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acteristically of a maximum of a half wavelength (with the wavelength value
as measured in bulk material) Background of the Invention
over some substantial portion of the functioning ele- ment. Cavitating
energy Is generally largely confined Technical Field
5   to a peripheral portion of the element which latter may be of a variety
of configurations, generally of mini- A micro-resonator structure depends
upon cavi-    mum dimension of the order of microns to accommo- tation of
whispering mode energy regardable as de-    date integration size desire.
fining cavitation about the perimeter of a sub-wave-            An
important category of devices In accordance length thick active region of
various configurations.  10   with the invention, provides for attainment
of lasing Operating in the lasing mode, it offers an alternative
threshold. The generic concept of the whispering to the Suface Emitting
Laser for incorporation in in-     mode micro-resonator is usefully applied
as well to tegrated circuitry - either all-optic or electro-optic.
structures which designedly, orthrough operation, do not reach threshold.
Resulting Light Emitting Diodes 15   may serve many of the purposes of
lasers with advan- tages in practical terms of e.g. yield, power require-
Worldwide activity is onsistent with the consen-  ments, etc. One
contemplated use is as a switched sus that the SEL offers promise of
satisfaction of the  element, In which functioning depends simply upon
longstanding desire for large-scale incorporation of   presence or absence
of output, and not on coherence. active photonic devices in integrated
circuits. Hope is  20  Design variations with attention to critical dimen-
based on the very low lasing threshold values which   sions and other
parameters are discussed under "De- intrinsically reduce heating, usually
[err] heating losses   tailed Description". In general terms, operation de-
attendant on pumping  considered central to frustra-  pends upon cavitation
as involving three or more re- tion of this desire.
flecting positions (as distinguished from usual two- Development of the SEL
has entailed a number  25  mirror cavities). Requirement for"total Internal
reflec- of design advances. Use of bulk active material has,  tion" in
usual contemplated devices - devices of mi- to significant extent, yielded
to quantum well struc-  cron/s dimensions - for usually/practically
available tures - including the ultimate single quantum well  index
contrast generally results in polygonal cavity structure. Process
variations have involved deposi-    path of four or more sides. tion
techniques with a view both to compositional uni-  30  It is believed that
the invention meets a need for formity and dimensional regularity. An area
of consid-  replacement of purely electronic IC circuitry. It offers erable
consequence has involved the sandwiching        low power consumption for
constituent devices In Distributed Bragg Reflector mirrors. Reported
operat-               photonic as well as optoelectronic circuits. In-plane
ing devices dependably achieve reflectivities of 99+%      as well as
out-of-plane, light generation, in devices of as yielded by [err] 20-40
pair DBRs for 0.8-1.1 [err] wa-   35   micron size dimensions, permits the
many inherent velength emission, respectively. This latter consider-
advantages of optical circuitry consistent with size ation - definition of
the laser cavity in terms of DBRs    and economic requirements. - has been
of primary consequence in evolution of the          The apparatus according
to the invention is de- SEL. Achievement of excellent reported
reflectivities  fined in. claim 1. Embodiments are set out in the de- is
ascribed to satisfaction of very tight fabrication tol-  40   pendent
claims. erances. On the other side of the ledger, achievement of   Brief
Description of the Drawing each new SEL design has depended critically on
the DBR to, in turn, result in considerable expense as well   FIG. 1 is a
perspective view of the prototypical as some undersirable operational
consequence.  45   disk-shaped structure, usefully employed for tutorial
DBRs, as the name connotes, is distributed - signifi-  purposes, and also
of practical significance. cantly increase modal volume beyond that of the
re-    FIG. 2 is a diagrammatic view of a quadrant of a sponsible active
region. In the instance of a Single  round disk structure in accordance
with FIG. 1 with Quantum Well structure designed for operation at 1.3
representation of internal and penetrating field lines [err], may result in
effective increase by 20x as simply  50  for one particular mode of
operation. due to the need for embracing 20-pair mirrors.             FIGS.
3 through 6 are representations of some of the structures alternative to a
simple planar disk: Summary of the Invention
FIG. 3 is a  perspective view of an octagonal structure, A design approach
alternative to the SEL de-   55     FIG. 4 is a perspective view of a disk
structure In pends upon cavitation of energy in the form of "whis-
which the peripheral region, within which whis- pering gallery modes" as
supported within a thin ele-     pering gallery mode energy is propagated,
en- ment - an active material element of thickness char-      closes a
relatively thin membrane, a membrane 
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or performance consequence,        true only for varying thickness devices
- with thick- FIG. 5 is a perspective view  partly in cross-   ness varying
radially - such as that of FIG. 4, it con- section, of a donut-shaped
Cavity again including  tinues to be approximately true for other
contemplat- a membrane, of performance characteristics re-   ed structures.
In detailed terms, there is many-mode lated to those of FIG. 4 and
5   operation -for many structures. Mode multiplication FIG. 6 is a
perspective view,  partly in cross-      takes the form of radially
dependent modes, N, as well section, of a structure  alternative to that of
FIGS,  as of varying peripheral modes, M or alternatively [err]. 4 and 5 in
which modal action is within a periph-  As described elsewhere, [err]
defines the number of eral path now of triangular section.
