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portion , including : a gain material with a higher refractive 
index than the passive optical waveguide , wherein the 
middle portion of the active optical waveguide is embedded 
in the cladding material , and faces the passive wave guide , 
such that a lower surface of the middle portion is an upper 
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provided a device for optically pumpable waveguide ampli 
fication and a method for signal radiation amplification . 
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OPTICALLY PUMPABLE WAVEGUIDE The prior art has important limitations . For example , U . S . 
AMPLIFIER WITH AMPLIFIER HAVING Pat . No . 6 , 549 , 688 describes an optical amplifier design , 

TAPERED INPUT AND OUTPUT which makes use of asymmetric Mach - Zehnder interferom 
eters to multiplex and demultiplex the pump and the signal . 

CROSS - REFERENCE TO RELATED 5 Adiabatic couplers are proposed for coupling between dif 
APPLICATION ferent types of waveguides . These couplers do not separate 

the pump from the signal . Also , US 2004 / 0081415 describes 
This application is a continuation of U . S . patent applica - a planar optical waveguide amplifier , in which the signal 

tion Ser . No . 14 / 907 , 110 , filed Jan . 22 , 2016 , which claims couples between the active and passive waveguides with the 
the benefit of priority from PCT Application PCT / IB2014 / 10 help of a directional coupler . U . S . Pat . No . 5 , 381 , 262 
063117 under 35 U . S . C . $ 371 , filed on Jul . 15 , 2014 , which describes an optical waveguide amplifier , which includes 
claims priority from United Kingdom Application No . partial erbium doping in the waveguide where the signal 
1313282 . 4 , filed Jul . 25 , 2013 . The contents of the applica propagates . The pump light is coupled to the waveguide 
tions are incorporated herein by reference . amplifier with the help of a directional coupler . In addition , 

15 EP 0 , 561 , 672 describes a waveguide amplifier , in which a 
TECHNICAL FIELD OF THE INVENTION gain region is obtained by doping and the pump signal is 

coupled in and out of the amplifier using directional cou 
The invention relates in general to the field of optically plers . Owing to a precise directional coupler design , cou 

pumped waveguide amplifier devices and related devices pling length for the signal wavelength is half of that for the 
and methods . 20 pump wavelength . Therefore , the signal remains on a same 

waveguide , whereas the pump signal switches between 
BACKGROUND OF THE INVENTION waveguides . EP 1 , 030 , 413 describes a rare - earth - doped pla 

nar waveguide positioned on top of a passive waveguide . 
Optical amplifiers compensate for the losses in optical The rare - earth - doped waveguide is tapered , perpendicularly 

communication channels by increasing the signal power . 25 to the planar direction , to couple the pump and the signal 
Erbium - doped fiber amplifiers ( EDFA ) are important to between the waveguides . The coupler does not separate the 
optical communications and have enabled transmission of pump from the signal . An external component is provided to 
large amounts of data over long distances . Planar optical separate the pump . 
waveguide amplifiers are expected to reach widespread 
usage in the future as a result of the increased utilization of 30 SUMMARY OF THE INVENTION 
integrated photonics . In particular , polymer waveguide tech 
nology is expected to increase chip / board level communi The present invention provides an optically pumpable 
cation capacity at low assembly cost and will have a waveguide amplification device . The device includes : a 
profound impact on the growing field of silicon photonics . cladding material ; a passive optical waveguide embedded in 
However , due to the restricted power budget , amplification 35 the cladding material that has no optical amplification func 
of the optical signal can be required . Polymer waveguide tionality ; and an active optical waveguide having a gain 
amplifiers usually make use of optical pumping for opera material with a higher refractive index than the passive 
tion . These amplifiers operate with a pump light , which have optical waveguide , and which successively includes : an 
a shorter wavelength than the signal light . The absorption of input portion , a middle portion , and an output portion . The 
the pump light leads to population inversion , and conse - 40 middle portion successively includes : a first taper portion , an 
quently to amplification by stimulated emission . amplifier portion , and a second taper portion , wherein the 

