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Optical waveguide amplifiers based on polymer materials offer a low-cost alternative for inorganic
waveguide amplifiers. Due to the fact that their refractive index is similar to that of standard optical
fibers, they can be easily coupled to existing fibers with low coupling losses. Doping the polymer
with rare-earth ions that yield optical gain is not straightforward, as the rare-earth salts are poorly
soluble in the polymer matrix. This review article focuses on two different approaches to dope a
polymer waveguide with rare-earth ions. The first approach is based on organic cage-like complexes
that encapsulate the rare-earth ion and are designed to provide coordination sites to bind the
rare-earth ion and to shield it from the surrounding matrix. These complexes also offer the
possibility of attaching a highly absorbing antenna group, which increases the pump efficiency
significantly. The second approach to fabricate rare-earth doped polymer waveguides is obtained by
combining the excellent properties of Si@s a host for rare-earth ions with the easy processing of
polymers. This is done by doping polymers with Er-doped silica colloidal spheres20@2
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I. INTRODUCTION as the active element, that can be used for optical amplica-
tion.

Trivalent rare-earth ions such as erbiuiar), neody-

In optical telecommunication systems, light is used tomjum (Nd), europium(Eu), and terbiumTh) are well known
transport information between different users. To manipulatéor their special optical properties, which result from the fact
the optical signals on a local scale, devices like splittersthat the electrons of the partially filledf 4shell are shielded
couplers, multiplexers, demultiplexers, and amplifiers ardrom the surrounding completely filledsfand 5 shells. The
needed. Such devices can be readily made and integrated energy levels of the # shell have equal parity, and hence
one planar substrate, a technology called integrated optics. @lectric dipole transitions are forbidden. In a solid, the small
basic element of a photonic integrated circuit is the planamixing with odd-parity wave functions makes the transition
optical waveguide. It consists of a high refractive index guid-slightly allowed. The absorption and emission cross sections
ing layer, sandwiched between two lower-index cladding lay-are therefore small, and the luminescence lifetimes can be
ers. The optical signal travels in the guiding layer and isauite long(ms). The influence of the electric field around the
confined in the transverse directions as a result of total intef®n removes the degeneracy of the kevels, resulting in a
nal reflection at the interfaces between core and cladding. Stark-splitting of the energy levels. However, due to the

Optical (absorption and scatteripgosses in the wave- s.hlel-dmg by the ouFer Iymg sh_ells, the magnltydg of t_he split-
guide, coupling losses, or intrinsic intensity losses in opticaf'ng is small, resulting n relatlvel_y harrow emission lines, of
splitters, call for the integration of optical amplifiers with Wh.'Ch the wavelength 'S a'”.“’St mde.per!dent of the host ma-
waveguides and other components in photonic integrated ci}-e”al' For telecommunication appllcatlons,. _the rare-earth

lons Er and Nd are used as they have transitions at /b3

CUIFS' These can be .made by doping the g_wdlng layer with a%nd 1.34um, respectively, which are two standard wave-
active element thatif pumped properly gives rise to the

. : . ) : S ) lengths used in telecommunication.
optical gain. This review article will discuss the optical prop- In order to achieve optical gain using these rare-earth

erties of polymer optical materials doped with rare-earth io”’?ons, the ion is first excited from the ground state into a

higher-lying state. From there, it can decay to the lumines-
dElectronic mail: slooff@ecn.nl cent state from which it can return to a lower-lying state by

