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(57) ABSTRACT 

An optical ?ber transmitter for emitting an information 
carrying laser beam comprises an optically or electrically 
pumped single mode MQW (multi-quantum Well) semicon 
ductor amplifying mirror as a gain medium and a separate 
external re?ector to form a cavity. The external cavity length 
de?nes a comb of optical modes, all or a subset of Which 
correspond to channel Wavelengths of an optical telecom 
munications system having plural optical channels. The 
semiconductor gain element has a homogeneously broad 
ened gain region; a tuning arrangement tunes the laser from 
mode to mode across the gain region, thereby selecting each 
one of the plural optical channels. When the maximum gain 
bandwidth is less than mode-to-mode spacing de?ned by the 
cavity, the tuning arrangement includes a means of altering 
the temperature of the amplifying mirror, thereby translating 
the frequency of the gain peak from one mode to another. An 
optical modulator adds modulation to provide an informa 
tion-carrying laser beam, and a coupler couples the infor 
mation-carrying laser beam into an optical ?ber of the 
optical telecommunications system. A calibration method 
based on detecting inter-mode optical transitions (mode 
hopping) is described. The parameters of the amplifying 
mirror and tuning arrangement can be adjusted during 
operation to sWitch quickly from one cavity mode to another 
in stepwise fashion. 
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OPTICAL TRANSMITTER COMPRISING A 
STEPWISE TUNABLE LASER 

REFERENCE TO RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. patent application Ser. No. 09/738,277 ?led Dec. 13, 
2000, and is a continuation-in-part of US. patent application 
Ser. No. 09/930,841, ?led on Aug. 15, 2001, Which is a 
continuation-in-part of US. patent application Ser. No. 
09/668,905, ?led on Sep. 22, 2000. 

FIELD OF THE INVENTION 

[0002] The present invention relates to lasers emitting 
single longitudinal and traverse mode radiation at selected 
Wavelengths de?ned by a frequency comb, in particular 
stepWise tunable external cavity surface emitting semicon 
ductor lasers pumped optically or electronically for use in 
spectroscopy, process control and optical communications. 
Particularly disclosed are laser designs, and manufacturing 
and assembly processes for frequency stable and rapidly 
tunable lasers for optical communications. 

BACKGROUND OF THE INVENTION 

[0003] The use of lasers as part of a system for optical 
channel sWitching in a ?ber optic transport netWork is 
knoWn. HoWever, existing systems utiliZe a multiplicity of 
individual lasers, each of Which emits at a single frequency. 
A further problem is that current sWitching systems using 
single frequency lasers require extremely complex circuitry 
to transform a set of input signals to a set of output signals 
of different frequencies. 

[0004] A signi?cant enhancement of such laser based 
optical channel sWitching systems Would be achieved by use 
of a laser having the folloWing operating characteristics: 

[0005] 1) the laser is rapidly tunable to speci?c desired 
output frequencies, eg the frequencies of the ITU grid. 

[0006] 2) The laser provides random access to any par 
ticular output frequency (i.e. transmission channel). 

[0007] 3) The laser is reliable and consistent in the output 
frequency to Which it is tunable over a long service life 
Without requiring extensive servicing or a carefully con 
trolled operating environment. 

[0008] 4) The laser is consistently receptive to an input 
signal since it must alWays tune to the correct output 
frequency (i.e. channel number). 
[0009] 5) The laser provides substantially uniform output 
poWer independent of the particular output frequency 
selected. 

[0010] We have discovered a laser system Which ful?lls 
the above indicated performance requirements. 

[0011] Typical lasers oscillate at a number of frequencies 
(i.e. Wavelengths) that correspond to modes of their optical 
cavities. In certain applications, it is knoWn to select a single 
such mode and to adjust its frequency by varying the cavity 
length or some other laser parameter. Methods of doing this 
are described in text books such as A. Yariv, Quantum 
Electronics, John Wiley and Sons, NeW York, 2nd edition, 
1975 and M. D. Levenson and S. S. Kano, Introduction to 
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Nonlinear Laser Spectroscopy Revised Edition, Academic 
Press, San Diego, 1988 and Demtroder, Laser Spectroscopy, 
Springer, Berlin, 1996. 

[0012] HoWever, the task of quickly sWitching the laser 
output frequency from one externally selected value to 
another externally selected frequency—Without undergoing 
laser action at intermediate frequencies—poses signi?cant 
technical dif?culties. KnoWn means of doing this alter some 
other signi?cant laser parameter, such as output poWer, 
create an instability in the output frequency either before or 
after the frequency sWitch, and/or sWitch to an unWanted 
value Which must then be homed-in on (actually adjusted to) 
the desired frequency, Which requires time. In many optical 
communications and spectroscopy applications, delay in 
obtaining stable operation after a frequency sWitch is cer 
tainly undesirable and is frequently unacceptable. 

[0013] Most semiconductor lasers generally folloW tWo 
basic architectures. The ?rst laser type has an in-plane 
cavity, and the second laser type has a vertical cavity, a 
so-called vertical-cavity surface-emitting laser or “VCSEL”. 
If the optical resonance cavity is formed externally of the 
semiconductor structure (active region) ie one of the 
re?ecting surfaces is physically separated from the active 
region, the laser is knoWn as a vertical external cavity 
surface-emitting laser or “VECSEL”. 

[0014] Electrically pumped diode lasers are most fre 
quently of the in-plane cavity type. Necessary optical feed 
back With the in-plane type is most frequently provided by 
simple cleaved-facet mirrors at each end of the optical 
cavity. The re?ectance of such cleaved mirrors, While gen 
erally suf?cient is not very high, and laser energy is thus 
emitted through the cleaved mirrors to the external ambient 
at opposed edges of the structure, giving rise to “edge 
emitting” diode lasers. Such relatively simple structures are 
sometimes referred to as Fabry-Perot diode lasers. Epitaxial 
patterning of a grating pattern along a top surface of an 
edge-emitting diode laser can be provided to set a design 
Wavelength, resulting in a so-called distributed feedback 
diode (“DFB”) laser. 

[0015] In-plane electrically pumped lasers, such as DFB 
lasers, are typically single mode, and are also typically 
tunable continuously across some Wavelength band from 
near-infrared into the visible light spectrum. Rapid tuning 
may be carried out by controlling the electrical pumping 
current, While sloWer tuning may be carried out by control 
ling the temperature of the laser via a heat sink and a thermal 
cooler/heater arrangement. Such in-plane lasers have knoWn 
uses including optical Wavelength absorption spectroscopy, 
storage, printing and telecommunications. In-plane lasers 
are frequently employed Within telecommunications sys 
tems using optical ?ber as the information transfer medium. 
Conventionally, multiple channels are carried through a 
single optical ?ber, and it is therefore necessary When using 
a Fabry-Perot laser or DFB laser as the illuminating source 
to regulate the Wavelength of the transmitting laser in order 
to stay on a selected channel. 

[0016] In order to keep an in-plane diode laser tuned to a 
desired Wavelength, current and thermal control loops must 
be provided to stabiliZe the laser at a desired Wavelength, 
particularly as the laser ages during usage. Also, since there 
is no absolute Wavelength stabiliZation Within these in-plane 
lasers, the emission Wavelength may drift, absent careful 
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feedback control, during usage and over the lifetime of the 
laser. This tendency to drift or change emission character 
istics With temperature and over time puts stringent condi 
tions on the materials and control systems used to make the 
laser. 

[0017] One knoWn drawback of in-plane diode lasers, and 
most particularly the Fabry-Perot type, is that they manifest 
a tendency to mode-hop. Mode-hopping basically means 
that for a given pumping current, the laser can unexpectedly 
hop to a completely different mode (Wavelength). As the 
current is increased, there are Wavelengths at Which the 
mode hopping (Wavelength jumping) becomes uncontrol 
lable. Moreover, diode lasers may manifest a hysteresis, in 
that mode hopping may occur at different Wavelengths as the 
control current is increased as compared to When the control 
current is decreased. Another draWback of in-plane diode 
lasers is that output poWer is inextricably intertWined With 
active region temperature and pumping current. Another 
issue With in-plane diode lasers is that the transverse optical 
beam pro?le is typically elliptical rather than circular and 
has high divergence, increasing the complexity of coupling 
the laser energy into an optical ?ber, or coupling the laser 
Waveguide mode to an external cavity mode. 

[0018] Dense Wavelength division multiplexing (DWDM) 
for optical ?ber telecommunications applications requires 
optical transmitters that can be tuned to any frequency in the 
standard ITU grid (Wavelength comb) With a relative fre 
quency error not greater than ten percent of the ITU channel 
spacing. This requirement implies that an optical transmitter 
laser has excellent frequency stability as Well as broad 
tunability. For a 12.5 GHZ channel spacing, the transmitter 
must have 1.25 GHZ of absolute accuracy and frequency 
(Wavelength) stability. Such control of the laser frequency 
cannot be achieved With existing DFB lasers Without com 
plex electronic control and frequently carried out diagnos 
tics. Furthermore, compensation algorithms must be devel 
oped in the laser control system to handle the DFB’s knoWn 
aging processes, Which is often unpredictable. 