Along with several other important characteristics , an middle portion is embedded in the cladding material and 
ideal optically - pumped waveguide amplifier should include faces the passive waveguide , such that a lower surface of the 
some key characteristics . First , the optical signal should middle portion is an upper surface of the passive optical 
have large overlap with the gain material in the active 45 waveguide . Also , each of the taper portions widens towards 
waveguide for an efficient amplification . The modal gain is the amplifier portion , parallel to the lower surface , such that 
proportional to this overlap value . Second , the overlap a narrow end of each of the taper portions have a cross 
integral between the signal and the pump modes should be sectional area that is smaller than a cross - sectional area of 
large to make use of population inversion efficiently . Third , the passive optical waveguide at the same level of narrow 
outside the amplifier , the pump has to be separated from the 50 end . 
signal efficiently . Also , the amplifier should preferably not Furthermore , the present invention provides a method for 
deteriorate the optical characteristic of the passive wave signal radiation amplification . The method includes the steps 
guide ( e . g . propagation loss should not increase ) . Last , it is of : coupling a signal to be amplified from the passive optical 
preferable to have high tolerance to variations of the device waveguide to the active optical waveguide of an optical 
geometry and material characteristics compared to the nomi - 55 waveguide amplification device at a first tape portion of the 
nal design specs . This reduces the cost by increasing the device through adiabatic mode transformation ; allowing a 
yield and relaxing process parameters . pump signal and the signal to be amplified to propagate in 

State - of - the - art optically pumped waveguide amplifiers the amplifier portion of the optical waveguide amplification 
can satisfy only some of these requirements . The coupling device ; and coupling the amplified signal back to the passive 
and separation of the pump and the signal is obtained by 60 optical waveguide at the level of a second taper portion of 
using devices , such as interferometers or directional cou - the optical waveguide amplification device . 
plers , which do not have high tolerance because of their The present invention further provides for an optically 
resonant operating conditions . Most of them make use of pumpable waveguide amplification device . The device 
rare earth - doped polymers as gain material . This imposes includes : a cladding material ; a passive optical waveguide 
stringent boundary conditions on design due to their narrow 65 embedded in the cladding material that has no optical 
absorption band and the limited concentration caused by the amplification functionality ; and an active optical waveguide 
tendency of these materials to form aggregates . having an input portion , a middle portion and an output 
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portion , including : a gain material with a higher refractive On the contrary , those embodiments are provided for the 
index than the passive optical waveguide , wherein the thorough and complete understanding of the present inven 
middle portion of the active optical waveguide is embedded tion , and to completely convey the scope of the present 
in the cladding material , and faces the passive wave guide , invention to those skilled in the art . 
such that a lower surface of the middle portion is an upper 5 Referring to FIGS . 1 - 6 , the present invention is an opti 
surface of the passive optical waveguide . cally pumpable waveguide amplifier device 100 . The device 

includes : cladding material 10 , passive optical waveguide 
BRIEF DESCRIPTION OF SEVERAL VIEWS OF 20 , and active optical waveguide 30 . The waveguides 20 , 30 

THE DRAWINGS are at least partially embedded in cladding material 10 and 
can be referred to as waveguide cores 20 , 30 in the alter FIG . 1 is a top view of a simplified representation of an native . Passive waveguide 20 has no optical amplification optical waveguide amplifier , according to embodiments ; functionality , whereas active optical waveguide 30 includes : FIG . 2 is a 2D cross - sectional view of a simplified a gain material having a higher refractive index than the representation of the optical waveguide amplifier device as 

it is before a tapered section ; 15 passive optical waveguide . 
FIG . 3 is a 2D cross - sectional view of a simplified The active waveguide successively includes : an input 

representation of the optical waveguide amplifier device portion 31 , a middle portion 32 - 34 , and an output portion 35 . 
after a tapered section ; The middle portion 32 - 34 decomposes itself into : a first 

FIG . 4 is a 2D cross - sectional view of the optical wave taper portion 32 ; an amplifier portion 33 ; and a second taper 
guide amplifier device as it is before a tapered section , where 20 portion 34 . The portions are successive , but that does not 
the passive waveguide is a rib waveguide ; necessarily exclude other intermediate sections , between the 

FIG . 5 is a 2D cross - sectional view of the optical wave - portions . However , the preferred embodiments include suc 
guide amplifier device after a tapered section , where the cessions of portions and only such portions , as indicated 
passive waveguide is a rib waveguide ; above . 

FIG . 6 is a top view of a simplified representation of a 25 The middle portion is embedded in the cladding material 
variant to FIG . 1 , wherein the passive waveguide to include 10 ; it faces the passive waveguide 20 , i . e . , a lower surface 
tapered sections , oriented opposite to the tapered sections of S1 of the middle portion is vis - à - vis an upper surface S2 of 
the active waveguide , according to still other embodiments ; the passive waveguide 20 . The terms “ lower ” or “ upper ” 

FIG . 7A shows a refractive index of the optical waveguide surfaces imply a relative configuration of the two surfaces , 
amplifier device . 30 i . e . , the layout could obviously be reversed with the passive 

FIG . 7B shows a mode profile at the inner side of a waveguide above the active waveguide . In addition , the two 
tapered section , illustrating how a signal is transferred surfaces S1 and S2 need not be in contact . As seen in FIGS . 
between the active and passive waveguides , whereas a pump 2 - 5 , some material can be provided between the two wave 
signal remains in the active waveguide . guides , where the transverse distance is typically between 0 

