Devi ce The present invention relates to a device capable of random | asing
whi ch conprises a rareearth-doped gl ass wavegui de, to a process for

fabri catiwg20hen3dsvi ce and to a | aser 5 conprising the #eviamoioussans t hat
rely on nultiple scattering processes in a random scattering medi um for
optical feedback are known as random | asers. They differ froma
conventional |aser which relies on resehant optical feedback by reflectors
or mrrors. 10 Random | asi ng has been the subject of enornous interest to
researchers in the area of solid stapgyiphysics and | aser physics. Initial
experinments were designed to prove the principles of random | asing and not
to identify an efficient |aser source for applications A di sor dered
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| aser. Zh. Prikl. Spektrosk. 45, 847-850 (1986)). Lasing was denonstrated

in a Pi qeAnepreng Yadavigedi um wi t h di spersed scatterers (Martorell, J.,

Bal achandran, R M & Lawandy, N. M Radi ative coupling between photonic
paint layers. Opt. Lett. 21, 239-241 (1996)). In these experinents, a
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Let okhovys 3048t ofctdal %Mkb\}rgﬂec%g\gfﬂﬂr&g of light by a scattering nedi um
Wi th negative resonance absorption. Zh. Eksp. Teor. Fiz. 53, 1442-1447

(19619; Soy. Phys. JETP 26, 835-840 (1968)). The discrete nodes of the
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nedi a for random | asi n%% (Schuyu anmaekel ber van de
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e enans V. bR Sk ah M, Padaiign i, PhkhSorktiosk s 8565041 k). Tasing

was demonstrated in a liquid dye gain medium with dispersed scatterers (Martorell, J.,
Balachandran, R. M. & Lawandy, N. M. Radiative coupling between photonic paint layers.
Opt. Lett. 21, 239-241 (1996)). In these experiments, a distinct narrowing of the emission

20 spectrum was observed above a certain threshold which was attributed to stimulated
emission in a random scattering medium leading to amplification that can be described
using Letokhov’s model (Letokhov, V.S. Generation of light by a scattering medium with
negative resonance absorption. Zh. Eksp. Teor. Fiz. 53, 1442-1447 (1967); Sov. Phys.
JETP 26, 835-840 (1968)). The discrete modes of the laser that would have been present

25 in arandom scattering medium where light can be localised was first observed by Cao and
co-workers (Cao, H. et al. Random laser action in semiconductor powder. Phys. Rev. Lett.
82, 2278-2281 (1999)). The strong scattering and high gain was achieved in a ZnO
nanopowder film of thickness in the range 6-10pum and coherent lasing was observed with
angular dependence when pumped using a mode-locked Nd:YAG laser. The lasing

30 threshold was 763 kW/cm®. It has been proposed that etching glass or semiconductor
crystal can produce very strong scattering media for random lasing (Schuurmans, F. J. P,

Vanmaekelbergh, D., van de Lagemaat, J. & Lagendijk, A. Strongly photonic macroporous



GaP networks. Science 284, 141-143 (1999) and D. S. Wersnma and S.
Cavalieri, "Light em ssion: A tenperature-tunable random | aser” Nature
414(6865)w0208-/030%7( 2001) ). The medi a whi ch have been ugem/dB20thFDIgt r at e
random | asi ng have been generally 3- 5 dinensional and require a very high
punp threshold to initiate |asing. The nedia were nostly conpl ex,

non- portabl e, unstable and the distribu24 on of scatterers was

non-reproduci bl e. Modes were difficult to preserve. There has been interest

i n t heor ghPeRiworkyStREcT842 4 B4 ¢19998 and DI ST WHESHR hAS ST SavaiRd! 4oyn: 10 V.
M, Raikh, M E. & Shapiro, B. Randomresonators and prelocalized nodes in

di sor der etssipe] 4 tamreratinetingablpngelonRaver” Nature 48463006802 70208W)1)): The use
of a random | aser deploying a TnB+ ion doped gl ass powder filmclains to
have achi eved a threshold of several kilowatts per square centinetres (H
Fuj i war aThéinddi whbesladde beésa ty démormstate rdpdom ¥RingiHae basi fgeillyBin a

t hul i umi on-doped gl ass powder. filmcontaining titanium 15 di oxl de

parti &l edmenpiqnal nd seguire apigishigh pog thregp)ld to ingipte lnsisggdheapediy yererhe use of
random | r ' [ [ AS1a.: has been
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di f fi cul tepsxlucibls: Mdalby 8663]iffidtltAe pheédid2, US- A- 3787234, US- A- 6574249 and
US- A- 3747021 20 disclose thin filmlasers which are punped electrically or
optically. US-A-5306385 discloses photolum nescent crystalline doped-CaF2
thin filfer@RadbcthlintERE: RYRSKERALstudiss S8 3Bd Rl R kARPH Bsdrd g&pilﬁo@ye

| aser conprising an organically doped-silica glass thin filmon a silicon
substlpat ¥, MR #Akis 086638 Shiagitd, &% Rendompreveseors ard pepalizedgiadesoped

i bi e e Bon e o 02N She bt Bl o6 ¢ hat
by confi gdpheyigs & Thi*0romaidpkd lakasivaddr filmi dhifs BPRav3-a0hidRasd Adhodared- gl ass

structure it is possible to achieve inprovenments in randomlasing. In

par t i cul saveral kidowsattssren squars eantimstres €l diudisvara and He Ghsaki, C@padsveiast ofr andom

| asi ng V\Dllac%nve%%(zg;a%stzrz% %{t%z%ratf%bﬁunrz-%nng erdtgl?dsgggv%ge. g%scson vegul 4., -3~ Thus
vi ewed fr‘om one aspe e present | nventi on“provirdes a devrce Capabl e of
randam | ésiidg paaraidst Spmd: Appl. Phys. 43(No. 10B), L1337-L1339 (2004)). The use of

random lasers for practical applications as a coherent source has been limited because of

their high threshold, low reliability and fabrication difficulties.

US-A-3573653, US-A-3579142, US-A-3787234, US-A-6574249 and US-A-3747021

20 disclose thin film lasers which are pumped electrically or optically. US-A-5306385
discloses photoluminescent crystalline doped-CaF, thin films on a silicon substrate. US-A-
5783319 discloses a tunable dye laser comprising an organically doped-silica glass thin
film on a silicon substrate. US-A-6656588 discloses a process for preparing a doped
nanocrystalline metal oxide powder in the form of a thin film which exhibits lasing.

25
The present invention is based on the recognition that by confining electromagnetic
radiation in a non 3-dimensional doped-glass structure it is possible to achieve
improvements in random lasing. In particular, the present invention relates to a device

capable of random lasing which exploits a certain rare earth-doped glass waveguide.



a substrate; and 5a rare earth-doped gl ass fabricated on the substrate in
the formof a wavegui de, wherein the glass conprises a germani um gl ass, a
titani umwbass/Bo1sa chal cogeni de gl ass. The devi ce of tireT@mBemMSIS1AVENt i ON
i s robust and reproduci bl e and advant ageously does not require Bragg or
conventional mrrors making it straightforwardly integratable with other 10
light enmitting devices based on senicorttuctors and polyners. It exhibits
excel l ent node stability and is tunable over a surprisingly broad

wavel engt h range. The device may be optically punpable. The device may be
electrically punpable. Typically, the device is optically P ed 15 Wen
the devi B sw&wﬁj frem ong amfﬁbtéapretsﬁ@ infespfier Preidep @ gierior sanap gidogh at a
certain g Q@ﬂggmﬁgﬁgH fromthe punp | aser. The m ni mum power reqU|red from

t he punp causes | aser em ssion in the device may be known as
the threshold mmﬂm&ﬂemnm. This may al so be known sinply as the "threshold'.