sides in the polygonal path of cavitating emission en- FIG. 7 is a
perspective view of a representative   10  ergy. The more general mode
number, M, defines the structure - of a structure used In some of the exam-
number of undulations In the mode path without ref- ples herein - in which
the disk-shaped element is sup-  erence to the numberof polygonal path
sides. (An un- ported upon a pedestal, e.g. as shaped by etching of
dulation is considered as corresponding with a full si- the growth
substrate.                                nusoidal wave.) FIG. 818 a
perspective view of a structure provid-  is   Modal path - this
contemplates the description Imme- ing for out-of-plane emission as
resulting from group-  diately above. Polygonal sides in many circumstanc-
ed notches imposed in the peripheral mode path.      es consist of a single
full wave (so that M = [err]). Op- FIG. 9, again a perspective view,
illustrat cou-   erating structures, however,. may depend upon modal
pling-extraction of in-plane emission.               paths in which M =
[err] - in which there are multiple full FIGS. 10 and 11 are perspective
views depicting   20   waves or under certain circumstances, but a half two
device arrangements providing for electrical     wave per side. pumping:
Penetrating field - fields which penetrate from the ac- FIG. 10 for
electrodes straddling the active ele-  tive region into the surrounding
medium. These are ment and                                         the
fields which offer both facility for coupling into FIG. 11 forspaced
electrodes on a single element  25   other elements of the circuit (either
through perfect surface.                                        structure
or through discontinuity - e.g., the grooved surface of FIG. 8) but at the
same time are suscept- Detailed Description
ible to unintended coupling to result in possible loss. Whispering gallery
mode/whispering mode - this ter- Definition of Terms
30   minology, familiar to those concerned with internally reflecting
spherical as well as cylindrical structures, While term meaning and context
will be familiar  defines the form of cavitation responsible - usually In
to experts in the field, likelihood of study by those of  whole responsible
- for operation of devices of the In- lesser expertise aswell as on-going
development jus-  vention. Described in somewhat greater detail further
tify this section.                              35   on, the operation
depends upon internal reflection as Disk - this Is the active region, or
active region-con-  resulting from incidence of cavitating energy on a per-
taining portion of the structure responsible for elec-  ipheral struture at
n angle [err] the "critical angle". tromagnetic emission, always of some
degree of co-   Quantum well -if is generally understood this term re-
herence. While for tutorial purposes this term is gen-  fers to deviation
from the hypothetical sphere defin- erally considered as of circular
configuration as de-  40  ing the effective region of an exciton - within
an effec- fined between parallel surfaces of unvarying spac-  tively
limitless medium of constant refractive index. ing, the term is intended to
have a more genetic     For purposes of this description-for purposes mean-
meaning. In the generic sense, "disk defines struc-  ingful in terms of
device design - the critical dimen- tures of but a single characteristic -
those in which  sion of a quantum well must be at least 10% shorter
preponderent cavitating energy is largely within re-  45  than the diameter
of such hypothetical sphere. gion/s in which a dimension (usually the
"thickness" dimension) perpendicular to cavitation direction Is but
General a fraction of a wavelength. This fraction ordinarily [err] 0.5
[err], and in a category of preferred structures [err] 0.25  The inventive
class of micro-resonator structures [err], is based on wavelength
measurement within the   so   present a large index contrast - a large
change in re- structure - taking into account both bulk refractive In-
fractive index for optical energy of wavelengths of op- dex and  variations
introduced by small structural di-  erational consequence - as between a
functional, mensions. The subscript, eff, has reference to effec-
optically thin semiconductor layer (the 'active" re- tive value so that
[err] is a measure of the refractive in-  gion) and relatively low index
surrounding medium. 



dex taking both factors into account.         55   Structures depend upon
mode cavitation similar to Mode - in terms of devic design it is not
grossly in-  whispering gallery modes as described, for example, accurate
toregard preferred structures as being gen-   by Lord Rayleigh, "The
Problem of the Whispering erally of single-mode operation. While this is
strictly  Gallery", Scientific Papers, Cambridge University, 3    5
EP 0 533 390 B1                   6 Cambridge, England, vol. 5, pp. 617-820
(1912) and    contrast coupled with sub-[err] thickness dimension ef- T.
Krauss, et al, Electronics Letters, vol. 26, p. 2097  fectively confines
the active optical mode/s and Is a (1990). Dependence upon critical angle
internal re-      key feature in assuring effective overlap with the gain
flection results in high reflectivity without the bulk and  layer(i.e.,
with the active region - generally the quan- increase in modal volume
associated with DBR  mir-   5   turn well active region). rors. Fundamental
requirements for "total" internal re-       FIG. 7 depicts one form of
structure designed flection are well known and are not discussed in de-
with a view to the above considerations. It providesfor tail. In general,
the phenomenon as well as the pre-     a  disk 70 consisting of active
region 71 sandwiched cise angle value are set forth in texts. Basically,
the     between spacer layers 72 and supported upon cylin- requirement that
the wavevector componentsparrallel    10  drical pedestral 73 as fabricated
from material initially to the interface must be equal across the boundary
of  serving as an epitaxial growth substrate, for example, required index
contrast results in total internal reflec-  In accordance with a procedure
outlined below. tion for incident angles larger than [err] (1/[err]).
Devia- tion is invariably in the direction of other losses which,
Fabrication while generally of little consequence, dictate lesser   15
angle values to the extent feasible. Generally, it is     The device of
FIG. 7, as used In Example 1, was found that such loss, as critical angle
is approached,  fashioned  from   epitaxially-grown  InP/InGaAsP is
characteristically at a value of perhaps 0.1%. A par-  layered material.
One such device consisted of a ticular configuration providing for an
octagonal cavi-  100[err] thick quantum well layer 71 of InGaAs sand-
tation path within a smooth circular disk results in loss   20   wiched
between 200A thick barrier layers 72 of In- of approximately one part in
[err].                     GaAsP to result in  total disk 70 thickness of
500A. Microstructures of the invention, while usefully  In other work, use
was made of a 1500[err] disk consist- employed as discrete devies, are of
primary interest  ing of 6 such 100[err] active layers as separated by bar-
for their vaue in integrated circuitry. In particular, op-  rier material.
