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(57) ABSTRACT 

A Wavelength-tunable distributed feedback (DFB) laser is 
disclosed Where the lasing Wavelength can be adjusted by 
adjusting the bias current of the laser diode. Since the output 
poWer of the laser diode also changes With the bias current, 
a one-to-one correspondence betWeen the lasing Wavelength 
and the output poWer of the laser can be established. 
Consequently, the lasing Wavelength can be measured 
directly from the photocurrent of a power monitoring detec 
tor facing the back-end of the laser diode. This provides an 

(21) Appl. No.: 09/774,904 extremely simple method for Wavelength rnonitoring. 
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WAVELENGTH-TUNABLE SEMICONDUCTOR 
LASER DIODE 

FIELD OF THE INVENTION 

[0001] This invention relates to the ?eld of Wavelength 
tunable semiconductor lasers, and in particular to control 
lably tuning the lasing Wavelength by controlling the optical 
output poWer of the laser. 

BACKGROUND OF THE INVENTION 

[0002] Wavelength-tunable lasers have found important 
applications in optical communication and sensing. Wave 
length-tunable lasers play a central role in particular for 
dense Wavelength division multiplexing (DWDM) systems 
that form the backbone of today’s optical communication 
netWork. The term “Wavelength-tunable laser” is typically 
applied to a laser diode Whose Wavelength can be varied in 
a controlled manner While operating at a ?xed heat sink 
temperature. At the 1550 nm Wavelength regime on Which 
most DWDM systems operate, a Wavelength shift of 0.1 nm 
corresponds to a frequency shift of about 12.6 GHZ. At a 
given heat sink temperature, the central Wavelength of a 
conventional distributed feedback (DFB) laser diode may be 
red-shifted by as much as 0.3 nm or about 40 GHZ due to the 
rise in the temperature of the junction by Ohmic losses. In 
contrast, at a given heat sink temperature, the Wavelength of 
a tunable laser may vary by several nanometers, correspond 
ing to hundreds or even thousands of GHZ, covering several 
Wavelength channels on the International Telecommunica 
tion Union (ITU) grid. Depending on the physical mecha 
nisms of Wavelength tuning, the lasing Wavelength can be 
tuned in either positive (red) or negative (blue) direction. 
Controlled Wavelength tunability offers many advantages 
over conventional ?xed Wavelength DFB lasers for DWDM 
operation. It enables advanced all-optical communication 
netWorks as opposed to today’s netWork Where optics is 
mainly used for transmission and the netWork intelligence is 
performed in the electronic domain. All-optical netWorks 
can eliminate unnecessary E/O and O/E transitions and 
electronic speed bottlenecks to potentially achieve very 
signi?cant performance and cost bene?ts. In addition, a less 
extensive inventory of Wavelength-tunable lasers than of 
laser With a ?xed Wavelength is required. Keeping a large 
inventory of lasers for each and every Wavelength channel 
can become a major cost issue. For advanced DWDM 
systems, the channel spacing can be as narroW as 50 GHZ (or 
about 0.4 nm in Wavelength), With as many as 200 optical 
channels occupying a Wavelength range of about 80 nm. For 
the reasons stated above, Wavelength-tunable lasers have 
attracted considerable interest in optoelectronic device 
research. 

[0003] There exist different design principles for tunable 
lasers. Almost all Wavelength-tunable laser designs make 
use of either the change of refractive indices of semicon 
ductor or the change of laser cavity length to achieve 
Wavelength tuning. For the former, common mechanisms for 
index change include thermal tuning, carrier density tuning 
(a combination of plasma effect, band-?lling effect, and 
bandgap shrinkage effect), electro-optic tuning (linear or 
quadratic effect), and electrorefractive tuning (FranZ 
Keldysh or quantum con?ned Stark effect). For DFB lasers, 
the Wavelength of the laser light propagating in the 
Waveguide is basically determined by the grating period A. 
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The free-space lasing wavelength A is given by )\.=2 neff A, 
Where n61f is the effective index of refraction of the 
Waveguide and A is the period for ?rst-order gratings. 
Accordingly, the change A)» in the lasing wavelength A is 
directly proportional to the change An of the index of 
refraction neg. 

