laser
diodes, we have obtained a tuning range of + 15 nm (12.5 THz total frequency tuning range)
roughly centered on the laser diode initial (i.e.: before AR coating) wavelength. With
standard 1.5 pm diodes we have obtained up to 150 nm tuning range (see Fig. 14). This result
can be compared to the above mentioned result at 0.85 pm by calculating the corresponding
frequency tuning range, which amounts to 20 THz. However, much broader tuning ranges
(up to 61 THz or 125 nm at 0.8 wm) have been obtained by using quantum well lasers which
have broader gain curves [91]. Using a temperature variation of the diode extends this tuning
capability, however a temperature tuning equivalent to the grating tuning requires about
100 °C of temperature variation, which may be difficult to produce easily.

— It is clear that the external feedback should be strong enough to enable an oscillation at
a wavelength that is far from the gain peak. However, as the gain rolloff if generally rather
sharp, we noticed that it is not worth optimizing the internal components for that purpose
because special optics would not provide a high increase in the tuning range.
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Fig. 14. — Tuning curve of an extended-cavity laser operating around 1 540 nm. The output power is
plotted versus wavelength for various laser diode currents.

Influence of the diode residual reflection. — A non perfect AR coating degrades severely
the ECL spectral behaviour.

— If the residual reflection R is too high, the internal oscillation at the gain peak
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wavelength can be favoured instead of the external cavity oscillation, when it is tuned far from
the gain peak, to a low gain wavelength. For instance, we have observed that the tuning range
of an ECL was reduced from 30 nm to only 16 nm, only because the AR reflectivity varied
from < 1 % to about 5 % due to the disappearance of the last SiO layer with aging.

— Another important feature is the capability to attain any frequency in the laser tuning
range. For a perfect AR coating, an ECL can always be tuned to any wavelength of the tuning
band because the diode properties has no effect on the lasing frequency. However, the AR
coating is never perfect, and the laser diode plays the role of an internal etalon which
modulates spectrally the ECL losses. For a low residual reflectivity (R < 0.1 %), it will only
produce a modulation of the output power with the spectral periodicity of the diode modes,
during the ECL tuning. For higher residual reflectivities (R > 1 %), the internal diode etalon
will prevent the ECL oscillation except for frequencies close to a laser diode mode [92]. In
that case, it is still possible to attain any frequency in the tuning range, however it is more
complicated because a current or temperature variation is needed to shift the diode mode to
the desired frequency.

— When the residual reflectivity is too high, bistability is observed [93-95] in the spectral
tuning of the ECL. This effect is directly related to the dependence of the diode refractive
index on optical intensity, which leads to a power dependent shift of the internal etalon
modes. As the ECL is tuned to the top of an etalon mode, the associated power variation will
shift the etalon modes which tends to reinforce the laser power for an increasing wavelength
and lowers this power for a decreasing wavelength. The periodic power variations versus
selected wavelength are thus non-symmetric and show an hysteresis behaviour which leads to
bistable operation points.

3.3.2 Single frequency operation of ECLs. — The single frequency operation of ECLs is the
main condition which should always be satisfied for the usefulness of the device. In fact, it is
always possible to force an ECL to single frequency operation, if the wavelength selector has
a narrow enough transmission band. However, in practice, no known wavelength filter can be
narrow enough to provide a high loss rejection of adjacent extended-cavity modes, and one
should use two wavelength selectors (grating plus etalon for instance) to be sure to obtain a
highly selective wavelength filter. The main drawback of such a solution is that the tuning
procedure becomes quite tedious because two selectors have to be moved at the same time, in
order to control the oscillation wavelength.

Fortunately, it appears that a single grating selector is generally sufficient to provide single
frequency operation despite its low selectivity (more than twenty extended-cavity modes are
often contained in the selected wavelength band at half-maximum). Homogeneous saturation
of the amplifying medium assocjated with a greater wavelength selectivity than in solitary
lasers [74] is certainly responsible for this quite easy single frequency behaviour. However, we
have experimentally observed that ECLs single frequency capability did not only depend on
the solitary diode behaviour.

— Though solitary InGaAsP Fabry-Perot diodes are not single-frequency, they easily
oscillate on a single frequency in grating loaded extended-cavity laser.

