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ABSTRACT 

The present invention concerns a design for an external cavity 
single mode laser Wherein a short optical path length for the 
optical cavity (e.g., ~3 to 25 mm) provides su?icient spacing 
of the longitudinal modes alloWing a single Wavelength selec 
tive element, such as a microfabricated etalon, to provide a 
single mode of operation, and optionally a selectable mode of 
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EXTERNAL CAVITY SEMICONDUCTOR 
LASER AND METHOD FOR FABRICATION 

THEREOF 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application Ser. No. 60/472,9l4, ?led May 23, 2003; 
US. Provisional Application Ser. No. 60/472,873, ?led May 
23, 2003; and US. Provisional Application Ser. No. 60/472, 
692, ?led May 23, 2003, the entire contents of Which appli 
cations are incorporated herein by reference. 

FIELD OF INVENTION 

[0002] The invention relates generally to lasers optically 
coupled to external optical cavities, and speci?cally to laser 
diodes that can be tuned by selecting a particular emission 
Wavelength from a set of discrete emission Wavelengths that 
are characteristic of the coupled laser and external optical 
cavity. More particularly, the invention relates to microma 
chined Fabry-Perot etalons used in external cavity laser sys 
tems to select a desired laser emission mode, as proves useful 
in Wavelength-division multiplexing (WDM) optical ?ber 
communications systems. 

BACKGROUND 

[0003] Fiber optic communications systems, such as those 
used pervasively in telecommunications, are comprised of 
three basic components: a transmitter/light-source, an optical 
?ber link or channel, and a detector/receiver. Such systems 
gain most of their advantage With regard to data transmission 
capacity, speed and distance if a laserias opposed to a light 
emitting diode (LED)iis used as the light source; and accrue 
further bene?ts With respect to cost, compactness, reliability, 
and poWer consumption if a semiconductor laser diode in 
particular is used as the transmitter light source. 
[0004] Although a laser is nominally a monochromatic 
light source, a laser Will in fact generally produce light at 
several emission Wavelengths (referred to as modes), unless 
steps are taken to suppress all but one of the modes, in Which 
case the laser is referred to as a single-mode laser. Such 
single-mode lasers provide superior performance in optical 
?ber systems on account of reduced dispersion losses, Which 
in turn permits higher data rates and longer transmission 
distances. 
[0005] The transmission capacity and functionality of a 
?ber optic link can be increased considerably by the tech 
nique of Wavelength-division multiplexing (WDM). In gen 
eral, multiplexing refers to the simultaneous transmission of 
several signals or messages on the same circuit or channel. 
For example, in coaxial cable systems frequency-division 
multiplexing is realiZed by providing several independent 
carrier signals, each With a distinct frequency assignment, 
and each modulated With an independent message signal. At 
the receiving end of the coaxial cable, selective bandpass 
?lters separate the several carrier frequencies so that each 
carrier can be demodulated to yield the original message 
signals. As another example, in digital data transmission sys 
tems time-division multiplexing is effected by interleaving 
bit streams from several sources to form a composite high 
rate bit stream. At the receiving end, the bit streams can be 
demixed With proper considerations of time frames and syn 
chroniZations. 
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[0006] An analogous multiplexing technique, called Wave 
length division multiplexing (WDM), is used in ?ber optic 
communications systems. WDM is based on simultaneous 
transmission of light signals that are allocated to different 
carrier Wavelengths. Several lasers With discrete and Well 
separated emission Wavelengths are independently modu 
lated by several message signals. The allocated carrier Wave 
lengths of a WDM system are referred to as ‘channels’. The 
modulated laser outputs are all launched into a common opti 
cal ?ber, and are de-multiplexed at the receiving end of the 
link by Wavelength-sensitive ?lters. Signals thus separated 
according to their carrier Wavelength are coupled to detectors 
dedicated to a particular channel Wavelength assignment. 
Fiber optic systems employing WDM are noW a Well-estab 
lished part of the telecommunications infrastructure. 
[0007] A Wavelength division multiplexing system requires 
at least severalisometimes as many as 50 to l00ilaser 
transmitters, each operating at a distinct emission Wave 
length. Since the emission Wavelength is, to a large extent, an 
intrinsic property of a conventional laser, a WDM system 
Would seemingly require several or more different types of 
laser diodes, each With a speci?ed emission Wavelength. On 
the contrary, the preferred implementation of WDM systems 
is to instead use just one type of laser, but one Which can be 
readily adjusted and set by the user to operate at any of several 
prescribed available emission Wavelengths. Such lasers are 
referred to as ‘tunable’ in that the emission Wavelength 
according to the speci?c application and system requirements 
can be adjusted in the ?eld. In WDM ?ber optics systems With 
multiple channels, each channel transmitter Would use the 
same type of laser, but With its singular emission Wavelength 
tuned to and set for the Wavelength allocated for that particu 
lar channel. This approach, namely, employing just one kind 
of tunable laser rather than many different kinds of single 
mode lasers With unique emission Wavelengths, addresses 
What is commonly knoWn as the provisioning problem, as it 
considerably simpli?es the inventory, deployment, assembly, 
and maintenance of a WDM system. For example, rather than 
stock, install, and maintain many different types of lasers, a 
generic tunable laser is used for all transmitter light sources, 
and its emission Wavelength is selected according to Where it 
is inserted into the WDM system. The use of tunable laser 
diodes also facilitates recon?guration of WDM systems, as 
transmitters can be readily re-assigned to neW channels by 
selecting a neW emission Wavelength. Hence, providing an 
apparatus to realiZe mode sWitching of a compact external 
cavity laser, and especially one of simpli?ed construction, is 
useful for WDM optical communications systems Would pro 
vide an important advance in the ?eld of laser technology. 