[0004] Referring to FIG. 1, a prior art three-section DBR 
tunable laser 100 includes an optical gain section 101, a 
phase control section 102, and a tunable DBR section 103. 
A ?rst current source 104 pumps the gain section 102 to 
generate optical gain; a second current source 105 injects 
carriers to adjust the phase condition of the phase control 
section 102 so that the resonant frequency matches approxi 
mately the peak of the DBR re?ectivity; and a third current 
source 106 controls the re?ectivity peak by changing the 
effective index neff of the Bragg Waveguide section 103. 
With proper selection of the currents in the DBR region 103 
and in the phase control region 102, quasi-continuous Wave 
length tuning can be achieved. All three sections 101, 102, 
103 are optically connected to minimiZe residue re?ections 
and coupling loss; hoWever, the sections 101, 102, 103 have 
to be electrically isolated from one another, for example, by 
layers 107 disposed betWeen the respective sections 101, 
102, 103. Three currents, responsible for the gain region, 
DBR region, and phase control region, have to be supplied; 
and the lasing Wavelength depends on all three currents and 
is particularly sensitive to the currents in the DBR and phase 
control region. A continuous Wavelength tuning range of 
about 10 nm can be achieved using this design. 

[0005] Modi?cations of the three-section DBR lasers 
include sampled grated four-section DBR lasers and vernier 
tuning sampled grating DBR lasers (not shoWn). The last 
device requires four separately controlled current sources to 
achieve the full tuning range (about 80 nm quasi-continuous 
tuning). 
[0006] Alternatively, the lasing Wavelength can also be 
changed by changing the physical length of laser cavity in 
the surface normal direction. This mechanism has been 
applied, for example, to vertical-cavity surface-emitting 
lasers (VCSELs) Where typically due to the short cavity 
length only one or at most very feW lasing modes fall Within 
the gain peak. Referring to FIG. 2, a prior art Wavelength 
tunable VCSEL structure 200 is based on surface microma 
chining technology. The laser device 200 includes a bottom 
dielectric DBR mirror 202, a top dielectric DBR mirror an 
electrostatically controlled membrane 203, and an active 
region 204. Electrically pumped micro-electro-mechanically 
tuned VCSEL in the 1550 nm Wavelength regime have not 
yet been demonstrated. HoWever, the laser device 200 can be 
optically pumped by an incoming pump beam 205 (eg a 
beam from a 980 nm Wavelength pump laser) through the 
bottom mirror 202, With the laser output 206 being emitted 
from the top mirror 201 disposed on the membrane 203. 
Wavelength-tuning is obtained by changing the cavity length 
of the VCSEL through the movement of the membrane 203. 
With a surface micromachined tunable mirror, a continuous 
tuning range of 40 nm has been demonstrated With an output 
poWer of up to 7 mW coupled to a single mode ?ber. 

[0007] Multiple-section DFB lasers in general have a 
smaller tuning range than multiple-section DBR lasers, 
except for the tunable tWin-guide (TTG) DFB lasers Where 
relatively Wide (about 6 nm) and continuous tuning can be 
achieved. 
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[0008] In DWDM systems, the Wavelength of the channel 
has to be stabilized Within a feW gigahertZ from the ITU grid, 
typically less than 10% of the channel spacing. A change of 
the junction temperature and/or device degradation can 
cause Wavelength drift beyond its acceptable range. Achiev 
ing Wavelength stability requires monitoring the Wavelength 
in real time using a sophisticated feedback mechanism. 
Several commercially available devices and their operation 
for accurately monitoring the laser emission Wavelength are 
shoWn in FIGS. 3, 4, and 5. Common to these devices is an 
optical interference device such as a Fabry-Perot etalon 
placed betWeen the laser and a photodetector. Critical for the 
device performance are the mechanical stability and angular 
precision of the etalon and the collimation of the laser beam 
impinging on the etalon. 

