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elaxation of the single-mode emission
onditions in extended-cavity semiconductor

asers with a self-organizing photorefractive filter

ntoine Godard, Gilles Pauliat, Gérald Roosen, and Éric Ducloux

Commercial 1.55-�m extended-cavity semiconductor lasers provide single-mode operation that can be
continuously tuned over a range larger than 100 nm without mode hopping. But such performance
requires delicate factory adjustment and high mechanical stability of the external cavity. Furthermore,
at high emission power the tuning range is limited to small values because of the annoying multimode
operations that sometimes occur. We have shown that the alignment constraints can be relaxed by use
of an intracavity photorefractive filter. Here we present new results obtained with a crystal with low
absorption and high photorefractive gain. We demonstrate that, without inducing excessive additional
loss, we can preserve single-mode emission at an output power higher than the maximum power obtained
in the absence of a photorefractive crystal over the full tuning range of the laser. © 2004 Optical
Society of America

OCIS codes: 140.5960, 160.5320, 190.7070, 140.3570, 050.7330.
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. Introduction

n the testing of optical communication networks and
omponents, 1.55-�m-wavelength-tunable single-
ode extended-cavity semiconductor lasers �ECLs�

re widely used. An ECL is a semiconductor ampli-
er strongly coupled to an external cavity through its
ntireflection-coated facet.1–8 To produce tunable
ingle-mode emission, the external cavity contains a
elective element that is usually a grating.
inimum-loss wavelength �G corresponds to the
avelength that is retroreflected by the external cav-

ty and thus is optimally backcoupled into the semi-
onductor amplifier. Its value is fixed by the
elective element angle. For other wavelengths the
eturn beam shifts from the best coupling position.
onsequently, the loss increases with the detuning.
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scillating-mode wavelength �0 is thus selected by
xternal-cavity selectivity to be close to �G.
Current commercial devices can be continuously

uned over a range larger than 100 nm, but this wide
unability requires delicate factory adjustment and
igh stability of the external cavity. Indeed, the ex-
ct value of �0 depends on the cavity length, and
ismatch �� � �0 � �G between the lasing wave-

ength and the wavelength of minimum loss must be
ept inside a restricted range to prevent mode hop-
ing or multimode operation that could occur at high
ower near the boundaries of the accessible range of
�.5–8 The cavity length and the frequency selective
lement must thus be accurately and synchronously
dapted to each other.
In Refs. 9 and 10 it was shown that the insertion of
photorefractive crystal inside the extended cavity

ncreases the accessible range of ��, thus relaxing the
abrication tolerances. These photorefractive crys-
als are dynamic holographic media in which a holo-
ram spontaneously develops as a refractive-index
eplica of the illumination pattern.11 Inside the cav-
ty this illumination pattern originates from the
scillating-mode standing-wave interference. This
attern thus records a Bragg grating inside the crys-
al that acts as a frequency filter and, in this way,
odifies the loss for each mode. Inasmuch as it is
ritten by the oscillating mode, this hologram creates
n adaptive spectral filter that decreases the loss for
10 June 2004 � Vol. 43, No. 17 � APPLIED OPTICS 3543
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his lasing mode and thus enhances modal
electivity.9,10,12–14

Here we demonstrate that, in addition to extending
he accessible range of �� in the full tuning range, the
hotorefractive crystal also efficiently prevents mul-
imode operation. In this way, without incurring ex-
essive additional loss, single-mode operation is
aintained at output power levels that are higher

han the maximum power obtained in the absence of
photorefractive crystal.

. Characteristics of the Laser Cavity and the
hotorefractive Crystal

he optical configuration of the laser, shown in Fig. 1,
as been specially adapted to facilitate insertion and
emoval of the photorefractive crystal. Most of the
ther components are glued in place guarantee excel-
ent stability.

The ECL consists of a multiple-quantum-well In-
aAsP laser diode optically coupled to an external

avity through its antireflection-coated facet �resid-
al reflectivity RAR � 10�3�. The opposite, un-
oated, facet serves as the output-coupling mirror.
he external cavity consists of a collimating lens and

ig. 1. �a� Sketch and �b� photograph of the grating-tuned
xtended-cavity laser, which comprises an antireflection- �AR-�
oated laser, a collimating optical system, a photorefractive crys-
al, and a Littman-mounted grating.
544 APPLIED OPTICS � Vol. 43, No. 17 � 10 June 2004
Littman-mounted grating as a wavelength-
elective device.7 The photorefractive crystal is in-
erted between the collimating lens and the grating,
s shown by Fig. 1.9,10 We have chosen a CdTe crys-
al for its high photorefractive sensitivity near 1.55
m.15

This sample, which is 4.5 mm thick, was grown at
marad Imaging Systems Ltd., Israel. It is cut with
001
 polished faces. The beam-propagates along
he �001� direction, whereas the other faces are 	110

nd 	11�0
. The polarization of the lasing wave is
long the �110� direction.
In previous research reported in Refs. 9 and 10, the

bsorption of the former sample was too high and
hus dramatically reduced the performance of the
aser. These losses originated from the optical ab-
orption but also from microscopic defects such as
nclusions. As shown in Fig. 2, the losses of our new
rystal vanish above 1800 nm. This result indicates
hat the inclusions are absent from this new sample
nd that these losses correspond mostly to the active
bsorption that is necessary to produce the photore-
ractive effect. This absorption is roughly flat and
nferior to 0.5 cm�1 in the full tuning range of the
aser.