A. General introduction
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emission of a photon. If the pump rate is high enough, popuThe lissamine sensitizer is not stable under illumination. This
lation inversion between the two levels involved in the emis-is discussed in more detail in Sec. Il D, in which a model is
sion builds up. A telecommunication signal can then induceproposed to describe the observed time dependence of the
stimulated emission in the rare-earth ion resulting in amplidissamine and Nd luminescence intensities. The highly ab-
fication of the signal. sorbing sensitizer makes the standard butt—end coupling of
As already mentioned, the choice of host material inthe pump light into a waveguide amplifier impractical. For
rare-earth doped optical waveguide amplifiers hardly influthis reason, a waveguide configuration is introduced in Sec.
ences the energy levels of the rare-earth ions. Therefore, iV, which gradually couples pump light from a pump wave-
principle, any material that has little absorption at the pumpguide into a parallel-placed signal guide. In this way, the
and emission wavelengths can be used. Many different rarggump power can be used more efficiently. The coupled mode
earth doped inorganic materials have been studied, e.g., putleeory for this design is described.
SiO,, silicate and phosphate glasses, LiNb@nd ALO;.* To solve the quenching problem of the rare-earth transi-
In some cases, optical gain has been achieved. Only recentlion, a nanocomposite material is developed, that takes ad-
the use of polymers in optical waveguide amplifiers is beingvantage of the good optical properties of silica as a host for
considered. the rare-earth ion, and the polymer as a waveguide material.
The growing interest in polymers for use in integratedIn this composite, Er-doped silica colloids are embedded in a
optics stems from the potential of mass production of low-polymer waveguide. The SiCcolloids are fabricated using
cost devices on planar substrates, combined with the widease-catalyzed wet chemical synthesis, and implanted with
range of optical properties available for specific applicationsEr ions. Section V reports the properties of these Er-doped
Polymers developed for use in optical telecommunication apsilica spheres. Very long luminescence lifetimes are found,
plications include acrylates, polyimides, and olefins. The rewhich is partly attributed to the low local optical density of
fractive index of these polymers can be tuned with an accustates in these colloids as described in Sec. VI. Finally, Sec.
racy of less than 0.0001 by blending and co-polymerization. VIl gives an outlook on optically and electrically pumped
Low optical absorption is one of the major requirementsPolymer waveguide amplifiers, discussing the most impor-
for the host material. In polymers, optical absorption istant materials requirements.
caused by both molecular or polymeric electronic excited
states, and by fundamental and overtone vibrations of moB. Optical experiments

lecular bonds. The most important absorption in the optical  ppotoluminescence measurements were used throughout
telecommunication window around 1/ is due to vibra-  thjs study to optically characterize rare-earth doped materi-
tional states of ©-H and C—H bonds. Since the energy Of a|s. |n most experiments, an Ar ion laser at various pump
the vibration is inversely related to the reduced mass, substowers was used as the excitation source, as its emission
tution of the hydrogen atoms by deuterium, fluorine, or chlo-gyerlaps with the absorption bands in the rare-earth ions. The
rine reduces the energy of the fundamental vibration, shiftingaser heam was modulated at frequencies ranging from 10 to
the absorption out of the telecommunication window. Forgg Hz using a mechanical chopper or an acousto-optic modu-
example, a fluorinated polymer waveguide can have lossgtor. The photoluminescen¢BL) signal was focused into a
below 0.2 dB/em at 1.5um,* which is well acceptable for monochromator and detected with a liquig-boled Ge de-
integrated optics devices with cm length scales. tector or a photomultiplier tube, using standard lock-in tech-
Rare-earth ions are insoluble in a polymer film. This niques. The spectral resolution varied between 0.2—6 nm. In
makes the fabrication of rare-earth doped polymersome cases, a 1.5 ns pulsed Mser was used at a pulse
waveguides much more complicated than that of inorgani@nergy of 20uJ and a time resolution 6£300 ps.
waveguides. In the latter case, the rare-earth ions can be | yminescence lifetime measurements were performed
incorporated rather easily using, e.g., ion implantation, melthy monitoring the decay signals after switching off the laser
ing, or deposition. As will be shown in this article, the dop- beam. The decay signals were averaged using a digitizing
ing problem in polymers can be solved using a variety ofpscilloscope at a time resolution of 0/3s, or a photon
techniques. Section Il of this article introduces an Er-doped_‘;ounting system at a time resolution of 100 ns. All spectra
organic polydentate cage complex, which encapsulates thgere corrected for the detector response.
rare-earth ion and makes it dissolvable into a polymer ma-
trix. The optical properties of these complexes in solution arg;. ERBIUM-DOPED ORGANIC POLYDENTATE CAGE
studied, and it is found that the emission bandwidth is verycoOMPLEXES
large. However, vibrational coupling to-OH and G—H
bonds in the solvent/polymer partly quenches the opticaﬁ'
transition. Inorganic Er salts cannot be dispersed directly into an
In Sec. lll, the optical properties of a lissamine- organic matrix. To avoid this problem, the3Erion is first
functionalized organic Nd complex doped into a polycarbon-encapsulated by an organic ligand. The resulting complex
ate waveguide are studied. Upon optical excitation, thean then be dispersed in a polymer film. The ligand has to be
highly absorbing lissamine becomes excited, whereupodesigned such that it provides enough coordination sites to
Dexter energy transfer to the Ridion occurs. The effective bind the EF* ion and to form a stable complex. Furthermore
absorption cross section of this process is four orders of magt may serve to shield the &F ion from impurities in the
nitude higher than that for direct optical excitation of Nd. surrounding matrix that may quench the luminescence. For