SUMMARY 

[0008] The present invention also provides an external cav 
ity semi-conductor laser, comprising: a laser gain medium for 
providing a source of optical radiation; an external optical 
cavity disposed in optical communication With the gain 
medium, the cavity dimensioned suf?ciently short to permit a 
single Wavelength selective device to select and sustain a 
single longitudinal lasing mode; and a single Wavelength 
selective device disposed in the external optical cavity to 
select and sustain a single longitudinal lasing mode. In one 
desirable con?guration the Wavelength selective device com 
prises a microfabricated etalon. For example, the invention 
provides a microfabricated etalon, comprising: a crystalline 
substrate having ?rst and second opposing surfaces; a spacer 
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layer disposed over the ?rst surface of the substrate, the 
spacer layer having an exterior surface; a hole extending 
through the substrate from the ?rst surface to the second 
surface, the hole having a base adjacent an exposed portion of 
the spacer layer; and a ?rst interference ?lter disposed on the 
exterior surface of the spacer layer and a second interference 
?lter disposed on the exposed portion of the spacer layer to 
provide an etalon betWeen the interference ?lters. 
[0009] The present invention also provides a method for 
fabricating a microfabricated etalon, comprising: providing a 
crystalline substrate having ?rst and second opposing sur 
faces; providing a spacer layer over the ?rst surface of the 
substrate, the spacer layer having an exterior surface; forming 
a hole extending through the substrate from the ?rst surface to 
the second surface, the hole having a base adjacent an 
exposed portion of the spacer layer; and providing a ?rst 
interference ?lter on the exterior surface of the spacer layer 
and providing a second interference ?lter on the exposed 
portion of the spacer layer to provide an etalon betWeen the 
interference ?lters. 

BRIEF DESCRIPTION OF THE FIGURES 

[0010] FIGS. 1a-1c schematically illustrates various 
implementations of an external cavity laser using an etalon in 
accordance With the present invention as a mode-?ltering or 
mode selecting device including 111 With a static etalon, 1b 
With a tiltable etalon, and 10 With a variable-gap etalon. 
[0011] FIG. 2 schematically illustrates a conventional eta 
lon comprised of a dielectric slab coated on both sides With 
multilayer dielectric stacks that function as interference 
re?ectors. 
[0012] FIG. 3 shoWs a typical spectral transmission char 
acteristic for an etalon. 
[0013] FIGS. 4a-4e shoWs relevant spectral characteristics 
for an external cavity edge-emitting laser particularly exem 
plifying the case of a relatively short external optical cavity 
length and resulting Widely-spaced modes, and including: 411 
the laser gain bandWidth, 4b the optical cavity modes, 4c the 
alloWed laser emission modes, 4d, the spectral response for a 
particular setting of a mode selecting device, and 4e the 
selected laser emission output for the mode selection shoWn 
in 4d. 
[0014] FIGS. Sa-Sh shoWs relevant spectral characteristics 
for an external cavity edge-emitting laser particularly exem 
plifying the case of a relatively long external optical cavity 
length and resulting closely-spaced modes, and including: 511 
the laser gain bandWidth, 5b the optical cavity modes, 5c the 
alloWed laser emission modes, 5d a mode ?lter reducing the 
number of modes, 5e the spectral response for a particular 
setting of a mode selecting device With modest resolution, 6f 
the selected laser emission output from using the mode selec 
tor of Se and shoWing the inadvertent selection of adjacent 
modes, 5g the spectral response for a particular setting of the 
mode selecting device With improved resolution relative to 
that shoWn in Se, and 5h the laser emission output for the 
mode selection shoWn in 5g. 
[0015] FIG. 6a schematically illustrates a micromachined 
etalon comprised of a substrate With a recess conformally 
coated on both sides With multilayer dielectric stacks. 
[0016] FIGS. 6b-6h schematically illustrate the sequence 
of fabrication steps used to make the micromachined etalon 
shoWn in FIG. 6a and including: 6b a substrate on Which a 
spacer layer is formed, 60 a recess formed in said substrate, 6d 
conformal coatings of multilayer dielectric stacks formed on 
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both surfaces of the etalon, 6e formation of holes for etching 
the spacer layer, 6f etching of the spacer layer to form an air 
gap, 6g top-plan vieW of micromachined etalon shoWing 
holes and area of spacer layer removal, 6h application of 
electrodes to actuate tuning by varying the air gap. 
[0017] FIGS. 7a-7d schematically illustrate an alternative 
embodiment of a micromachined etalon comprised of sub 
strate coated on one side With a thin multilayer dielectric stack 
(7a), another substrate With a beveled depression and also 
coated With a multilayer dielectric stack on one side (7b), a 
composite structure formed by bonding together said sub 
strates (7c), and the formation of recesses on both sides of said 
composite (7d). 
[0018] FIG. 8a illustrates a simulation shoWing modes for a 
24-mm long Fabry-Perot optical cavity. 
[0019] FIG. 8b illustrates a simulation shoWing modes for a 
l2-mm long Fabry-Perot optical cavity. 
[0020] FIG. 80 illustrates a simulation shoWing the spectral 
transmission of a micromachined etalon. 
[0021] FIG. 8d illustrates a simulation shoWing a spectral 
transmission peak of a micromachined etalon in ?ner detail. 
[0022] FIG. 8e illustrates a simulation shoWing the spectral 
transmission of a micromachined etalon Wherein the air gap 
spacing is varied, resulting in a shift in transmission peak. 
[0023] FIG. 9a schematically illustrates a tunable external 
optical cavity laser system With mode counting and selection 
capabilities. 
[0024] FIG. 9b schematically illustrates a tunable external 
optical cavity laser system With mode counting and selection 
capabilities and a means to sense a reference frequency to 
establish the laser emission mode. 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] The present invention concerns a design for an 
external cavity single mode laser 100 Wherein a short optical 
path length for the optical cavity 103 (~3 to 25 mm) provides 
suf?cient spacing of the longitudinal modes alloWing a single 
Wavelength selective element, such as a microfabricated eta 
lon 120, to provide a single mode of operation, and optionally 
a selectable mode of operation. The total path length of the 
laser optical cavity 103 is the path length betWeen re?ectors 
108, 110 of the laser cavity 103, typically one re?ector 110 
comprising a coating on an external facet of a lasing element 
102 and one re?ector 108 being an external mirror. The 
microfabricated etalon 120 is a Wavelength-sensitive device 
comprising a pair of re?ective surfaces, such as thin-?lm 
multilayer dielectric stacks 202, 204, separated by a transpar 
ent slab or an air gap 124, Which can be used to selectively 
transmit or re?ect light of speci?ed Wavelengths. Thus, the 
etalon 120 is used to preferentially suppress or sustain lasing 
modes in the optical cavity 103. 
[0026] The external cavity laser 100 is con?gured to coop 
erate With the etalon 120 so that the microfabricated etalon 
120 can sWitch the laser output betWeen the several or more 
discrete-Wavelength emission modes de?ned by the total path 
length of laser optical cavity 103. The etalon 120 can be 
tuned, i.e., its Wavelength-dependent transmission character 
istics can be modi?ed, by changing the angle at Which light is 
incident on the etalon, e.g., tilting the etalon 120. Altema 
tively, the etalon may be designed With a variable air gap 
spacing that can be tuned by changing the etalon gap Width 
betWeen the multilayer dielectric stacks 202, 204. For 
example, the etalon 120 can be tuned by a voltage control 
signal applied to electrodes formed on the etalon 120 to vary 
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the air gap spacing. The small size of the micromachined 
etalon 120 permits a comparatively reduced external optical 
cavity length, Which, in turn, results in more Widely spaced 
laser modes making mode selection more readily accom 
plished by an etalon of simple design. Since the modes are 
more Widely spaced, the ?ltering demands on the etalon 120 
are reduced (the pass bandWidth need not be as narroW), thus 
further facilitating use of the micromachined etalon disclosed 
herein for laser mode selection. 