In the expectation of its use for intracavity filtering
n the tunable ECL, we also measured the counter-
ropagating two-wave-mixing gain of the crystal as a
unction of the wavelength in the full tuning range of
he laser. As shown by Fig. 3, the photorefractive
ain changes only slightly over the measured range,
hich is larger than 100 nm. This is consistent with

he absorption spectrum presented in Fig. 2, whose
ctive absorption near 1.55 �m has a bandwidth
arger than the ECL’s tuning range.

One should note that the measured photorefractive
ain is higher than the usual reported values for
anadium-doped CdTe at 1.55 �m.15 We attribute
his, high gain to a lower hole–electron competition
t 1.55 �m in this new sample. This assumption has
een confirmed by our gain measurements. Simi-
arly to measurements of previous samples, the pho-
orefractive gain changes its sign between

Fig. 2. Absorption spectrum of the CdTe sample.
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avelengths of 1.55 �m and 1064 nm: At 1064 nm

he photorefractive effect is due mainly to electron
ransport, whereas the hole contribution is the larg-
st at 1550 nm. Nevertheless, unlike for previous
amples, for the new sample the photorefractive gain
s higher at 1550 nm than at 1064 nm, indicating that
he hole–electron competition is now larger at 1064
han at 1550 nm.

Therefore, with its high gain and low absorption, the
ample seems to be suited to implement a self-
rganizing filter in the ECL. For this purpose the two
olished faces are antireflection �AR� coated from 1480
o 1600 nm, and the normal of these faces is 2° tilted
elative to the beam axis to prevent any parasitic feed-
ack in the laser diode. The threshold value of the
CL at 1.55 �m increases only slightly, from 23 to 27
A, with the crystal, as one can see for the typical

ight-current characteristics plotted in Fig. 4. The
ipple in the characteristics is due to the residual re-
ectivity of the diode facet’s AR coating that induces a
arasitic Fabry–Perot effect �see Section 4 below for a
ore-detailed discussion of this issue�.

ig. 3. Counterpropagating two-wave mixing photorefractive
ain of the CdTe sample as a function of wavelength. The solid
urve is a guide for the eye, not a theoretical fit.

ig. 4. Typical characteristics of light versus current at 1.55 �m.
In what follows, we describe the improvement of
he single-mode operating range of the ECL by use of
he photorefractive filter. We measure the expan-
ion of the accessible range of the detuning as a func-
ion of the optical power when the crystal is inserted
nside the cavity, especially when multimode opera-
ion occurs without a crystal.

. Measurements of the Stable Single-Mode
peration Range

y using a piezo ceramic �Fig. 1�, we can change the
avity length without modifying the grating angle.
oing so will allow mismatch �� between the wave-

ength of lasing mode �0 and minimum-loss wave-
ength �G to be scanned. We measured the value of
� by use of a wavemeter with a resolution of �1 part
n 106. Concurrently, we used a scanning Fabry–
erot interferometer to check that the output spec-
rum was actually single mode.

The accessible range �� for stable single-mode op-
ration, whose measurements at 1.6 �m are plotted
n Fig. 5, was measured according to the following
rocedure, which was the same with and without a
dTe crystal inside the cavity. Near threshold and
t �� � 0 the laser oscillated on mode 0. We in-
reased the wavelength of mode 0 by lengthening the
avity, using the piezo translator, until a mode hop
ccurred toward shorter wavelengths for a given
alue of �� �these values are represented by squares
n Fig. 5�. Then the cavity was shortened to recover

ode 0. This shortening was continued until mode
opping occurred toward the longer wavelengths,
epresented by circles in Fig. 5. Next, the cavity was
gain lengthened to return to mode 0. Afterward,
he same procedure was carried out for each increas-
ng value of the optical power.

For output power superior to 2 mW without a crys-
al and in specific situations with a crystal, the upper

ig. 5. Accessible range of �� under stable single-mode operation
s a function of optical power at 1.6 �m with and without a CdTe
rystal. The data denoted “single-mode limit” correspond to mode
ops toward another single-mode state or to the appearance of mul-
imode operation; the data denoted “multimode limit” correspond to
ode hops from a multimode state toward a single-mode state.
10 June 2004 � Vol. 43, No. 17 � APPLIED OPTICS 3545



b
s
t
f
h
n

i
p
a
s
p
i
m
c
p
c

m
r
l
m
m
t
n
l

4

B
t
w
s
c
o
s
c
o
s
e
s

e
m
n
p
y
o
t
d
t
t
a

t
a
d
o
c
d
c
T
i

t
t
r
t
t

s
w
t
g
F
o
o
r
c
w
c
r
r
s

F
w
F
i

3

oundaries of the single-mode domain delimited by
quares in Fig. 5 correspond not to mode hops but to
he emergence of multimode operations continuously
rom the single-mode states. The actual mode hops
appen from the multimode states at the points de-
oted by crosses.
As shown in Fig. 5, the photorefractive filter always

ncreases the accessible range of ��, especially at high
ower when a large multimode operations domain
ppears without a crystal. The stable range always
hifts toward positive values of �� when the output
ower increases. Furthermore, in the case of Fig. 5
t broadens until the power reaches the value of 2

W. Then, for higher power, in the without-crystal
onfiguration the multimode operation domain ap-
ears and the stable range narrows and eventually
loses up.