Er-doped organic complexes

Downloaded 14 May 2002 to 192.16.189.7. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Appl. Phys. Rev.: Slooff et al. 3957

1 CqgHaz CHy(CH,),0 (CH,)3CHy
4r * | * 34+
N ”
r _ . - -
2G1|/2 0 C00" co0o [o] c%%O_COO Q
3r Hae 0o
< energy transfer —— F o *
3 o5 s 0 b\ o,
g 5 — " 483/2 ! o =
@2 3R, S I - Y
4 9/2
E ° er+Wlnr 4‘9/2 =
— 4 |
1 L . 1172 \
Ne ||3/2 (a) = (b) =
W'3 hv —-
o- S N | N 3 4|15/2
° ligand ’ * B

FIG. 1. Schematic diagram of the ligand®Ersystem. The complex is first
excited from the single®, ground state to the singl&; state(exact position
not known, but higher than 3.2 ¢Mollowed by fast relaxation to the triplet
T state. From there, energy transfer to thé'E4f levels may take place.
From these levels, rapid relaxation to they, takes place. Finally the Ef
may decay to thél;s, ground manifold by emission of a 1.54m photon.

example, ©—H is known to quench the luminescence due to
the coupling of the excited state of the ion to vibrational cyclic EF* complex* represents either 2 keyc-H) or 2 D (cyc-D) atoms,
modes of the ©-H bond>~’ and(b) the acyclic E¥* complex(acyc-H. The outer two benzene rings lie

In this section, we study the optical properties of differ- in one plane which is tilted backwards, whereas the middle benzene ring is
ent Er-doped polydentate hemisperands, which form an oVefi_lted forwards. ‘In this way, a cage is _constructed, gncapsulating the Er
all neutral complex in which the BF ion is encapsulated in ion. (c) Three-dimensional representation of the cyclic comgtssc-H).
a cage-like ligand configuration. Clear, room-temperature PL
at 1.54um is observed for these complexes with a lumines
cence lifetime up to 0.8«s. Selective deuteration experi-
ments are carried out to study the possible quenching effe
of C—H bonds. Exchanging-€-H for C—D has shown to
be beneficial for E&i.2

FIG. 2. Two-dimensional2D) representation of the structure ) the

‘concentration does not take into account thumknown

amount of water which may remain in the tablets as a result
& the preparation process. To exclude the effect of quench-
ing due to G—H in the host, some measurements were per-

formed on solutions in deuterated buta(ol98%) at a com-

. Two_different type§r+of exc_itation are studied: direct. ex- plex concentration of 10° M or dimethylformamide/DMF)
citation in one of the manifolds using the 488 nm line o, - ~oncentration of 2102 M. In both solvents, acyc-H

of an Arion laser, and excitation via the organic ligand usingyisqq\yed rather well, but the solutions with the cyclic com-

the 331 nm line of a Mlaser, followed by energy transfer to oy o5 apneared somewhat turbid, indicating that not all the
the EP™ ion (see Fig. 1 The temperature quenching of the material had dissolved.