Initial growth was on an InP substrate erating as lasers, permitted low
power operation sat-  25   part of which was retained upon etching to
result In isfies desire for low threshold consistent with small  pedestal
73. Photolithographic techniques were used heat loss. Contribution to this
operating desire is ad-  to pattern disks with diameters of 3[err], 5[err]
and vanced by permitted effective matching between         10[err]. An HCl
solution was used to selectively etch small gain  volume and single optical
mode - generally  substrate material while leaving the functional In- the
first TE mode. Optical gain for disk modes is pro-   30   GaAs/InGasP disk
unetched. vided by one or more optically pumped quantum wells        In a
wording example the InP pedestal 73 retains In the plane of the disk.
Generally, active region thick-  a rhombus shape cross section as due to
the aniso- ness - for single quantum well structures, disk thick-  tropic
nature of the HCl etchant. One such pedestal ness - is less than
[err]/2n[err] 2,000[err] for [err]= 1.5[err] and    was approximately
1[err] in diameter and 2[err] in [err]= 3.5. Structures are desirably
characterized by   35   height, so leaving a peripheral region of radial
dimen- high index contrast as between the disk and the sur-  sion [err]
1[err] within which index contrast is defined as rounding medium, in
particular, as concerns the disk  between disk 70 and ambient - in the
instance of Ex- region of greatest modal energy concentration. This  ample
1 of ambient air. In another working example, contrast is generally defined
as between active ma-  such a structure was encapsulated in 0.5[err] of
[err] terial - in accordance with usual structures defined as   40
deposited by Chemical Vapor Deposition. including active layer/s together
with encompassing spacer/barrier layers. Surrounding media for struc-
Example I tures described may be space - e.g., vacuum or air - or some,
likely passive, low index medium such as         A microdisk as described
above, of diameter amorphous silica, [err]. The illustrative values set
45   5[err], was optically pumped with a HeNe laser oper- forth translate
into  an index contrast (or index ratio)  ating at [err] = 0. 63 while
cooling with liquid nitrogen. [err] where [err] equals index of the
surrounding me-      The spectrum for the single quantum well structure
dium. Index contrast of this order of magnitude or   lased at a center
wavelength of 1.3[err] with a spectral greater is attainable for likely
operating wavelengths  linewidth of [err] 1[err]. The 1.3[err] laser spike
rose above which are less than 1.5[err]. Other considerations hav-    50
the broad photoluminescent background by a factor 



ing to do e.g., with ease of fabrication,  may dictate  approaching 10x.
lesser contrast values. While the teachings of the In-  The threshold value
for the structure of Example vention may be implemented by appropriate
variation   1 was below 200[err]. Since the disk 70 has a volume in such
design considerations as disk radius, other   oftheorderof [err], the pump
power of the order considerations such as desire for small size  for con-
55   of 1 milliwatt was equivalent to a power density in the venient
integration,  as well as fabrication ease, all  disk which approached [err]
watts [err]. Heat sinking suggestvalues of contrastofa minimum of 1.3 or
pre-   for the structure depicted in FIG. 7 was sufficient to ferably
greater, e.g., greater than 1.5. This high Index  prevent destructive
temperature rise. 4    7                   EP 0 533 390 B1
8 Example 2                                            uous curved edge 11,
In this Instance defining a cir- cle. The figure is Intended as
representative of a sub- The procedure of Example 1 was carried out for
set of configurations defined by parallel planar sur- a 5[err] diameter
disk of thickness of 1500[err] containing  faces e.g., surfaces 12 and 13,
at least oversome rel- 6 quantum wells. Measured output laser power ap-   5
evant region of the device, with such planar surfaces proached 1[err] for a
pump power slightly below      being separated by the critical
sub-wavelength di- 500[err]. The spike intensity as coupled out vertically
mension 14, e.g. the usually preferred [err] 1/4 wave- was more than 100x
greater than the background       length discussed. This subset is of
lateral configura- photoluminescence.                                  tion
which may be circular as well as elliptical or irreg- Micro-cavity design,
depends, inter alia, on active   10  ular shape. Dimensions and operating
conditions are region film thickness approximating one-quarter wa-   such
as to result in cavitation defining octagonal path velength, [err] (as
measured in bulk material) - which  12 ([err] =8). may be Increased to
greater, still sub-[err] thickness to  FIG. 2 is a contour map Including a
quadrant of increase figure of merit accounting for imperfections  disk 20,
representing positions of constant electro- defining departure ffm the
hypothetical device. High   15   magnetic field lines 21, for such values
within disk 20 reflectivity and sub-[err] thickness results in good    and
lines 22 for such values relating to penetrating matching efficiency
between small gain volume and    field within region 23 external to the
disk. As depicted, single optical mode to result In low power require-
maximum positive field values are positioned at hil- ment, e.g. in low
laser threshold. High index contrast  locks or peaks 24 and maximum
negative field values reduces loss associated with penetrating field, and
20  are positioned at depressions 25. Accordingly, FIG. 2 enhances mode
selectivity. Designation of operating  Is representative of two undulations
per quadrant, or modes Is yielded by solution of Maxwell's equations  eight
undulations for the entire disk, so corresponding (see, for example, J. D.