[0009] Referring noW to FIG. 3, a Wavelength-monitoring 
system 300 includes an optical beam splitter 301, a Fabry 
Perot (F-P) etalon 302 connected to a ?rst output of the beam 
splitter 301, a ?rst photodetector (PD) 303 folloWing the F-P 
etalon 302, With a second PD 304 connected to the second 
output of the beam splitter 301 as a reference detector. Once 
the system is calibrated, the lasing Wavelength can be 
determined from the ratio of the photocurrents of the PDs 
303, 304, as illustrated in FIG. 4. In the illustrated example 
shoWing exemplary target Wavelengths )tn, )tnn, a rise in the 
ratio 11/12 of the measured photocurrents Would indicate a 
decreasing lasing Wavelength, While a decrease in the ratio 
11/12 of the measured photocurrents Would indicate an 
increasing lasing Wavelength. Note that there exist multiple 
Wavelengths kn, kml, that can yield the correct photocurrent 
ratio, and each Wavelength may correspond to an ITU 
Wavelength channel. This design has problems With gener 
ating a proper error signal When Wavelength hopping occurs. 

[0010] FIG. 5 shoWs a more detailed design of a com 
mercial Wavelength monitoring system 400, excluding elec 
tronic circuitry. A small fraction, typically a feW percent, of 
the received laser light is coupled into the monitoring system 
by an optical poWer splitter 401. The beam is collimated in 
collimator 402 and then split into tWo approximately equal 
signals by a beam splitter 403. The photocurrent of PD 404 
provides the reference signal proportional to the poWer of 
the received laser light. The photocurrent of PD 406 is 
related to the received poWer being transmitted through the 
Fabry-Perot etalon 405. The ratio of these tWo photocurrents 
does not depend on the output poWer of the received laser 
light. 

[0011] The manufacturing and operating complexity of the 
Wavelength-tunable lasers and the Wavelength monitoring 
system represent barriers for the production of loW cost 
Wavelength-tunable laser modules for loW-cost DWDM 
systems suitable for metropolitan area netWorks It 
Would therefore be desirable to provide a neW design for a 
Wavelength-tunable laser Where the lasing Wavelength can 
be tuned by a single current source and the lasing Wave 
length can be measured Without requiring interferometric 
devices. 

SUMMARY OF THE INVENTION 

[0012] According to one aspect of the invention, a Wave 
length-tunable distributed feedback (DEB) laser structure is 
disclosed Where the lasing Wavelength can be adjusted by 
adjusting a single bias current of the laser diode. Since the 

Aug. 1, 2002 

output poWer of the laser diode also increases With the bias 
current, one can establish a straightforWard, one-to-one 
correspondence betWeen the lasing Wavelength and the 
output poWer of the laser. Consequently, the lasing Wave 
length can be measured directly by a poWer monitoring 
detector facing, for example, the back-end of the laser diode. 

[0013] To provide Wavelength-tuning, the DFB laser 
structure includes a second set of quantum Wells or a 
Waveguide layer next to the lasing quantum Wells as “carrier 
reservoir”. The second set of quantum Wells or the 
Waveguide layer has to meet several requirements in order to 
function effectively as a carrier reservoir Without adversely 
affecting the laser performance. First of all, the carrier 
reservoir has to have a higher bandgap than the lasing 
quantum Wells to minimiZe the optical loss. Secondly, a 
carrier propagation barrier needs to be present betWeen the 
lasing quantum Wells and the reservoir to avoid carriers 
falling into the lasing quantum Wells, Which have the loWest 
bandgap of all materials and the strongest tendency of 
attracting carriers. Thirdly, the carrier reservoir has to be 
located in a region Where the intensity of optical ?eld is 
signi?cant so the carrier induced index change can contrib 
ute to the change of lasing Wavelength of a DFB laser. 
Finally, the presence of the carrier reservoir should not 
trigger high-order transverse modes. In other Words, the 
laser should operate in a single longitudinal mode and single 
spatial mode. A structure meeting the above requirements 
includes a reverse-biased tunnel junction made of heavily 
doped p"- and n+-layers disposed betWeen tWo sets of 
quantum Wells to prevent carrier leakage from the reservoir 
back to the active quantum Wells. Because of the carrier 
tunneling effect, holes can tunnel through the n+/p+junction 
and reach the carrier reservoir to meet the electrons. The 
carrier concentration in the reservoir is then determined by 
the spontaneous emission rate and Auger recombination 
rate. This folloWs approximately the empirical equation 
I=BN +CN3 Where I is the current, N the carrier concentra 
tion in the reservoir, and B and C the rates for spontaneous 
and Auger recombination, respectively. Contributions from 
defect-related recombination, Which is linearly proportional 
to the carrier concentration, are neglected. 