The threshol d be e sed 0 a thresh pomer per unit
of Car Ba of t heh T uoPss &t Pﬁ%te %§16| SEHEARS bR os Beide(e. g.
Vatts peghdfihe %lfﬁbsscdm}fls@i §gerprf'anhfﬂ?gﬁssa§ t@aﬁﬁﬁ%? btla DONES, r%pﬁgg glagé’ For

exanple wth a threshol'd punp | aser power of a pu beam of
i nci dent area of approximately 1.45m®, the threshold punp power density is

t The d b bl f d | t
£ PP eohol HCHvidRR ghe et fy pads cebieb reno bR GRS At BORLAORALY han
2mme.  Thieg u1h’§Bﬁ1%§'o‘1‘@b1W&1tlbﬁhl fifrbfsadlenglit Bﬁé{&'@ﬁtfmlg)’nt@%aﬁbém{}ﬂ%er 30 The

t hreshol d power density of the device may be |ess t oomwy
Pr ef &P ablightemétting dewiaes lwsrybvmq?enummws@r&ﬁndtméwa@m I¢ extiikity exsellanth mode

00T NG S RSPl SERGMISTCTATIIE, e prelerably fess
Preferably the threshold of t he device
The device may be optically pumpable. The device may be electrically pumpable.
Typically, the device is optically pumped.
15
When the device is optically pumped, the device may begin laser emission at a certain
power output from the pump laser. The minimum power required from the pump laser
which causes laser emission in the device may be known as the threshold pump power.
This may also be known simply as the ‘threshold’. The threshold may also be expressed as
20  athreshold pump power per unit of area of the incident area of the pump laser beam on the
device (e.g. Watts per mm?). This may also be known as a threshold power density. For
example with a threshold pump laser power of 37mW and a pump laser beam of incident
area of approximately 1.45mm?, the threshold pump power density is approximately
26mW/mm’.
25
The device may be capable of random lasing at a threshold of 1mW or less to produce
coherent output from an area less than 2mm?. This is equivalent to a threshold power

density of 0.5mW/mm?.

30 The threshold power density of the device may be less than 200mW/mm?. Preferably the
threshold power density of the device is less than 100mW/mm?, particularly preferably less
than 50mW/mm?, more preferably less than 26mW/mm?>.



is less than 500uW particularly preferably I ess than 300W nore preferably
| ess than 200uW yet nore preferably |ess than 100uW even nore preferably

| ess t harwBQuiMo3iise wavel ength of the | aser em ssion freoTidRibasiie may be
dependent on the angle of incidence of the punp | aser beam The wavel ength
of the | aser em ssion fromthe device may be tuneable. The wavel engt h of
the | aser em ssion fromthe device nay-#e tuneable by varying the angl e of

i nci dence of the punp | aser beam The wavel ength of the | aser em ssion from
the device may be tuneable in the range from 1510nmto 1620nm The
threshol d punp power for the device may be dependent on the angle of

i nci dencéh @?mﬁokdrﬁtmlqeég@fb@éwaﬂ' W. hPl@#ﬁ@hlm t}m}hﬁsb‘dd@f ﬂfecﬂthChe
devi ce nﬁﬁ?%?hé aﬁ chaglé/\%)r%rakgﬁle%r}%r? 3(% I%%,r}g eBa%I tElset grbnp | aser

beam The res y vary Pn it e Pa 0l1l.1Wto

20RW as 200 vinght ﬁm@é pﬂefﬁﬁ‘hlﬂ? hese thah 10DEWY evén ma@qfreﬂeﬁab%aressadmb s@wwe n 39 and
51. 20 Reducing the threshold or threshold power density reduces the
thermdl load on the device. A reduced thermal |oad makes the device nore

practi caify n/gpégi{: agg 2B e PREAURRSiDA ?roﬂﬁ‘ﬁg dt{Ate Hﬁ?ro?/ q%ﬁéefdglﬁ?sngﬂ? ;Esu?glé gfluced. 25

Typically t S 1s non-crystalline. Typica

subst ant ingldeycemfitheptmp taerbdaou ritier waslenBthedfehalber entisigl fism thsdoagabl e of
multiple scatteri The Iass [ ically dielecgtric. 30 Preferably the
Ol nss’ i STRoPe el The el B b Bl Bt Gmirian SObLS deRoR ARSI s

pr onot esbwé@i@tﬁemgﬁmbﬁgn&qqtﬁ@ﬁdﬂqg Iaggﬁ%aﬁlhe fabrication of the

wavegui de. -5-" Preferably the glass i's a chal cogenide glass. Particularly
prefdPably the chalcogenlde gl ass conprises sul phur, sel enium teIIurlun1or

i xt th f. P bI
Cell ur PPt of weifsr b i, g 5o Fod bR Hrieante o LB ass may
conpri self@Wnnt@ENeAmessenti ally of ) germani um di oxi de (Ge02).

The threshold pump power for the device may be dependent on the angle of incidence of
15 the pump laser beam. The threshold pump power for the device may be tuneable by

varying the angle of incidence of the pump laser beam.

The threshold of the device may vary in the range between 300pW to 20pW as the angle of
incidence of the pump laser is varied between 39° and 51°.

20
Reducing the threshold or threshold power density reduces the thermal load on the device.
A reduced thermal load makes the device more practically applicable because the need for

heat dissipation is reduced.

25 Typically the glass is non-crystalline. Typically the glass is substantially without grain

boundaries.
Preferably the glass is capable of multiple scattering. The glass is typically dielectric.

30 Preferably the glass is porous, particularly preferably nanoporous. A nanoporous glass

promotes multiple scattering and facilitates the fabrication of the waveguide.



Ge02may be present in the rare earth-doped glass in an anmount over 30nol %
preferably 10 an anmount in the range 60-90nol % particularly preferably
75- 85mo1%oBha/gb®ss may conprise (or consist essenti al lPgTaB2otoalshaani um

di oxi de (Te02). TeO02 is also known as tellurite. 15 TeO2nmay be present in
the rare earth-doped glass in an amobunt over 30npl% preferably an anount
in the range 60-90nol % particularly preferably 75-85nml1% The gl ass may
further conprise one or nore network nodifiers. The glass nmay conprise four
net wor k preg-fHi ¢ glﬁ%?sfaﬁélﬁlmo eﬁlhé SR FarPsufariPsHefer 1P theRARTCh Sahi Y d1¥ss
preferably two 20 nhetwork fiers. The network nodifier may open the

net wor k @inprises gilptns, seﬁuelrméclmlm aoalinfiitere thergobe a netvvor k nmodi fying ion.
The network nodifier nay be a netal conpound. The netal conmpound nmay

provi de a network nodi fying ion. The network nodifier may be a netal

f 1 uori deprefersbiy tR glds8éda g@ﬁmuhl g@@b driaQElluirayn BRisH) hesrtlarls préforaBly anount  of
30mol % or less, preferably 20nol % or less, particularly preferably 10ml %
or | e8s. tefhagum glasswor k nodi fi er may be present in an anount of up to 30nol %
preferably up to 20nol % particularly preferably up to 10mol % - 6-
Preferably the network nodifier is selected fromthe group consisting of
BaO, Bi 2D glRGnayZéviprisa 28 onéiki2B8entibAR 08, geidhatiom di3de (Ge2Ry, Zr 02, Ti 02,
V205 and m xtures thereof. The network nodifier may be present in an anount
of 30nol % or less, preferably 20nol % or | ess, particularly preferably

10nol % o, I ) re of
MyO, Caoéed%?e’é,ﬁy Egg%%%{ ﬂ’gﬁ%reta‘a%%bg{@u%lgy? %g %@gﬁﬁt %gﬂ%hngl/% Setablyr MyO,
CaO, 1@r Oan Badnt ZnDe ridige QDN partisulbile pedérablyy/ SEBSnEl%sent i n an anount of

30mol % or | ess, preferably 20nmol % or |l ess, particularly preferably 10nol %
or less. These netal oxides may al so be network 10 nodifiers. Preferably

the gl asgpd %lﬁés"iﬁé y ERRR e $65coRB8t &Eeﬂﬁiﬁﬂ?oB'tKlﬁlﬂunF&io@ideQTb@ s TeBlid disail arl y
preferably the gliass further conprises” one or nore of Li20, Na20 and 1(20

and mi xtknoeen astellatt. The one or nore al kali netal oxides may be present in
an anount of 25nm01% or

15 TeO,may be present in the rare earth-doped glass in an amount over 30mol%, preferably

an amount in the range 60-90mol%, particularly preferably 75-85mol%.