[0027] The present invention further concerns the ability to 
use a Wavelength selective element to discreetly mode hop 
betWeen longitudinal modes of the laser cavity 103, and 
therefore alloW a mechanism as simple as counting the hops 
betWeen lasing and non-lasing states from a reference or 
“home” Wavelength to determine a change in operating Wave 
length. 
[0028] Referring noW to the ?gures, in Which like elements 
are numbered alike throughout, and in particular FIGS. 
1A-1C, three exemplary con?gurations of the invention are 
shoWn. An external optical cavity laser 100 is provided com 
prising optical and optoelectronic components dispersed 
along a common optical axis A-A'. The optical source com 
prises lasing element 102 Which may be an optical gain mate 
rial/medium or combination of optical materials that exhibits 
optical gain, and as such is conducive to stimulated radiative 
emission in optically-con?ned Waveguide or cavity modes. 
For example, the lasing element 102 may comprise an elec 
trically-biased, edge-emitting semiconductor diode laser for 
use With WDM optical ?ber systems. Other types of lasers, 
such as surface-emitting lasers, including vertical cavity sur 
face emitting lasers (V CSELs), may also be used. Suitable 
laser media may include various compound semiconductors 
including alloys of InP, GaAs, and InAs. The lasing element 
102 is optically coupled to an external optical cavity 105 
oriented longitudinally along optical axis A-A'. The combi 
nation of the length of the lasing element 102 plus the length 
of the external cavity 105 de?nes a total optical cavity length 
103. The optical path length, Which determines the spacing of 
longitudinal modes if found by the sum of the products of the 
physical path lengths along A-A' of each physical element 
and its effective refractive index at the Wavelength of concern. 
The gaps betWeen elements are also included in the calcula 
tion Where the index may be ~l .0 for air, or otherWise if an 
optical encapsulant consumes the space. The lasing element 
102 is bound by a ?rst end surface 104 and a second end 
surface 106, both of Which are normal to the optical axis A-A'. 
If the lasing element 102 is formed on a monocrystalline 
specimen, the end surfaces 104 and 106 can be formed by 
cleaving the crystal to expose ?at, parallel surfaces, referred 
to as edge facets. 

[0029] The optical cavity 103 is formed by tWo re?ectors 
110, 108 positioned along the axis A-A' and Within Which the 
lasing element 102 is disposed. The optical cavity 103 com 
prises a cavity portion internal to the lasing element 102 and 
an exterior cavity portion 105. The distal re?ector 108 may be 
a separate mirror external to the lasing element 102 to de?ne 
one end of the cavity. The plane of the re?ector 108 is desir 
ably oriented so that it is normal to the optical axis A-A'. The 
other end of the optical cavity, opposite to the end de?ned by 
the re?ector 108, is de?ned by a re?ector that may be pro 
vided as a re?ective coating 110 formed on the ?rst surface 
104 of the lasing element 102. The second lasing element 
surface 106, Which also may be an edge facet, may be coated 
With an anti-re?ection coating 112 to prevent re?ection at the 
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second surface 106 so that a resonating cavity is not provided 
betWeen the ?rst and second end surfaces 104, 106 of the 
lasing element 102. 
[0030] In operation, the laser media is pumped electrically 
by injection of minority carrier in a p-n junction, or optically 
by absorption of light, either of Which results in a non-equi 
librium distribution of charge carriers. In this state, the laser 
material can exhibit optical gain Whereby the absorption of 
photons in a certain spectral gain bandWidth range leads to 
stimulated emission of photons. Lasing is due to the excess 
charge carriers associated With the non-equilibrium condi 
tions then recombine to emit photons, some of Which are 
con?ned Within the optical cavity 103 by the re?ector 108 and 
re?ective coating 110. A fraction of such light emission is of 
certain Wavelengths and propagation directions (collectively 
called modes) such that constructive interference effects due 
to the optical cavity 103 provide su?icient feedback so that 
laser oscillation modes can be sustained. In actuality, re?ec 
tive coating 110 is not perfectly re?ective so that a portion of 
the photons produced by stimulated emission are transmitted 
through end surface 104 and coating 110 out of the optical 
cavity 103. This light constitutes the laser output beam 114. 
Other structures for external cavity lasers Which are knoWn 
can be employed, for example both surfaces of the semicon 
ductor lasing element 102 can be AR coated and tWo external 
mirrors employed, alternatively the facet mirror may re?ect 
most of the light and the external mirror 108 can be used With 
a lesser re?ector to out couple from the system. 