[0014] Embodiments of the invention may include one or 
more of the folloWing features. The laser can be groWn on 
an n-InP substrate and have a p-InP as the upper cladding 
layer. A thin layer of material having a higher refractive 
index than InP can be introduced to form gratings for 
index-coupled DFB lasers. TWo unintentionally doped 
graded-index (GRIN) con?nement regions can be located on 
either side of the quantum Well active layers to provide 
carrier and optical con?nement. BetWeen the tWo GRIN 
layers, the quantum Wells forming the active layer and 
responsible for lasing are positioned closer to the p-InP 
cladding layer and additional quantum Wells having a higher 
ground state energy than the active layer and forming the 
carrier reservoir are located near the n-InP loWer cladding 
layer. 

[0015] According to another aspect of the invention, the 
laser output may be coupled to a semiconductor laser 
ampli?er (SLA) to alloW an independent adjustment of the 
lasing Wavelength and the optical output poWer of the 
device. Optionally, the laser output may be coupled to an 
optical modulator, such as an electro-absorption modulator, 
to externally modulate the laser light to reduce chirping. The 
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modulator may be used With or Without the SLA. Detectors 
may be provided to measure an output poWer of the laser 
beam and/or the ampli?ed laser beam and/or the modulated 
laser beam. 

[0016] Further features and advantages of the present 
invention Will be apparent from the following description of 
preferred embodiments and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The folloWing ?gures depict certain illustrative 
embodiments of the invention in Which like reference 
numerals refer to like elements. These depicted embodi 
ments are to be understood as illustrative of the invention 
and not as limiting in any Way. 

[0018] FIG. 1 is a schematic diagram of a conventional 
3-section DBR tunable laser, 

[0019] FIG. 2 is a schematic diagram of an optically 
pumped MEMS VCSEL tunable laser, 

[0020] FIG. 3 is a simpli?ed block diagram of a conven 
tional Wavelength monitor, 

[0021] FIG. 4 shoWs schematically the operation of the 
Wavelength monitor of FIG. 3, 

[0022] FIG. 5 shoWs the Wavelength monitor of FIG. 3 in 
greater detail, 

[0023] FIG. 6 is a schematic diagram of a simpli?ed 
epitaxial layer structure for a Wavelength-tunable distributed 
feedback (DFB) laser of the invention, 

[0024] FIG. 7 shoWs an energy band diagram of the laser 
structure of FIG. 6 under an applied forWard bias Va, 

[0025] FIGS. 8a-c shoWs the laser characteristics for (a) 
Wavelength versus drive current, (b) optical output poWer 
versus drive current, and (c) Wavelength versus optical 
output poWer, 

[0026] FIG. 9 shoWs a Wavelength-tunable laser inte 
grated With an optical ampli?er for simpli?ed Wavelength 
monitoring and an optional external optical modulator. 

DETAILED DESCRIPTION OF CERTAIN 
ILLUSTRATED EMBODIMENTS 

[0027] One aspect of the present invention relates to a 
semiconductor laser With a novel epitaxial layer structure, 
Wherein the laser can be Wavelength-tuned by varying the 
pump poWer of the laser using a single current source. 
Another aspect of the present invention relates to a simpli 
?ed arrangement for measuring the lasing Wavelength With 
out employing interferometric devices. 

[0028] A major challenge of using a single current source 
to tune the Wavelength is carrier pinning effect above 
threshold. In semiconductor diode lasers having a conven 
tional active layer consisting of a single Waveguide or 
single/multiple quantum Wells, the carrier concentration in 
the Waveguide/quantum Wells increases With the injected 
current beloW the lasing threshold, With the carrier concen 
tration becoming essentially pinned at a ?xed value once the 
threshold current is reached. Beyond threshold, the laser 
output poWer increases With the current linearly, but the 
carrier concentration, hence the effective index of refraction, 
remains more or less constant. Because of the carrier pinning 
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effect, the contribution of carrier-induced index change 
becomes negligible. A solution provides by the present 
invention incorporates a second set of quantum Wells or a 
second Waveguide layer next to the lasing quantum Wells as 
“carrier reservoir”. The second set of quantum Wells or a 
second Waveguide layer is electrically isolated from the 
active quantum Wells by a tunnel junction made of heavily 
doped p"- and n+-layers. When one applies forWard current 
to the laser structure, the laser active junction is forWard 
biased as regular laser p/n junction and electron-hole recom 
bination occurs in the quantum Wells. HoWever, the n"/p+ 
tunnel junction that separates tWo groups of quantum Wells 
is reverse-biased. 