The glass may further comprise one or more network modifiers. The glass may comprise
four network modifiers, preferably three network modifiers, particularly preferably two

20 network modifiers. The network modifier may open the network of the glass.

The network modifier may be a network modifying ion. The network modifier may be a
metal compound. The metal compound may provide a network modifying ion. The
network modifier may be a metal fluoride or oxide. Each network modifier may be present
25  in an amount of 30mol% or less, preferably 20mol% or less, particularly preferably
10mol% or less. Each network modifier may be present in an amount of up to 30mol%,

preferably up to 20mol%, particularly preferably up to 10mol%.

The network modifier may be an oxide of at least one of Ba, Bi, Pb, Zn, Al, Ga, La, Nb,
30 Wo, Ta, Zr, Ti, V and mixtures thereof.



15 less, preferably 20nol % or less, particularly preferably 10nol % or | ess.
For exanple, the alkali netal oxide nay be present in an anount of

appr oxi mawel2911930is% The al kali netal oxi de may be a netreords2omdisisier .
Preferably the glass further conprises one or nore netal halides,
particularly preferably an 20 al kali netal halide. The nmetal halide may be
a network nodifier. The one or nore netgl halides may be selected fromthe
group consi sting of BaCl2, PbCl2, PbF3, LaF3, ZnF2, BaF2, NaCl, NaF, LiF and

m Xt ures 7 i : - d anmount
ot “20mo! Bt g the Sk Rodic RIsAIE) Bonl B i ks O BRTB08 P20 o)
al kal i neZp@y Gh,0seAdOsp haghh &tbeOs, WO;.glals, mi), Tid4 MeO;s aodpriksieesahereafanci ng

conmpound,_.conpri sin osphorous or. boron. The enhgnci.ng co n be an
oxi e of TR BLHROr BAAHF TS D6 Ysedn aR apioynat JRP D ARS) FTOTp aame s

conpr i segy 18D BarfitulBA P Bre¥érably Toxdot,@r Idgr eof The enhanci ng conpound may
enhance the refractive index of the glass. The enhancing conpound may cause

random | i ght scattering. -7- The glass nmay be doped with a | anthanide. The

0Bl g SO RS iAo B oA
cerium pbOrdndthixh@e® fesddf. ELHeOPUM measef MEQINTad,e8140), U0, B3P PISD Wi OF

lutetium The gzl ass may be doped with one or nore | anthani de ions,
Pr ef er abmjxtures tagreefsmpy be ppsentiptan ap@iny of ABmel% ondessepistarddy 2PBel% & gr oup

consi st of . _Nd3+ + r3+, 10 B+, Pr 3+ + + ul+ + d
Ce3+. Pre Sérgfgtlll\é}%ﬂ?'eg}g%?eé%bs&i I?m&l)%g% %S“{h%l?ﬁ%ﬂglgta P g@fés E)rglEt E;ﬁ%ou Pé?ﬁéﬁxw"arﬂ
pr ef d0abipdiesst.

Preferably the glass further comprises one or more alkali metal oxides. Particularly
preferably the glass further comprises one or more of Li,O, Na;O and K,O and mixtures
thereof. The one or more alkali metal oxides may be present in an amount of 25mol% or
15 less, preferably 20mol% or less, particularly preferably 10mol% or less. For example, the
alkali metal oxide may be present in an amount of approximately 9mol%. The alkali metal

oxide may be a network modifier.

Preferably the glass further comprises one or more metal halides, particularly preferably an

20 alkali metal halide. The metal halide may be a network modifier.

The one or more metal halides may be selected from the group consisting of BaCl,, PbCl,,
PbFs, LaF3, ZnF, BaF, NaCl, NaF, LiF and mixtures thereof. The one or more metal
halides may be present in an amount of 20mol% or less.

25

The glass may further comprise an alkali metal or alkaline earth metal phosphate.

The glass may further comprise an enhancing compound comprising phosphorous or

boron. The enhancing compound may be an oxide of phosphorous or boron. Preferably
30 the enhancing compound comprises P,Os or B,O3 or a mixture thereof. The enhancing

compound may enhance the refractive index of the glass. The enhancing compound may

cause random light scattering.



The rare-earth dopant is typically present in an anount in the range 0.01
to 5nol % preferably 0.5 to 2nol % (eg about | nmol % . The wavel engt hs at

whi ch t hewdeviimsoiss capabl e of random | asi ng may be sel ectrais2e10/05n:420
wavel engt hs may be sel ectable by selecting a particular rare-earth dopant
or mxture of rare-earth dopants. By selecting a particular rare-earth
dopant or m xture of rare-earth dopants7and using an appropriate

exci tation/ punpi ng schene, the wavel engths at which the device is capable
of random | asing may be selected froma range of 600nmto 5000nm 25 The
gl ass may have an em ssion peak in the range 1450 to 1650nm (eg at about
1550nm) . Thhglagd mapberdgpedavith alanthanislsi dhe glassway be tloned witkeataathaniizn 1 x
10- 2l cn? a’h a wavel ength of 153 Sum -8- The glass nay be a high
refracti 8% ndex gl ass. The gl ass, when in the formof a film nmay have an
effective refractive index of 1.5 or nore. The effective refractive index
at a thickness of 770nm and a wavel ength of 633nmis typically about 1.55.
5 TheSwaVbguglds megy the dopedbevwith cifaderst  ongl afaerboym,s lytbrbiame ggpdamium,

Preferred i nar equi.de. v ide is typi l,v..in the form of
2 hin fpesbdphfy Bk, IARMARARNES SofortR, B Eo B bR 0Tam)
pr ef er ablyspk@sgn bhRktettunr00nm (5[ 1, m), preferably less than 10 1000nm

preferably | ess than 500nm Preferably the thin filmhas a thickness in the
range 115 to 777nm The substrate may be a silicon based substrate. The

substrat ?I}ﬂgl‘égﬁﬁgf‘bpgéﬁ'miwom%ﬁﬁﬁ@% ighlspst rate may conprise a

pol ymer. rate nmay conprise an el ectrol um nesci ng device. The
substlbat e may conpri se a photol um nescing device. Preferably the substrate

is a siljcan-hased substrate. .The silicon-based strate may be or include
silicon, i’%‘ﬁ??f? & tﬁ‘i’ &é%s, 18 OI‘F’F% Wﬁtﬁﬁﬁed’é e 491} S@f?ﬁtea%"ﬂ&%‘% SrPHR Ry i8R hased
subst r at ggfray e g SERPC PRUUES’OrSm* ) Eu®, Tb*" and Ce*.

Preferably the glass is doped with Tm**or Er*", particularly preferably Er’**.
15
The rare-earth dopant is typically present in an amount in the range 0.01 to 5mol%,

preferably 0.5 to 2mol% (eg about 1mol%).