[0019] A desirable characteristic of an ideal DWDM opti 
cal transmitter is that a single laser can cover all of the 
DWDM channels, and that it can be reliably and reproduc 
ibly set to any desired one of the standard channel frequen 
cies. Current laser sources have only a limited tuning range, 
Which covers only a fraction of the full ITU grid. KnoWn 
DFB lasers have limited tunability; and the temperature 
tuning coefficient of telecom DFB lasers is typically 0.09 
nm/° C. For a DFB laser thermal operating range of 120° C., 
or 40° C. total temperature differential, one DFB laser could 
only be expected to cover a Wavelength range of 3.6 nm (or 
about 460 GHZ, representing only four channel coverage 
With 100 GHZ channel spacing or 36 channel coverage With 
25 GHZ spacing) even if the necessary accuracy in Wave 
length could be achieved. 

[0020] In addition, DFB lasers only have about 35 to 45 
dB of side mode suppression. If the side modes are not 
sufficiently controlled, the laser may excite tWo or three 
adjacent communications channels, resulting in unWanted 
interference. Because of these draWbacks, the telecommu 
nications industry has recently turned to VCSELs. 

[0021] Micro-cavity VCSELs include semiconductor 
structures Which have multiple layers epitaxially groWn 
upon a semiconductor Wafer/substrate, typically Gallium 
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Arsenide or Indium Phosphide. The layers comprise semi 
conductor or dielectric Bragg mirrors Which sandWich layers 
comprising quantum Well active regions. Within the 
VCSEL, photons emitted by the quantum Wells bounce 
betWeen the mirrors and are then emitted vertically from the 
Wafer surface. The VCSEL type laser naturally has a circular 
dot geometry With lateral dimensions of a feW microns. The 
emitting aperture of a feW microns facilitates direct-coupling 
to optical ?bers or other simple optics, since the narroW 
aperture typically supports only a single lateral mode 
(TEMOO) of the resulting optical Waveguide, but is suf? 
ciently Wide to provide an emerging optical beam With a 
relatively small diffraction angle. A 1.3 micron VCSEL is 
said to have been developed by Sandia National Laborato 
ries in conjunction With Cielo Communications, Inc. 
According to a neWs report, “This neW VCSEL is made 
mostly from stacks of layers of semiconductor materials 
common in shorter Wavelength lasers—aluminum gallium 
arsenide and gallium arsenide. The Sandia team added to 
this structure a small amount of a neW material, indium 
gallium arsenide nitride (InGaAsN), Which Was initially 
developed by Hitachi of Japan in the mid 1990s. The 
InGaAsN causes the VCSEL’s operating Wavelength to fall 
into a range that makes it useable in high-speed Internet 
connections.” (“‘First ever’ 1.3 micron VCSEL on GaAs”, 
Optics.Org Industry NeWs, posted 16 Jun. 2000). One of the 
characteristics of micro-cavity VCSELs is that the laser 
cavity is formed entirely Within the semiconductor structure. 
A draWback of such VCSELs is that they do not generate 
much poWer, on the order of 3 mW for a small aperture of 
5 pm, for example. Also, there is transverse spatial hole 
burning betWeen the transverse modes above about 3 mW. 

[0022] As mentioned above, if a cavity is formed Which is 
external to the VCSEL semiconductor structure having a 
quantum Well active region, it is knoWn as an external 
(extended) cavity laser (ECL). The semiconductor structures 
used in ECLs have been typically Fabry-Perot lasers having 
one facet antire?ection coated so as not to interfere With 

external cavity operation. HoWever, the gain medium can 
also be achieved using a SOA, (i.e. a semiconductor optical 
ampli?er Which is typically an edge-emitting semiconductor 
gain structure Which hoWever does not include the mirrors 
needed to convert it into a laser oscillator) or half of a 
VCSEL. 

[0023] A semiconductor optical ampli?er (SOA) is a 
device that ampli?es an input signal of optical origin. The 
ampli?cation factor is typically high (>20 dB). A SOA 
ampli?es light as it propagates through a Waveguide made of 
semiconductor material. A SOA is typically less than 1 mm 
in length. It ampli?es light through stimulated emission (just 
as a laser produces radiation). In essence, a SOA is a 
Fabry-Perot laser Without feedback, having optical gain 
When the ampli?er is pumped (optically or electrically) to 
create a population inversion leading to stimulated emission. 
The optical gain of Wavelength and signal intensity depends 
on the SOA design and medium. HoWever, a SOA can form 
the gain medium of a laser. 

[0024] Typically a SOA has tWo AR (anti-re?ection) 
coated facets. In some cases, the Waveguide is de?ned by a 
ridge that has non-normal incidence to the facets to further 
reduce the effective facet re?ectivity. The SOA design can 
lead to facet re?ectivities that are 10 to 100 times smaller 
than in a Fabry-Perot laser. Were a SOA designed to have 
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only one AR coated facet With non-normal incidence and 
normal incidence of the Waveguide at the other facet, then it 
Would form an active mirror. The non-normal incidence of 
the facet could either be cleaved (30% re?ectivity) or HR 
(high re?ectivity) coated. SOAs can also be designed to have 
a square Waveguide structure Which lends itslf to a circular 
Gausian beam. 

[0025] In both VCSEL and SOA cases, one creates a 
so-called “active mirror” (also referred to as an “amplifying 
mirror”) that de?nes one of the laser cavity re?ectors but 
also provides the gain medium for the laser. The gain in this 
active mirror results from either electrical or optical exci 
tation (pumping) of carriers that recombine in the quantum 
Wells to create photons. The external cavity de?nes the 
coherence properties (Wavelength) of these photons. If the 
gain medium is half a VCSEL, the external cavity version is 
referred to as a VECSEL. If the gain medium is a SOA the 
laser is called ECSAL. In general, We Will refer to both such 
types of laser as a STECAM, a stepWise tunable, external 
cavity, active mirror laser. 

[0026] A VECSEL based active mirror is an epitaxially 
groWn semiconductor body, typically a feW microns thick, 
Which comprises a multiple quantum Well active gain region 
sandWiched betWeen a Bragg mirror groWn on a semicon 
ductor substrate and a capping layer. The active mirror may 
also have an antire?ection coating that is either epitaxially 
groWn or dielectrically deposited. An external cavity is then 
formed by a second, passive mirror that forms a stable 
resonator With the active mirror. Such an external cavity can 
either be a high re?ectivity dielectric concave mirror or a 
plano/plano mirror With an intracavity refocusing element 
such as a lens. One example of an optically-pumped VEC 
SEL is described in Published International Patent Applica 
tion WO 00/10234, entitled “Optically-Pumped External 
Mirror Vertical-Cavity Semiconductor-Laser”, the 
disclosure thereof being incorporated herein by reference. 
The disclosed VECSEL includes an epitaxially-groWn semi 
conductor structure having a multiple-layer mirror structure 
integrated With a multiple-layer quantum-Well structure 
Which provides a gain medium, and an external mirror 
forming a resonant cavity With the integrated semiconductor 
multilayer mirror. Optical pumping radiation is directed at 
the quantum-Well structure via an outermost (top layer) and 
is absorbed by the quantum-Well and pump-absorbing lay 
ers. The quantum-Well layers release photons in response to 
the pumping energy, and the external cavity is dimensioned 
to result in laser energy output at an approximate 976 nm 
Wavelength in response to pumping energy at a Wavelength 
of approximately 808 nm. Because this VECSEL operates at 
Wavelengths below 1.1” in the near infra-red spectrum, the 
active gain medium is made to be aluminum-free, since 
aluminum ions tend to diffuse in GaAs/AlGaAs lasers. 
Accordingly, the quantum-Well and pump-radiation absorb 
ing layers are aluminum-free layers of alloys of gallium 
arsenide and indium gallium arsenide phosphide (GaAs/ 
InGaAsP). HoWever, a draWback of the VECSEL described 
in this published International Patent Application is the 
absence of any Wavelength tuning mechanism enabling 
adjustment of the laser emission Wavelength. 

[0027] Other VECSELs are described, inter alia, in a paper 
by Sandusky and Brueck, entitled: “A CW External-Cavity 
Surface-Emitting Laser”, IEEE Photonics Tech. Ltrs., Vol. 8, 
No. 3, March 1996, pp. 313-315; and, in a paper by 
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KuZnetsov, Hamimi, Sprague, and Mooradian, entitled: 
“High PoWer (>0.5-W CW) Diode-Pumped Vertical-Exter 
nal-Cavity Surface-Emitting Semiconductor Lasers With 
Circular TEMO0 Beams”, IEEE Photonics Tech. Ltrs., Vol. 9, 
No. 8, Aug. 1997, pp. 1063-1065. 