— Some AlGaAs lasers that were initially single frequency were always multimode when
inserted in a similar extended-cavity.

These observations suggest that the diode structure does not affect strongly single
frequency operation in ECLs.

On the other hand, the residual reflection of the AR coating is a parameter that strongly
affects the single frequency behaviour. When the wavelength selector is tuned in an ECL
containing a poorly AR-coated diode, the emission becomes periodically multimode with the
extended-cavity mode periodicity, and stays multimode on a wavelength band 81, until the
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mode hops to the next external-cavity mode. As the diode residual reflectivity is decreased,
the multimode band A, is usually narrowed and for a good AR coating the mode hops
suddenly, and no multimode behaviour is observed. We have repeatedly observed that a 5 %
residual reflectivity led to high probability of multimode emission, while the probability of
single frequency behaviour is dominant for a 1 % residual reflectivity.

3.3.3 Mode hop suppression in grating loaded ECLs. — If the wavelength selector is tuned
without varying the cavity length, the lasing wavelength will jump from mode to mode. This
mode hopping behaviour is observed in most of the tunable lasers, however, it is theoretically
possible to get rid of mode hops if the resonant wavelength A, of longitudinal mode number g,
and minimum loss wavelength A, are spectrally shifted at the same rate in order to keep the

lasing mode in a low loss region (Fig. 15).
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Fig. 15. — Principle of continuous tuning using a particular grating rotation : the grating spectral
selection curve is shifted for @ variations and the resonance frequencies are shifted with L variations. For
a good choice of the grating rotation axis, the resonances and the mode selection function are shifted at
the same speed and the dominant mode remains dominant during tuning.

Such a condition was obtained in grating loaded ECLs [96, 97] by a rotation-translation
combination of the grating position, and it has been shown experimentally that it is possible to
tune an ECL employing a diffraction grating without mode hops, on very wide ranges (up to
82 nm around 1.5 pm) [96, 98].

It is also possible to use a simpler arrangement using only one particular grating rotation
[96, 99] : if the rotation axis is not on the grating, the cavity length changes during its rotation,
and the exact position of the rotation axis can be choosen to obtain mode-hop suppression
(Fig. 16). Some appropriate rotation points have been demonstrated experimentally,
(R, [96] or R, [99]), however, we have recently determined rigorously the optimal rotation
axis position which should be located on the straight line (R, R,) to suppress mode hopping to

Fig. 16. — Particular rotation axes : R, suggested in [96] ; R,, suggested in [99] ; R,, found with our
model.
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the first order, the best point being R, which can provide a theoretical tuning range broader
than 30 nm free of mode hops around 1.5 pm [100].

These wide continuous tuning range can be obtained with a simple mechanical arrangement,
and does not require servo controls. Such laser sources are of great practical interest for any
application which require a precise tuning of the laser frequency such as spectroscopy or
coherent optical communications.

3.3.4 ECL frequency modulation. — External-cavity lasers can be frequency modulated
through two main mechanisms :

—- Current/temperature variations which changes slightly the ECL optical length and thus
the lasing frequency. In practice, the current dependent frequency sweep is reduced to about
50-100 MHz/mA for low frequencies, and the corresponding bandwidth is limited by the
external-cavity photon lifetime to a few hundred Megahertz.

— When larger frequency sweeps are required, it is possible to change the external
reflector position using a piezoelectric transducer. This mean provides tuning ranges that are
only limited by mode-hops. Due to the PZT low bandwidth, the modulation bandwidth is
limited to a few kilohertz.

3.4 ECL LINEWIDTH. — The linewidth of an ECL related to spontaneous emission noise can
be obtained with the same formalism as a solitary laser diode. After a careful check of the
underlying assumptions, we find that equation (5) is totally valid to express the ECL linewidth
when the diode is perfectly AR-coated. In this expression, we have separated the optical
cavity léngth from the laser diode length, and we can see that the laser diode linewidth is
inversely proportional to the square of ECL optical length. When the diode is not well anti-
reflection coated, equation (5) should be modified to take in account the difference in optical
power stored inside and outside the amplifying medium. The linewidth can be described by
the same equation if L is replaced by an « effective » cavity length which depends on the
residual reflection of the AR coating [92, 63].