FIG . 7C shows a mode profile at the inner side of a 35 and 5 um . 
tapered section , illustrating how a signal is transferred The portions 32 , 34 are meant to act as couplers , as 
between the active and passive waveguides , whereas a pump discussed later . They are tapered in - plane , where each taper 
signal remains in the active waveguide . 32 , 34 widens towards the amplifier portion 33 in a plane 

FIG . 7D shows a refractive index of the optical waveguide that is parallel to the lower surface S1 . The narrow end of 
amplifier device . 40 each of the tapers has a cross - sectional area that is smaller 

FIG . 7E shows a mode profile at the outer side of a tapered than the cross - sectional area of an opposite section of the 
section , illustrating how a signal is transferred between the passive waveguide 20 at the level of the narrow end . In other 
active and passive waveguides , whereas a pump signal words , the width of the first taper portion 32 increases from 
remains in the active waveguide . an end of the input portion 31 to a first end of the amplifier 

FIG . 7F shows a mode profile at the inner side of a tapered 45 portion , and the width of the second taper portion 34 
section , illustrating how a signal is transferred between the decreases from a second end of the amplifier portion 33 to 
active and passive waveguides , whereas a pump signal an end of the output portion 35 ( from left to right in FIG . 1 
remains in the active waveguide . or 6 ) , such that the innermost width of each of the taper 

F ) at the inner ( left - hand column ) and outer ( right - hand portions 32 , 34 is larger than its outermost width . Preferably , 
column ) sides of a tapered section , illustrating how a signal 50 amplifier portion 33 is straight , its width corresponds to that 
is transferred between the active and passive waveguides , of the tapers at their wide end , and the thickness is the same 
whereas a pump signal remains in the active waveguide ; as the thickness of the tapers 32 , 34 and other portions of the 

FIG . 8 is a flowchart illustrating high - level steps of a active waveguide . Other shapes for the amplifier portion can 
method of amplification , according to embodiments ; and be contemplated such as a ring , spiral or simply bended 

FIG . 9 schematically illustrates the variation of the width 55 waveguides . The input and output portions can for instance 
of a non - linear taper portion along its longitudinal axis , have the same width as the tapers at the level of their narrow 
according to specific embodiments . end . 

Whereas the middle portion extends above the passive 
DETAILED DESCRIPTION OF THE waveguide 20 , the input and output portions are not neces 

PREFERRED EMODIMENTS 60 sarily superimposed to the passive waveguide . Furthermore , 
the input and output portions need not necessarily be embed 

Some preferred embodiments will be described in more ded in the cladding , contrary to the middle portion . In that 
detail with reference to the accompanying drawings , in respect , it should be noted that , notwithstanding the primary 
which the preferable embodiments of the present invention role played by the middle portion 32 - 34 , the active wave 
have been illustrated . However , the present invention can be 65 guide 30 extends beyond the couplers 32 , 34 in the present 
implemented in various manners , and thus should not be case , owing to the input and the output sections 31 , 35 , 
construed to be limited to the embodiments disclosed herein . which allow for inputting and collecting optical signal . 
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Notably , the pump signal is meant to be input to the amplifier types of non - linear tapers ensure lower , possibly minimal 
portion 33 through the active waveguide , via the input coupling losses in a more compact layout / shorter length . 
portion 31 . This is because a suitable design allows a smoother trans 

The gain material is embedded in the active waveguide 30 formation of the optical mode ensuring minimal scattering to 
as a whole and the input and output sections contain gain 5 the unwanted modes . Nonlinear taper designs can for 
material . Gain materials are materials that can be pumped at instance include parabolic segments . Further investigations 
a wavelength , which typically is 60 to 80 % of the signal on this matter have shown that a parabolic shape is not the 
wavelength or shorter . These are approximate numbers , as most optimal geometry . Still , it can be regarded as an 
usually considered in the art , as there is no sharp boundary approximation to the optimal geometry , and at least as a 
defined . As the pump wavelength approaches the signal 10 better approximation than linear tapers . 
wavelength , it becomes more difficult to achieve high In preferred embodiments , each of the taper portions 32 , 
extinction ratio for the pump and low active - passive cou - 34 decomposes into at least two sub - portions , whose respec 
pling loss for the signal simultaneously . tive widths as measured in a plane parallel to the lower 