[0028] Co-inventors Garnache and Kachanov of the 
present invention have previously reported that an optically 
pumped multiple-quantum-Well (“MOW”) VECSEL is an 
excellent candidate for use in high sensitivity intracavity 
laser absorption spectroscopy (“ICLAS”) in “High-sensitiv 
ity intracavity laser absorption spectroscopy With vertical 
external-cavity surface-emitting semiconductor lasers”, 
Optics Letters, Vol. 24, No. 12, Jun. 15, 1999, pp. 826-828. 
In the ICLAS method an absorbent analyte is placed inside 
an external cavity of a broadband laser With homogeneously 
broadened gain. An L-shaped cavity Was formed by the 
integrated Bragg mirror, an external folding mirror having a 
150 mm radius of curvature, and a ?at output coupler having 
0.5 percent transmission placed at the end of a one meter arm 
of the cavity. The angle betWeen the tWo arms Was reduced 
to approximately 7 degrees to reduce astigmatism. A 500 
mm long intra-cavity absorption cell With BreWster-angle 
WindoWs and containing an analyte material Was placed in 
the long arm. Generation time Was controlled by an optical 
chopper that interrupts or starts the pump radiation beam and 
by an acousto-optic modulator that is triggered after an 
adjustable generation delay time. Further Work by these 
authors With VECSELs in the ?eld of spectroscopy is 
reported in a paper by Garnache, Kachanov, Stoeckel and 
Houdre entitled: “Diode-Pumped Broadband Vertical-Exter 
nal-Cavity Surface-Emitting Semiconductor Laser: Applica 
tion to High Sensitivity Intracavity Laser Absorption Spec 
troscopy”, JOSA-B-B, Vol. 17, No. 9, September 2000, pp. 
1589-1598. The disclosures of these tWo articles are incor 
porated herein in their respective entireties by this reference 
thereto. 

[0029] An intra-cavity etalon and a Lyot ?lter Were said by 
Holm et al. to stabiliZe VECSEL radiation at a single 
Wavelength in “Actively StabiliZed Single-Frequency Ver 
tical-External-Cavity AlGaAs Laser”, IEEE Photonics T ech 
nology Letters, Vol. 11, No. 12, December 1999. 

[0030] One approach for tuning a VECSEL is described in 
a note by D. Vakhshoori, P. Tayebati, Chih-Cheng Lu, M. 
AZimi, P. Wang, Jiang-Huai Zhou and E. Canoglu entitled, 
“2 mW CW single mode operation of a tunable 1550 nm 
vertical cavity surface emitting laser With 50 nm tuning 
range”, published in Electronics Letters, Vol. 35, No. 11, 
May 27, 1999, pp. 900-901, the disclosure thereof being 
incorporated herein by reference. The described laser Was 
groWn epitaxially upon an indium phosphide substrate and 
has a cavity formed by a distributed Bragg re?ector (DBR), 
a multiple quantum Well (MOW) active gain region, and an 
external dielectric membrane mirror at a relatively short 
(~7p) distance from the active gain region. Because the 
VECSEL laser cavity is so short, only one cavity mode can 
?t into the bandWidth of the MQW gain structure. Cavity 
length can be changed by applying a potential difference 
betWeen the dielectric membrane and the ambient support 
ing structure, thereby applying an electrostatic force to the 
membrane mirror and causing its curvature (and hence the 
cavity length) to change. Changing the cavity length shifts 
the cavity resonance frequency Which thereby results in laser 
frequency tuning. The VECSEL is optically pumped by a 
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980 nm diode laser Which can be epitaxially grown below 
the DWDM laser. The authors and an associated company, 
Coretek, have reported continuous tuning of this VECSEL 
over a range of about 50 nm, Which is more than 10 times 
the tuning range of a typical DFB laser. This Coretek 
VECSEL is said to have a high quality TEMO0 transverse 
mode and more than 50 dB of side mode suppression. 

[0031] HoWever, the Coretek VECSEL does not appear to 
meet the DWDM telecom requirements. The micro-ma 
chined membrane mirror must be ?exible in order to move 
the required tuning distance, and is therefore necessarily 
sensitive to external perturbations or vibrations and also can 
become self-excited into undesirable vibrational modes by 
actuation. This system is also complex to produce, With the 
evident dif?culties of a multilayer epitaxial structure being 
compounded by the need to form, align and attach a preci 
sion micro-machined membrane external mirror. Thus, 
Coretek type VECSELs Would be challenging to manufac 
ture at a reasonable cost and yield in mass production. 
Furthermore, a complex feedback control system Would be 
required to maintain membrane mirror position, thereby 
limiting absolute frequency set point stability and reproduc 
ibility in laser tuning. 

[0032] Caprara et. al. (eg US. Pat. Nos. 5,991,318; 
6,097,742 and 6,167,068) have described a very large, 
high-poWer VECSEL With intra-cavity harmonic generation 
crystals producing output radiation at 488 nm, (Well beloW 
current telecommunication Wavelengths). Since such a har 
monic generation crystal creates loss for the laser mode 
being converted to a shorter Wavelength, an additional 
intra-cavity Wavelength control element is described. The 
?xed element described is a BreWster-angle birefringent 
plate. Such a tuning element requires mechanical rotation 
for adjustment and thus cannot provide rapid tuning. More 
over, mechanical adjustment causes energy to build up in the 
successive modes traversed by the ?lter transmission maxi 
mum. 

[0033] Telle and Tang (Applied Physics Letters 24, 85-87 
(1974) have described an electro-optic frequency selective 
?lter for dye lasers that might be capable of rapid tuning if 
sufficiently high voltage can be suf?ciently rapidly applied. 
HoWever, the multi-kilovolt potentials required by that ?lter 
are too high for practical telecommunication use, and the 
beam collimation required is not compatible With VECSEL 
type lasers. Other previously knoWn tunable ?lter technolo 
gies have too much loss for use With surface emitting 
semiconductor gain media and/or transmit extra unaccept 
able frequencies. HoWever, When used in conjunction With 
a higher gain medium such as a SOA, these ?lters (e.g. liquid 
crystals) can provide a suitable loWer voltage tuning alter 
native. 

[0034] From the foregoing description of the state of the 
art, it is apparent that a hitherto unsolved need has remained 
for a simpli?ed, reproducible and Widely tunable single 
mode MQW VECSEL or SOA based laser for optical ?ber 
telecommunications Which overcomes the limitations and 
draWbacks of the prior art approaches. Especially, there 
remains a need for a compact near infra-red laser system 
capable of sWitching quickly (<10 gs) among cavity modes 
spaced at ~25-50 GHZ from one another Without producing 
unWanted frequencies. 
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OBJECTS OF THE INVENTION 

[0035] One object of the present invention is to realiZe an 
optical ?ber transmitter module including a single mode 
MQW VECSEL having a semiconductor structure With a 
homogeneously broadened active gain region and an exter 
nal mirror spaced from the semiconductor structure by a 
spacer such that a cavity length is in a range of 0.5 mm and 
50 mm and is chosen to create a laser frequency comb 
corresponding to a predetermined optical channel spacing 
arrangement. 

[0036] Another object of the present invention is to realiZe 
a MQW VECSEL semiconductor structure formed by 
molecular beam epitaxy or metal organic chemical vapor 
deposition in a manner enabling removal of the semicon 
ductor substrate, thereby overcoming limitations and draW 
backs of prior approaches in Which the substrate contributed 
to the presence of a Fabry-Perot etalon or other unWanted 
optical element. 

[0037] Another object is to realiZe an optical ?ber trans 
mitter module including a SOA With homogeneously broad 
ened and unpolariZed active gain and an external mirror. 

[0038] Yet another object of the present invention is to 
realiZe a laser With reproducible absolute emission Wave 
lengths that correspond to standardiZed Wavelength division 
multiplex (WDM) channel Wavelengths, as used in optical 
?ber telecommunications netWorks, such that the laser steps 
from channel to channel and such that by design the emis 
sion Wavelengths of this laser are ensured to hit any desired 
channel Wavelength accurately and have channel separation 
With an accuracy better than ten percent of channel spacing. 

[0039] One more object of the present invention is to 
realiZe a ?ber optic transmitter having sidemode suppression 
in excess of 40 dB. 

[0040] One further object of the present invention is to 
provide a VECSEL or ECSAL for use as abaser source 

Within a Wide variety of applications and environments 
including telecommunications test equipment. 

[0041] Another object of the present invention is to pro 
vide a compact VECSEL or ECSAL device With axial cavity 
modes (i.e. axial mode frequencies) Which correspond to 
pre-determined communications or spectroscopic channels, 
and Which is capable of randomly sWitching among such 
channels in 1 millisecond or less. 