Experimental observations showed that the ECL linewidth varies as 1/L? at least for short
extended-cavities. When extending the cavity to about 10 cm, it has been observed that the
linewidth reduction saturates to about 10 kHz [101]. This phenomenon could arise from
excitation of low level side modes, or from the presence of 1/f noise that might not be reduced
by extended-cavity operation. However, it is very difficult to measure precisely so low
linewidths because it is necessary to get rid of environmental frequency noise, such as
frequency noise related to acoustic perturbations, without affecting the result of the
measurement. For instance, a self-heterodyne measurements has a low frequency cutoff
which eliminates environmental noise but also low frequency components of the intrinsic laser
noise.

An important reduction in the laser linewidth is anyway obtained. We have repeatedly
observed laser linewidths on the order of 50 kHz as can be seen in figure 17, for extended-
cavity lengths on the order of a several centimeters.

3.5 PRACTICAL  CONSIDERATIONS AND INFLUENCE FROM  EXTERNAL  PERTUR-
BATIONS. — The optical alignment of the cavity is a key point in the realization of ECLs. As
the laser diode output spot is very small, the positioning tolerances should be very severe, and
we have indeed measured that the output power or frequency of an ECL is sensitive to sub
micronic displacements of the diode. In order to make a reliable laser, we use to glue the
optical components on an Invar or temperature stabilized base, and we keep only one very
fine mechanical movement to correct from small displacements that are observed in the first
week after having glued the components. An example of such a structure is showed in
figure 18. With such ECLs, we have observed single mode lasers that stayed on the same
external-cavity mode for several months in free running operation [21].
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Fig. 17. — Extended-cavity laser linewidth illustration : a) Heterodyne beat signal between a commer-
cial laser diode and an extended-cavity laser. The obtained spectrum is the commercial laser spectrum.
b) Heterodyne beat signal between two extended-cavity lasers. The obtained spectrum is the
convolution of the extended-cavities spectra. Its width is about twice their linewidth.

Fig. 18. — Photograph of a stable and reliable ECL operating at 1.514 nm.

A drawback of non-monolithic external cavity structures is that one part of the intra-cavity
optical path is made of air whose refractive index depends on pressure variations. The lasing
frequency thus depends strongly on acoustical perturbations as in gas lasers. In laboratory
conditions, the practical linewidth that is obtained for long (> 1 s) observation times is on the
order of one MHz thus still smaller than the solitary diode linewidth.
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A great practical advantage of extended-cavity lasers should also be mentioned : as the
sensitivity of a laser to a given level of optical feedback is inversely proportional to its cavity
length, an extended-cavity laser is thus much less sensitive to optical feedback than a solitary
laser diode. It is difficult to verify quantitatively the improvement, however it is obvious when
working with ECLs that for many simple experiments (Fabry Perot analysis for instance), it is
often possible to get rid of optical isolators that would have been absolutely necessary with
solitary laser diodes.

4. High power semiconductor coherent laser sources.

4.1 ENCOUNTERED PROBLEMS. — At room temperature, the maximum CW optical power
available from a conventional single frequency semiconductor laser with a ~3 wm emitting
area width, is on the order of 100 mW. This limitation arises from the high power density
measured on the laser diode output facet which amounts to several Megawatts per square
centimeter.

In order to obtain a higher power, it is necessary to use a broader emitting area which can
be obtained by extending the laser stripe width (in the direction parallel to the junction) while
maintening the same vertical structure. Recent technological improvements have allowed to
make uniform large area lasers [102] while retarding defects formation leading to damages.
Such lasers have a ~ 100 wm stripe width and deliver about 1 W optical power [103].
However, the laser active region is no more a single mode optical guide in the junction plane
and such structures emit a lot of spatial modes simultaneously which limits the usefulness of
such a device.

An alternative approach consists in making laser diode arrays which are broad area lasers
on which a gain and/or index spatial modulation is added in the lateral direction [104]. The
structure then looks like an array of parallel single stripe lasers that are closely spaced
between the crystal facets (Fig. 19). This structure allows to relax the fabrication constraints
and, due to an internal coupling of the spatial modes, it also reduces the number of spatial
modes that are emitted simultaneously. Unfortunately, the remaining transverse spatial
modes that are favoured by the structure exhibit a bi-lobe far field output [105], which has a
total divergence much larger than the diffraction limit of the broad diode aperture. Two
dimensional laser diode arrays have also been manufactured [106-109] and exhibit interesting
properties, however, the spatial coherence of such lasers remains difficult to obtain.