Jackson, "Classical Electro-  with an octagonal modal path such as path 12
of FIG. dynamics', John Wiley & Sons, New York (1975)). Im-  1 in which
each side of the path is made up of one full portantly, functional layers
less than [err], in which   25   wave. Field portions represented by
contour lines 22, nff is the effective refractive Index for electromagnet-
in representing field penetrating to external region Ic wave energy at the
device operational wavelength,  23, are potential coupling areas but
represent poten- [err] as measured in vacuum, support only the lowest or-
tial loss as well, e.g. as due to surface roughness- der TE and TM guided
waves. For thickness value of   scattering as well as unintended coupling.
approximately [err], coupling to the TE mode dom-  30  FIG. 3 is
representative of a subset of configura- inates to such extent that
interactions with TM waves  tions again defined by parallel planar surfaces
30, 31 as well as all unguided waves may be disregarded.    of critical
spacing as discussed, e.g. with regard to ap- propriate mode selection but,
in this instance, defined Active Region - Configuration, Dimensions
by a perimeter constituted of equal length flat faces 35   32. As In other
figures,  the configuration shown is in- Reference is made to FIGS. 1
through 6 In this   tended as representative of a larger class - e.g., as
section.                                             constituted by
polygons, irregular as well as regular, Acautionary note - it is convenient
todiscuss de-  of lesser or greater number of sides Modal path 33, vices in
terms of ray optics (in terms of particles rather  shown as a broken line,
Is depicted as octagonal and, than of more complex but accurate wave
energy).  40  to first approximation, Is equivalent to modal path 12
"Critical angles" for "total Internal reflection", as well  defined within
a circular version of disk 10 of FIG. 1. as cavitation paths defined in
terms of bounce points  Operationally, such a path 33 as defined within a
disk are usefully employed. Inaccuracies so Introduced    connecting
positions 34 Is equivalent to modal path are of particular consequence for
the involved dimen-  12 but for second order variations, e.g. with regard
to sions - of the order of whole and fractional wave-  45  loss or other
implication of variation In magnitude of lengths.
penetrating field as related to the lateral thickness of 



The polygonal path, simplisticaly representing   material encompassing path
33 particularly in prox- the mode path, is generally discussed here in
terms  imity at positions 34. Representation Is meant to In- of [err], the
"mode number" corresponding with the      clude irregular as well as
regular shapes so that, In number of sides of the polygon. The more general
50  this instance, sides 32 may be unequal in lateral di- mode number, M,
corresponds With the number of un-        mension always providing for a
predominant polygo- dulations or oscillations in the mode path without ref-
nal modal path, which while possibly of differing num- erence to number of
"bounces". (So, for example, a    bers of undulations for different path
lines, is so de- four-sided polygon - [err] = 4 - may correspond with a
signed as to minimize desired coupling and to mini- path of a total of 8
undulations or one wave per side.)  55   mize undesired coupling. An
irregular polygonal FIGS. 1 through 6 are generally illustrative of a
shape may, for example, serve to accommodate an larger variety of
configurations.                    arrangement such as that of FIG. 11 - to
provide for FIG. 1 depicts a disk 10, having a smooth contin-  an irregular
path of more nearly constant coupling In- 5    9                    EP 0
533 390 B1                   10 dependence of the pedestal
supports/electrodes        emission by virtue of simple reflectivity of
groove sur- shown.                                                faces 85
- perhaps as effected by use of mirror lay- FIG. 4 depicts a cavity
configuration physically  er/s, not shown. differing butfunctionally
similar to that of FIG. 1. Crit-   FIG. 9 depicts a disk structure 90 in
proximity ical spacing to accommodate the whispering modes,   5   with path
member 91, so positioned and of such Inter- common to all embodiments of
the invention, is that    spacing as to provide for in-plane coupling.
Experi- between surfaces 40 and 41,in this instance defining     mental
work including that reported in Examples 1 a smooth curved edge surface 42.
Likely of little de-  and 2 has Involved light pumping. Anumberof consid-
vice-function significance, although possibly in-     erations including
ease of fabrication dictate this ap- volved in pumping - e.g. electrical or
optical, mem-   10   proach, and it is likely that It will continue to
define an brane 43 may serve for physical stabilization of the  area of
consequence. On the other hand, the inven- structure. Edge 44, together
with a possible mating   tive principle, in being generically based, upon
whis- edge on the underside of membrane 43, will be ele-   pering mode
operation in critically thin structures, is mental in mode selection - will
be of influence in se-  not so limited. Principle of operation is
applicable to lection of a modal path of sufficient [err] as to lessen   15
the various pump arrangements that have been found energetically unfavored
field penetration. This figure  or may be found functional. For many
purposes, di- is intended as representative of flat-sided (polygonal)  rect
electrical pumping continues to be desirable - as well as curve-sided
structures, both of regular or  may justify fabrication complications which
are ag- irregular configuration.                              gravated at
the small dimensions contemplated. FIG. 5 is representative of a class of
embodi-  20     FIGS. 10 and 11 depict electrically pumped lasers ments
similar to that of FIG. 4 but depending upon    otherwise in accordance
with the foregoing. In FIG. modal path selection/containment within a
perimeter     10 the disk structure 100, which may take any of the region
of varying thickness. The specific example       forms described, is now
electrically pumped by shown depends upon a functional region 50 of gen-
means of straddling  electrodes 101 and 102 shown orally circular
cross-section as defined by surface 51.  25   as biased via circuit 103 as
powered by power source Again, structural rigidity is afforded by membrane
52  104. This structural approach may find favor in that forming a
continuum within the enclosed portion of re-  the electrodes may serve as
physical support for one gion 50. Dimension 53 is relevant, e.g. from the
stand-  or bothsides of disk 100. Either or both of the embrac- point of
confinement, consistent with the inventive   ing electrodes 101 and 102 may
be formed by selec- thrust - for a preferred embodiment is [err] . Again,
30  tive etching from a growth substrate as discussed in as In FIG. 4, the
lateral dimension of region 5018 de-  fabrication of pedestal 73 of the
structure of FIG. 7. terminative of mode selection and, if of sub-wave-
Addition of dopant e.g., to the InP-likely into the en- length dimension as
discussed, may additionally offer    tirety before etch-definition - may be
desirable to lea- useful confinement as well.
sen series resistance. Since now forming a junction - FIG. 6 depicts a
configuration alternative to FIG.   35   likely a pn junction -
conductivity-imparting dopant 5. It depends upon a membrane 60 for
stabilization of  will be significant dopant, in one instance, n-type; in a
modal path region 61 of cross section defined by   the other, p-type.