The photorefractive filter efficiently suppresses
ost multimode operations. Moreover, the stable

ange remains wide open, even at high optical-power
evels, as shown in Fig. 5. Here we present only the

easurements at 1.6 �m, but this kind of improve-
ent of the stable single-mode range is efficient in

he full tuning range of the ECL, from 1480 to 1600
m. Moreover, we did not note any degradation of

ong-term stability owing to insertion of the crystal.

. Discussion

ecause the intermode spacing is much smaller than
he semiconductor amplifier gain spectrum’s band-
idth, the gain roll-off can be neglected. The stable

ingle-mode operation range boundaries should thus
orrespond to the values of �� at which the loss of one
f the side modes equals the lasing-mode loss and
hould not depend on the optical power; in fact, as we
an see from Fig. 5, this loss strongly depends on the
ptical power. The power dependence of the acces-
ible range of �� is due to the mode-coupling phenom-
na and to the nonzero reflectivity of the
emiconductor chip’s antireflection-coated facet.
The mode coupling is a result of nonlinear phenom-

na inside the active medium that induce wave
ixing.8,16–18 The beating of the main mode with

onlasing side modes leads to modulations of various
arameters of the medium. A comprehensive anal-
sis of the wave-mixing processes is beyond the scope
f this paper. Nevertheless we can mention that
hey produce a nonsymmetrical mode coupling that is
ifferent for the shorter-wavelength side modes and
he longer wavelength side modes and fully explain
he wavelength shift of the stable single-mode oper-
tion range.
Moreover, we can also note, from Fig. 5, a modula-

ion of the boundaries of the accessible range of �� as
function of the optical power. This modulation is

ue to the Fabry–Perot effect between the two facets
f the semiconductor chip whose phase condition
hanges with the optical power. In this way, the
ifferential loss is altered when power increases, and
onsequently the mode-hopping condition is changed.
he modulation that is due to the Fabry–Perot effect

s much smaller for circles than for squares because
546 APPLIED OPTICS � Vol. 43, No. 17 � 10 June 2004
he magnitude of detuning �� is larger for squares
han for circles. The relative value of the residual
eflectivity of the AR coating with respect to the ex-
ernal cavity reflectivity is thus larger; consequently
he contrast of the Fabry–Perot effect is also larger.

To investigate in more detail the effect of the re-
idual reflectivity of the AR coating we measured the
idth of the stable single-mode range as a function of

he wavelength that is selected by the diffraction
rating when the output power is kept constant.
igure 6 shows such measurements for 1- and 5-mW
utput power near 1.6 �m. We can observe a peri-
dic ripple of the width of the stable single-mode
ange. The value of this period is �1 nm, which
orresponds to a 1.28-mm-thick Fabry–Perot effect,
hich is consistent with the optical length of the laser

hip. It is noticeable that, for a given position in the
ipple period, the width of the stable single-mode
ange is always increased when the crystal is in-
erted inside the laser cavity.
The amplitude of the ripple is larger when the

ig. 6. Width of the stable single-mode range as a function of
avelength at constant output powers of �a� 1 and �b� 5 mW.
illed circles and open circles, measurements with a CdTe crystal

nside the cavity and without a crystal, respectively.
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utput power increases, and the quasi-sinusoidal as-
ect of the modulation, which is seen at 1 mW 	Fig.
�a�
, is distorted at 5 mW 	Fig. 6�b�
, especially when
he crystal is inserted. This behavior is caused by
he coupled Fabry–Perot effects that are due to the
mperfect AR coating and to the gain-dependent
emiconductor-laser phase-shift phenomenon.4
his could create wavelength zones with multiple

hresholds to permit bistable operation. When the
rystal is inserted, because it induces additional loss
he relative value of the residual reflectivity of the AR
oating with respect to the Littman-mounted grating
ecomes larger, which enhances the phenomenon.
evertheless, because the quality of the AR coating,

s sufficiently good, no bistability was observed, even
t the maximum reachable power.

. Conclusions

e have shown that the addition of a photorefractive
rystal inside the cavity of a grating-tuned extended-
avity semiconductor laser prevents mode hopping
nd multimode operation by enhancing modal selec-
ivity. The stabilizing filter dynamically adjusts it-
elf to the lasing mode and operates in the whole
uning range of the ECL. Furthermore, we estimate
hat, for 1 mW of output power, the photorefractive
rating builds up within 2 ms. The continuous-
uning speed that can be reached is thus estimated at
0 nm�s.

The authors acknowledge fruitful discussion with
ean-Luc Ayral of the Photonics Division, NetTest,
es Clayes sous Bois, France.
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