[0029] FIG. 6 shoWs an exemplary epitaxial layer struc 
ture 600 according to the invention that provides the tun 
ability. In all other aspects, the device is similar to a 
conventional distributed feedback (DFB) laser, With a grat 
ing similar to that shoWn for the DBR section 103 of FIG. 
1. 

[0030] The layer structure 600 is fabricated on a semicon 
ductor substrate 601 and includes, in that order and starting 
from the substrate 600, a loWer cladding layer 602, a loWer 
graded-index (GRIN) layer 603, a carrier reservoir layer 
604, a tunnel junction 605, an active layer 606, an upper 
GRIN layer 607, and an upper cladding layer 608. Other 
typical laser device layers, such as buffer layers and/or 
contact layers, are not shoWn. Also not shoWn is the grating 
layer of the DFB laser structure 600 Which can be placed 
either beloW or above the active layer. The cladding layers 
602, 608 and the GRIN layers 603, 607 have a higher 
bandgap and a loWer refractive index than the active layer 
606 to assist in the con?nement of carriers and optical ?eld 
in the active region. The active layer 606 produces optical 
gain and roughly determines the lasing Wavelength Within 
the gain pro?le. The gain pro?le is typically about 100 
nanometers Wide. The active layer may be a “bulk” semi 
conductor layer or one or more quantum Wells. 

[0031] Unlike a conventional epitaxial semiconductor 
laser device structure Which typically consists of layers 602, 
603, 606, 607, 608 groWn on substrate 601, the invented 
structure includes in addition the carrier reservoir layer 604 
and the tunnel junction layer 605. The function of the latter 
tWo additional layers, the carrier reservoir layer 604 and the 
tunnel junction layer 605, Will noW be described. 

[0032] Referring noW to FIG. 7, from right to left is shoWn 
a schematic energy band diagram 700 of the laser structure 
600, With the reference numerals referring to the respective 
layers of laser structure 600. The quasi Fermi level 708 
shoWs that the voltage drop occurs at the laser active p-n 
junction and the carrier reservoir p-n junction. These tWo 
junctions are stacked together and separately by a tunnel 
junction having a negligible voltage drop, as shoWn in the 
energy and diagram. The band diagram 700 can apply to any 
material system knoWn in the art for fabricating semicon 
ductor quantum-Well heterojunction laser structures, such as 
GaAlAs, InP/GaInAs, GaAlInN and the like. In an exem 
plary structure for a 1550 nm Wavelength laser emission, the 
folloWing composition and doping could be employed: 
substrate 601: n-InP; loWer cladding layer 602: n-InP; loWer 
graded-index (GRIN) layer 603: n-InGaAlAs; carrier reser 
voir layer 604: nominally undoped InGaAlAs MOW; tunnel 
junction 605: n"/p+ InGaAsP or InGaAlAs having a bandgap 
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Wavelength of around 1.4 km; active layer 606: nominally 
undoped InGaAlAs MQW; upper GRIN layer 607: p-In 
GaAlAs; and upper cladding layer 608: p-InP. The InGaAsP 
and InGaAlAs layers are preferably lattice-matched to InP 
and are understood to have the composition InX(GayAl1_y 1_ 
XAs, Wherein X determines the lattice-match to the InP 
substrate and the bandgap can be varied for a constant X by 
varying y. The effective bandgap of the carrier reservoir 604 
is selected to be loWer than the bandgap of the surrounding 
layers 603, 605 to form a “valley” to collect carriers (both 
electrons and holes). HoWever, the effective bandgap of the 
carrier reservoir 604 is selected to be a slightly higher than 
the active region to minimize the optical loss in the laser 
Waveguide 610 Which is formed by all the layers 603, 604, 
605, 606 and 607. The refractive index of the reservoir layer 
604 decreases With the number of carriers in layer 604. This 
causes a reduction Anelf of the effective index neff of the laser 
Waveguide 610, leading to a decrease A)» in the lasing 
wavelength A according to the relation A>t=2 A*)tne?f. A is 
the grating period of the DFB laser, as described above. 