Specific design parameters with a surfaces 62-65. As with other
configurations depict-  view to electrical pumping are not properly within
the ed, the category represented may be of regular or Ir-    province of
this description and are well known. regular shape, may be defined by
curved or faceted   40       FIG. 11 describes an electrically pumped disk
surfaces. The particular triangular cross-section  structure 110
alternative to that of FIG. 10. In this ar- shown is usefully employed for
more specific mode     rangement, positive and negative electrodes 111 and 



selection for given dimensions.                       112, respectively,
powered by dc current source 113, While a significant advantage of the
inventive ap-  via leads 114, are affixed to a common plane 115 of proach
as compared with that of the SEL involves in-  45   disk 110. Spacing and,
more generally, positioning of plane emission to facilitate coupling with
other ele-  electrodes 111 and 112 are such as to provide for a ments of an
IC, it is useful to provide for out-of-plane  peripheral cavitation path of
desirable independence emission as well. FIG. 8 depicts a disk 80 defined
by  of the electrodes and, if surface is of roughness to re- planar
surfaces 81 and 82 within circular perimeter     sult in
performance-insignificant, unwanted scattering, 83. Grooves 84 are designed
to couple a part of cav-   50   of peripheral surface  116. Regardless of
configura- itating energy, not shown out-of-plane. In this version,
tion-whether smooth or faceted - design optimization whispering mode
structures of the invention may     may result in a disk 110 of a greater
major dimension serve In tile manner of the familiar SEL, for example,  in
the direction defined by the electrodes. The result- in chip-to-chip
communication. For cavitating energy  ing oval or irregular polygonal
configuration may bet- in a clockwise direction, out-of-plane direction is
de-  55    ter provide for lessening  of unwanted coupling be- termined by
the angle of groove sides 85 as coupled    tween cavitating energy and the
electrodes. Alterna- with index contrast. In an alternative approach, coun-
tively,such electrode/s may serve as well for coupling ter clockwise
cavitation may result in out-of-plane   of emitting energy. 6    11
EP0533390B1                      12 Other Considerations
measured normal to such path, of a maximum of [err], in which [err] is the
wavelength of cavitating The invention has been described in terms suffi-
energy as measured in a vacuum and [err] is the cient to those of requisite
skill in the art Experimen-  actual refractive index for such cavitating
energy tally observed design/material  implications have   5  such value
accounting both for variation in bulk been set forth where relevant to
matters under dis-     index for the medium of the body and for such va-
cussion. Additional observations are briefly noted.      riation on such
bulk index as is introduced due to It has not been considered appropriate
to exhaus-   constraining surfaces, and in which such Inter- tively
describe presently available suitable active ma-  face is of refractive
index contrast for cavitating terials. In general, material choice is with
regard to the   10  energy which is numerically equal to at least 1.5, same
considerations as applied to earlier laser struc-  such value yielded by
the fraction [err] in which tures. Choice is accordingly on the basis of
desired    [err] is the effective refractive index for cavitating
wavelength of operation with a view to a variety of     energy within the
said body and [err] is the refrac- other matters, most importantly with
regard to fabri-   tive index for such energy outside the defining in-
cation.                                         15      terface of such
body. Selected pump power may serve to favor a par- ticular desired mode.
In certain experiments, for ex-  2. Apparatus of claim I In which the said
normal di- ample, it was found that decreasing pump power in a    mension
approximates the value [err]. device operating above lasing threshold often
result- ed in mode switching - in the instance of 5[err] diameter  20  3.
Apparatus of claim 1 In which a substantial por- disks, in switching by
0.06[err]. This is consistent with  tion of such cavitation path Is within
a region In a whispering mode having a modal number M [err] 38.        the
said body defined by plane parallel flat Inter- The lowest loss modes for
this structure appear to     faces (12, 13, 30, 31). have a radial mode
number N [err] 4. The mode so de- fined has a maximum energy modal path
which is suf-  25  4. Apparatus of claim 1 in which such cavitation
ficiently separated from the outer edge to lessen loss  path is within a
peripheral region (50, 61) of the due to surface scattering. In addition
separation from   said body and in which such peripheral region en- the
pedestal Is sufficient to prevent significant un-   closes an Inner region
(52, 60) which is substan- wanted coupling. In this connection, it has been
ob-    tially thinner than the said normal dimension. served, as expected,
that coupling, and therefore sur-  30 face emission, emanates from the two
points of the   5. Apparatus of claim 1 in which the said element is
rhombus-shaped pedestal most distant from the cen-      of maximum
dimension of the order of microns. ter of the disk. 6. Apparatus of claim 1
In which such element de- 35      signedly attains lasing threshold in
operation. Claims 7. Apparatus of any of claims 1-6 in which the said 1.