luminescence and the optical absorption cross sections are
discussed, and finally a performance estimate for a planar
optical amplifier based on these Er-doped complexes is

made. cyc-H 5
09} (a) ce--cyoD 1008
' —s—acyc-H E’
B. Sample preparation 06l {os7 2
Three different Et" complexes were prepared in a mul- 3 KBr §
tistep synthesis, as discussed in detail in Ref. 8, and charac 03 1033 §
terized by fast atom bombardment mass spectrometry, FouZ s
rier transform infrared spectroscopy, and elemental analysisg 0.0 0.00 3
Figure 2a) shows a schematic picture of a cyclicErcom- 3 ool (b) cye-H g
; ; : ; ; ; ; = -=-=--cyc-D
plex in which the first coordination sphere consists of eltherg oy
C—H bonds(cyc-H), or C—D bonds(cyc-D). An acyclic cz‘s
Er¥* complex(acyc-H), sketched in Fig. @), was also stud-
ied: it is open at the top and contains two O($+CH;
groups. This is different than the cyclic complex which is .
closed at the top, with one;gH;; chain attached to the triva-
lent nitrogen atom. A three-dimensional representation of the  “-474 15 16 17
cyclic complex is shown in Fig.(2). Wavelength (um)

. After. SyntheSIS’ the Er Complex SOIUtlon.S were drIEd_’ FIG. 3. Normalized room-temperature PL spectra of'Ezomplexes ina)
m|X_ed with KBr and then pressed to 1 mm t_h'Ck tablets th KBr tablets and(b) DMF, at a pump wavelength of 488 nfpower 100
a diameter of 1.2 cm. The Er concentration is 1.0 wt. %. Thismw).
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Figure 3a) shows normalized room-temperature PL FiG. 5. Extinction spectra of the three3&rcomplexes in KBr, based on
spectra for the three complexes in KBr after excitation at 488ransmission measurementa) acyc-H, (b) cyc-H and cyc-D. The absorp-
nm into the4F7/2 level (see Fig. 1 The peak around 1.54m tion peaks are indicated by the level notation of the absorption band.
is typical for EF" luminescence and is due to the transitions
from the first excited state'l;5,,) to the ground state*(;5/)
manifolds. The full width at half maximurtFWHM) of all ~ cross sections at 1/8m for the*l;5,,—*F; transition can be
spectra is 70 nm. This is extremely wide for an Er-dopedderived: (0.62-0.05)x 10 *° cn¥ for acyc-H, (1.1-0.4)
material: Er-implanted Si©(11 nm FWHM),? phosphosili- X 107?° cn? for cyc-H and (0.93-0.05)x107?° cn? for
cate glasg25 nm FWHM),'° sodalime silicate glasd9 nm  cyc-D. These absorption cross sections are one to five times
FWHM),™ Al,O; (55 nm FWHM,? and fluorohafnate glass higher than the cross section at 1/&m of Er-doped
(64 nm FWHM.2 Such a broad spectrum enables a wideglasses;™ and for Er-implanted AlO;.'* This may be re-
gain bandwidth for optical amplification. lated to differences in average electron distribution around

No comparison of the absolute PL intensities could bethe EP* ion for organic complexes compared to inorganic
made for the three complexes, as the intensity varies over tHeosts.

KBr tablets(a factor of 2—3. The spectral shapes measured  In practice, the peak absorption and emission cross sec-
for the two cyclic complexes are identical, and slightly dif- tions for EF* are nearly the same. Under this assumption
ferent from that for the acyclic complex. This difference is and using the cross section derived herein, the PL spectra of
attributed to a small difference in local environment for theFig. 3 can be converted to emission cross section splessea
two types of complexes. Figurgl shows the normalized the right-hand side vertical scale of Fig(@g. From this
room-temperature PL spectra for the®Ercomplexes in spectrum, the radiative lifetime can be calculated:

DMF solution. Again, the shape of the spectra observed for | g2

cyc-H and cyc-D are similar, but slightly different than that —=—%—| v20.(v)du, (1)

of acyc-H. Figure 4 shows the room-temperature PL spec- ¢

trum of acyc-H in KBr after excitation at 337 nifpulse  wheren is the refractive index; the speed of light, and the
energy 20uJ). The 337 nm pump light is absorbed in the tail optical frequency. Evaluating E@l) yields a radiative life-

of the absorption band of the aromatic rings of the ligandtime of about 4 ms for these £r complexes.