As present inventors have realized , such a design and in surface S1 vary quite differently . In other words , the deriva 
particular the taper orientation allow for adiabatic optical 15 tive of the width W varies substantially even though the 
coupling of a signal radiation from the passive waveguide 20 width w of the taper constantly increases along axis x ( e . g . , 
to the active waveguide 30 at the level of the input portion a factor of at least 3 is observed between the lowest and 
and then from the active waveguide 30 to the passive highest values of the derivative ) . Formally , each of the taper 
waveguide 20 at the level of the output portion , while not portions 32 , 34 decomposes into at least two sub - portions 
enabling inter - waveguide optical coupling of the pump 20 including at least one fast - varying sub - portion 321 , 323 and 
radiation . As a result , the present invention enables ampli - at least one slow - varying sub - portion 322 ( see FIG . 9 ) . 
fication of the signal radiation and an efficient filtering of the Preferably , a taper portion decomposes into three sub 
pump radiation , without requiring any additional filter or portions 321 , 322 , 323 . Namely , it decomposes into a 
demultiplexer . Accordingly , a device 100 according to fast - varying sub - portion 321 , followed by a slowly - varying 
embodiments is preferably deprived of any additional filter 25 sub - portion 322 , itself followed by a fast - varying sub 
to separate the pump signal from the signal of interest . portion 323 . The average angle in a fast - varying sub - portion 

Adiabatic optical coupling is known per se . Adiabaticity can , for instance , be at least 3 times larger than an average 
condition is met when the optical distribution is defined by angle in a slowly - varying sub - portion . The average angle 
the same eigenmode ( i . e . , supermode ) of the coupled wave - means an average of tangential angles observed in a given 
guide system ( e . g . , fundamental even supermode , funda - 30 sub - portion , measured in a plane parallel to said lower 
mental odd supermode ) throughout the taper , with minimal surface ( S1 ) . A tangential angle is the angle between a 
scattering to other supermodes or radiation modes . In the tangent line to an edge of a given sub - portion and a 
present case , the supermode profile is transformed along the longitudinal axis x of the taper portion . 
coupler through a taper 32 , 34 . It overlaps mostly with the For instance , a “ slow ” variation ( i . e . , small angle with 
passive waveguide 20 at the input of the first taper 32 and at 35 respect to the longitudinal axis of the taper portion ) can be 
the output of the taper 32 it is mainly confined in the active provided in the middle sub - portion 322 of a taper portion 32 , 
waveguide 30 . In this way , inter - waveguide coupling is and the taper angle increases towards both ends of the taper 
achieved without any resonance conditions . The situation is portions . In the slowest region , the taper angle can be 
reversed at the second taper 34 : the supermode is transferred smaller than 0 . 1 degrees . On the other hand , the angle can 
from the active waveguide to the passive waveguide . 40 be significantly larger ( i . e . , larger than 1 degree ) in the 

The aforementioned scattering loss is never perfectly " faster ” regions . FIG . 9 is not to scale for purposes of clarity 
zero . Adiabaticity is a relative term , as known . A coupler is since actual angles are much smaller than the angles 
considered to be adiabatic when the loss is below a pre - depicted . 
defined level , e . g . less than 15 % , but typically less than 10 % . The various embodiments of the present invention can be 
At least some of the present embodiments allow for achiev - 45 realized using a single non - linear taper section or using 
ing losses that are less than 5 % . multiple taper sections such as a linear section followed by 

The present invention provides a method of amplification . a non - linear section , itself followed by a linear section , etc . 
Referring to FIG . 8 , this method includes the following Preferred designs of the taper depend on the coupling 
steps . In Step S10 , an optical waveguide amplifier device is efficiency target , geometry and refractive indices of the 
provided . Next , at Step S20 and S30 , a pump signal is 50 waveguides , and the size limitations . Depending on the 
provided to amplifier portion 33 via input portion 31 . available fabrication techniques , it can be more practical to 
Concomitantly , a signal to be amplified is provided to the approximate a non - linear taper portion by multiple succes 
passive waveguide 20 . Both signals are input in parallel , i . e . , sive linear sub - portions . 
from left to right in FIG . 1 or 6 . At Step S40 , the signal to Adiabaticity was explored in the prior art . An analytical 
be amplified couples from the passive waveguide 20 to the 55 formula describing tapers having optimal designs was 
active waveguide 30 at the level of the first taper portion 32 , derived in the prior art . Also , the prior art defines adiaba 
which involves adiabatic mode transformation . In Step S50 , ticity criterion and the shortest adiabatic mode transformer 
the pump signal and the signal to be amplified both propa in a coupled waveguide system . In particular , the reader is 
gate in the amplifier portion 33 where amplification takes referred to parameters defined by the coupled mode theory . 
place . Last , at Step S60 , the amplified signal couples back to 60 Referring now to FIG . 6 , the passive waveguide 20 can 
the passive waveguide 20 at the level of the second taper include taper portions 22 , 24 . Note that in FIG . 6 , the 
portion 34 . cladding 10 is not represented for clarity . Each of said taper 