Apparatus comprising at least one semiconduc-        cavitational  path
defines a polygon of atleastfour 



tor micro-resonator element for providing electro-   sides. magnetic
emission, at least 10% of which may be   40 regarded as coherent, such
emission being re-    8. Apparatus of claim 1 together with means for cou-
sponsive to provided means for pumping (101-        pling (84, 91) emitted
energy. 104, 111-114), said element providing for cavita- tion of
electromagnetic energy to be emitted with  9. Apparatus of claim 8 in which
such means pro- cavitation being primarily dependent upon whis-  45  vide
for in-plane coupling. pering gallery modes in accordance with which modal
path (15, 33) is defined within a body (10,  10. Apparatus of claim 9 in
which coupling includes 70,80, 100, 110) of high refractive index for such
a gap intermediate said element and the defined energy relative to
refractive index of surrounding  emission path (91). ambient at an
interface between such body and   50 ambient, such path being polygonal and
of at    11. Apparatus of claim 8 In which such means pro- least three
sides with retention being primarily     vides for out-of-plane coupling.
due to incidence of cavitating wave energy at or below the critical angle
defined at such interface  12. Apparatus of claim 11 in which such means
en- CHARACTERIZED IN THAT                 55       tails at least one
physical groove (84) on a lateral the said element, at least over region
cor-   surface of said body. responding with a substantial portion of such
cav- itation path, is of a normal dimension (14,53), as  13. Apparatus of
claim 12 in which such means en- 7    11                  EP 0 533 390 B1
12 Other Considerations                                    measured normal
to such path, of a maximum of [err] in which [err] is the wavelength of
cavitating The invention has been described in terms suffi-    energy as
measured in a vacuum and [err] is the cient to those of requisite skill in
the art Experimen-  actual refractive index for such cavitating energy
tally observed design/material implications have   5    such value
accounting both for variation in bulk been set forth where relevant to
matters under dis-     index for the medium of the body and for such va-
cussion. Additional observations are briefly noted.     riation on such
bulk index as is introduced due to It has not been considered appropriate
to exhaus-   constraining surfaces, and In which such inter- tively
describe presently available suitable active ma-  face is of refractive
index contrast for cavitating terials. In general, material choice is with
regard to the   10  energy which is numerically equal to at least 1.5, same
considerations as applied to earlier laser struc-  such value yielded by
the fraction [err], in which tures. Choice is accordingly on the basis of
desired    [err] is the effective refractive Index for cavitating
wavelength of operation with a view to a variety of     energy within the
said body and [err] is the refrao- other matters, most importantly with
regard to fabri-  tive Index forsuch energy outside the defining In-
cation.                                         15      terface of such
body. Selected pump power may serve to favor a par- ticular desired mode.
In certain experiments, for ex-  2. Apparatus of claim 1 in which the said
normal di- ample, it was found that decreasing pump power in a     mension
approximates the value [err] . device operating above lasing threshold
often result- ed in mode switching - In the instance of 5[err] diameter  20
3. Apparatus of claim 1 in which a substantial por- disks, in switching by
0.06[err]. This is consistent with  tion of such cavitation path is within
a region In a whispering mode having a modal number M [err]38.          the
said body defined by plane parallel flat Inter- The lowest loss modes for
this structure appear to      faces (12, 13, 30, 31). have a radial mode
number N [err]4. The mode so de- fined has a maximum energy modal path
which is suf-  25  4. Apparatus of claim 1 in which such cavitation
ficiently separated from the outer edge to lessen loss  path is within a
peripheral region (50, 61) of the due to surface scattering. In addition
separation from  said body and In which such peripheral region en- the
pedestal is sufficient to prevent significant un-   closes an inner region
(52, 60) which is substan- wanted coupling. In this connection, It has been
ob-    tially thinner than the said normal dimension. served, as expected,
that coupling, and therefore sur-  30 face emission, emanates from the two
points of the   5. Apparatus of claim 1 in which the said element Is
rhombus-shaped pedestal most distant from the cen-      of maximum
dimension of the order of microns. ter of the disk. 6. Apparatus of claim I
in which such element de- 



35      signedly attains lasing threshold in operation. Claims 7. Apparatus
of any of claims 1-6 in which the said 1. Apparatus comprising at least one
semiconduc-        cavitational path defines a polygon of atleastfour tor
micro-resonator element for providing electro-  sides. magnetic emission,
at least 10% of which may be   40 regarded as coherent, such emission being
re-    8. Apparatus of claim I togetherwith means forcou- sponsive to
provided means for pumping (101-         pling (84, 91) emitted energy.
104, 111-114), said element providing for cavita- tion of electromagnetic
energy to be emitted with  9. Apparatus of claim 8 In which such means pro-
cavitation being primarily dependent upon whis-  45  vide for in-plane
coupling. pering gallery modes in accordance with which modal path (15, 33)
is defined within a body (10,  10. Apparatus of claim 9 in which coupling
includes 70, 80, 100, 110) of high refractive index for such  a gap
intermediate said element and the defined energy relative to refractive
index of surrounding  emission path (91). ambient at an interface between
such body and   50 ambient, such path being polygonal and of at     11.
Apparatus of claim 8 in which such means pro- least three sides with
retention being primarily    vides for out-of-plane coupling. due to
incidence of cavitating wave energy at or below the critical angle defined
at such interface  12. Apparatus of claim 11 In which such means en-
CHARACTERIZED IN THAT                 55       tails at least one physical
groove (84) on a lateral the said element, at least over region cor-
surface of said body. responding with a substantial portion of such cav-
itation path, is of a normal dimension (14,53), as  13. Apparatus of claim
12 in which such means en- 7    13                  EP 0 533 390 B1
14 tails a plurality of such grooves.                   kavitlerende
Energie Im besagten Korper und n. der Brechungsindex fOr soiche Energie
auIer- 14. Apparatus of claim 1 comprising an integrated       halb der
definierenden Grenzlache sines Q- circuit.
chen K8rpers ist. 15. Apparatus of claim 14 In which said integrated cir-
2. Vorrlchtun nach Anepruch 1, wvobe die besagt cult includes a plurality
of said elements.         nrormals Dimension sine Anniherung an den Wert
)J4"f let. 16. Apparatus of claim 15 In which said integrated cir- cult is
opto-electric.                      10  3. Vorrichtung nach Anspruch 1,
wobel sich sin be- deutenderAntell mines solchen Kavitatlonsweges 17.