[0031] As the optical cavity 103 can generally support mul 
tiple modes and as the laser has a ?nite gain bandWidth, the 
laser 100 Will emit light at several Wavelengths. The alloWed 
multi-mode laser emission Wavelengths are determined by 
the effective optical length of the cavity 103: as the optical 
cavity length is decreased, the laser 100 exhibits feWer, more 
Widely-spaced emission Wavelength modes. The optical cav 
ity modes are the modes of the total optical cavity length 103 
betWeen re?ectors 108, 110, on one end being the facet coat 
ing 110 and the other end being an external cavity mirror 108. 
Thus the optical cavity modes include the optical path length 
of the lasing element 102 and the optical path length of the 
external cavity 105, combined. For WDM applications, it is 
useful to reduce the laser emission to a single mode, and 
further to have the capability of selecting the particular single 
emission mode. 

[0032] The external optical cavity 105 may contain other 
optical components, such as a lens 116, to suf?ciently colli 
mate or focus the light from the semiconductor lasing element 
102, alloWing it to propagate to through the etalon 120, re?ect 
from the re?ector 108, and return to the lasing element 102 
With suitably loW loss that net laser gain can achieved alloW 
ing laser action. Other structures can achieve this such as a 
curved mirror for re?ector 108, or a combination of lenses and 
curved mirrors. Additional optional components may include 
?lters, gratings, prisms, and the like. Still other optical com 
ponents, such as for example a collimating lens 118 that 
collimates the laser output, may be positioned exterior to the 
optical cavity 103. 
[0033] For example, FIG. 1a shoWs a micromachined eta 
lon 120 in accordance With the present invention disposed in 
the external optical cavity along optical axis A-A'. The micro 
machined etalon 120 can be used to eliminate a subset of the 
alloWable laser modes. Basically, the micromachined etalon 
120 spoils the resonant condition of optical cavity modes 
characterized by Wavelengths for Which the etalon 120 is not 
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transmissive. Modes With Wavelengths for Which the micro 
machined etalon 120 is transmissive are sustained. Desirably, 
the micromachined etalon 120 is con?gured to permit only a 
single (selectable) laser cavity mode to resonate, Which con 
?guration is made possible by the fabrication process in 
accordance With the present invention set forth beloW. 
[0034] Turning to the mode selection aspect of the present 
invention, as illustrated in FIG. 1b, the micromachined etalon 
120 can be tilted, thus modifying the angle of incidence and 
therefore its spectral transmission characteristics With respect 
to the cavity modes, With the effect that the mode(s) selected 
for sustained lasing action can be changed. Alternatively, 
FIG. 10 illustrates that the micromachined etalon 120 may 
comprise an air or vacuum gap 124 Which can be varied to 
modify the spectral transmission characteristics of the micro 
machined etalon 120, and through Which particular laser 
modes of the optical cavity 103 can be selected. 
[0035] As thus elaborated, the external-cavity laser 100 can 
function as an optical source for Which a user can select a 

single, narroW-band emission Wavelength from among a mul 
titude of available discrete emission Wavelength bands 
de?ned largely by the cavity length. 
[0036] In accordance With the present invention, a substan 
tial reduction in component complexity of the tunable laser 
110 is realiZed, because the optical cavity 103 has a compara 
tively short optical path length, so that the longitudinal modes 
are relatively Widely spaced. In turn, tuning the laser output 
by means of mode selection can be effected by using a rela 
tively simple Wavelength-discriminating device such as a 
micromachined etalon 120, Which for example, can comprise 
relatively feWer dielectric layers than a typical interference 
?lter. Moreover, the simpli?cation afforded by selection and 
?ltering of Wider-spaced emission Wavelengths due to a 
shorter external optical cavity length permits elimination of 
auxiliary components and devices as commonly found in 
conventional WDM laser systems. For example, a typical 
tunable laser often requires several complex feedback mecha 
nisms including a pieZo adjustable cavity length, thermal 
tuning, and a tunable grating or other ?lter each With control 
loops providing information to maintain a single knoWn fre 
quency. The present invention to provides a simpler feedback 
mechanism Where for example, if the temperature of the 
system is ?xed, the longitudinal mode positions are then 
knoWn With suf?cient accuracy to alloW a simple tunable 
element to select the desired mode by discreetly counting the 
hops from longitudinal mode to longitudinal mode via the 
modulation in optical poWer observed during tuning. 
[0037] Turning noW to the etalon structure, a schematic of 
the etalon 102 is shoWn in FIG. 2. The etalon 102 comprises 
in a pair of re?ective thin-?lm dielectric stacks 202, 204, 
separated by a slab of transparent material 206 or an inter 
vening air gap or a gap ?lled With a gaseous material, of 
dimension do. The stack layers 202, 204 represent either thin 
metallic or desirably broad band dielectric re?ectors based on 
1A Wave optical thickness layers of alternating high and loW 
index material. The center Wavelength for the dielectric 
re?ector design Would typically be chosen to be close to the 
center of the desired range of operating frequencies for the 
laser. The Wavelength-discriminating poWer of the etalon 1 02 
improves With the number of layers incorporated in the mul 
tilayer dielectric stack. The number of layers in each stack 
202, 204 can range up to 50 or more, as desired. 