Referring now to FIGS . 1 , 6 , in various embodiments of portions 22 , 24 face a taper portion 32 , 34 of the active 
the present invention , the width of each of the taper portions waveguide 30 . However , taper portions 22 , 24 have reverse 
32 , 34 , as taken in a plane parallel to the lower surface S1 , 65 orientation compared to taper portions 32 , 34 , such that taper 
decreases non - linearly from the amplifier portion to the portions 22 , 24 narrow inwardly in a plane parallel to the 
narrow end of the tapers 32 , 34 . As it can be realized , some upper surface S2 . This additional feature is believed to 
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enhance the coupling properties . As a result , the cross output taper portion 34 . The pump light remains in the active 
sectional area of the portion of the passive waveguide 20 that waveguide such that no additional filter is required to 
faces the amplifier portion 33 is smaller than the cross - separate the pump from the signal of interest . As explained 
sectional area of outermost portions . The passive waveguide in the following section , such couplers have an easy design 
can be interrupted at the level of the amplifier portion since 5 and a high tolerance to design parameters . There are other 
both the signal to be amplified and the pump signal propa - advantages of the various embodiments of the present inven 
gate through the active waveguide at this stage . In this case , tion . For instance , the design of the coupler produces : a 
the passive waveguide 20 decomposes into two passive substantial confinement of the optical signal within the 
waveguide components , where one terminates at the narrow active waveguide and a substantial overlap between the 
end of the first taper portion 22 and the other component 10 pump and the signal . Also , there is efficient separation of the 
terminates at the narrow end of the second taper portion 24 pump signal from the optical signal at the output without 
of the passive waveguide . However , such a limit case may using external components , such as filters or demultiplexers . 
not be optimal . From the fabrication perspective , it may be The vertical twin waveguide approach allows little to no 
easier to keep a thin portion of passive waveguide facing the perturbation to the characteristics and the fabrication process 
amplifier portion 33 . This also would mitigate the risk of 15 of the passive waveguide . Furthermore , the use of an adia 
spurious effects such as those caused by fabrication defects batic mode transformation instead of directional coupling 
at the end of the taper portions 22 , 24 . The dimensions of the based on resonant conditions allows for large tolerance to 
taper portions 22 , 24 are typically similar to those of taper variations of the refractive indices and dimensions , and 
portions 32 , 34 . positional inaccuracy . 

Referring now to FIGS . 4 , 5 , it is of particular advantage 20 The above embodiments have been succinctly described 
to design the lower waveguide 20 as an inverted rib wave in reference to the accompanying drawings and can accom 
guide by including a slab 26 and a strip 28 superimposed modate a number of variants . Several combinations of the 
directly onto the slab . The upper surface S2 of the passive above features can be contemplated . Examples are given in 
waveguide 20 is in that case an upper surface of the slab 26 the next section . 
located opposite to the strip 28 with respect to the slab 26 . 25 FIG . 1 shows the schematic layout of the amplifier 100 . At 
In other words , the passive waveguide exhibits a T - shape . the input 31 of the amplifier , the active waveguide 30 
Both the slab and the strip are preferably made of the same approaches the passive waveguide 20 ( and vice versa ) . 
material . The thickness of the slab 26 is typically smaller Active and passive waveguides stay in proximity for a 
than 1 / 3 of the total thickness of the inverted rib waveguide . minimum length , for inter - waveguide optical coupling . In 
The thickness of the slab can vary significantly depending 30 the region of the first taper 32 , the width of the active 
on the waveguide fabrication technology and the design . waveguide increases gradually , in - plane , to couple the signal 

In the present context , using an inverted rib waveguide is from the passive waveguide 20 to the active waveguide 30 , 
advantageous in terms of fabrication process . It allows for and this , by way of adiabatic mode transformation . At the 
obtaining a uniform , flat surface for a layer of cladding end of the first coupler 32 , the signal and the pump both 
material deposited on top of the slab . This , in turn , allows for 35 propagate in the amplifier region 33 . This is the region where 
depositing or arranging the active waveguide 30 above this amplification begins to takes place . At the end of the 
layer of cladding material . The resulting waveguide 30 amplifier portion 33 ( which can include spirals , etc . ) , 
extends parallel to the passive waveguide . Enhanced cou another coupler 34 transfers the signal back to the passive 
pling properties result in fine . waveguide 20 , as explained in the previous section . The 