Such structures cannot be used for a lot of applications that require spatial coherence. In
addition, these structures also emit a multilongitudinal mode output which limit their

Metal
Insulator

Active layer

Substrate
Emitted spots

Emitted beams

Fig. 19. — Schematic of a laser diode array.
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usefulness for many other applications. Numerous experimental attemps have been made by
the diode designers to improve the coherence of broad area laser diodes or arrays {110-114],
however up to now, the results are rather disappointing because the production yield of
coherent power diodes remains low and to date, such diodes are not commercially available.
If a coherent powerful laser emission is needed it is thus necessary to imagin an external
optical control.

4.2 COHERENCE IMPROVEMENT OF SINGLE STRIPE POWER LASERS. — As mentioned before,
it is possible to obtain about 100 mW output power from recently developed single frequency
diodes. These diodes are commercially available (STC model LTS0, Spectra Diode Labs
model 5410). However, the linewidth of such structures remains on the order of 10 MHz.
These diodes can be used in ECLs in order to decrease the emission linewidth, but when
increasing the power, we have repeatedly observed that it becomes more and more difficult to
obtain a single frequency operation. It would require an additional spectral selector which
adds losses and complicates the tuning procedure. The power that could be obtained from a
standard ECL while maintening a good spectral control was on the order of 15 mW.

In order to obtain a high power, low linewidth emission, we have used an injection locking
method which appeared to be very satisfying. To that purpose we have injected the light of an
ECL in a 80 mW laser diode (STC model LT 50) through an optical isolator. The ECL
tunability allowed to reach the power diode wavelength and the injected power was estimated
to be about 1 mW. Frequency locking of the power diode was easily obtained with a 3-4 GHz
locking range. Figure 20 shows the Cesium 852 nm absorption line obtained with the
unmodulated power laser whose frequency is optically driven by a frequency sweeped
extended-cavity laser. It fully demonstrates the optical frequency control of the power laser.
Though not measured, the linewidth reduction is also visible because the absorption signal is
much less noisy than when obtained directly with the solitary power laser.

Power @

laser

A2 Cscell

Cs cell Absorption
Isolator from ML
(upper trace)
Absorption Master
from SL laser Absorption signals
(lower trace)

Fig. 20. — a) Experimental setup for the optical frequency locking of a 80 mW single stripe laser diode
to a master ECL. b) Absorption feature of Cesium from the master laser (upper trace) and the slave
laser which was unmodulated but followed the ECL frequency.
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4.3 BROAD AREA LASER DIODE CONTROL. — The improvement of broad area lasers
(including lasers arrays) is much more difficult than for a single stripe laser because it requires
a spatial mode control that was not required in the above mentioned experiment.

In order to obtain a coherent emission at the highest possible power level, several methods
have been explored. The most interesting one is injection locking from a coherent laser and
spatial filtering in an extended-cavity.

4.3.1 Injection locking technigue. — This technique allows to transfer the good spatial and
spectral features of a master laser (ECL for instance) to a power laser. Figure 21 shows a
typical experimental scheme of such a method. In order to obtain a single spatial mode, the
master laser should inject power only in a few spatial modes of the power laser. If the injected
power is high enough, this extra-power will provide a high rejection between the injected and
non-injected modes and favour single mode oscillation in the injected modes. As high gain
diode modes are likely to oscillate simultaneously, it is much better to inject power in these
high gain modes in order to enhance the modal rejection. Such a configuration requires a
spatially selective injection that can be obtained by limiting the injected beam to an angular
bandwidth in which only high gain modes are injected. An optical isolator is absolutely
required to prevent from reverse injection effects and a cylindrical lens is used to control the
injection angle. We obtained a 200 mW single frequency, diffraction limited 0.3° divergent
beam with 12 mW injected power using a standard SDL 200 mW, 100 um wide, laser diode
array (Fig. 22). The laser emission was simultaneously single frequency, and we have verified
that the power emission had a sub-Megahertz linewidth when the master laser was an ECL.
However, we have to point out that these good results cannot always be obtained with other
power diodes and even with other samples of the same structure. Up to one watt power has
been obtained with higher power diodes by several authors {115, 116]. To date, this technique
has thus demonstrated the best high power coherent emissions recorded with laser diodes