Energy transfer to the Ef ion then leads to excitation of the Luminescence decay measurements for cyc-H in KBr
Er** resulting in the observed 1.54m luminescence. and the three Bf complexes in butanol-OD are shown in

Extinction spectra of the complexes in KBr were deter-Fig. 6. Deconvolution of the decay curve of cyc-H in KBr
mined from reflection and transmission measurements a®sults in a luminescence lifetime of Q6. In butanol-OD,
measured using a spectrometer and an integrating sphetige lifetimes for the three complexes are all around &s8
(spectral resolution 0.3 nmand are shown in Fig. 5. The These lifetimes are much shorter than the radiative lifetime
absorption lines of the Bf ion are clearly visible and indi- of 4 ms calculated from Eq1). This indicates that signifi-
cated in Fig. 5(the level notation is given in Fig.)1The  cant quenching of the Ef luminescence takes place.
steadily increasing background in the wavelength range Table | summarizes the total Er areal density and the PL
down to 450 nm is attributed to scattering in the KBr tablets.intensity for the KBr tablets and DMF solutions. For all com-

Using measured reflection dataot shown and taking plexes, the areal density is typically a factor of 7 higher in
into account the known average areal density of Er in th&Br than in the DMF solutions, but the luminescence inten-
samples (acyc-H: 85410 cm ™2, cyc-H: 8.21 sityis only a factor of 1.5—6 higher. This suggests that more
X 10'® cm~2, and cyc-D: 9.04 108 cm™2), the absorption luminescence quenching takes place in the KBr tablets than
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FIG. 6. Room-temperature decay measurements for the Er-doped organfd G- 7.+Temperature_ dependence of the integrated Ar64°L intensity of
complexes in KBr and butanol-OD, excited at 337 nm at a pulse energy 02h8e8 Efr) complexes in KBr(pump power 100 mW, excitation wavelength
20 pd. nm.

in the DMF solutions. A possible explanation for this differ- in less efficient excitation This indicates that temperature

ence is a concentration quenching effect: due to the mixeguenching, attribu'ted to coup!ing to lattice vibrations, is not
crystalline nature of the tablets, local concentrations 8f Er € major quenching mechanism.

may be higher than the calculated average density. Due to the

local high concentration, energy transfer from oné'Eion 2. Quenching by nearest C —H neighbors

to another can occur and the excitation can migrate among The second order vibrational energy of—GH (E,
these clustered regions, followed by quenching at a defect 2960 cmi'?) is nearly resonant with the Ef first excited
site in the tablet. As a result, the PL intensity will be lower state E: 6500 cm’ l)_ This band around 1.4m can also be
and the luminescence lifetime shorter in the KBr tablets. In &een in Fig. 5. Thus, a-GH bond positioned near the £r
solution where all the complexes are quite homogeneouslisn can quench the Bf luminescence. Such coupling
dispersed, no concentration quenching will occur. This isshould be less for &-D (E,=2100—2200 cm'). Compari-
confirmed by the Ionger luminescence lifetime for the COM-son of the PL intensity of Cyc-H with that of Cyc-D for the
plexes in butanol-OD solutions compared to the KBr tablethMF solutions(see Table)l, shows that selective deuteration
(see Fig. 6. However, even in solution the lifetimes are still of the first coordination sphere has no influence on the PL
much shorter than the expected 4 ms calculated from(Bqg. intensity and thus it is concluded that quenching by these
There are three possible quenching mechanigiistem-  C__H bonds is not dominant.

perature quenching(2) quenching by the nearest—-€H

neighbors, and3) quenching by ©-H groups. 3. Quenching by O —H groups

O—H groups are present in the liquilmainly alcohol$
used in the preparation of the Ercomplexes, and they can
Figure 7 shows measurements of the integrated Ari4 also be present in the solvents used in the measurements:
PL intensity between 15-300 K for the KBr tablets as meaboth DMF and butanol are highly hygroscopic. It is therefore
sured using a closed-cycle He cryostat. Cyc-H and cyc-Drery likely that O—H groups are coordinated to the3gr
show the same trend as a function of temperature, with &@n. Indeed, molecular dynamics simulations of rare-earth
guenching by a factor 3 between 15 K and room temperature&eomplexes in solution show that one-GH molecule can
For acyc-H, the temperature quenching is slightly smaller, genetrate the first coordination shell of the foim. particular,
factor of 2 in the same temperature range. The quenching isater may preferentially solvate the®&rion.'® It is the most
small and can be mainly attributed to a decrease in the alpotent quencher of rare-earth luminescence, and has a sig-
sorption coefficient as the temperature is incredsesulting  nificantly stronger interaction to the rare-earth than, for in-