The distance between the lower surface S1 and the upper 40 couplers 32 , 34 proposed herein favor adiabatic mode con 
surface S2 is typically between 0 . 0 and 5 . 0 um as seen FIGS . version . 
2 - 5 . The length of the taper portions 22 , 24 or 32 , 34 are FIGS . 7A - 7F show the refractive indices ( FIGS . 7A , D ) 
typically between 50 um and 10 mm , which allows for and mode profiles ( 7B , C , E , F ) at the inner ( left - hand 
exceeding adiabaticity limits in practice . The length of the column ) and outer ( right - hand column ) sides of a tapered 
amplifier portion 33 can be between 100 um and 100 cm 45 section 32 . The results of FIG . 7 have been obtained by 
depending on the context and desired amplification . optical mode simulation using the film mode matching 

The gain material of the active waveguide can include a method for the transverse - electric ( TE ) polarization of radia 
dispersion of gain elements , such as dye molecules , rare - tion . As an example , the active waveguide composed of 
earth ions ( e . g . , Er3 + ions ) or nanocrystals . The latter are colloidal quantum dots embedded in a Poly ( methyl meth 
preferably designed as quantum dots or quantum rods 50 acrylate ) ( PMMA ) matrix . For the present example , a quan 
embedded in a polymer matrix . For instance , the gain tum dot volume ratio of 10 . 0 % ( volume quantum dot / total 
material can include a colloidal dispersion of nanocrystals in volume ) . The refractive index of the quantum dot layer is 
a core or core - shell configuration ( e . g . , nanocrystals includ - 2 . 3 , while PMMA has a refractive index of 1 . 48 . By linear 
ing group II - VI , IV - VI , III - V or IV semiconductor materi - interpolation , it can be assumed that the effective refractive 
als ) . 55 index of the active waveguide to be 1 . 56 ( 2 . 3 . 0 . 1 + 1 . 48 : 0 . 9 ) . 

In terms of optical properties , the gain material in the For the core of the passive waveguide , the refractive index 
active waveguide 30 has a higher refractive index than the used in the simulation is 1 . 525 . The refractive index of the 
passive waveguide 20 . In addition , the refractive index cladding material used in the simulations is 1 . 517 . The 
contrast between the passive waveguide and the cladding geometrical design parameters used in the mode simulations 
material is typically between 0 . 005 and 0 . 02 . 60 are as follows . The passive waveguide has a constant width 

The original aspects of the embodiments of the present of 8 um and a thickness of 4 um . The thickness of the 
invention described above reside in the design of active cladding between the active and passive cores is 0 . 5 um , and 
waveguide 30 that includes in - plane tapering portions 32 , the thickness of the active waveguide core is 0 . 75 um . The 
34 , which couple the optical signal efficiently , but do not width of the active waveguide core is 8 um at the wide end 
couple the pump signal . The signal couples to active wave - 65 of the taper and 0 . 75 um at the narrow end . 
guide 30 at input taper portion 32 , propagates in gain The active waveguide 30 is wide at the inner side of the 
material 33 , and couples back to passive waveguide 20 at couplers 32 , 34 ( output of the first taper 32 and input of the 
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second taper 34 ) and narrow at their outer side , see e . g . , passive waveguide . The thickness of the active waveguide 
FIGS . 1 - 3 . The active waveguide 30 ( core ) has a higher 30 can have values between 0 . 22 and 42 . The simulations 
refractive index than the passive waveguide 20 , as seen in reported in FIG . 7 were carried out for a thickness of - 0 . 52 . 
FIGS . 7A , D . FIG . 7B depicts a fundamental mode profile at Similarly , the width of the active waveguide at the narrow 
a wavelength of 400 nm ( pump signal ) , inputted to the active 5 end of the taper can have values between 0 . 21 and 42 . At the 
waveguide 30 via the input section 31 . FIG . 7C shows the wide end of the taper , the width can be as large as 62 . 
fundamental mode profile at the wavelength of 1550 nm The thickness of the gap between the waveguide cores can 
( signal ) at the end of the taper 32 and the beginning of the vary between zero ( direct contact between cores 20 , 30 ) and 
taper 34 . Therefore , the eigenmode of the coupled wave - 42 , i . e . , between 0 . 0 and 5 . 0 um in practice . The coupling 
guide system ( supermode ) is confined in the active wave - 10 efficiency for the signal reduces as the gap thickness 
guide 30 at both pump and signal wavelengths when the increases . On the other hand , the extinction ratio of the pump 
active waveguide is wide . On the other hand , when the at the output increases with the gap thickness . Preferred 
active waveguide is narrow , the supermode profiles at the values of the gap thickness are approximately equal to a . 
pump and signal wavelengths are considerably different The length of the amplifier portion 33 ( excluding the 
( FIG . 7E , F ) . The pump light at 400 nm ( FIG . 7E ) is confined 15 couplers 32 , 34 ) depends , in practice , on the material gain , 
in the active waveguides , whereas the signal at 1550 nm is confinement factor and the gain target . For example , quan 
essentially confined in the passive waveguide 20 . The signal tum dots typically have a material gain of ~ 100 cm - 1 . 
is affected by tapering much more than the pump because of Assuming a confinement factor of 50 % with a 5 % of 
its longer wavelength . If the mode transformation between quantum dot concentration , a gain of 10 dB is achievable at 
the mode profile plotted in FIG . 7C and the one plotted in 20 a length of - 1 cm . As another potential gain material , Er3 + 
FIG . 7F is provided adiabatically , the signal is transferred has a significantly lower material gain , which means that 
between the active waveguide 30 and the passive waveguide longer waveguides are required to obtain an equal amount of 
20 with high efficiency , whereas the pump signal remains gain . Because of the large variability of the active material 
confined in the active waveguide 30 . and the confinement factor , the length of the amplifier can be 