The wavelengths at which the device is capable of random lasing may be selectable. The
20 wavelengths may be selectable by selecting a particular rare-earth dopant or mixture of

rare-earth dopants. By selecting a particular rare-earth dopant or mixture of rare-earth

dopants and using an appropriate excitation/pumping scheme, the wavelengths at which the

device is capable of random lasing may be selected from a range of 600nm to 5000nm.
25 The glass may have an emission peak in the range 1450 to 1650nm (eg at about 1550nm).

The glass may have an emission cross-section greater than 1 x 10*'cm? at a wavelength of

1535nm.

30 The spectral full-width half maximum exhibited by the glass is typically 50nm or more.



20 The effective refractive index of the silicon-based substrate may be
about 1.455 at 633nm The device nay be capabl e of random | asi ng by

el ectri cavoanigpbiscal excitation. The device nmay be capabirasBhivEieom

| asi ng by being optically excited by a 980nm conti nuous wave 25 | aser di ode
at a threshold bel ow 50RW The device may be capable of random|asing at a
wavel ength in the UV, visible, near-IR&r md-IR spectrum 30 The device
may be obtai nable by ablating a target glass with incident radiation from

an ul traf@assiadsdss) bd Mhikh fePIRTE MR gfassat’[ﬁ& ol SO RAIE theSHRS bF 8fm, may: &

i ndependent” pat erit abl e“si gni ficance i s e-recognition that at certain
exci t at i lmvegeeffettiiegsfiradtiveiimlep@d 4 iSadrendre. Hoehiffectvalictiaetienindéaatiang

napect | ThakpreSERTOm RNt ool PR e ol 35 conpr 1 si ng: & devi ce

as herei nbefore defined; and an exciter downstream fromthe device
and capabl e of exciting the device into a |laser output. 10 The exciter may
be a §oclisswavegrigietedy, berhitbessehenilyplanar or slab mgveguadd Pesfersed igsiphanant

di fferent wavel engt hs across the entire spontaneous enmission line width (eg
1512. 75 \f/%vefg%._ 15nm for erbium wthout mrrors sinply by varying the
relative disposition of the exciter and device. 15 Preferably the | aser
assenbly is a tunable | aser assenbly. The tunable | aser assenbly may be

t unabl e BieVavegpidgaetypicallpin Be fooned a thin film. diherthip) fimimheay haé@é‘rth@i;@@ﬁbl y

further 1%%{}?51} 6 60(?‘1%18 ?%@ﬁ)g}érefw;ot& RNk 9,62)(%}9 (WBJ’C?GI‘%IY%QSS BS ur ing the

| aser out rém
10 1000nm, preferably less than 500nm. Preferably the thin film has a thickness in the range

115 to 777nm.

The substrate may be a silicon based substrate. The substrate may be a polymeric
substrate. The substrate may comprise a polymer. The substrate may comprise an

15 electroluminescing device. The substrate may comprise a photoluminescing device.

Preferably the substrate is a silicon-based substrate. The silicon-based substrate may be or
include silicon, silica glass, silicon oxide or silicon hydride. The silicon-based substrate
may be a semiconductor.

20

The effective refractive index of the silicon-based substrate may be about 1.455 at 633nm.

The device may be capable of random lasing by electrical or optical excitation. The device
may be capable of random lasing by being optically excited by a 980nm continuous wave

25 laser diode at a threshold below S0pW.

The device may be capable of random lasing at a wavelength in the UV, visible, near-IR or

mid-IR spectrum.

30 The device may be obtainable by ablating a target glass with incident radiation from an

ultrafast laser in the presence of a silicon-based substrate.



Preferably the | aser assenbly further conprises a collector upstreamfrom
and capabl e of collecting the |aser output fromthe device. 25 Preferably
t he angulwo 2digpos7t i on of the exciter and device is adpusiab®/05T314s
permts the tunability of the |laser assenbly to be exploited. Preferably
the exciter is a source of electromagnetic radiation. For exanple, the
exciter may be a diode laser or light eritting diode (LED or SLED). The
exciter may be a 30 sem conductor |aser. For exanple, the exciter may be a
vertical OPﬁl\dbﬁéﬁdéﬁrﬂa?&@abferHi@{iﬁ%cé KSRE r&yﬁ%ﬁ thal R€ceB%inl dxftatlRy be a
continuous wave laser. -10- The exciter may be a punp |laser. The punp

| aser mageompimesait iopaspible tnavkkendjffierenf 1agiggmavelengts &bwendthe devicaofthe f urt her
aspect thegﬁr esent invention provides a process for fabricating a 5 device

as her ei 1B&"Pe defined conpri sing: ablating a target glass with
incident radiation froman ultrafast |laser in the presence of a substrate
whereby to deposit a quantity of the target glass on the substrate. The

subst P at ¥iaved fisen a fugther esnectyhe presenitieenterprovives 8 ldsst assenablympmipaisiag:

pol ymeric 10 Séjge%éeae{s%e e]'%%fosrgggﬁﬁeadt e ey conprise a polyner. The substrate
may conprise an elec rolumnescl ng device. The substrate may conprise a

phot ol um nesci sigexdw dsunsitesh Eoabihy device snbsiphibit of bfcifngihkidevide hased
substrate. The silicon-based substrate may be or i ncl ude silicon,

silica glREESUIE| | con oxide or silicon hydride. The silicon-based substrate
15 may be a sem conductor. Preferably the target glass is nounted on a
rotational platform The substrate nay be spaced apart fromthe target
gl as30( eghdgxcitednsy bere éoambsedleaciter70mm) . 20 The substrate may be heated (eg
to a tenperature of 600C or nore).

The assembly surprisingly achieves lasing at different wavelengths across the entire

spontaneous emission line width (eg 1512.75 to 1612.15nm for erbium) without mirrors

simply by varying the relative disposition of the exciter and device.

15
Preferably the laser assembly is a tunable laser assembly. The tunable laser assembly may

be tunable over a range of up to 100nm.

Preferably the laser assembly further comprises a detector upstream from and capable of

20 measuring the laser output from the device.

Preferably the laser assembly further comprises a collector upstream from and capable of

collecting the laser output from the device.

25 Preferably the angular disposition of the exciter and device is adjustable. This permits the

tunability of the laser assembly to be exploited.

Preferably the exciter is a source of electromagnetic radiation. For example, the exciter
may be a diode laser or light emitting diode (LED or SLED). The exciter may be a
30 semiconductor laser. For example, the exciter may be a vertical cavity surface emitting

laser (VCSEL). The exciter may be a continuous wave laser.



The incident radiation may be incident on the target glass at an angle in
the range 40 to 80 (eg about 60). 25 The ultrafast |aser may be a pul sed

| aser. Prwbenabisyisthe ul trafast |aser is capable of em trrmpBoi0esaghort

pul ses which are target glass ablative. The ultrafast |aser may be a

fent osecond or picosecond |aser. Preferably the ultrafast laser is a
fentosecond laser. In the process of the-invention, the ultrafast |aser may
emt pulses of 15ps or less (eg pulses in the range 5fs to 15ps).