[0038] Depending on the Wavelength and angle of incident 
light, 6, the etalon 120 Will either re?ect or transmit incident 
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radiation With a high level of contrast. This effect can be used 
to select Wavelengths of incident radiation by transmitting 
certain Wavelength ranges and re?ecting other Wavelength 
ranges. A typical transmission spectrum of the etalon 120 is 
shoWn in FIG. 3. The Wavelength separation and Width of the 
transmission bands, and the contrast betWeen transmission 
peaks 302 and the re?ection baseline 304 can be tailored to 
the speci?c needs of a given application. The transmission 
characteristics of the micromachined etalon 120 can be accu 
rately modeled and computer-based simulations facilitate 
design optimiZation. Tuning of the micromachined etalon 
120, i.e., changing the Wavelength dependence of the trans 
mission peaks of FIG. 3, can be effected in several Ways. The 
separation betWeen the dielectric stacks, do, can be varied. In 
the case of an etalon With an air gap, this can be done by 
altering the air gap separation distance, as illustrated in FIG. 
1C. A second means of tuning is to tilt the etalon 120 With 
respect to the axis of the optical beam, Which changes the 
angle of incidence, and correspondingly modi?es the trans 
mission of the beam through the micromachined etalon 120. 
Another means of etalon tuning is to have the gap 206 ?lled 
With a material Whose refractive index can be modi?ed, such 
as by the application of an electric ?eld. 
[0039] Turning noW to the operation of the external cavity 
laser 100, the overall cavity optical path length ?gures promi 
nently in calculating the lasers 100 performance. The effec 
tive optical path length lefof a device can be de?ned as 

where d. and n1. are the thicknesses and refractive indices of 
components comprising the device. In the case of the etalon 
120, this entails summing the products of the refractive index 
nl- and layer thickness dl- for each component layer i of the 
dielectric stacks, plus the product of the refractive index no of 
the transparent slab or air (n:l) and the thickness d0 of the 
slab or air gap(s), including each gap betWeen physical ele 
ments. In the event a gel or encapsulant is used to ?ll the space 
betWeen elements, then the refractive index of that material is 
used instead of n:l. More explicitly, for an etalon comprised 
of tWo dielectric stacks With a total of N layers, the effective 
optical path length letm?of the etalon 120 is 

With regard to the present invention and as Will be explained, 
there is much incentive to minimize such optical path lengths, 
and doing so is enabled, by the microfabricated microma 
chined etalon 120 of the present invention. 
[0040] The total optical path length of the optical cavity 1 03 
lfcavaef, determines the mode spacing of the laser. For a nomi 
nal emission Wavelength 7», the Wavelength spacing A?» 
betWeen adjacent emission modes is given approximately by 

(m2 
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Thus, shortening the optical cavity length ecav?fyields more 
Widely-spaced emission modes, i.e., M increases. The mode 
spacing imposes constraints and demands on the method and 
devices of mode selection in that closely-spaced laser emis 
sion modes require a mode selection With high spectral reso 
lution. 

[0041] With regard to the present invention and referring to 
FIG. 1a-1c, the effective length lfcav?fof the optical cavity is 

Where digs is the laser length as measured betWeen the ?rst and 
second end surfaces 104, 106 of lasing element 102, nlas is the 
refractive index of the laser material, die,“ is the thickness of 
the lens 116 on-axis, and nlens is the refractive index of the 
lens. The effective optical cavity length can be kept small by 
using microfabricated components for the lens(es) and etalon 
(s). By this means, miniaturized components and systems, in 
addition to their attractiveness for compact systems integra 
tion, also provide more latitude in tailoring the mode spacings 
of the external cavity laser 100. 
[0042] The spacing of optical cavity modes and its relation 
to laser tuning is illustrated in FIGS. 4A-4C and FIGS. 
5A-5H. FIG. 4a shoWs the gain spectrum 402 of the semicon 
ductor laser 1 02. Photons generated by radiative transitions at 
Wavelengths Within the gain spectrum 402 can contribute to 
lasing if optical feedback is provided such that the internal 
gain of the lasing media exceeds optical losses. The optical 
cavity 103, considered in conjunction With the optical path of 
the lasing element 102, provides such feedback to sustain a 
discrete set or ‘comb’ of Wavelength modes 404 (FIG. 4b) 
With mode spacing A)». The alloWed optical cavity modes 404 
that overlap the gain bandWidth 402 of the laser 102 deter 
mine the cavity laser emission Wavelengths. The output spec 
tra of the external cavity laser 100 is given by FIG. 40 Which 
is a convolution of the spectra of FIGS. 4a and 4b. The solid 
line of FIG. 4d shoWs a transmission band spectral response 
403 of an etalon, such as micromachined etalon 120 in FIG. 1, 
that serves to suppress all but one emission mode and thus 
produces a single-mode laser output 405 as shoWn in FIG. 4e. 
Note that it is desirable that the free spectral range (FSR), i.e., 
the distance betWeen transmission peaks 403 of the Wave 
length-discriminating micromachined etalon 120, be larger 
than the laser gain bandWidth (as indicated in FIG. 4a), or else 
more than one lasing mode Will be sustained. By the same 
token, the resolution bandWidth as measured by the full-Width 
half maximum (FWHM) of micromachined etalon 120 must 
be suf?ciently narroW to avoid selecting the adjacent laser 
modes 401 supported by the optical cavity 103, Which occurs 
if insu?icient suppression of the of modes 401 is not achieved 
With respect to the desired mode of operation to produce 
selective gain of the desired mode. The ratio of poWer 
betWeen the desired mode and side modes can be measured as 
the side mode suppression ratio and acceptable values depend 
on the application. For many WDM applications they are 
from 20 to 45 dB. 