1. Temperature quenching

TABLE |. Summary of the total Er areal density and the corresponding PL intensities for thec@mplexes
in KBr and DMF.

Er areal densitycn) Relative PL intensity
acyc-H (KBr) 8.5x 10" 142-193
acyc-H(DMF) 1.3x10' 113
cyc-H (KBr) 8.2x 10 210-410
cyc-H (DMF) 1.2x 10" 66
cyc-D (KBr) 9.0x10' 178-242
cyc-D (DMF) 1.2x10% 66
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PPMA (n = 1.57) + complex
PMMA (n = 1.48)

Si

FIG. 8. Polymer channel waveguide structure for optical gain calculations.
A high refractive index polymem=1.57, PPMA, doped with organic EF
complexes, is embedded in a low index polymer 1.48, PMMA) on top

of a silicon substrate.

Gain (dB/cm)

107 10"
Pump Power (W)

stance, alcohols. An-O-H group positioned near the Er
ion will result in efficient quenching of the luminescence,
because its first vibrational overton&q=3400cm?!) is
strongly resonant with thél,z,—*l,5, EF" transition €
=6500 cm !). Work by Ermolaevet al® shows that the
rate constant for deactivation of the3Erexcited state via
O—H groups, located at a distance of 2.2-2.5 A is in the
order of (3—-5% 10 s~ 1, which is much larger than deacti-
vation via G—D bonds at 2.2—-2.5 AK=5x10° s™1). This
would explain that, with ©-H attached to the complex, sub-
stitution of G—H by C—D will have no significant effect on
the PL intensities measured in solutisee Table)l

FIG. 9. Calculated differential optical gain as a function of pump power for
direct excitation(dashed lingand for excitation via the ligan¢solid line)

for a waveguide amplifier with a 21 um? cross section. The threshold
power is indicated for each calculation.

k=0e(Ne—Nge)a, (4)

with « as the estimated fraction of light which is confined in
the core of the waveguide, angd, as the emission cross
section from Sec. IIC. The optical gain as a function of
pump power is calculated using the values given in Table II.
The result is shown in Fig. 9. The maximum differential gain
With the coefficients determined in the previous para-is 1.7 dB/cm, indicating that for instance a loss free<()
graphs, an estimate of the threshold pump power for a planaplitter could be made with a few cm long waveguide. The
optical amplifier based on Er-doped organic complexes cathreshold pump power is 930 mW. This is much higher than
be made. In such a polymer channel waveguide, a high rehe minimum power needed in Er-doped glass opQh|
fractive index polymer [e.g., poly¥phenylmethacrylale amplifiers® and is due to the much smaller luminescence
(PPMA), n=1.57] doped with organic Er complexes, is em- quantum efficiency of the Bf ion in the organic complexes
bedded in a low index polymde.g., polymethylmethacry- as compared to that in the inorganic materials.
late) (PMMA), n=1.48] (see Fig. 8 A typical waveguide The power of 930 mW needed for optical amplification
core dimension is X1 um?. is relatively high. To reduce it, excitation of the complex via
A calculation is done for direct excitation of Er into  the aromatic part of the ligand, at 287 nm may be employed.
the *F,/, excited statdsee Fig. 1. Assuming that the popu- At this wavelength, the absorption cross section of the ligand
lation of the *F,,, state decays rapidly to the first-excited is about 8.5 10~ cnm?, much higher than the cross section
state, the rate equations reduce to those for a quasi two-levér direct absorption of the Ef ion at 488 nm. This makes
systemt’ Solving these rate equations for steady-state conexcitation via the ligand very efficient. Energy transfer from
ditions, the populations become: the ligand excited state to the Erion then results in popu-
lation of the EF* “#l,3, luminescent excited state. Taking this