Pref er ablie &x2itbNRaPhOE BaBp Uset. NBhd FMEMab @i tevElah 'bﬁfp%?%vabél&?g‘th gmts 30

pul ses of 150fs or” less, preferably in the range 50 to 150fs,” particularly
pr ef er abP80nabout 100fs. The pul ses may be emitted with a repetition rate in
the range 1Hz to 100MHz, preferably I kHz to 20MHz, preferably I kHz to 1MHz,
preferably I kHz to 200kHz. The ultrafast |aser may be node-| ocked. The
aver age ppsved Rfm hRet fulthérakpsd tHedtelentMyeRnGRYViIOEs d §58ess Threrab@sgheagt h is
typically about 800nm 5 The ultrafast |aser may be (for exanple) a

Ti - sapphievéce asdereinbefarp deflenqdunepwiisingser such as a Yb- doped or Cr-doped
crystal | aser gn fl a1 v e ier.|aser or an
exci pl ex | aserz?orﬂmg’lg a‘ll%r&%%)%}?%g%gh;é? gﬁhﬁé&tﬂ;}%@égﬁ Eglalfritr{%?%elasreéhng%gl 1.1J to
100m), ppresacabl ¥ sutidirdd wirrebdordefo3l al qhadiitytoliehe'taipgegladdy dnathd O83jratePul se
energy may be selectively adjusted using an attenuator. The process is
typically carried out in a vacuum chanber. The process may be carried out
at reduc I r i pressure of
about 70%q!eog{b)gﬁa#hg‘ygﬁgagtﬂ:&gh%g?&tsﬁgg%?gc’gées%n%tgﬁggﬁg(?gria‘iq%&)%ﬂé%kcor nore. 15
The dévi absaateolte ngbstrate ey dompeist b polymey. Hhe sihatiate maycsomypmise abi on,
conput er _or qiSEJ%ﬁ tﬁchnoLﬁ%y nd in | aser .assenbl.ies. The device

accor di Y PRECSARRATIGH Ty U BEaRBaY FAMPRCARNUNMEYFTES IPEtf-as a si gnal
source), chem cal sensing, environnental sensing, biosensing, mcro-nano

spectroscopy, optical comunication, mcro fluidic devices, opto-
Preferably the substrate is a silicon-based substrate. The silicon-based substrate may be or

include silicon, silica glass, silicon oxide or silicon hydride. The silicon-based substrate

15 may be a semiconductor.
Preferably the target glass is mounted on a rotational platform.

The substrate may be spaced apart from the target glass (eg by a distance of about 70mm).
20  The substrate may be heated (eg to a temperature of 600°C or more).

The incident radiation may be incident on the target glass at an angle in the range 40 to 80°

(eg about 60°).

25 The ultrafast laser may be a pulsed laser. Preferably the ultrafast laser is capable of
emitting ultrashort pulses which are target glass ablative. The ultrafast laser may be a
femtosecond or picosecond laser. Preferably the ultrafast laser is a femtosecond laser.

In the process of the invention, the ultrafast laser may emit pulses of 15ps or less (eg pulses
in the range 5fs to 15ps). Preferably in the process of the invention the ultrafast laser emits

30 pulses of 150fs or less, preferably in the range 50 to 150fs, particularly preferably about
100fs. The pulses may be emitted with a repetition rate in the range 1Hz to 100MHz,
preferably 1kHz to 20MHz, preferably 1kHz to 1MHz, preferably 1kHz to 200kHz.



20 fluidic devices, terahertz anplifiers, |ab-on-chip or optical

t onogr aphy. An enbodi nent of the invention will now be described in detail
and by wayoabiwserspl e only with reference to the acconpaoyiGRRtvEtE1IAgS i N
which: 25 Figure 1 shows the optical transmttance spectrum (under nor nal

i nci dence) recorded using U-VIS- NIR wavel ength region of a filmin a

devi ce according to an enbodi nent of tHé-present invention; Figure 2a shows
an optical mcrograph of the filmof Figure 1 at a magnification of 20x;
Figure 2b shows an optical mcrograph of the filmof Figure 1 at a

magni fication of 50x; 30 Figure 2c shows an optical mcrograph of the
i nsi de offhe plérafast W%mwl@un@deiloakedaThﬁgYﬁr@gede%ﬁf e wipadast lasgpmappgure 3

shows thg W&qésgsgﬁmg\&%gﬁ{tlgwl&fllg a%utfé()lomn' n conparison to that of the

gl ass target Irgure sorption and em ssion of photons by the
erbiumions which provide the erbiumlaser nechanism 5 Figure 5a shows how
t he quorescengcﬁe of the filmwas nonitored at different angl es of

col | ect i &he vltwlastlaseymay heborgxgmaleyp Tisaphis dasch i diefe nwmnsd lassesuchys
rotati nga:{kg L ela Mc?%taﬁés@flfneaﬁ% 5% the resulting output spectrum
in

at the di t angu ar positions de in Figure 5a; 10 Figure 6a shows
t he obselhebsérangelst anexeceh@riggehospeadcipler laserr espondi ng to an angl e of 390
(error of 0.5);

The pulse energy is typically in the range 1puJ to 100mJ, preferably 10uJ to 100mJ (eg in

10  the range 50 to 300pJ). Pulse energy may be selectively adjusted using an attenuator.

The process is typically carried out in a vacuum chamber. The process may be carried out
at reduced pressure (eg in the presence of oxygen at a partial pressure of about 70mTorr).
The duration of the process may be 30 minutes or more.

15
The device according to the invention may be used in communication, computer or display
technology and in laser assemblies. The device according to the invention may be used in
integrated optics (eg as a signal source), chemical sensing, environmental sensing, bio-
sensing, micro-nano spectroscopy, optical communication, micro fluidic devices, opto-

20 fluidic devices, terahertz amplifiers, lab-on-chip or optical tomography.

An embodiment of the invention will now be described in detail and by way of example

only with reference to the accompanying drawings in which:

25 Figure 1 shows the optical transmittance spectrum (under normal incidence) recorded
using UV-VIS-NIR wavelength region of a film in a device according to an embodiment of
the present invention;

Figure 2a shows an optical micrograph of the film of Figure 1 at a magnification of 20x;
Figure 2b shows an optical micrograph of the film of Figure 1 at a magnification of 50x;
30 Figure 2c shows an optical micrograph of the inside of the film of Figure 1 at a

magnification of 50x;



Fi gure 6b shows | asing was al so observed at wavel engths wel |l bel ow 1534nm
where the absorption cross-section is greater than the em ssion

Cr oss- secwoan11/030157Fi gure 6¢c shows that |asing was obsercedBbivEYaEMengt hs
as |low as 1515nm 15 Figure 7 shows the spectrumof the |aser at two

di fferent punp powers; Figure 8 shows the integrated output intensity vs

i nci dent punp power; Figure 9 shows an-18FM i nage of a section of the
surface of a sanple of the glass film Figure 10 shows the |aser em ssion

out put f Fippires3 sl the fifioreftened pesiriith lofithealish ifiicBrparidoh 16 S £ tHegy14hr eshol d
power varying with different angles of O 20 Exanple Fabrication of a

nanoporofi‘ég%l lurite glass filmdoped with erbiumions on a silica gl ass
ot epar odl By at iy FRBAp AT Ch i e sheb gl bkt A RS ve
nmol ar cothpaeshitindaseomeBihnimn;% Te02 10l % ZnO and 10 nol % Na20. The gl ass
12 R0 Tt b B ahl Rt S3Sm o Wb o o ) 5
er bi um oxd1f8tiord0 by Beryird the'bhdIE o PlndREnOAS t%éﬁﬁ%l%%%&clgﬁg{ng%é Hﬁ%i ndex (>2

at 633 nnm) providing strong Scattering. SS substrate was
pl aced atlogkwiisgt ance of 70nm above the target tellurite glass in a chanber.