Apparatus of claim 16 in which said integrated cir-  lnnerhaib els. Bereieh
im besmgtn KOrper be- cuit includes means for pumping said elements.
findet, der durch planparallel flache Grenzfla- chen (12, 13, 30, 31)
definlart ist. 18. Apparatus of claim 17 in which said means is opt-  15
ical and is provided by a laser pump.            4. Vorrichtung nach
Anspruch 1, wobel dleser Kavi- tationsweg sich Innerhalb sines peripheren
Be- relchs (50, 61) des besagtsn Korpers befindet Patentansprfche
und wobel sin soicher peripherer Berelch elnen 20      Inneren Berekch (52,
60) umschileit, der bedeu- 1. Vorrlchtung mit mindestens elnem
Halblelter-MI-      tend dflnner als die besagbt normale Dimension
kroresonatorelement zur Bereitstellung elektro-      lst. magnetischer
AusatrahiUng, vOn der mindestens 1.0% als koharent eractht warden kOnnen
und     5. Vorrichtung nach Anspruch 1, wobel das besagte die aufi
vorgaesehene Mittel um: Pumpon (101-  26    Element eine maximais
Dirnenslon In der Gro- 104, 111-114) rea gert, wob.el dae b .sate Ele-
Benordnung von Mlkrometern besltzt. ment die Kkivitation
auszuatrehlender.elektlroma- gnetischer Energle ermgllcht, wIobel
d&k1Pvita-  6. Vorrichtung nach Anspruch 1, wobel sin soiches tion
hauptseachlich von FI(estergaliqrlemowden ab-   ElementselnerAuslegung
gemA9 Im Betrleb den hingig let, Je nachdem, welcher -modewrmeg (15,  30
Laserschwellwert errelcht. 33) In elnem K8rp.r (10, 70, $0, 10.0, 11 0) mit
ho- 



heom Brechungaindex fur esne soche Energis re-   7. Vorrichtung nach dlnem
der AnsprOche 1 bis 6, lativ zum Brechungoindex der Umgeburg an el-
wobel der bsagte Kavitationsweg sin Mehreck ner Grenzfl&che zwlschen dlesem
Korper und           mit mindestens vler Selten definlert der Umgebung
deflniert ist, wobei sin solcher  35 Weg polygonal lst und mindestans drei
Selten     8. Vorrichtung nach Anspruch 1, mit Mittein zum aufwilst, wobel
Retention houptsalchiich auf derm    Koppeln (84, 91) von ausgestrahitr
Energle. Einfallen kavitlerender Wellenenergie mit dam oder unterhalb des
an einer solchen Grenzflche  9. VorrIchtung nach Anspruch 8, wobel solche
Mittel definlerten kritischen Winkel(s) beruht, dadurch   40  das Koppdln
auf elner Ebene erm~gllchen. gekennzelchnet, dol& das besamgtse!lment min-
destens (ibenrden elnem wesentlichon Antell 6-   10. Vorrichtung nach
Anspruch9, wobel das Koppeln nes solchen, Kavltqtionswesgs entgprechenden
einen Spolt zwlsQhen dem bIeoagtsn Element und er~eich no~rmael z,,u
slnem.solchen Wqggerne ssn   dem definlerten Ausstrahlungsweg (91) enthalt.
sine normale Dimenslon (14, 63) besitzt, mit mm-  45 ximal ;>/2n.wotebi e
Xdie In einem Vqkuum ge-    11. VornlchtungnachAnspruch8,wobeidissesMittel
messone Wellnllnoe kavitlsrender Energis .und       da Koppeln mu~erhalb
der Ebene ermdgllcht. nw,, der elgentliche Brqchuvrss,9nsiqx fQr diese
kpavitlerende Ensrgle bstJ w bel diser Wert so.  12. Vorrichtung nach
Anspruch 11, wobei dleses Mit- wohi: die V.erindrung des Vw umnindds for
so      tel mindestens elne physikallsche Nuts (84) auf das Milie~dium des
Korpe.,rs id rdie In diesem V.hu-  ainr Seitenflfiche des besagten Kdrpers
musbil- menindex uufgnund von slnphrinkendon Ober-          det. flichen
elngetretene Verinderung benrfckslch- tigt, und wobei ,dlesr Obsrgang.
eonen Bre-      13. Vorrichtung nach Anspruch 12, wobel dlses MIt-
chungsIndsxkontrast fOr kovitlerende Energle  66    tel sine MehrzahI
solcher Nutsn ausbildet. besitzt, der nume..rech mIndestens   1,51st, wobel
dleser Wert slch sue dem BPruh n,on. er-  14. Vorrchtung nach Anspruch I
mit alner Intbgrier- gibt, wobel nff der effektIvs Brechungsindex fOr
ten Schaltung. ,8____ 1..,..,     __ll ____11 U IIU    15
EP 0 533 390B1                   16 15. Vorrichtung nach Anspruch 14, wobel
die besag-  2. Appareil selon la revendlcation 1, dans lequel la- te
intgrierte Schaltung sine Mehrzahl besagter       ditb dimension normale
approche le valeur de Elemento enthilt.
i J4n.ffkm 16. Vorrichtung nach Anspruch 15, wobei die besag-   5   3.