[0042] Another object of the invention is to provide a 
single ECSAL able to access the entire C or L optical 
communications band. 

[0043] Another object of invention is to provide a method 
to access the entire C or L optical communications band With 
a single laser device. 

[0044] Another object of this invention is to provide a 
frequency agile laser module meeting all current require 
ments for DWDM optical ?ber communications. 

[0045] An object of the present invention is to provide an 
external cavity type laser having a ?xed cavity length 
selected so that permitted laser modes match desired emis 
sion frequencies (eg the frequencies of the ITU grid). 

[0046] One further object of the present invention is to 
realiZe a compact multi-quantum Well (MQW) based optical 
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transmitter With cavity modes Which correspond to pre 
determined communications or spectroscopic channels. 

[0047] Another object of the invention is to realize an 
optical transmitter that emits a stable TEM0O beam at the 
frequency of a speci?c channel and Which can be sWitched 
to another such channel by changing some convenient 
control parameter. 

[0048] Another object of the invention is to provide an 
optical transmitter that is capable of randomly sWitching 
among such channels in 0.1 millisecond or less. 

[0049] Apreferred laser includes an intra-cavity, fast elec 
tro-optic tuning element providing minimum optical loss 
only at selected frequencies. 

[0050] A preferred laser also includes a gain medium that 
is homogeneously broadened, coupled to a circular (Gaus 
sian) external laser mode. 

[0051] An optical ?ber transmitter comprises an active 
mirror for emitting an information-carrying laser beam at a 
design Wavelength and has an external cavity length de?ning 
a plurality of optical modes, each mode corresponding to a 
channel Wavelength of an optical telecommunications sys 
tem having plural optical channels. The active mirror (the 
mirror Which is part of the gain medium) such as the 
semiconductor structure of an optical-pump-excited VEC 
SEL or a SOA, has a homogeneously broadened multiple 
quantum Well (MQW) active region Wherein the gain curve 
exceeds cavity losses over a band Which is less than mode 
to-mode spacing, the gain region being tunable to step from 
a ?rst mode to an adjacent second mode and to remain stably 
at the adjacent second mode. Atuning arrangement tunes the 
laser from mode to mode thereby to select each one of the 
plural optical channels. A conventional external optical 
amplitude modulator adds user traf?c to a beam emitting 
from the laser to provide the information-carrying laser 
beam, and a coupler couples the traf?c-carrying laser beam 
into an optical ?ber of the optical telecommunications 
system. In the case of a SOA, the structure of the gain 
medium may lend itself to the integration of a modulator 
(e.g. electro absorptive or Mach-Zender) 

[0052] The external cavity length is determined in accor 
dance With the folloWing parameters: 

[0053] 1) The frequency spacing of the ITU grid (or 
Whole number fraction thereof) to be achieved. 

[0054] 2) The optical and/or temporal dispersion pro 
duced by intracavity optical elements. 

[0055] 3) The effective optical and/or temporal dis 
persion caused by the act of tuning. 

[0056] In either a VECSEL or SOA based laser the exter 
nal mirror is normally spherical and positioned relative to 
the semiconductor structure by a spacer stricture mounted to 
the heat sink at a distance in a range of 0.5 mm and 50 mm 
to form the external cavity and in the present invention this 
distance is chosen to create a laser frequency comb corre 
sponding to a predetermined optical channel spacing 
arrangement. Equivalently to the spherical mirror, a focus 
ing intra cavity lens and plano plano mirror can be used to 
form the external cavity. The key to the external cavity 
design is that it be a stable resonator as de?ned in Siegman 

Aug. 26, 2004 

“Lasers” University Science Books 1986 Where the external 
cavity serves primarily as a feedback stabiliZation mecha 
nism. 

[0057] In accordance With some embodiments of the 
present invention, the VECSEL or ECSAL includes a heat 
sink structure and a semiconductor structure groWn by 
molecular beam epitaxy upon a substrate and attached to the 
heat sink. As completed, the semiconductor structure com 
prises a multi-layer semiconductor or dielectic mirror 
region, a homogeneously broadened multiple quantum Well 
gain region having a thickness equal to at least one design 
Wavelength and having a plurality of quantum Wells, each 
quantum Well being optimally positioned With respect to a 
standing Wave in the active gain region at the design 
Wavelength, and an antire?ection coating region having a 
loW re?ectance at the design Wavelength. In the case of a 
MQW VECSEL the mirror can advantageously be a semi 
conductor Bragg re?ector achieving at least 99% re?ectance 
and the active region can be as short as one design Wave 
length. In the case of a SOA as the gain region, one mirror 
of the cavity can be a cleaved facet that may or may not have 
a dielectric coating and its active region can be hundreds of 
times the design Wavelength, also in the case of a SOA, the 
active mirror is normally electrically pumped. HoWever, 
careful consideration must be given to the Waveguide design 
of the SOA to ensure that a good overlap betWeen the 
external cavity mode and the fundamental Waveguide mode 
is achieved and that higher order Waveguide modes are not 
excited. 

[0058] In the case of an optically pumped MQW VEC 
SEL, an in-plane laser (e.g. Fabry Perot or DFB diode laser) 
providing pump radiation is aligned relative to an external 
surface of the semiconductor quantum Well at BreWster’s 
angle relative to the axis of pump laser emission. In this 
embodiment the diode laser pump is a sub-assembly Which 
is aligned and secured in a sideWall of the spacer structure 
and is thereby made integral thereWith. A pump radiation 
absorption element or aperture is preferably formed in the 
spacer structure at BreWster’s angle opposite an angle of 
incidence of the pump radiation for absorbing any pump 
radiation residually re?ected from the external surface of the 
active region. Note that by pumping the structure at BreW 
ster’s angle, over 90% of the pump radiation is typically 
absorbed. An optimiZed pumping arrangement can deliver as 
much as 99% of the pump radiation to the VECSEL struc 
ture. BreWster’s angle is about 74 for InP based materials, 
Which corresponds to a tan (74)=3:1 ratio for the incoming 
pump beam axes to produce a circular spot on the semicon 
ductor. Because the geometry of most edge-emitting devices 
is 3:1, pumping at BreWster’s angle eliminates the need to 
circulariZe the pump laser beam, reducing the complexity of 
the pump optics. In fact, only focusing optics such as one or 
tWo lenses are required to image the pump beam to the 
correct spot siZe on the active region. A simple M2 plate 
provides the correct polariZation for incidence at BreWster’s 
angle and hence maximum absorption. As is knoWn to those 
skilled skilled in the art, the term BreWster’s angle refers to 
the angle of incidence of light re?ected from the surface of 
dielectric material at Which the re?ectivity for light Whose 
electrical vector is in the plane of incidence becomes Zero. 
This is sometimes referred to as the polariZing angle. In the 
context of the present invention Where the dielectric material 
has a chemically composite multilayer structure and has in 
effect a composite refractive index, BreWster’s angle (some 
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times referred to as an angle analogous to BreWster’s angle) 
is the angle corresponding to that composite refractive 
index. The siZe of the pump beam on the VECSEL is 
advantageously matched to the siZe of the external cavity 
transverse mode and accounts for thermal effects (such as 
thermal lensing) in the VECSEL itself. 

[0059] A method for calibrating a stepWise tunable, exter 
nal cavity amplifying mirror (STECAM) laser is also pro 
vided. The STECAM laser includes an external cavity 
formed by an external mirror at a length ?xed by a spacer. 
The length de?nes a plurality of optical modes, each mode 
corresponding to a channel Wavelength of an optical tele 
communications system having plural optical channels. The 
semiconductor structure of the active mirror has a homoge 
neously broadened multiple quantum Well (MQW) active 
region Wherein the gain curve exceeds cavity losses over a 
band Which is less than the mode-to-mode spacing, the laser 
output being tunable to step from a ?rst mode to an adjacent 
second mode and to remain stably at the adjacent second 
mode. A tuning mechanism such as a thermoelectric cooler 
for cooling and heating the active gain region, or a fre 
quency-selective element such as an intra-cavity etalon, is 
provided for tuning the STECAM laser from mode to mode. 
A digital controller including a Wavelength-selective optical 
sensor responsive to laser output radiation tunes the laser 
from mode to mode and maintains the laser at each mode 
thereby to select each one of the plural optical channels. The 
Wavelength-selective optical sensor generates pulses respon 
sive to inter-mode optical transitions. The method includes 
steps of: 

[0060] sWeeping the tuning mechanism betWeen a 
longest and a shortest Wavelength mode capable of 
being generated by the laser in accordance With a 
control parameter generated by the digital controller, 

[0061] recording in the memory of the digital con 
troller a transition control parameter presently being 
put out by the Wavelength-selective optical sensing 
means upon detection of pulses responsive to inter 
mode optical transitions, and 

[0062] determining and recording single mode set 
values as approximately half increment magnitudes 
betWeen magnitudes of adjacent recorded transition 
control parameters. 