The champer s.punmped d to bel ow 10-6TJorr..and oxygen atnosphere was
mai ntai n @uﬁe\t,\ﬁ’ashg?vg&ﬁﬁﬁ@ﬁﬁ?g 9W%f8F¥¥WITTﬁEt£§ dterendea stiong Apigresiinr e was
set at 7PGres held at this tenperature during deposition. 5 Thin filns of

gl ass were prepared by an abl ation process using a fentosecond | aser. The
10 Figure 6a shows the observed longest wavelength spectrum corresponding to an angle of

39° (error of £0.5°);
Figure 6b shows lasing was also observed at wavelengths well below 1534nm where the
absorption cross-section is greater than the emission cross-section;
Figure 6¢ shows that lasing was observed at wavelengths as low as 1515nm;
15 Figure 7 shows the spectrum of the laser at two different pump powers;
Figure 8 shows the integrated output intensity vs incident pump power;
Figure 9 shows an AFM image of a section of the surface of a sample of the glass film;
Figure 10 shows the laser emission output from a sample of the glass film; and
Figure 11 shows the threshold power varying with different angles of 6.
20

Example

Fabrication of a nanoporous tellurite glass film doped with erbium ions on a silica glass
substrate by pulsed laser deposition.

25
A target tellurite glass was prepared by batch melting and quenching TeO,, ZnO and Na,O
at a relative molar composition of 80 mol% TeO, 10mol% ZnO and 10 mol% Na,O. The
glass was doped with 1 mol% erbium oxide. The resulting target tellurite glass had the
composition: 80 mol% TeO,, 10 mol% ZnO, 9 mol% Na,O and 1 mol% erbium oxide.

30 The tellurite glass has a very high refractive index (>2 at 633 nm) providing strong

scattering.



| aser wth a pul se duration of 100fs was focussed at an angle of incidence
of 60 at the target tellurite glass. The energy of the laser with a
repetiti omorati®3oefs7500 Hz was 52 i.t.T. Laser ablation was/georoesdsiout for
3 hours. The target was rotated at a speed of 40 rpm and a proper rastering
was applied to ablate the target uniformy while the substrate was at a 10
speed of 20 rpm The substrate was cootldd down to roomtenperature rapidly
after deposition. An enpirical approach was deployed to optim ze the

process pafileoagllas SulistraRpidsplaed bhedisiahte LAnh Ybovdths tatest téluﬁfﬁ@%ﬁﬁéih even
t hough the relative position of the |aser spot.on the target with respect

to the stBa¥Rberclchamdasyasiuneneddeyntindclon K| Forr amhexygenatnosphese ckness 15

nodul at i ] i i ile aof the |aser plasna.

propert 1 o bl &l d? 1l 8 iRl P iohtediue B o B0sT | Pea

gl ass suBGI°Caind hbld dt ktes Rehpeentiire datingdegoaiimn. abl ati on process descri bed

above was exam ned by different nethods. Figure 1 shows the optical

transpi ttance spectrum (under nornal incidence) of the filmrecorded using

v & MR PE Rl b eired oA Al oG RSas (g e FrgiRsecPah st Thrae. (o

98% ovepséhatayatemahiol SOI0RR WA dES b MGl i n

i ndi cati \?g rof gogd 25 urlli formty. Alot hough thegf(’iﬁ{l@é@?%ﬁ%@?ﬁg}f‘e& ngl e

film ar etapget tdlntitedgliss| Bh erleagyi afghevmserobittes vapetifion fakd ofsS00d¥i was SDuEr

t hi cknesses and different porosities. The optical properties of the film

were investigated using.spectrascopic_ellipsonetr nd sho sone

i nt er est FHG" %ﬂﬁtﬁ%‘f’%sr(fag??‘ﬁ%‘% for St R §§Va§1f°t%/tﬁ g ?P(TP&S&O Praapd e

havi ng di BRPS! ABErRXRE 1134 BSI6ke R OM deb Bniforhfty whllb HRSQBBLAY wlgh@ Was

777nm andﬁﬁ%ﬁi ckneglzg(vagig%%}iiéon was eaboutéeltl]5Icllln?;l;m(/-:hrln across the fil mataaThe

t hi clAesspeedpf A inoh The sabstraterueseepoiad doven toacomttéraperatee rapidit ifiee position of

the | ase %)%Qilti%%i on spot and the substrate was constant during deposition
ser

and the ‘eam has a Gaussian intensity profile with a spot area | ess
t han 30001.11112. The surface roughness of

An empirical approach was deployed to optimize the process parameters to optimize the
film quality. This was successful even though the relative position of the laser spot on the
target with respect to the substrate was constant during the ablation. There was a thickness

15 modulation that is attributable to the density profile of the laser plasma.

Properties

The erbium-doped tellurite glass film fabricated on a silica glass substrate by the

20 femtosecond laser ablation process described above was examined by different methods.

Figure 1 shows the optical transmittance spectrum (under normal incidence) of the film
recorded using UV-VIS-NIR wavelength region. The film showed very high transmittance
(> 98%) over the wavelength region and a distinct interference pattern indicative of good

25  uniformity.

Although the results of only a single film are presented below, lasing was observed in films
having lower thicknesses and different porosities. The optical properties of the film were
investigated using spectroscopic ellipsometry and showed some interesting characteristics.

30 The thickness at the middle of a sample having dimensions 3x2cm? obtained from the



5 the filmwas in the range 17 to 23 nmover the surface where the | asing
experinents was perfornmed. This roughness of the filmresulted in a | ower
ef fecti vewoabriasbisve i ndex than that of the gl ass targetrcugaotonspsiepar e
the film At 633nmthe refractive index of the glass neasured using
spectroscopic ellipsonetry was 1.935 whilst that of the filmwas 1.549 at a
regi on where the surface roughness was-122. 69nm and 1. 552 at a | ower
roughness of 10 17.16nm The results of the spectroscopic ellipsonetry were

a clear elighadtiyadutOWad] TIRRORRT Biléknéss lviiatioaew &0 6A] SORhHERAERRN MR Ik e
films shown in Figure 2 reveal ed no cracking or peeling. However the

r oughnes $hethicknesssigriptieneisiagiribpted tq the daat ghat the relative pesitiorofithe taser  under st and

the 15 fil;m ic f L. croscopy. (AF s ysed. Figure 9
shows an%@kﬁ |§r1r)§tg:;ée}ldg[;q Xgu@gg{yivgar? ngﬁgrhtergu gitr}% ?5%03}{{) a&%ﬁ%@%“#?%hasme surface
r oughnes&aadsiahtigte@diggofilelwith Nspod Gred 3630 Headl 300 2D T 1S 88Tkl 8 sfdrom
Figure 9. The dinension of the glass strands forned on the substrate showed

t he r andBwidmsvasiipthy renge Phiol23smn operrthe surface evhipmethe ldsingwaperimeiits sds usi ng a

f ocussed frf] [ ' I . di;ode wi.t h an .output peaked at
980nm anﬁa? cﬁ{eHeg'l E@Féé‘?%ﬁ%% (\gAftt/aHgé }é%? feggﬁgdntarl%fglgf%gvf Beﬁiaﬁté\% llnfigﬁ @W&

det ect edthasofitiie glakd wthetlusedits pgpareahoOtibal B 68N kHd Rirh@ivelintke Fiicaghad to an
Edi nburgh instrupments' 25 (UK). spectrofluorineter. Fiqure 3 shows the