Power laser
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Fig. 21. — Injection locking experimental setup used for the coherence improvement of a 200 mW laser
diode array.
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Fig. 22. — Experimental results obtained with an injection locking technique : a) Far field pattern in
the junction plane for the free-running laser diode array. b) Corresponding far-field pattern under
injection. ¢) Multilongitudinal mode spectrum of the free-running array. d) Corresponding single mode
spectrum under injection. €) Fabry-Perot analysis showing that the injected power laser is single
frequency.

[117]. However, the observed lack of reproducibility associated with a rather complicated
experimental scheme, limits the development of injection locking methods.

4.3.2 Spatial filtering technique. — A much simpler scheme allows to obtain good improve-
ments in high power lasers spatial coherence. The so-called « self injection locking » [118,
119] scheme allows to perform the same basic operation, namely providing extra energy to
high gain laser diode modes. To this purpose, the power laser diode is inserted in an external-
cavity which provides an angle-dependent optical feedback to the diode. This is obtained by
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filtering the diode output beam in the Fourier transform plane located at the back focal plane
of a collimating objective. Only a narrow angular band corresponding to high gain modes is
then reflected back to the diode. Other external-cavity techniques have been successfully
operated [120-122], but our experiments show that the highest mode selectivity is obtained
with an off-axis optical feedback.

Such a structure leads to a considerable increase in the laser diode spatial coherence [118]
with a much simpler method. However, we have observed that the output beam is generally
not as clean as with an injection locking technique. The single-lobe emission is easily obtained
with almost the totality of the diode initial output power, but a rather high part of the output
energy is not completely transferred to the dominant coherent beam.

We are currently trying to improve this scheme because we think that it should be possible
to obtain at a lower expense than with an injection locking technique, a comparable beam
quality.

5. Conclusion and prospects.

We have listed the main problems encountered with frequency control of laser diodes. For
applications which require a known stable optical frequency, such as metrology or coherent
optical communications, the main problem is certainly the lack of spectral stability with laser
diode aging which leads to unpredictable mode hops. For applications which require a high
degree of coherence such as coherent detection and ranging, the large linewidth of laser
diodes and their sensitivity to optical feedback are major limitations.

We have shown however, that numerous methods exist to improve the spectral properties
of laser diodes. For each application, it is now possible to solve almost any spectral control
problem that is found when using laser diodes. Most of the methods we have reviewed are
quite simple to operate for anyone who needs, according to the application, an improved laser
diode. If a versatile source is required to get rid of almost all the laser diodes spectral
limitations at the same time, the use of extended-cavity lasers is highly recommended.

Grating tuned ECLs have demonstrated top-level spectral properties to many respects. A
wide tunability associated to a narrow linewidth makes this class of lasers excellent tools for
physical investigations. The fabrication of a reliable extended-cavity laser is a matter of stable
mechanical design, and the key point to get a high performance ECL is the quality of the AR
coating of the diode front facet. Today however, several laboratories and industries have
developed good coatings on laser diodes and this point is no more a matter of technology but
rather a matter of willingness. Despite a fairly good reliability that can be expected for well-
designed ECLs, their industrial development is another question.

With the rapid development of laser diode technology, the monolithically integrated
tunable DBR and DFB lasers should replace ECLs more or less rapidly for future
applications. Thanks to their built-in spectral selector, such structures could Iead to a perfect
spectral stability, and their linewidth is expected to be on the order of 100 kHz for 1 cm cavity
lengths. Despite a possible lower tuning range than ECLs, the great advantage of these
structures is their almost perfect mechanical stability and their immunity to external
perturbations.

However, one must keep in mind that the enormous investments required to make such
sophisticated integrated structures must be justified by a huge market. Therefore, industrial
development of such structures will probably not occur for wavelengths at which no mass
production is expected. In that case, we believe that the present knowledge about hybrid
structures can be very useful.
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