[0043] In addition, the transmission pass band of the micro 
machined etalon 120 can be shifted to a neW Wavelength 
range by tilting the micromachined etalon 120 or adjusting 
the gap spacing, as explained in reference to FIGS. 1B and 
1C. This shift is represented for example by the dashed line 
40311 of FIG. 4d, in Which case a different mode of the laser 
100 is selected, resulting in a laser emission output that is 
shifted to a corresponding emission Wavelength 403a (dashed 
line in FIG. 4e). In this Way, the laser system is discretely 
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tunable in that distinct, Well-separated Wavelengths can be 
selected from among a Well-de?ned, stable set of emission 
Wavelengths assigned to WDM channels. It is noted that a 
degree of temperature stability is required and is determined 
by the alloWable drift of the comb of possible operating 
modes. The alloWable drift depends on the channel spacing 
and is different from CWDM and DWDM, and also different 
depending of the narroWness of the grid. For example a 
DWDM system designed for 50 GHZ spaced channels Will 
typically require more stability of operating Wavelengths than 
a DWDM system designed for 200 GHZ. The drift With tem 
perature is primarily determined by the change in index With 
temperature of the lasing element 1 02, folloWed by the optical 
elements used in the system, along With the change in physi 
cal length of the substrate With temperature (CTE) on Which 
the elements are assembled. Various methods to athermaliZe 
the comb of Wavelengths can be employed such as building on 
loW CTE substrated, incorporating loW dN/dT optical ele 
ments, or incorporating compensating elements that have a 
negative dN/dT or negative CTE. Such construction tech 
niques can optionally be employed if more than temperature 
control through, for example, a thermoelectric cooler, is 
required for the desired application. 
[0044] From the example described With respect to FIG. 4, 
the need for an etalon With su?icient spectral resolution to 
select a single cavity laser mode is indicated. As a counter 
example, FIG. 5 shoWs the case of an external cavity laser 
With more closely-spaced emission modes.As the mode spac 
ing is approximately inversely proportional to the cavity 
length, closer mode is realiZed When the length of the external 
cavity 1 05 is increased from that shoWn in FIG. 4. An external 
optical cavity 105 With a length longer than that to Which FIG. 
4 pertains exhibits more densely spaced modes, as evident by 
comparing the alloWed cavity modes of FIG. 5b With that of 
FIG. 4b. When the cavity modes are more closely spaced, i.e., 
A?» is reduced, the etalon 120 must have a greater discrimi 
nating capability, i.e., a suf?ciently reduced FWHM, in order 
not to inadvertently select adjacent modes along With the 
mode targeted for selection. More explicitly, an etalon trans 
mission response 503 having a FWHM Which is broader than 
the optical cavity mode spacing Will select more than one 
mode, as indicated by the tWo solid-line output emission 
peaks 502 and 504 of FIG. 5]. Similarly, When the etalon 
transmission band 50311 is shifted to select another laser 
mode, an additional adjacent peak is inadvertently selected as 
indicated by the tWo dashed-line laser output peaks 506 and 
508 in FIG. 5f This problem might be remedied by using an 
etalon With greater discrimination, i.e., a narroWer FWHM, as 
exempli?ed by a hypothetical etalon With transmission band 
spectral response indicated in FIG. 5g, Which results in the 
single-mode laser output shoWn FIG. 5h. As before, the FSR 
of the Wavelength selector must also be greater than the gain 
bandWidth of the laser to avoid selecting more than one mode 
With insuf?cient discrimination for the application. 
[0045] Another approach to resolving closely-spaced 
modes is to insert an interference ?lter, etalon or similar type 
of Wavelength-discriminating device into the external optical 
cavity 105 for the purpose of removing a subset of the modes. 
In effect, a less-dense comb of cavity modes is then realiZed. 
FIG. 5d shoWs an interference ?lter pass-band response that 
Would attenuate, for example, every other cavity mode. The 
extra component Would reduce the resolution requirements of 
the Wavelength-discriminating mode selector, but at the 
expense of additional complexity, and further Would also 
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require an increased external optical cavity length in order to 
permit enough space for its insertion into the cavity. The 
ability to attain a tunable etalon With su?icient resolution to 
select a single laser mode, and moreover an etalon that does 
not require a lengthening of the external optical cavity in 
order to accommodate larger or additional mode-selection 
components (and thus exacerbating the mode resolution 
problem by creating more densely- spaced modes) is provided 
by the present invention. 
[0046] Another aspect of the effective optical path length 
With regard to laser emission modes relates to etalon tuning. 
The process of tilting the micromachined etalon 120 or vary 
ing its gap distance, do, in order to modify its spectral trans 
mission characteristics alters the effective optical path length 
of the external cavity 105. As a consequence, the laser emis 
sion Wavelengths also shift. Ideally, this effect Would be mini 
miZed in the interest of stabiliZing the emission mode spectra, 
and a design criterion for the micromachined etalon 120 is to 
deemphasiZe the effect of etalon tuning actuations on the 
effective optical path length of the external cavity 105. This is 
readily achieved in designs incorporating the air gap instead 
of a solid dielectric in the etalon 120 since the gap 124 
comprises a substantial portion of the optical path of the 
etalon, and thus the gap 124 does not contribute to a change in 
the total cavity path length as the etalon 120 is tilted. Option 
ally, feedback control, additional Wavelength-locking etal 
ons, or geometric adjustments can be incorporated to amelio 
rate these perturbing effects. 
[0047] The present invention brings several important fea 
tures to etalons 120 used for tuning external cavity lasers. 
First, the micromachined etalon 120 may be made by micro 
machining methods and so is relatively compact, as Well as 
compatible With micro-optics assemblages. Second, the 
micromachined etalon 120 may be tuned by electro -mechani 
cal effects Wherein an electric voltage signal modulates the 
transmission characteristics of the micromachined etalon 
120. Third, the optical path length of the micromachined 
etalon 120 may be relatively small compared to conventional 
etalons. Fourth, the contribution to a change in the total cavity 
optical path length by the micromachined etalon 120 With 
tuning is small. As discussed in the folloWing, these features 
can be exploited to great advantage in application to mode 
selection of external cavity lasers. 
[0048] For purposes of the present invention, it is desired 
that the micromachined Fabry-Perot etalon 120, be compact, 
With highly accurate, reproducible optical transmission char 
acteristics, and further, that some facility be provided to tune 
the spectral transmission characteristics of the microma 
chined etalon 120 so that laser mode selection canbe realiZed. 
Desirably, the tuning of the micromachined etalon 120 is 
under electrical control. To this end, the transmission charac 
teristics of the micromachined etalon 120 are modulated, 
such as by one or more of several electro-mechanical effects, 
With the result that the Wavelengths at Which the transmission 
pass band(s) of the tunable micromachined etalon 120 are 
centered are functions of an applied voltage. 