[0063] Thus, the tuning mechanism precision required is 
reduced from having to land exactly on an ITU channel 
Wavelength to simply creating a pro?le such that the laser 
snaps itself to the appropriate channel, Whose Wavelength 
has already been predetermined by the external cavity. Such 
a laser does not require expensive Wavelength control cir 
cuitry. 
[0064] These and other objects, advantages, aspects and 
features of the present invention Will be more fully under 
stood and appreciated by those skilled in the art upon 
consideration of the folloWing detailed description of vari 
ous embodiments, presented in conjunction With the accom 
panying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0065] The accompanying draWings, Which constitute part 
of the speci?cation, illustrate embodiments of the present 
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invention, and together With the detailed description given 
beloW, serve to explain the invention. In the DraWings: 

[0066] FIG. 1 is a pair of graphs of gain intensity as a 
function of VECSEL optical mode, shoWing an initial higher 
gain and a residual steady state loWer gain suitable for 
exciting a single mode in continuous Wave (CW) operation, 
rendering the VECSEL output single mode and thereby 
useful for mode sWitching in optical ?ber telecommunica 
tions. 

[0067] FIG. 2 shoWs thermally induced mode hopping 
over extended time intervals of a VECSEL useful for mode 
sWitching in optical ?ber telecommunications. 

[0068] FIG. 3 is a schematic diagram of an optical ?ber 
transmitter unit including an optically pumped MQW VEC 
SEL in accordance With principles of the present invention. 

[0069] FIG. 4 is a band gap energy diagram superimposed 
upon a diagrammatic cross section of an epitaxially-groWn 
semiconductor structure preparatory to inverse structure 
processing into the FIG. 3 semiconductor VECSEL. 

[0070] FIG. 5 is a graph of re?ectivity (upper trace) and 
photo-luminescence (PL) (loWer trace) intensity measure 
ments made of a sample of the FIG. 3 VECSEL having an 
indium phosphide semiconductor structure along a Wave 
length baseline. As is customarily done, the PL intensity is 
given in arbitrary units, and is plotted together With the 
re?ectivity for convenience. 

[0071] FIG. 6 is a schematic diagram of another optical 
?ber transmitter unit including an optically pumped MQW 
VECSEL in accordance With the principles of the present 
invention. 

[0072] FIG. 7 is a schematic diagram of a MQW VECSEL 
similar to the FIG. 3 MQW VECSEL With the addition of an 
annular pieZoelectric element for providing micro adjust 
ment of the external cavity length, thereby adding a further 
Wavelength tuning mechanism having a shorter time con 
stant than is achievable With thermal tuning alone. 

[0073] FIG. 8 is a greatly enlarged schematic diagram of 
a MQW VECSEL similar to the FIG. 3 MQW VECSEL in 
Which a 150 mW diode laser is mounted and aligned to 
pump the VECSEL semiconductor structure at BreWster’s 
angle, in accordance With the principles of the present 
invention. 

[0074] FIG. 9 is a greatly enlarged schematic diagram of 
a MQW VECSEL similar to the FIG. 3 MQW VECSEL 
illustrating one preferred arrangement for precisely aligning 
and securing the external mirror spacer to the heat sink to 
achieve the cavity precision design length. 

[0075] FIG. 10 is a greatly enlarged schematic diagram of 
a MQW VECSEL incorporating principles of the present 
invention and further including an intra-cavity etalon 
enabling rapid mode selection. 

[0076] The relationships of various elements and compo 
nents are again illustrated schematically in FIGS. 11-22 in 
accordance With the current invention. In these draWings, 
like components are designated by like reference numbers. 

[0077] FIG. 11 schematically illustrates an embodiment of 
a VECSEL in accordance With the present invention having 
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a resonator incorporating an amplifying mirror and an 
electronically adjustable tuning element Within the laser 
cavity. 
[0078] FIG. 12 is a graphical representation of the spectra 
of the resonator 70, amplifying mirror gain 71 and tunable 
element 72 Wherein the gain is ?atter than that shoWn in 
FIG. 1. 

[0079] FIG. 13 is a representation of an embodiment of 
the amplifying mirror incorporating a Bragg re?ector region 
and a gain region combined Within a monolithic structure. 

[0080] FIG. 14 illustrates an embodiment of the present 
invention in Which the amplifying mirror is excited optically 
by a laser beam originating outside the cavity. 

[0081] FIG. 15 illustrates an embodiment of an electroni 
cally adjustable tuning element in Which a tilted plane etalon 
With an electro-optically active spacer and a polariZation 
selective element constitute the tuning device. 

[0082] FIG. 16 is another embodiment of an electronically 
adjustable tuning element Which incorporates a BreWster 
angled WindoW as a polariZation selective element and a 
birefringent electro-optical medium to select the desired 
laser mode. 

[0083] FIG. 17 illustrates the effect of a tilted birefringent 
tuning element upon the polariZation of the light in the laser 
cavity. 

[0084] FIG. 18 illustrates another embodiment of an elec 
tronically adjustable tuning element in Which there are a 
plurality of electro-optically active birefringent media. 

[0085] FIG. 19 illustrates another embodiment of an elec 
tronically adjustable tuning element in Which there are a 
plurality of electro-optically active birefringent media and 
additional birefringent media Without electro-optical con 
trol. 

[0086] FIG. 20 illustrates the polariZation altering role of 
the birefringent, but non-electro-optically control media in 
the embodiment of the device shoWn in FIG. 9. 

[0087] FIG. 21 illustrates another embodiment of an elec 
tronically tunable frequency selective element Wherein it 
incorporates a lens to create a beam Waist Within the tuning 
device in addition to the beam Waist present in the ampli 
fying mirror. 

[0088] FIG. 22 illustrates another embodiment of an elec 
tronically tunable frequency selective element Wherein it 
incorporates an off-axis concave mirror to create a beam 
Waist Within the tuning device. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0089] The present invention provides a compact, tunable 
laser source Which can be tuned over a range of several tens 
of nanometers Within an optical telecommunications multi 
channel band plan and Which Will operate reliably and 
extendedly on selected ones of the multiple channels thereof 
(as speci?ed by the International Telecommunications 
Union (ITU) DWDM grid plan, for example). The laser 
source is an active mirror (MQW VECSEL or SOA) having 
an epitaxially groWn MQW gain structure With a re?ector 
(eg an incorporated distributed Bragg re?ector (DBR)) or 
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a dielectric coating and an external dielectric coated spheri 
cal mirror. An intra cavity tuning element can be used to 
achieve rapid frequency selection. The external mirror is 
positioned to give an optical path length L from the MQW 
structure such that c/2L=AvDWDM, Where c is the velocity of 
light and AvDWDM is a required telecom optical channel 
spacing, such as 12.5 GHZ or 25 GHZ, for example. For a 
channel spacing of 25 GHZ cavity length L should be 
approximately 0.6 cm. Note that 7» Will typically include 
thickness and dispersion compensation for any intra cavity 
elements. 

[0090] Separation betWeen the MQW structure and the 
external mirror can be maintained by a spacer made of a 
material having a loW index of thermal expansion, 0t, such 
as fused silica ((X~10_6) or ZerodurTM, a silica-like material 
made by Heraeus-Amersil and Which can have a thermal 
expansion coef?cient equal to essentially Zero over a tem 
perature range of several tens of degrees C. Alternatively, if 
the cavity components can be mounted on a miniature 
optical bench having a loW (or controllable) index of thermal 
expansion, then a free space version of the laser is possible. 
The resultant optical cavity provides a comb of ?xed laser 
frequencies. 
[0091] An absolute frequency reproducibility Av/v=AL/ 
L=otAT of 6.310“6 (for T=6° C.) can be realiZed With a fused 
silica spacer. In this laser, the external cavity itself serves as 
an absolute frequency standard (etalon). The spacer length 
tolerance 6L should be L~6.3~10_6=0.04p, or 0.025 of the 
Working Wavelength. Such accuracy is Well Within the 
existing capability of the optical industry Which can make 
retardation plates to adjust the accuracy of a polariZation 
vector With better accuracy than one degree of retardation. 

[0092] The radius of curvature of the external mirror is 
derived from the cavity mode diameter at the MQW struc 
ture for a cavity length equal to L. For example, With 
external mirror spacing L=0.6 cm a cavity mode diameter of 
50” Will be achieved if the mirror radius of curvature is 
equal to 0.63 cm. Such mirrors can be manufactured by 
standard methods knoWn in the optical industry, such as 
molding the mirrors against a diamond-turned metal pre 
form. Note that in all laser designs, the cavity must be a 
stable resonator. This entails that other embodiments are also 
useable, such as plano/plano mirrors used in conjunction 
With an intra cavity lens. 