D. Optical gain calculation

W, . ) .
Ng= N, 2) process into account, a gain calculation can be made. Assum-
WetR ing that the transition from the singlet {)Sto the triplet(T)
state of the ligand is fagsee Fig. 1, a quasi two-level sys-
Ne:WeJrRN’ (3)  tem can be used for the ligand and thé Eion. The rate

equations then become:
whereR= o ,P\/(hca) is the Et* excitation rateN, is the

. ) : : . dN;
population of the f!rst eXC|te+d statbly is t_he population of T Ry Ng— Wi:N; — Wi, N1 Nge, (5)
the ground statel is the EF* concentrationW,= 1/7, the
erbium decay ratel is the pump power in the waveguide, dN
o, is the absorption cross section=488 nm is the excita- d_te = —WNe+ WinN1Nge, (6)

tion wavelength, and the waveguide core cross section. As
a first estimate, we have taken tlienknown absorption in which R;=0¢,P\/(hca) is the ligand excitation rat&|,
cross section at 488 nm equal to the measured value at 1.531dN; are the population fraction of the first-excited state of
um from Sec. Il C. The differential optical gai@B/cm) is  Er" ion and the ligand, respectivelly, and Ny are the
given by 10<°log(l/l,), wherel, is the intensity at the be- population fraction in the ground state of°Erion and the

ginning of the waveguide anb=1,e"* is along the wave-
guide, withk as the gain factor given by:

ligand, respectivelyW, is the ligand radiative decay rate,
W, is the ligand nonradiative decay rdteansfer ratg and
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TABLE Il. Typical values for the parameters used in the optical gain cal- 20000 _‘G,,
culation of an Er-doped planar polymer optical amplifier using direct or s, S :ij/z
indirect optical pumping. intersystem - Gy
15000 F T crossing e
Parameter Symbol Value ——7 2 ag
— energy transfer - E 312
Erbium decay rate W, 1.25<10P st g R €l el el “Fj:
Erbium absorption cross section=488 nm o, 11x10 2cn? i 1000D; = sl € SIElels
Erbium emission cross section=1.54 um o 1.1x10 P cn? S 5 3 radiationless 38|38 S
Waveguide cross section a  2x1punm? b gl § o deactivation L T
Total erbium concentration N  9x10°cm™3 S000F %12 “lan
Estimated fraction of light confined in the core « 0.4 4
Ligand absorption cross section o1 8.5x10 ®cn? ol ..1"'2
Ligand radiative decay rate W, 2x1fs? S lissamine Ng®*
Ligand nonradiative decay rate W,  1x10°s?

FIG. 10. Schematic energy level diagram of the lissaminéd Nebmplex.
The arrows indicate the excitation mechanisms of thé"Nidn: either di-
rectly into the*G,, level by pumping at 515 nm, or through the lissamine
sensitizer(S,— S, transition followed by intersystem crossing and energy
o is the ligand absorption cross section. Solving these equaransfey.