[0049] A cross-sectional vieW of one speci?c etalon struc 
ture 600 in accordance With the present invention is shoWn in 
FIG. 6a. The etalon 600 may be fabricated in a plate or 
substrate 602, such as a silicon Wafer of the type commonly 
used in the microelectronics industry. A recess 604 With bev 
eled sideWalls 605 may be formed in one side of the substrate 
602. This particular con?guration Would be typical of a cavity 
made by Wet anisotropic etching in <l00> silicon Where the 
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etching stops on an etch stop layer such as oxide or heavily 
doped silicon. Other means of etching such as deep reactive 
ion etching could be used. The side of the substrate 602 in 
Which the recess 604 is formed Will be referred to as the ‘rear 
surface’ 606 of the etalon. A spacer layer 608 made of mate 
rial different from the substrate 602 is formed on the side of 
the substrate 602 opposite the recess 604. The exterior surface 
of the spacer layer 607 Will be referred to as the ‘front surface’ 
607 of the etalon 600. Multilayer thin-?lm stacks of dielectric 
coatings 612, 614 cover the front and rear etalon surfaces 607, 
606, respectively. The front side coating 612 formed on the 
planar front surface of the substrate 602 is highly planar. The 
rear side coatings 614 are conformal and uniformly cover the 
recess sideWalls 605, base 603, and rear surface 606. An air 
gap 616 may be provided betWeen the tWo dielectric stacks, 
612, 614 centered over the recess 604. The air gap 616 may be 
created by etching the spacer layer 608 through etch holes 
formed in the top dielectric stack 612. The multilayer dielec 
tric coatings 612, 614 may be composed With respect to 
number of layers, order of layers, refractive index of layers, 
and thicknesses of layers to function as dielectric re?ectors, 
as is Well-knoWn in the art of thin-?lm optics and as is rou 
tinely exploited in the production of re?ection and anti-re 
?ection coatings on optical components, for example. For 
instance, the coatings 612, 614 may be comprised of altemat 
ing layers of silicon dioxide (refractive index of about 1.46) 
and silicon nitride (refractive index of approximately 2.0). 
The optical thicknesses, (i.e., the actual physical thickness 
multiplied by the refractive index of the layer material at the 
Wavelength of interest) of the component layers of the inter 
ference ?lters may be made to correspond to one-quarter 
Wavelength, or multiple thereof, of the laser light emission 
Wavelength. Both the front and rear dielectric coatings 612, 
614 may be deposited in the same process such that both the 
front and rear side coatings 612, 614 have very nearly the 
same optical properties and transmission characteristics. 
Suitable methods of depositing dielectric layers include ther 
mal evaporation, electron-beam evaporation, sputtering 
deposition, and chemical vapor deposition. Chemical vapor 
deposition (CVD), including loW-pressure CVD and plasma 
enhanced CVD, and atomic layer deposition are attractive 
options, because they are conformal and can be used to 
deposit both front and rear coatings 612, 614 simultaneously. 
It Will be seen that the structure of the micromachined etalon 
120 of FIG. 6a embodies the basic features of an etalon shoWn 
in FIG. 2, namely tWo interference ?lters separated by an air 
gap or slab of transparent material. 

[0050] Turning noW to the fabrication of the etalon 600, the 
present invention also provides a method of making the etalon 
600 as shoWn by the sequence of steps depicted in FIGS. 6b to 
6h. FIGS. 6a to 6f and FIG. 6h are cross-sectional side vieWs, 
and FIG. 6g is a top-plan view. It Will be understood that the 
techniques described here illustrate one sequence of steps that 
may desirably use established and convenient microfabrica 
tion technologies, but it Will be apparent to those skilled in the 
art that there are many variations on these steps, and that 
alternatives to these steps can also produce structures With 
substantially the same properties and function. 

[0051] In FIG. 6b, a spacer material layer 608 is deposited 
or otherWise formed on a substrate 602 such as a silicon Wafer. 