[0093] In a preferred embodiment of the present invention, 
single frequency operation of the laser on a particular 
telecom channel is achieved: 1) by the homogeneous broad 
ening properties of the MQW gain structure Which results in 
a spectral narroWing of laser output radiation after the initial 
intensity buildup of laser radiation Within the cavity, and 2) 
by laser cavity design in Which the active gain structure is 
positioned so as to minimiZe spatial hole burning effects and 
favor single frequency operation, even if no additional 
frequency selection mechanisms (such as intra-cavity etal 
ons or Lyot ?lters) are provided. 

[0094] The transient behavior of a VECSEL made of 
InGaAs strained quantum Wells having GaAs barriers has 
been studied and reported in the articles by co-inventors 
Garnache, et.al. cited in the Background of the Invention. 
For a VECSEL having a homogeneously broadened gain 
medium With gain bandWidth F (half-Width at half-maxi 
mum and broadband mirrors, the intensity Mq(tg) 
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of a mode q at a time tg (generation time) Which is measured 
from the instant When pumping started can be described by 
the following equation (1): 

[0095] Where qO is a central mode number, and y is the 
cavity loss rate. Cavity loss rate y can be described by 
equation (2): 

[0096] Where c is the velocity of light, and the cavity has 
an output coupler having re?ectivity R and internal loss li. 

[0097] From equation (1) it folloWs that after a VECSEL 
begins transitioning, its spectrum Will be multimode With the 
total Width close to the gain bandWidth 2F, but the intensities 
of the side modes Will decrease exponentially over time so 
that the spectral Width 

[0098] Av (HWHM) Will decrease in time inversely pro 
portional to the generation time tg, in accordance With 
equation (3): 

[0099] It has been experimentally con?rmed that a 
requirement for validity of equation (1) is that the gain 
medium of the active region of the VECSEL is homoge 
neously broadened and that any non-linear interactions 
betWeen the modes are negligible for a given generation 
time. If, for a certain laser, the spectral Width becomes 
smaller than cavity mode spacing, and equation (1) remains 
valid, the laser Will collapse to single frequency operation. 
In the September 2000 J OSA-B paper of co-inventors Gar 
nache, Kachanov and Romanini With co-author Houdre, it 
Was shoWn that for a VECSEL active region comprising a 
strained InGaAs MQW in GaAs, this equation is valid for a 
generation time tg at least as large as one second. If one 
assumes a reasonable value of gain bandWidth F as equal to 
100 cm'1 or 3000 GHZ, external coupler re?ectivity, Roc= 
0.99 percent, and cavity internal loss li of 0.001, then for a 
cavity length L of 0.6 cm, the spectrum must collapse to a 
bandWidth smaller than intermode spacing equal to 25 GHZ 
at a time tg~0.03 ms. This means that the VECSEL Will then 
be operating single frequency at a mode closest to the gain 
maximum. This time is signi?cantly shorter than the time for 
Which equation (1) Was experimentally con?rmed as 
reported in the above-referenced article. Note that for a 
higher gain active mirror such as a SOA, the cavity can 
support higher losses, such as 30% output coupling Which 
corresponds to an even faster spectral collapse time of 3 us. 
In principle, actual laser Wavelength sWitching should occur 
in <1 us. 

[0100] FIG. 1 presents tWo plots of VECSEL active gain 
as a function of Wavelength and pumping intensity, and 
marks a series of VECSEL cavity modes (resonances) across 
the abscissa of the graph. The dotted line shoWs initial 
intensity buildup in the cavity Which takes place during the 
initial startup (and Which is of particular interest and impor 
tance in the case of ICLAS). After about one microsecond 
the VECSEL active gain becomes clamped to the average 
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cavity losses, and from the solid-line curve of FIG. 1 it is 
seen that only the mode closest to the gain maximum Will be 
operating by adjusting pumping radiation to an appropriate 
level, and by thermally decoupling the VECSEL external 
cavity mirror, FIG. 2 shoWs that, folloWing an initial mode 
sWitch interval, it is practical, by thermal control, to rela 
tively sloWly move the VECSEL laser output radiation 
Wavelength stably from mode to mode over time. Faster 
mode selection (<1 us) may be achieved by providing a 
controllable intra-cavity element such as an etalon or Lyot 
?lter. 

[0101] Thermally controlled VECSEL mode hopping and 
stability at each selected mode (folloWing startup phase) 
over an extended time period (hours) is shoWn in the FIG. 
2 graph. This graph represents data obtained from a VEC 
SEL having a semiconductor structure groWn by molecular 
beam epitaxy on a 0.5 mm GaAs substrate. The bottom stack 
of the VECSEL is a standard Bragg mirror and consists of 
30.5 pairs of AlAs-AlO_27GaO_93As quarter-Wave layers With 
a measured re?ectance of 99.96 percent at a 1030 nm laser 
design Wavelength. The active region (MQW) consists of 
tWo sets of three strained 8-n InO_2GaO_8As quantum Wells 
separated by 10-nm GaAs barriers. Each set of quantum 
Wells is placed at the maximum of the intracavity standing 
Wave. 830-nm optical pump radiation is focused into the 
GaAs absorbing layers Within the gain region (Which has an 
optical thickness of 3M2. An AlAs quarter-Wave layer 
folloWed by an Al0_O7GaO_23As half-Wave layer Was groWn 
on top of the active region to prevent carriers from diffusing 
to the semiconductor surface and to have an Al-poor surface. 
A Ti:sapphire pump laser emitted 830 nm pump radiation 
focused into the gallium arsenide absorbing layers Within the 
gain region. The semiconductor chip Was soldered onto a 
copper heat sink and cooled by a Peltier element and a heat 
radiator operably connected to a temperature controller. The 
optical pump source, the VECSEL structure and the external 
cavity mirror Were mounted onto an aluminum base plate. 
Tunability Was achieved over a range of 1012 to 1086 nm 
With less than 500 mW of pump poWer. Further information 
concerning this particular VECSEL can be found in the 
paper entitled: “High-sensitivity intracavity laser absorption 
spectroscopy With vertical-external-cavity surface-emitting 
semiconductor lasers”, by co-inventors Garnache, Kacha 
nov, Stoeckel, and co-author Planel, in Optics Letters, Vol. 
24, No. 12, Jun. 15, 1999, pp 826-828, cited and incorpo 
rated by reference in the Background of the Invention, 
above. 

[0102] In accordance With the principles of the present 
invention, and as shoWn in FIG. 1, after a very short 
generation time (tg~0.03 ms, for example) the telecommu 
nications VECSEL Will operate single frequency on a mode 
closest to the MQW gain peak. The gain (solid bell-shaped 
line) Will be clamped to the cavity loss value (horiZontal 
dashed line) at this operating mode frequency (clamp is 
denoted by small full circle). If the temperature of the MQW 
active region is changed, for example by changing the 
temperature set point value of a thermoelectric cooler (ele 
ment 112 in FIG. 3) of the VECSEL semiconductor struc 
ture, the gain maximum Will move to a higher or loWer 
frequency, corresponding to an adjacent optical telecom 
channel. The VECSEL Will remain in the same mode until 
the gain maximum reaches a half-distance betWeen the tWo 
adjacent modes. At this point due to ever present perturba 
tions (either spontaneous emissions or mechanical pertur 
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bations, for example) the laser Will manifest intermittant 
(mode hopping) behavior. As the gain curve is thermally 
moved further, the laser Will start operating single mode on 
arrival at a mode adjacent to the departure mode. This 
experimental behavior of a non-stabiliZed VECSEL having 
a cavity length of 2.5 cm and With an InGaAs active region 
is shoWn in FIG. 2. FIG. 2 shoWs a very stable single mode 
operation With very loW frequency drift approximating 6 
MHZ per minute, even though the laser case temperature Was 
not stabilized, and the external mirror spacer Was provided 
by the aluminum base plate. FIG. 2 shoWs Zones of inter 
mittent behavior When the gain maximum is located equi 
distantly betWeen tWo adjacent modes. Since the cavity 
design of the VECSEL of the present invention enables only 
operation on a particular telecom channel frequency, tem 
perature tuning of this VECSEL provides a very ef?cient and 
stable Way to tune from one telecom channel to another. 
Tuning range of this VECSEL depends on the band gap 
energy dependence of the active Zone materials. Tempera 
ture tuning coef?cient of the laser described in the Septem 
ber 2000 JOSA-B paper referred to herein above Was 0.45 
nm/° C. By changing the temperature set point to the range 
of 125° C. With respect to room temperature, a tuning range 
of approximately 23 nm can be realiZed. 