F
f I uor es cERBRILIELLE WRTEISCRME Pty TAS b-B%afﬁlilétdhat_t% thenfalm whs 1-A49 Bl k
tel lurit g o) aggerd ﬁfegﬁffaﬁ: ugi%elmasa%fgﬁrﬂﬁ 'aﬁ)(glggg afaemoa%h%h&ﬂ}nesgh?t ons by the
y the pro 1'g e pu

erbiumions occurs b cess shown 1 n ure 4. np [aser at
aroud@ 98DhInnexBictresults o€ thempscttascdpie elipddnhdryl werela dhendl irklemtioh@fis r el axes
non-radi ati vel Y, %@4113/ 2. The erbiumions in this excited state decay

radi ati vBTYPPEUS IR t he ground state 411512by enitting photons in the
wavel engt h band peaked around 1535 nm This particul ar em ssion has been
expl oi ted successfully in optical fibre and waveguide anplifiers and is the
core to Theopisebminsogstptbeithel Gimsistovria Figire @ rematedmiocatdkong sryetléngs. 5 The

spectral ;. dt h . of t fluorescence signal .for the fil s been narrowed
conpar edH%[)\qgg}“f%zg cor Q‘?rheés ?%Ejaé?r%?cgl“f %F%@ée‘@?%‘sin fer @W‘T@Pﬁ?rﬁ@n figss is
72. 6 16m il herpiivadgyphtohetdrid Iﬁldrésc_@ffi‘j' VAT s uddai S’Fi%\ﬁé HRKbWPaPAFINE
spectrumis attributed to the anplification of spontaneous eni ssion through

scat t er i pe&Rd 2 sestivnichthecpusiasas el glassilm. (Ehedunferuughness of the glass film in

the nanoscale can be seen clearly from Figure 9. The dimension of the glass strands

formed on the substrate showed the random distribution.
20  Laser Performance

The film was excited using a focussed beam of a fibre pigtailed laser diode with an output
peaked at 980nm and the fluorescence was collected transverse to the film and detected
using a liquid nitrogen cooled photomultiplier tube attached to an Edihburgh instruments’

25 (UK) spectrofluorimeter.

Figure 3 shows the fluorescence spectrum of the film 10 in comparison to that of the bulk

tellurite glass target 20.

30 The absorption and emission of photons by the erbium ions occurs by the process shown in
Figure 4. The pump laser at around 980nm excites the ions to the 411 12 level and some ions

relaxes non-radiatively to *I;3,. The erbium ions in this excited state decay radiatively to



10 The observed spectrumof the filmis direct evidence of the nodel that
predicts that the em ssion spectrum narrows down above threshold with a
maxi mum iwoensi/iyisat t he wavel engt h of maxi mum gai n. ThipeTiGB20BWisiESt ed in
the shifting of the peak of the spectrumtowards | onger wavel engths and
also in the longer fluorescence decay lifetinme of 11.9 ns observed for the
filmwhile the target was only 3.8 ns.-185 Since the spectral narrow ng and
|l onger lifetine clearly pointed to randomlasing with | ocalisation, the
angl e of th peduddneee 1o by eswangdphctohdinthe dhvélbetPUaml paket ardtndVas3 uani ed by
rotating the filmsanple 40 clockw se and the flugrescence was npnitored at
di f f er enfhig patigalapemission Bas besn eaploited prccanstullitip optienl (ibeeand; wanesuigg) . 20

Lasi Ng VRpIpRaCANEN ud o ARILG: Bl FRRRBRI PR RIBHE dotihuicalifies)sRARCS

wavel engt e erbium gal n band. scret des Wer e present in the
spectrumw th the | ongest wavel ength | asing node at 1615. 15nm The | aser

el dant T s ARGt Gaseshoprsaenon for e ik Mascpeem nome e cormese G at
di f f er enfy,A8ahemr sl fiMritd p15s 94 hE FPHMRE ¢ ggs\igﬁ%.lssomg\)%ﬁﬁe ﬁﬂ%ﬁ@ﬂtﬁ@ﬁi

spectrum corresponding to an angle of 39 (error I's shown eﬁﬁarged
i n Fi guris o8ly. 31Te. Thsenrrewingséfche frotunpa atteohtedie thawmpkiction odnge of
1604.3 to 1615. 15nm .The resol yti.on of th ect.ronet er S 0.§.and peaks
with 30 SROBERSOREPPSIRY Trarh Stalieunapd sorviefed sariosiay iniangan Ricfiyet,

wavel ength was shifted towards the | ower wavel engths in the gain spectrum

of the erbiumions when the angle of collection was increased. Lasing with
narr & sphkebseivd spretrypefitheflop iseditest eddénee phthganedel thet predistsrtbatthe e cl ear | y
observed_jn.. Lre j ectrum of t.he.erbi umions and sing was al so
surprisiﬁg §5§%%%gﬁéﬂmggaﬁgv§@éﬁé¥%@&ﬁ%P¥“%%H%ﬁ?ﬁ%@ﬂ%ﬁ?ﬂﬁ@?élﬁﬁe absor ption
cross- sweatdlapth 6f modaiual gdifamhieid mahifedtadriaite $efihg 0nthegRek & iyr es 6b) .
Lasi ng was observed at wavel engths as | ow as 1515nm (see Figure 6¢). 5

Fi gure 19cshgndovads loneegratclsagthsaad alsadn theilogecr Hpokeprengadecny higatime ehge

1610-162ﬁpghguﬁk&gg%ﬁ%?kgg%h%ﬂﬁéggq&ggﬁg§¥$? @Tnghe t hreshold of the |aser

is approximately vari es erent positions on the filmand
for dbfferent |asing wavel engths, nevertheless the threshold is in the
Sub-mwy gi?lgee ihefsgéctra Xa6rlroewnl tgggd ﬁ)%%\e/relif%t?%g cperz;]rly %gglteidsto random lasing with

localisation, the angle of incidence (corresponding to 8) of the pump laser 30 was varied by

rotating the film sample 40 clockwise and the fluorescence was monitored at different

angles of collection 0 by the detector 50 (see Figure 5a).

20

Lasing was observed at an angle of collection around 39° at the longer wavelength tail of

the erbium gain band. Discrete modes were present in the spectrum with the longest

wavelength lasing mode at 1615.15nm. The laser peaks were then systematically recorded

by varying the angle at a constant incident pump power of 37.39 mW and the resulting

25  output spectrum at different angles shown in Figure 5b.

The observed longest wavelength spectrum corresponding to an angle of 39° (error of
+0.5°) is shown enlarged in Figure 6a. The laser emission band spanned the wavelength
range of 1604.3 to 1615.15nm. The resolution of the spectrometer was 0.3 and peaks with
30 widths narrower than this were not resolved. The peak laser wavelength was shifted
towards the lower wavelengths in the gain spectrum of the erbium ions when the angle of

collection was increased. Lasing with narrow spikes in the spectrum predicted in random



10 the | owest recorded for random |l asers. Figure 11 shows the threshold
power varying with different angles of 0. The threshold power for different
val ues ofwoO 20si/i3ai3al ated in Table 1 below 15 Table 1: wamriGa2mmwsodi4
threshold power with different angles of 0 O Threshold Power (pW 39 290 41
65 43 75 45 25 47 20
-16-

lasers were clearly observed in the entire gain spectrum of the erbium ions and lasing was

also surprisingly observed at wavelengths well below 1534nm where the absorption cross-

section is greater than emission cross-section (see Figures 6b). Lasing was observed at

wavelengths as low as 1515nm (see Figure 6¢).

Figure 10 shows the integrated laser intensity for the wavelength range 1610-1625nm
plotted against incident pump power. The threshold of the laser is approximately 290 uW
but varies at different positions on the film and for different lasing wavelengths,
nevertheless the threshold is in the sub-mW range, for wavelengths above 1520 nm, and is

10  the lowest recorded for random lasers.

Figure 11 shows the threshold power varying with different angles of 6. The threshold

power for different values of 0 is tabulated in Table 1 below:

15 Table 1: variation of threshold power with different angles of 0

0° Threshold Power (uW)
39 290

41 65

43 75

45 25

47 20

49 50

51 100

This is a demonstration of amplification by localization ie a spontaneously emitted photon
being amplified by the localization in a random media. Figure 6 also shows the broad

20 amplified spontaneous emission spectrum. This is the lowest wavelength lasing ever
recorded in an erbium doped system and definitive proof of light localization in the porous

glass film.