[0033] HoWever, for the carrier reservoir 604 to function 
properly, several conditions have to be ful?lled: (1) the 
carrier reservoir 604 has to retain a portion of the injected 
carriers, With the portion being related to, for example, 
proportional to the total number of injected carriers, i.e., the 
operating current of the laser; (2) the carrier reservoir 604 
should be electrically isolated from the active region 606, 
While optically being a part of the active region 606; and (3) 
the carrier reservoir itself should not contribute to lasing, 
i.e., the gain peak of the reservoir 604 should be outside the 
operating Wavelength of the DFB laser. 

[0034] When a laser is operated above threshold, the 
quasi-Fermi level and the carrier concentration in the active 
region 606 are approximately “?xed”. An increase in the 
injection current converts more electron-hole pairs into 
photons to generate higher optical poWer Without signi? 
cantly changing the carrier concentration in the active region 
606 or lasing Wavelength, except for band ?lling. If the 
carrier reservoir 604 is not electrically separated from the 
active region 606, the carrier concentration in the reservoir 
604 Will also be roughly ?xed, independent of the injection 
current. The carrier concentrations in both regions 604, 606 
can be decoupled by introducing a tunnel junction betWeen 
the active region 606 and the carrier reservoir 604. In this 
case, above threshold, the carrier concentration in the res 
ervoir 604 increases With increasing current, While the 
carrier concentration in the active region 606 remains ?xed. 
Since, as mentioned above, nSEE decreases With increasing 
carrier concentration in the reservoir 604, the lasing Wave 
length of a DFB laser can be tuned by adjusting the carrier 
density in the reservoir 604, i.e., the laser drive current. In 
other Words, the lasing Wavelength controllably decreases 
With increasing injection current and hence also With 
increasing optical poWer. Because a unique relation exists 
betWeen the output poWer and the lasing Wavelength, the 
Wavelength of the laser can be measured and adjusted 
simply by measuring the output poWer of the laser Without 
requiring sophisticated Wavelength monitoring devices. 

[0035] The epitaxial layer structure is fabricated in a 
conventional manner, for example, by MOCVD or MBE, so 
that the gain pro?le covers the intended operation Wave 
length range and the layer and device structure favor opera 
tion in the fundamental transverse mode. 
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[0036] The coupling coef?cient K of the DFB grating on 
one of the layers close to the active region is selected so that 
the coupling is in the range of 30 to 300 cm'1 and the 
product of KL is betWeen 1 and 10, Where L is the laser 
cavity length. 

[0037] For an operating Wavelength of 1.5 pm, the band 
gap of the carrier reservoir should be approximately 0.1 eV 
greater than the bandgap of the active region. For this 
difference in bandgap, the change in the refractive index 
With carrier concentration in the reservoir is approximately 
dn/dN=-1.8><102O cm_3, and approximately dn/dN=-2.4>< 
102° cm'3 When the difference in bandgap is reduced to 0.05 
eV. The approximate Wavelength tuning range is given by 
A)t=n(dn/dN*AN)*)t/n, wherein n is the con?nement factor 
for the reservoir layer, AN is the increase in the carrier 
concentration variation With current above the lasing thresh 
old, and n is the effective index. Using typical parameters of 
11=0.2, dn/dN=-2.4><102O cm_3, AN=3><1018 cm-3, n=3.3, 
and )»=1550 nm, a continuous Wavelength tuning range A)» 
of about 7 nm is obtained. This is similar to the 6 nm tuning 
range of tWin-guide (TTG) DFB lasers also using carrier 
induced index change for Wavelength tuning. 

[0038] The expected Wavelength tuning range is eventu 
ally limited by junction heating, carrier-induced optical 
losses, and carrier recombination in the reservoir. 