[0103] The spectrum of the laser Will reach a stationary 
state at some time "tsp, Which is determined by the sponta 
neous emission rate into the cavity modes, and it can be 
found from equation (4): 

TS), ; 

[0104] Where MOSt is the intensity (photon number) of the 
central mode, and E is the ratio of the spontaneous emision 
rate into one laser mode to the stimulated emision rate per 
photon, (Which is close to unity). The spectrum of the laser 
in this stationary state Will have a Gaussian shape With a 
Width Which can be evaluated from equation If it is 
assumed that the poWer output of the VECSEL is 10 mW, 
then the photon number in the central mode Will be 3-108 
photons. "tsp vill then be 1.7 seconds, the Width of the 
Gaussian spectral distribution Will be 0.17 GHZ, and relative 
intensity of the nearest neighbor to the laser mode Will be 
4.7-10-5, or 31 43 dB. 

[0105] A?ber optic telecommunications transmitter 100 is 
diagrammatically illustrated in FIG. 3 for putting modulated 
optical poWer emitted by a VECSEL 104 into an optical ?ber 
106 of a communications netWork operating in the near 
infrared spectrum. eg 1000 nm to 1700 nm and having a 
multiplicity of spaced apart channels therein. e.g. 12.5 GHZ 
or 25 GHZ adjacent channel spacing. Asuitable amplitude lo 
modulator 105, such as a lithium niobate or lithium tantalate 
crystal, or other electro-optical element or grating having a 
current-modulated index of refraction or electroabsorption 
modulator, for example, is preferably included in the radia 
tion path of the VECSEL 104 in order to impart the 
necessary information signal to the VECSEL laser beam 
before passing into the optical ?ber 106. 

[0106] A laser diode unit 102 puts out optical pumping 
radiation at a desired Wavelength. e.g. 980-1000 nm (1.24 
eV at 300 K), and poWer level, eg a minimum of 150 mW 
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and typically 250 mW to 1 W. When excited by eg 150 mW 
of pump poWer, the VECSEL 104 puts out 5 mW in the near 
infrared spectrum, eg 1560 nm, and output poWer scales up 
as a function of pump poWer. A folding mirror 103 may be 
provided to direct the pump radiation toWard the VECSEL 
104 Which has a relatively short cavity, eg on the order of 
6 mm, betWeen an intrinsic DBR mirror 126 of a semicon 
ductor structure 114 and an external cavity mirror 116. 

[0107] Other elements of the VECSEL 104 include a heat 
sink 110, a thermoelectric cooler 112 for Wavelength control 
(mode selection), and an epitaxially groWn inverse semi 
conductor structure 114 including the antire?ection layer 
122, the MQW active gain region 124, the DBR mirror 
layers 126 and metal ?lm mirror layer 128 adjacent heat sink 
(base plate) 110. 

[0108] A spacer 115 supports an external mirror 116 in 
place over the top surface of the semiconductor 114 at a 
precise distance establishing the VECSEL cavity spacing in 
a range betWeen 0.5 mm and 50 mm, (approximately 6 mm 
in the present example). While the spacer shoWn in FIG. 3 
is cylindrical, it may have a variety of geometric shapes and 
be comprised of a single integral element, or several integral 
or discrete elements such as posts, pillars, a trough, or any 
other shape desired for or dictated by a particular applica 
tion. Thus, the term “spacer” as used herein includes mul 
tiple structural elements as Well as single integrated struc 
tures. 

[0109] The spacer 115 precisely ?xes a VECSEL cavity 
mode separation to be equal to dense Wavelength division 
multiplex (“DWDM”) channel spacing of the optical tele 
communications netWork. The ITU established DWDM 
telecommunications band at 190 THZ, With 25 GHZ channel 
spacing, requires an accuracy of absolute mode positions 
equal to 2.5 GHZ. In order to provide absolute frequency 
control of each mode equal to ten percent of the nominal 
channel spacing, a VECSEL cavity length precision on the 
order of 1.25><10_5 (AL/L) is required. 

[0110] The spacer 115 is most preferably formed of a 
material, such as a molded glass component, (e.g. ULE 
glass, quartZ, ZerodurTM or other glass or metal such as 
InvarTM having a loW coef?cient of thermal expansion) 
Which thermally decouples the external mirror 116 from the 
semiconductor structure 114, so that temperature regulation 
of the active region 124 With the thermoelectric unit 112 and 
heat sink 110 does not change the length of the VECSEL 
cavity. The spacer material can be selected to compensate 
for changes in the length of the semiconductor structure 114 
When the structure is heated. For example, if the semicon 
ductor structure elongates With temperature, the spacer 
material is chosen to expand With temperature by an appro 
priate amount to offset any change in Wavelength Which 
Would otherWise result. With a spacer made of fused silica 
having a thermal expansion coef?cient (X0 of 10_6, channel 
separation Will be maintained Within a temperature change 
of plus or minus ten degrees C. Spacer materials such as 
Zerodur ensure mode positions Within temperature-changes 
of plus or minus 100 degrees C. The VECSEL absolute 
cavity length during manufacture should be reproducible 
Within 0.4 micron. Contemporary optical manufacturing 
technology can provide thicknesses of optical materials 
Within 0.5 micron. In order to assure that the absolute cavity 
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length is Within speci?cation, trimming of the cavity length 
under optical feedback control is used to meet the required 
cavity length tolerance. 

[0111] The external mirror 116 may be a separate element 
bonded onto the end of the spacer 115, or it may be formed 
integrally With the spacer. The mirror 116 may be molded to 
the radius R1 With the aid of a diamond turned metal 
preform or shaped to a desired spherical contour by any 
other knoWn method. The mirror surface of structure 116 is 
of a very high re?ectance, and it has a desired spherical 
radius of curvature R1 relative to the MQW active gain 
region to de?ne a ?rst highly re?ective concave surface. The 
mirror 116 and the semiconductor structure 104 form a 
VECSEL cavity having sufficiently high ?nesse to realiZe 
effective single mode laser operation When excited by an 
appropriate level of optical pumping energy. The interior 
ambient environment of the VECSEL 104 may be dry air, 
helium, nitrogen, vacuum, or another medium, depending 
upon an acceptable scattering/absorption tolerance as may 
be required by a particular application or embodiment. 

[0112] The external mirror 116 may have an outer curva 
ture of radius R2 forming a coupling lens for focusing the 
pumping energy into the active region 124 and/or for focus 
ing the VECSEL laser emission beam into the optical ?ber 
106. Losses in the laser cavity of VECSEL 104 need to be 
loW enough so that the gain of the MQW active region is 
sufficient to overcome those losses. An external mechanical/ 
optical coupler 108 may be provided to position a ?ber end 
and couple the VECSEL laser beam into the ?ber 106. Other 
laser/?ber coupling arrangements knoWn in the art may also 
be employed to position and stabiliZe the components and to 
couple effectively the VECSEL laser beam into the ?ber. 

[0113] The optical transmitter also preferably includes a 
beam splitter 117 in the output laser beam path Which directs 
a component of output radiation into a photodetector struc 
ture 119. The photodetector provides optical feedback infor 
mation in the form of electrical signals to a controller 121, 
most preferably a programmed digital controller. The digital 
controller 121 generates thermoelectric cooler control sig 
nals Which are suitably converted into driving currents by an 
ampli?er 123 and applied to control the thermoelectric 
cooler 121. In some embodiments it may improve perfor 
mance of the transmitter 100 to include a temperature sensor 
125 Within the body of thermoelectric cooler 121 and feed 
sensed temperature values back to the controller 121. The 
digital controller can also feed back pump laser current 
control values to the pump laser to control pump radiation to 
maintain a constant output poWer out of the VECSEL via 
higher pump poWer levels at the edges of the tuning range 
Where VECSEL gain is not as high. The digital controller 
121 typically includes analog to digital and digital to analog 
conversion circuits Well knoWn to those skilled in the art and 
not included Within the FIG. 3 illustration. 

[0114] We have previously indicated that even though the 
transmission of the DBR mirror 126 of the semiconductor 
structure is very loW, a small amount of the transmitted light 
re?ected from the back side of the substrate can reenter the 
cavity. This small amount of light can introduce a spectral 
perturbation Which has the form of fringes With the spectral 
period de?ned by the optical thickness of the substrate. Such 
modulation is unWanted and may impede smooth tuning 
from one mode to another. We have found that this effect can 
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be signi?cantly reduced by providing a Wedge-shape to the 
substrate of several degrees. HoWever, for telecom applica 
tions, such Wedge shape may not be suf?cient to remove this 
effect because the VECSEL Will operate in a stationary state 
and the in?uence of the light scattered from the substrate 
may prove to be strong enough to perturb smooth tuning 
from mode to mode. In order to exclude completely any 
optical perturbation from the back side of the substrate, We 
deposit a non-transparent metal ?lm layer betWeen the DBR 
and the substrate. In order to make this approach practical, 
We employ a reverse order epitaxial process in Which the 
epitaxial structure is groWn in reverse order. As shoWn in 
FIG. 4, for the exemplary telecommunications transmitter 
100, the semiconductor structure 114 is groWn in reverse 
order on buffer layer 120 most preferably by molecular beam 
epitaxy: AR layer 122, then active region 124, then DBR 
mirror 126 and ?nally metal ?lm layer 128. 