A single-crystal silicon Wafer, polished on both sides, is a 
good choice for the substrate 602 due to its surface smooth 
ness and ?atness, and controllable etching properties. Other 
candidate substrates include glass, ceramic, fused silica, 
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quartz, or other types of semiconductor Wafers. Typically the 
silicon substrate 602 Will have a thickness of about 0.5 mil 
limeters and the spacer layer 608 Will have a thickness rang 
ing from 2 microns to 30 microns. Alternatively, the substrate 
602 may be a silicon-on-insulator (SOI) structure With a 0.1 to 
2-micron thick buried silicon dioxide layer separating a ~0.5 
mm thick silicon Wafer from a 2- to to 30-micron thick depos 
ited silicon layer. It is noted that the substrate need not be 
transparent to laser Wavelengths since formation of the recess 
604 removes all substrate material from the optical path of the 
laser beam. A main criteria of materials selection is that the 
substrate material can be selectively etched With respect to the 
spacer layer material. Many material combinations ful?ll this 
requirement including a boron- or other impurity-doped sili 
con spacer layer 608 deposited on undoped or lightly doped 
silicon substrate Wafer as the substrate 602, or a silicon spacer 
layer 608 deposited on a sapphire substrate 602. In the former 
case, doping of the spacer layer 608 makes it resistant to 
etches that otherWise etch undoped or lightly-doped silicon. 
[0052] In one desirable embodiment, the substrate 602 may 
be a single crystal silicon Wafer and the spacer material 608 a 
heavily boron-doped silicon. The boron-doped silicon layer 
608 can be formed by epitaxial groWth, or ion-implantation of 
a boron-doped layer into the silicon Wafer 602. 
[0053] As shoWn in FIG. 60, a recess 604, in the form ofa 
tapered hole formed through the substrate 602, may be etched 
through the substrate 602, With the spacer layer, 608 acting as 
a stop-etch barrier (or the oxide provides the etch stop Which 
is in contact With the spacer layer in the case of SOI silicon 
Wafers). In the case of a silicon substrate 602, eg. (100) 
silicon, potassium hydroxide (KOH) solution can be used as 
an anisotropic etchant to provide the sideWall taper of the 
recess 604. Other silicon etchants that can be used for this 
purpose include hydraZine and EDP (ethylene diamine pyra 
catechol). Moreover, isotropic etchants can also be used, as 
Would be typically the case With other substrate materials 
such as ceramics. A desirable property of the etchant is that it 
removes substrate material faster than spacer layer material. 
Alternatively, in the case of SOI Wafers, selectivity of the 
etchant to the buried oxide layer is required. A typical diam 
eter of the recess 604 at the spacer layer 608 is 100 to 500 
microns, although this dimension can vary considerably 
according to the application and beam Waist siZe of the lasing 
element 102 in the optical cavity 103. 
[0054] As shoWn in FIG. 6d, a multilayer thin-?lm dielec 
tric stack 612 forming an optical interference ?lter is formed 
on the front surface 607 of the substrate, and a dielectric stack 
614 formed on the rear surface 606 of the substrate. Multi 
layers structures With alternating high and loW refractive indi 
ces and of quarter-Wavelength thickness can be designed and 
deposited according to methods Widely used in thin-?lm 
optics. Layers may be comprised of, for example, silicon 
dioxide, silicon nitride, or other dielectric materials including 
metal oxides and Wide-bandgap semiconductors such as gal 
lium nitride or silicon carbide. A typical total thickness of the 
front- or rear-side dielectric stack may be 2 to 15 microns 
depending on the number of layers and the center Wavelength 
for the design. 
[0055] As shoWn in FIG. 6e, a set of holes 618 may be 
formed in the front dielectric stack 612. The holes expose the 
underlying spacer layer 608 making it accessible to etching. 
The holes 618 can be de?ned by photolithography in combi 
nation With Wet or dry etching (e.g., reactive ion etching), or 
by other means such as laser drilling. The holes 618 can be 
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located over the recess 604, orperipheral to the recess 604 and 
over the substrate 602. A typical hole diameter may be 10 to 
50 microns. As shoWn in FIG. 6], portions of the spacer layer 
608 that lie directly over the recess 604 are removed by 
etching, leaving an air gap 616 betWeen the front-side dielec 
tric stack 612 and the rear-side dielectric stack 614, and 
Wherein the gap 616 is aligned With the recess 604. 

[0056] The so-described etching of the spacer layer 608 is 
feasible With several materials combinations for the substrate 
602 and spacer layer 608, and With numerous formulations of 
etchants. If, for example, the spacer layer 608 is undoped or 
boron-doped silicon and the substrate 602 is silicon, the 
spacer layer 608 can be etched With xenon di?uoride. Xenon 
Di?uoride gas Will readily isotropically etch silicon, but leave 
the substrate 602 unharmed as it is coated With layers of 
dielectric such as nitride and oxide. Liquid etchants may also 
be used. The etchant should not signi?cantly etch or roughen 
the dielectric stack layers 612, 614, although some slight 
etching of the substrate 602 may be tolerable. As a result of 
etching a portion of the spacer layer 608, a portion 620 of the 
front-side dielectric stack layer 612 is suspended over the air 
gap 616. 

[0057] A top-plan vieW of an exemplary hole pattern for 
etching the spacer layer 608 is shoWn in FIG. 6g for the case 
of eight holes 618 arranged around a square pattern. The 
dashed line rectangle of FIG. 6f shoWs the approximate extent 
of the area Where tWo parallel dielectric stack re?ectors 612, 
614 are separated by the gap 616 excavated from the spacer 
layer 608 by etching. In FIG. 6g, the dashed line rectangle 
also approximately corresponds to a top-plan vieW of the 
portion of the front-side thin-?lm dielectric stack layer 612 
suspended over the air gap 616 and denoted as 620 in FIG. 6f 
This region serves as the optically functional part of the etalon 
600, providing the optical interference effects for the laser 
beam. The unetched substrate portions that surround recess 
604 (i.e., the area outside of the rectangular dashed line region 
in the top-vieW of FIG. 6g, or correspondingly the substrate 
portions denoted as (622) in the cross-sectional vieW of FIG. 
6], give the etalon 600 mechanical stability and also serve as 
a convenient handle for manipulating and mounting the eta 
lon 600 in the optical cavity 103. The substrate 602 can also 
support mounting and alignment reference surfaces to facili 
tate accurate positioning and orientation of the etalon 600. 
Due to the geometric design of the micromachined etalon 
600, relatively bulky parts of the substrate 602, as denoted by 
portions 622 peripheral to the recess 604 do not contribute to 
the optical path length of the etalon 600. In such a design, the 
net stress of the coated layers needs should be controlled With 
a net small tensile stress typically being desired. 

[0058] The etalon 600 may be provided With additional 
structure to permit its tuning. As indicated in the cross-sec 
tional schematic of FIG. 6h of an electrostatically actuated 
etalon 600, conductive electrodes 624 are formed on the 
exterior side of the front dielectric stack area 620 that is 
suspended over the air gap 616. This set of electrodes 624 are 
common, i.e., electrically connected. If the substrate 602 is 
suf?ciently electrically conductive, it can function as a 
counter electrode. Alternatively, a counter electrode 626 in 
the form of a second conductive pad, such as comprised of a 
indium-tin oxide (ITO) layer, can be deposited on the exterior 
surface of the rear dielectric stack layer 614 as the counter 
electrode 626. Tin oxide and ITO has the advantage of being 
transparent at possible Wavelengths of interest for ?ber optic 
communication applications, and so obscuration of the opti 