49 50 51 100 This is a denonstration of anplification by localization ie a
spont aneously emtted photon being anplified by the localization in a
random newlo2o11isgisre 6 al so shows the broad 20 anplifi edCImBENS0US

em ssion spectrum This is the | owest wavel ength | asing ever recorded in an
er bi um doped system and definitive proof of light localization in the
porous glass film -17- The spot size-16f the laser at the filmwhen it was
oriented at a right angle to the incident |aser beamwas 1.36mm That neans

it is | ashéigpot Ei@BLAMhe sePataARPTIRN wieh &lwWasoriehiBdRAt OFight ah@lddRhdicident
1. 13x10-3m®B. The shifti n% of the spectrumtowards shorter wavel engths on
decr easi lagerisamayag 1e3Gmm g That ieans dt is dpstiigdrern 6n ereaiapprosimatply gt nomeean

free pat RS . I I h o _acquire
the t hr e iingof & 18X R GRS ThE Slinle e By BRONL B IR SAGIDRASHEC O,

i nt ensi t yectsasingehé alainttribase ko e skorteningdef thngh@owmeawficepithofithsas fi xed
at 48 an&g}asig& ﬂasﬁgﬁserved even bel ow the threshold 10 of the | aser

di ode’ushrtens thallawmly showter warclengthsie asqwr thaduesholdhiodaseon noi se. The
power was -15 [LW

Dependence of the laser spectrum and integrated intensity on the incident laser power

The angle of collection was fixed at 48° and lasing was observed even below the threshold
10  of the laser diode used in the experiment due to the spontaneous emission noise. The power

was ~15uW.

Figure 7 shows the spectrum of the laser at two different pump powers. Excellent mode
stability is evident from Figure 7 by comparing the peaks observed at two different powers

15 well above the laser threshold. This is another characteristic of a random laser.

The threshold power (<26mW/mm?) is the lowest ever recorded for an erbium laser and for

arandom laser. The integrated output intensity vs incident pump power is shown in Figure
8.
20



Figure 7 shows the spectrumof the |aser at two different punp powers.
Excell ent node stability is evident fromFigure 7 by conparing the peaks
obser ved w0 20m03disf erent powers 15 wel |l above the | aserctrloBstialsdsi4This is
anot her characteristic of a randomlaser. The threshold power (<26mVN nmR)
is the | owest ever recorded for an erbium/laser and for a random | aser. The
integrated output intensity vs incidentl8unp power is shown in Figure 8. 20
WO 2011/ 030157PCT/ GB2010/ 051514 -18- CLAIMS: 1. A device capable of random
| asi ng cQiiMSi:ng: a substrate; and 5a rare earth-doped gl ass fabricated on
the substrate in the formof a wavegui de, wherein the glass conprises a
germani um gl ass, a titaniumglass or a chal cogeni de gl ass. 2. A device
as claimed in glal i r .0 _power density of the device 10
IS Iessn?han Z%O%f&nwg&ﬁnd&eo\%katggggggﬁg?m dinclaiml or 2 wherein the
t hreshol d power of thsibdeatecandis |ess than |mMN 15 4. A device as clainmed in
claim.l, 2 or 3 wherein th%gl aﬁs further conprises a network nodifier. 5. A
devicé as clai ned i n® @fasarihidopsd glasy fabricsipd e the subgrajmineefatm ofe i n t he

form of waveguide, wherein the glass comprises a germanium glass, a titanium glass or a

chalcogenide glass.

2. A device as claimed in claim 1 wherein the threshold power density of the device

10 is less than 200mW/mm>.

3. A device as claimed in claim 1 or 2 wherein the threshold power of the device is

less than ImW.

15 4. A device as claimed in claim 1, 2 or 3 wherein the glass further comprises a
network modifier.
5. A device as claimed in claim 1, 2, 3 or 4 wherein the waveguide is in the form of
a thin film.
20
6. A device as claimed in claim 5 wherein the thin film has a thickness of less than
10pm.
7. A device as claimed in any of claims 1 to 6 wherein the glass is a chalcogenide
25 glass.
8. A device as claimed in any of claims 1 to 7 wherein the glass is a tellurite glass.
9. A device as claimed in any of claims 1 to 8 wherein the glass is doped with a

30 lanthanide.

10. A device as claimed in claim 9 wherein the lanthanide is erbium.



athinfilm 20 6. A device as clained in claim5 wherein the thin film
has a thickness of |less than | GQom 7. A device as clained in any of
clains 1 wo261mi3ersei n the glass is a chal cogeni de 25 gl ®83/GB2810/0A15devi ce as
claimed in any of clains 1 to 7 wherein the glass is a tellurite glass.

9. Adevice as clained in any of clainmggl to 8 wherein the glass is doped
with a 30 | anthanide. 10. A device as clainmed in claim9 wherein the

| anthanide is erbium -19- 11. A device as clainmed in any of clainms 1 to 10
wherein the substrate is selected froma silicon-based substrate or a

pol yner i £ subsA gedi6e asxldided ih é‘r%eéf ARMR TR ¥ 0 GHERAA BleNdbstiatdR\bIeGe@S Cl ai med
in any of clains 1 to 11; and an exciter downstream fromthe device
and capafsima a@fllcéxtb@ﬁdrfgbwﬁée rapdEmpme ibatrateser out put. 10 13. A | aser
assenbly as clainmed in claim12 wherein the | aser assenbly is a tunable

5 12 A laser assembly comprising:
a device as claimed in any of claims 1 to 11; and
an exciter downstream from the device and capable of exciting the device into a

laser output.

10 13. A laser assembly as claimed in claim 12 wherein the laser assembly is a tunable

laser assembly.

14. A laser assembly as claimed in claim 12 or 13 wherein the exciter is a focussed
exciter.
15
15. A laser assembly as claimed in claim 12, 13 or 14 wherein the exciter comprises a
diode laser, light emitting diode or vertical cavity surface emitting laser.
16. A process for fabricating a device as claimed in any of claims 1 to 11 comprising:
20 ablating a target glass with incident radiation from an ultrafast laser in
the presence of a substrate whereby to deposit a quantity of the target glass on the
substrate.
17. A process as claimed in claim 16 wherein the ultrafast laser is a femtosecond
25 laser.
18. A process as claimed in claim 16 or 17 wherein the incident radiation from the
ultrafast laser is emitted in pulses with a duration of 150fs or less.
30 109. A process as claimed in claim 16, 17 or 18 wherein the incident radiation from the

ultrafast laser is emitted in pulses with a repetition rate in the range 1Hz to 100MHz.



| aser assenbly. 14. A laser assenbly as clainmed in claim12 or 13 wherein
the exciter is a focussed exciter. 15 15. A |laser assenbly as clained in
cl ai m 12, wo20nwo3ds7wherei n t he exciter conprises a di odecras2o10/dsight
emtting diode or vertical cavity surface emtting |laser. 16. A process
for fabricating a device as clainmed in any of clains 1 to 11 conpri sing:
20abl ating a target glass with incident20-adi ati on froman ultrafast |aser
in the presence of a substrate whereby to deposit a quantity of the target
gl ass on2bhe subsbeeat es claimed id dny éF QRIAREIFH0A9 vl cAbiABR: ihHid&tBhdd Wher ei n
the ultrafast laser is a fentosecond 25 |laser. 18. A process as clained in
cl ai m 16PBlse erergihisrethe rapge 11ddpd8PmI.r adi ation fromthe ultrafast laser is
emtted in pulses with a duration of 150fs or less. -20- 20.A process as
claimed in any of clainms 16 to 19 wherein the incident radiation pulse
energy is in the range 1J to 100mJ.