[0115] The VECSEL semiconductor structure 114 is most 
preferably groWn on a substrate 118 comprising InP having 
an etch stop layer 120 of InXGa1_XAs, Where x and 1-x 
represent chemical mole fractions of the respective elements 
of the crystalline buffer layer material. As groWn in reverse 
order, the ?rst or bottom layer comprises the antire?ection 
layer 122 of an M4 thick indium phosphide capping layer 
and an indium gallium aluminum arsenide layer of a thick 
ness 5M4 Where lambda represents the VECSEL nominal 
mid-band output Wavelength, 1560 nm, for example. The 
function of the antire?ection layer 122 is to prevent re?ec 
tion Within the semiconductor structure at the VECSEL laser 
Wavelength, as opposed to the pumping Wavelength. Since 
the VECSEL 104 is pumped through the external mirror 116 
or through some other lens or opening through spacer 115, 
the antire?ection layer 122 should be of a material selected 
for minimal absorption of energy at the pump Wavelength, 
so that a maximum pump poWer Will enter the active region, 
excite the quantum Well carriers and yield ef?cient laser 
action. For telecommunications it is necessary that the 
antire?ection coating 122 be effective across the entire 
optical communications band, and not just a single channel. 

[0116] Apositive gain, active region 124, in one example 
having a length 7><7»/4, is then formed and has, for example, 
three pairs of quantum Wells 130 of indium gallium arsenide. 
While FIG. 4 illustrates an arrangement of pairs of quantum 
Wells 130 With each pair arranged at a peak of the optical 
standing Wave, other arrangements can be employed When 
optical pumping radiation enters the active gain region 124 
via the antire?ection coating 122, such as three-tWo-one. In 
this alternative arrangement three quantum Wells are at an 
optical peak nearest antire?ection coating 122, tWo are at a 
middle peak, and one is at a peak distant from the antire 
?ection coating. In the near infrared spectrum, quantum 
Wells typically have less gain than in the visible spectrum, 
and a suf?cient number of quantum Wells must be provided 
to yield the needed gain for reliable operation at the desired 
output poWer. Each quantum Well 130 has a thickness 
designed in relation to the desired output Wavelength at 
operating temperature (Which, because of absorption of the 
pump energy, Will be higher than room temperature). When 
the active region 124 is pumped, it heats up. When a 
semiconductor is heated, it changes effective thickness and 
index of refraction. Accordingly, the emitting Wavelength of 
the quantum Wells 130 must be shifted to a higher energy 
level compared to a room-temperature design Wavelength of 
the structure: kQWzkDESIGN—20/30 nm approximately (at 
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TO=300K. at loW excitation), so that the gain and the design 
Wavelength match When the VECSEL 104 is operating. 

[0117] As shoWn in the FIG. 4 diagram, each pair of 
quantum Wells 130 is located at a maximum of the active 
region standing Wave. Major separation or barrier layers 
betWeen the quantum Well pairs have a length optimiZed for 
an absorption coefficient at the pump radiation Wavelength, 
Which in this example is 980 nm. FIG. 4 not only shoWs a 
diagrammatic cross section of the layers of the semiconduc 
tor structure 114, it also plots relative band gap energies of 
the various semiconductor layers 120, 122, 124, and 126. 

[0118] Adistributed Bragg re?ector (DBR) layer stack 126 
is then formed on top of the active region. The DBR 126 
comprises an odd number of quarter-Wavelength interleaved 
layers, preferably greater than tWenty pairs, plus one layer, 
to achieve an odd number of quarter Wavelengths. The DBR 
layers comprise alternating indium gallium aluminum ars 
enide, and indium phosphide quarter Wave layers, so that 
total re?ectance Within the DBR at the design Wavelength is 
greater than 99 percent. Finally, a metal ?lm mirror layer 
128, eg gold or gold alloy, is sputter-deposited onto the 
DBR structure 126 to complete the fabrication of the semi 
conductor structure by the epitaxial process. The metal 
mirror increases the re?ectance from 99 percent to approxi 
mately 99.5 percent. Index matching and phase discontinuity 
issues are essentially avoided by using both the DBR mirror 
structure 126 and the metal mirror 128. 

[0119] The effective length betWeen the DBR 126 and the 
external surface of the antire?ection coating 122 is set to an 
odd number of nominal output quarter Wavelengths, so the 
sub-cavity formed by the semiconductor structure 114 oper 
ates in anti-resonance. The pumping energy passes through 
an antire?ection coating 122 to reach an active region 124 of 
quantum Wells. 

[0120] For a fundamental transverse electromagnetic 
mode (TEMOO) operating Wavelength of 1560 nm in the near 
infrared spectrum and at the design operating temperature 
(300K), the various layers of the semiconductor structure 
114 from the gold layer 128 to the external surface formed 
at the outer end of the antire?ection layer 122 are given in 
the folloWing table: 

Reference Layer 
No. Layer Material Thickness 

126 InP (Phase matched to metal 901 Angstroms 
126 InGaAlAs (22 layers) 1117 Angstroms 
126 InP (22 layers) 1240 Angstroms 
124 InGaAlAs 1681 Angstroms 
124 InGaAs (QW) 53 Angstroms 
124 InGaAlAs 150 Angstroms 
124 InGaAs (QW) 53 Angstroms 
124 InGaAlAs 150 Angstroms 
124 InGaAs (QW) 53 Angstroms 
124 InGaAlAs 150 Angstroms 
124 InGaAs (QW) 53 Angstroms 
124 InGaAlAs 150 Angstroms 
124 InGaAs (QW) 53 Angstroms 
124 InGaAlAs 150 Angstroms 
124 InGaAs (QW) 53 Angstroms 
122 InGaAlAs 1231 Angstroms 
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-continued 

Reference Layer 
No. Layer Material Thickness 

122 InP (capping layer) 1117 Angstroms 
120 In0_53Ga0_47As 3000 Angstroms 
120 InP (buffer layer) 5000 Angstroms 
120 InP Substrate 

[0121] FIG. 5 presents a graph superimposing an upper 
sinuous line representing measured re?ectivity of a sample 
semiconductor structure 114 in accordance With the above 
table, and a louver sinuous line representing measured 
photoluminescence of the same sample. 

[0122] After the epitaxial deposition processes are com 
plete, the indium phosphide substrate 118 is removed by an 
abrasion step, such as ion beam milling. The indium gallium 
arsenide etch stop layer 120 is then removed by a second 
step of Wet chemical etching With an etching agent Which 
favors removal of the gallium arsenide substrate 120 (rather 
than the indium phosphide capping layer Within the antire 
?ection layer 122). As indicated in the table above and in 
FIG. 4, a dielectric layer of appropriate thickness is then 
vacuum deposited onto the InP capping layer in order to 
complete the e.g. 5K4 thick antire?ection layer 122 and 
made to have proper P polariZation as With M2 plate, the 
ellipticity turns into a circular pattern at the surface. AWafer 
including multiple ones of semiconductor structures 114 is 
then diced to yield individual semiconductor dies or “chips”. 

[0123] The metal mirror layer of a chip 114 is then bonded 
to a silicon substrate or soldered to a copper heat sink 310. 
By removing the substrate 320 in this preferred reverse order 
formation process, thermal control of the active region 324 
via the thermoelectric element 312 and the heat sink 310 is 
much more direct and positive, than if the heat had to be 
conducted through the substrate, as is the case With conven 
tional VECSEL and VCSEL designs. 

[0124] For example, Within a telecom application, a ther 
mal control loop comprising elements 117, 119, 121, 123, 
112 and 125 shoWn in the FIG. 3 example is most preferably 
employed to establish and maintain a central or reference 
Wavelength Within a multi-channel optical band. As shoWn 
in the FIG. 1 graph, the VECSEL 100 Will lase on a mode 
closest to gain maximum. When the temperature of the 
quantum Well active region 124 is changed, the maximum of 
the gain shifts With a turning of approximately 30 GHZ/ 
degree C. This tuning range suggests that if the temperature 
of the gain structure is kept stable Within 0.1 degree C., such 
thermal regulation Will ensure that the VECSEL Will be 
operating on a single selected mode. This approach avoids 
the draWbacks of absolute temperature control required for 
existing DFB lasers designed for use in the optical ?ber 
telecommunications industry. 

[0125] As shoWn in FIG. 2, When the gain maximum is 
thermally tuned to a position corresponding to the middle 
betWeen tWo adjacent modes, the VECSEL 104 Will inter 
mittently lase on one or the other mode. If the laser is 
alternating betWeen tWo modes, such alternation can be 
detected by providing the photodiode assembly 119 With 
frequency selective-?ltering characteristics. By thermally 
tuning the telecommunications VECSEL 104 over the entire 






