[0039] FIGS. 8a-c shoW schematically characteristic 
curves for Wavelength versus current (FIG. 8a), optical 
power versus current (FIG. 8b), and Wavelength versus 
optical poWer (FIG. 8c) of the tunable DFB laser of the 
invention. As evident from FIG. 8c, the Wavelength can be 
tuned by adjusting a single current and monitoring by the 
laser output poWer Without requiring a Fabry-Perot etalon. 
For DWDM systems of 50 GHZ channel spacing, the Wave 
length control has to be Within :5 GHZ (or 10.4 If the 
tuning range of a laser diode is 7 nm, one needs to measure 
the photocurrent to an accuracy of 0.4/70, Which requires an 
8 bit resolution A/D converter. This requirement can be 
easily met With loW cost commercial A/D converters having 
14-bit resolution. The shot noise of the detector is not 
expected to be an issue either since the Wavelength moni 
toring detector operates at a very loW bandWidth. 

[0040] According to another embodiment depicted in 
FIG. 9, the Wavelength of a laser system 900 can be adjusted 
independent of the output poWer produced by the system 
900. The system 900 includes the Wavelength-tunable DFB 
laser 901 of the type described above in combination With an 
optical ampli?er 902. The laser/ampli?er combination 900 
may be, for example, a tunable laser monolithically inte 
grated With semiconductor optical ampli?er or a hybrid 
integration of the tunable laser With a ?ber ampli?er. The 
laser system 900 further includes a back-end detector 903 
for monitoring the laser poWer, Which in this case corre 
sponds to the lasing Wavelength; focusing optics 904; a 
poWer splitter 905 receiving light from the front end of the 
optical ampli?er 902, With a predetermined fraction of the 
received light split off and entering an output poWer detector 
906 to monitor the poWer coupled, for example, into an 
optical ?ber 907. Also shoWn in FIG. 9 is an optional 
external modulator 908. Again, the Wavelength of the laser 
can be controlled by controlling only the laser drive current 
With a single current source, While both the Wavelength and 
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the ?nal optical power into the ?ber are monitored only by 
photodetectors Without interferometric components that are 
sensitive to misalignment. 

[0041] To modulate the light, the laser may be modulated 
either directly by controlling the drive current or externally 
using an external modulator. The preferred method of modu 
lation depends on applications. For directly detected (non 
coherent) DWDM systems, loW chirping (Wavelength/fre 
quency variation With poWer) is important to minimiZe 
dispersion penalty, so external modulation is desirable. The 
external modulator 908 can be an electro-absorption (EA) 
modulator or an interference-type electro-optic (EO) modu 
lator. The position of the modulator 908 and the optical 
ampli?er 902 can be interchanged although the arrangement 
shoWn in FIG. 9 is more convenient from device fabrication 
and signal isolation point of vieW. On the other hand, if 
coherent detection systems such as homodyne and hetero 
dyne systems are used, direct modulation of tunable lasers 
might be preferred. The laser of the invention has an optical 
FM ef?ciency that is approximately 100 times that of 
conventional DFB lasers (about 30 GHZ/mA compared to 
about 300 MHZ/mA for conventional DFB lasers). This 
means that the modulation current can be as much as 30 

times smaller in an optical frequency division multiplexing 
(OFDM) or optical frequency-shift-keying (FSK) system, 
making the laser of the invention more ef?cient than the 
conventional DFB laser. 

[0042] While the invention has been disclosed in connec 
tion With the preferred embodiments shoWn and described in 
detail, various modi?cations and improvements thereon Will 
become readily apparent to those skilled in the art. Accord 
ingly, the spirit and scope of the present invention is to be 
limited only by the folloWing claims. 

We claim: 
1. An electrically pumped semiconductor laser device 

having a Waveguide region, the Waveguide region compris 
ing an active layer and a carrier reservoir, Wherein electric 
carriers are injected into the active layer by tunneling 
through a reversed biased p-n junction disposed betWeen the 
active layer and the carrier reservoir to produce lasing 
radiation by recombination in the active layer, and Wherein 
a lasing Wavelength of the laser device is determined by a 
carrier concentration in the carrier reservoir, With said car 
rier concentration depending on the pump current. 