In the example of FIG . 7 , the power overlap between the 25 in a broad range , e . g . , from 100 um up to 100 cm , but 
pump signal ( 400 nm ) and the signal to be amplified ( 1550 preferably between a few hundred micrometers and a few 
nm ) is - 45 % . The extinction ratio of the pump signal ( 400 centimeters . If necessary , bends or spirals can be integrated 
nm ) at the end of taper 34 is higher than 25 dB . This is the into the amplifier to increase the length . 
ratio between the pump radiation power in the active wave - With regard to materials , passive waveguides can be made 
guide at the inner side of taper 34 and the residual pump 30 of low - loss dielectrics such as polymers , silicon nitride , and 
power in the passive waveguide at the outer side of taper 34 . silicon oxide or silicon oxynitride . For the active wave 
As the pump wavelength gets longer , the overlap between guides , nanocrystals can be simply mixed with a polymer . 
the pump mode and the signal mode increases in the The fabrication process of active waveguides made of 
amplifier portion , whereas the extinction ratio of the pump nanocrystal - doped polymers is similar to that of passive 
radiation reduces . The pump wavelength can be optimized 35 polymer waveguides . 
based on the design specifications . The coupler loss at the Among other active materials , colloidal nanocrystals have 
signal wavelength ( 1550 nm ) shall approach 0 . 01 dB for a very broad absorption spectrum . Such characteristic dif 
nearly ideal adiabatic coupling . ferentiates them from molecules or rare - earth materials , 

Typical lengths of the couplers 32 , 34 can for instance be which usually exhibit a relatively narrow absorption band . 
between 50 um and 10 mm ( but more preferably between a 40 Moreover , the emission energy can be easily tuned by 
few hundred micrometers to a few millimeters ) . Adiabatic quantum confinement effect . Particularly good results have 
couplers do not have an optimal length . The loss of adiabatic been obtained with PbS / CdS quantum dots and with CdSel 
couplers is insensitive to the length provided the taper is CdS core / shell quantum dots . Clear amplification has been 
longer than the adiabaticity limit . If the couplers 32 , 34 are observed at room temperature and under ambient condition 
designed with a safety margin above the adiabaticity limit , 45 with typical material gain as high as 200 cm - 1 . 
the coupler efficiency is insensitive to variations of dimen - The active and passive waveguides can be stacked verti 
sions , refractive index , etc . cally , along with necessary cladding layers , using known 
Concerning the dimensions : adiabatic couplers as con - deposition methods , such as spin coating , doctor blading , 

templated herein can have a few micrometers of tolerance to ink jet printing , and spray coating for polymer - based wave 
the misalignment between waveguides . Assume that is the 50 guides . Waveguides made of different materials , such as 
free - space wavelength of the signal radiation . The cross - silicon oxynitride and silicon dioxide , can be fabricated 
sectional dimensions depend on the refractive indices of the using known material deposition ( e . g . chemical vapor depo 
materials . The refractive index contrast between the core and sition ) and waveguide formation ( e . g . etching ) methods . The 
the cladding of the passive waveguides can have a very amplifier 100 disclosed herein can be fabricated completely 
broad range of values . Suitable values are in the range of 55 using known methods . 
0 . 005 - 0 . 02 , as noted earlier . The active waveguide core 30 While the present invention has been described with 
should have a higher refractive index than the passive reference to a limited number of embodiments , variants and 
waveguide core 20 for the disclosed couplers to function . the accompanying drawings , it will be understood by those 
The thickness and the width of the passive waveguide core skilled in the art that various changes can be made and 
can typically vary between 1 and 62 , preferred values being 60 equivalents can be substituted without departing from the 
approximately 32 - 42 . The passive waveguide shall prefer - scope of the present invention . In particular , a feature 
ably be a buried channel waveguide ( rectangular core buried ( device - like or method - like ) recited in a given embodiment , 
in the cladding 10 ) , but it can also be an inverted rib variant or shown in a drawing can be combined with or 
waveguide ( thin slab with a rectangular protrusion ) , as replace another feature in another embodiment , variant or 
discussed earlier . 65 drawing , without departing from the scope of the present 