Appereil salon Ia revendicatlon 1, dans lequel ts Integriertb Schaltung
optoelektrisch let>         une.partis substantielle d'un tel chemin de
cavi- tation so situe au sein d'une r6glon dans ledit 17. Vorrchtung
nachAnspruch 16, wobei dib besag-       corps difinnio pardes Interfacos
plates paralllees to Intgrioerto Schaitung Mittol zum Pumpen der
plan.s (12 1.3, 30, 31). besagten Eleomente enthdlt.                 10 4.
Appareii solon Is revendication 1, dans~lequel un 1I. VQrrichtung. nach
Anapruch 17, wobei des beseg-     tl chemin d..o cqavitition so sitye au
soln d'une re- te.Mittl optlech at und von olner Laserpumpe be-     gin
p~ripherique (5.0, 61) dudlt corps t dana le- reitgestoiit wird.
quol une toils r6glon p~ripherlque renferme une 15      rtgion Int.rieure
(52, 60) qul sat sensiblement plus fine quo ladite dimension normale.
Revendications 5. Appareil salon la revendication 1, dans iequel le- 1.
Apparell comprenant au moins un element a ml-        dit 616ment a une
dimension maximale de i'ordre cro-rfsonatbur semi-conducteur destine A
assu-   20  de microns. rer une Amission electromagn6tique, dont au mains
10% peuvent etre con.siderds comme co-     6. Appareil selon Is
revendication 1, dans loquel un harents, uns tile emisslon teant sensible a
dos      tel 616ment atteint de par sa conception Is seull moyens prevus
pour le pompage (101-104, 111-         d'Amiaalon laser en fonctionnement.
114), lodit Oinment assurant la cavitation ds   25. 1'6nergie
le.ctromagn6tiqujo a emettre, la-cavita-  7. Appareil solon 'une quelconque
des revendica- tion 6tant principgalement d6pendanto do modes       tions 1
A 6, dans lequel Iedit chomin de cavitation de chuchotement on galerls
aslon les"uela l.         d~finit un polygone d'au moins quatre o~t6s. 



chemin do .mode (15. 3.3) eat ddfini au soln d'un corps (10,70,50, 100,
110,.). d'indice deorfracftion   30   8. Apparell solon Is revendication 1,
avsc des 61eve pour uno telel n6ergie par rapport a I'Indice  moyens pour
coupler (84, 91) l'6nergie 6mise. do r~fraction du milleu amblnt
environnant a un.e Interface entre un tel corps et Is milieu ambiant,  9.
Apparell solon la revendlcation 8, duns loquel de un tel chemin Atant
polygonal et d'au moins trois    tsls moyens assurent un couplage en plan.
cOtes, le r6tention 6tant prrincipalement due A I'mn-  35 cidence do
l'6nefglo d'onde de cavltatiQn A l'an-  10. Apparell salon Ia revendication
9, dans Isquel le gle critique ou en dessous de 'angle critique d6-
coupiage comprond un Intervalle entre ledit 61- finI A une tile Interface,
caract6risi en eo quo le-  ment et le chemin d'Amission def Il (91). dit
el6ment, au moins surIa rglon correspondant A une partie substantielle d'un
tel chemin do ca-  4o   11. Appareil salon le revendication 8, dans lequsl
un vitation, eat d'une dimension normael (14, 53),     tel moyen assure un
couplago hors plan. mesurde perpendiculairement a un tel chemnin, d'un
maximumr do )J2ne,,W  ob X e.t Ia longuour  12. Apparoil solon la
revendication 11, dans loquel un d'onde de Nnorglie de ..vitatIon mesuris
dans       tel moyen cmporte au moins une ralnure physi- un vide et n~ff~wF
eat 'Indlce de r6frgdion relI  45  quo (84) dons une surface laftrale dudit
corps. pour une telles en.eie dcavitathn, une 0tQslls va- lour rendant
upjbo * lafales d'unse. variation de  13. Apparell selon la revendication
12, dans lequel I'indice deo oluns  pourlI mileau du corppet  dole  un tel
moyen comport. une plurulite de teiles mi- variation d'uP W. indies de
volume ki.djuit par le  nures. su~rfacoes confinnnt.a, et dan leq.gel un,
tle. in-  so terface presente un contraate ,d'indl: ,do oe-ac  14. Appareil
slon Ia revendlcatlon 1, comprenant un tion pour Uno negie de cavitation
qvul e.t fumi-     circuit IntdgrA. riquement atle a a m ins 1,5, un 'tells
valour Atant prodult -per Ia fracIon no  Qb n          15. Appareil solon
la revendicatIon 14, dans lequel eat l'indice d -refrapction officace pour
lenergie  us  ledit circuit integre comprend une plurallte des- de
cavitation au sein dudit corps et n, eat l'lndlce  dits elements. do
rfraction :pour une tells Anorgie hors de I'in- terfaco qui definit un tl
corps.                 16. Apparell selon la revendication 15, dans lequel
9    17                   EP 0 533 390 B1                   18 ledit
circuit inthgr6 est optodlectrique. 17. Apparell solon Ia revendication 16,
dans lequel ledit circuit MntM.  comprend des moyens pour Ie pompage
desdito 6I6ments.                     5 IS. Apparell selon la
revendication. 17, dens 1eqiuel leedits moyens sont optiques et sont form6s
par une pompe laser. 10 15 20 25 30 40 45 50 55 10    