2. The laser device of claim 1, Wherein the laser device is 
a distributed feedback (DFB) laser. 

3. The laser device of claim 1, Wherein at least one of the 
active layer and the carrier reservoir comprise a quantum 
Well. 

4. The laser device of claim 1, Wherein a bandgap of the 
active layer is smaller than a bandgap of the carrier reservoir. 

5. The laser device of claim 1, Wherein the Waveguide 
comprises InGaAlAs. 

6. An electrically pumped Wavelength-tunable semicon 
ductor distributed feedback (DFB) laser comprising: 

a ?rst cladding layer of a ?rst conductivity type, 

a second cladding layer of a second conductivity type, and 

an optical Waveguide region disposed betWeen the ?rst 
cladding layer and the second cladding layer, the opti 
cal Waveguide region comprising an active layer and a 
carrier reservoir, Wherein the active layer is electrically 
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isolated from the carrier reservoir by a reverse-biased 
p-n junction disposed betWeen the active layer and the 
carrier reservoir so as to retain a concentration of 
electric carriers in the carrier reservoir substantially 
independent of a laser drive current, With the concen 
tration of the electric carriers in the carrier reservoir 
determining a refractive index of the optical Waveguide 
region, and 

a grating disposed proximate to the Waveguide region and 
determining in conjunction With the refractive index a 
lasing Wavelength, 

Wherein the Wavelength of the DFB laser can be control 
lably tuned by adjusting a laser drive current. 

7. The laser of claim 6, Wherein the ?rst and second 
cladding layers comprise Inp and the Waveguide region 
comprises at least one of AlGaInAs and InGaAsP. 

8. A Wavelength-tunable laser system comprising: 

an electrically pumped semiconductor distributed feed 
back (DFB) laser producing a laser beam and including 

a ?rst cladding layer of a ?rst conductivity type, 

a second cladding layer of a second conductivity type, 

an optical Waveguide region disposed betWeen the ?rst 
cladding layer and the second cladding layer, the 
optical Waveguide region comprising an active layer 
and a carrier reservoir, Wherein the active layer is 
electrically isolated from the carrier reservoir by a 
reverse-biased p-n junction disposed betWeen the 
active layer and the carrier reservoir so as to retain a 
concentration of electric carriers in the carrier res 
ervoir substantially independent of a laser drive 
current, With the concentration of the electric carriers 
in the carrier reservoir determining a refractive index 
of the optical Waveguide region, and 

a grating disposed proximate to the Waveguide region 
and determining in conjunction With the refractive 
index a lasing Wavelength, 

an optical ampli?er receiving the laser beam and produc 
ing an ampli?ed laser beam, 

a ?rst detector that measures an output poWer of the laser 
beam, Wherein the lasing Wavelength is determined by 
the measured output poWer, and 

a second detector that measures an output poWer of the 
ampli?ed laser beam, With the output poWer of the 
ampli?ed laser beam capable of being adjusted inde 
pendent of the lasing Wavelength. 

9. The laser system of claim 8, further comprising a 
modulator Which modulates the ampli?ed laser beam in 
response to a modulation signal applied to the modulator. 

10. A method of producing Wavelength-tunable laser 
radiation from a DFB laser structure using a single pump 

current, comprising: 

providing in a Waveguide region of the DFB laser struc 
ture a carrier reservoir that is electrically isolated from 
an active layer by a reverse-biased p-n junction, 

adjusting the pump current to change an index of refrac 
tion of the Waveguide region through a change in a 
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carrier concentration in the carrier reservoir and an 
output poWer of the DFB laser structure, and 

determining the Wavelength of the laser radiation from the 
output poWer. 

11. The method of claim 10, Wherein the Wavelength of 
the laser radiation is approximately 1.5 pm. 

12. The method of claim 10, Wherein the DFB laser 
structure is made of a material selected from the group 

consisting of InP, InGaAsP, and GaAlInAs. 
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13. The method of claim 10, further including amplifying 
the laser radiation so that an optical poWer of the ampli?ed 
laser radiation can be selected independent of the Wave 
length. 

14. The method of claim 10, further including modulating 
the laser radiation so that an optical poWer of the modulated 
laser radiation can be selected independent of the Wave 
length. 