At the narrow end of a taper 32 , 34 , the active waveguide invention . Various combinations of the features described in 
core 30 always has a smaller cross - sectional area than the respect of any of the above embodiments or variants can 
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and 

accordingly be contemplated , that remain within the scope 5 . The optical waveguide amplifier device of claim 1 , 
of the appended claims . In addition , many minor modifica wherein the passive optical waveguide is a rib waveguide , 
tions can be made to adapt a particular situation or material comprising : a slab and a strip , the strip being superimposed 
to the teachings of the present invention without departing directly onto the slab , and wherein the upper surface of the 
from its scope . Therefore , it is intended that the present 5 passive optical waveguide is an upper surface of the slab , 
invention not be limited to the particular embodiments opposite to the strip with respect to the slab . 
disclosed , but that the present invention will include all 6 . The optical waveguide amplifier device of claim 1 , 
embodiments falling within the scope of the appended wherein a length of the taper portions is between 50 um and claims . In addition , many other variants than explicitly 10 mm . touched above can be contemplated . For example , other 10 7 . The optical waveguide amplifier device of claim 1 , materials than those explicitly cited could be involved to wherein a length of the amplifier portion is between 100 um obtain similar or substantially the same technical effects . and 100 . 00 cm . What is claimed is : 

1 . An optically pumpable waveguide amplifier device , 8 . The optical waveguide amplifier device of claim 1 , 
is wherein the gain material comprises rare - earth ions . comprising : 

a cladding material ; 9 . The optical waveguide amplifier device of claim 1 , 
a passive optical waveguide embedded in the cladding wherein the gain material comprises : a dispersion of Er3 + 

ions . material that has no optical amplification functionality ; 10 . The optical waveguide amplifier device of claim 1 , 
an active optical waveguide having a gain material with a 20 wherein the refractive index contrast between the passive 

higher refractive index than the passive optical wave optical waveguide and the cladding material is between 
0 . 005 and 0 . 02 . guide , and which successively includes : an input por 11 . The optical waveguide amplifier device of claim 1 , tion , a middle portion , and an output portion , 

wherein the middle portion successively includes : a first wherein the device comprises : no filter or demultiplexer to 
taper portion , an amplifier portion , and a second taper 25 se ser 25 separate a pump signal from a signal to be amplified . 
portion ; the middle portion embedded in the cladding 12 . The optical waveguide amplifier device of claim 1 , 

wherein the passive optical waveguide comprises : two taper material , and facing the passive waveguide , such that a portions that narrow inwardly and parallel to the upper lower surface of the middle portion is an upper surface 
of the passive optical waveguide ; and surface of the middle portion of the active optical wave 

each of the taper portions widens towards the amplifier 30 30 guide , and wherein each taper portion faces the correspond 
portion , parallel to the lower surface , such that a narrow ing first taper portion and second taper portion of the middle 
end of each of the taper portions have a cross - sectional portion in the reverse orientation . 
area that is smaller than a cross - sectional area of the 13 . The optical waveguide amplifier device of claim 12 , 
passive optical waveguide at the same level of narrow wherein the passive optical waveguide decomposes into two 
end . 35 passive waveguide components , wherein the first component 

2 . The optical waveguide amplifier device of claim 1 , terminates at the narrow end of the first taper portion of the 
wherein a width of each of the taper portions decreases passive optical waveguide and the second component ter 
non - linearly from the amplifier portion , parallel to the lower minates at a narrow end of the second taper portion of the 
surface . passive optical waveguide . 

3 . The optical waveguide amplifier device of claim 2 , 40 m2 40 14 . The optical waveguide amplifier device of claim 2 , 
wherein each of the taper portions decomposes into three wherein each of the taper portions decomposes into at least 

two sub - portions , including at least one slowly - varying consecutive sub - portions , comprising : 
sub - portion and at least one fast - varying sub - portion . a fast - varying sub - portion ; 

4 . The optical waveguide amplifier device of claim 1 , a slowly - varying sub - portion ; and 
wherein the distance between the lower surface and the 45 45 a second fast - varying sub - portion . 
upper surface is between 0 . 0 and 5 . 0 um . * * * * * 