tions for steady-state conditions, the differential gain can be
calculated using Eq4) and typical values given in Table II.
The result is also plotted in Fig. 9. The threshold pump In this section, we will report the optical properties of
power reduces from 930 to 1.4 mW. These low pump powergerphenyl-based N complexes with and without a highly
are very interesting for practical applications. Note that inabsorbing lissamine antenna chromophore. The neodymium
the final design pump loss has to be taken into account, aNd) ion has an intra-# transition from the*F, to the*l1,,
will be discussed in Sec. IV. The next challenge is to engidevel at 1.34um, which coincides with the low dispersion
neer the ligand and to shift the excitation wavelength to thevindow of standard silica optical fibers. Complexes were
visible in order to be able to use standard semiconductodissolved either in hexadeuterodimethylsulfoxid@MSO-
lasers as pump lasers. Alternatively, sensitizers with a highl6) solutions or in partially fluorinated polycarbonate planar
absorption coefficient and a high intersystem crossing effiwaveguides. In complexes without lissamine, excitation of
ciency may be attached to the complex, to further optimizéhe N&* ion at a wavelength of 515 nm leads to population
the pump efficiency. This is described in Sec. lIl. Finally, we of the*G;;, level, from where it decays to tH&;, level (see
note that the aforementioned calculations do not take intdig. 10. Decay from this level leads to the characteristic
account upconversion effects, which may increase the pumid®* luminescence at 890, 1060, and 1340 nm due to tran-
power needed for amplificatiolf. More measurements are sitions to the*lg, 4112, and?ly 3, levels, respectively. In
required to determine the cooperative upconversion and exsomplexes with the lissamine sensitizer, the 515 nm light is
cited state absorption cross sections for these Er-doped omainly absorbed by the highly absorbing lissamine, which
ganic complexes. becomes excited into the singlet statg)(SThis is followed
by intersystem crossing to the ftriplet statel, E;
=14600 cm 1) (see Fig. 10 From the triplet state energy
1. LISSAMINE EUNCTIONALIZED Nd 3+ COMPLEXES transfer to the N8 ion can occur, which results in excita-
IN POLYMER WAVEGUIDES AND SOLUTION tion of the N&* ion into the*S;, and *Fg, levels. After
A. Sensitized Nd 3+ complexes rela_xation to the*Fs, level, the 890, 1060, and 1340 nm
' luminescence can be observed.
In Sec. Il, we have shown that optically active Er-doped
polydentate cage complexes can be synthesized, and th
emit room-temperature luminescence at 1.23% when op-
tically excited either directly into an Er intrafdlevel, or Terphenyl-based Nd complexes were synthesised us-
indirectly via the cage which also acts as a chromopfbre. ing the procedure described in Ref. 22. Some complexes
We found that the luminescence lifetime of these complexesvere functionalized with lissamine, a Rhodamine-B
is rather short0.8 us), which was attributed to energy trans- derivative?® Figure 11 shows a schematic picture of the
fer of the excited state of the £r ion to O—H vibrational  structure of the terphenyl-based NdcomplexegFig. 11(a)]
states of the solvent molecul&&! with two benzoyl side-group&8Bz.Nd) and[Fig. 11(b)] with
Obviously, these nonradiative quenching processes are@e benzoyl side-group and a lissamine sensit{zerNd).
disadvantage of the use of organic cage complexes. On tHgoth complexes have a cage-like configuration, encapsulat-
other hand, an advantage is that highly absorbing antenriag the N&* ion. The complexes were dissolved in
chromophores can be incorporated in the organic compleXDMSO-d6 to a concentration of 18 M for Bz.Nd and
Once this chromophore is excited it can transfer its excitatiod0"® M for Ls.Nd, or dissolved in partially fluorinated
energy to the rare-earth ion by a Dexter mechanism. If the@olycarbonat& waveguides at a concentration of 1, 3, and
energy transfer from chromophore to rare-earth ion is effi-l0 wt. % (complex. The polycarbonate waveguides were
cient, this process strongly enhances the excitation efficiencsnade by spin coating a cyclohexylacetate solution of poly-
of the rare-earth ion. carbonate and complex onto a Si substrate covered with a 3

%Y Sample preparation
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FIG. 11. Schematic picture d@B) benzoyl-Nd™ complex(Bz.Nd) and (b) 1.2
lissamine functionalized Nd complex(Ls.Nd). Wavelength (pm)

FIG. 13. PL spectra of the lissamine functionalized®Ndomplex(Ls.Nd)
. . . —6 — 2 H
um thick thermally grown Si@layer or a microscope glass (10 ° M) and the benzoyl-Nt" complex(Bz.Nd) (10"* M) in DMSO-dé
lide. The spin coating was performed for 30 s at a s inratsolutlons. The excitation wavelength is 515 nm, at a pump power of 60 mW.
S ’ p 9 p g p Note that around 1340 nm, the spectra are multiplied by a factor of 5.
of 3000 rpm and followed by thermal annealing at 19Q#C

a vacuum for 1 h. The thickness of the polymer layer was

3.55 um. ) ) ) ) ] sorption measurement, and is consistent with the absorption
~ The light intensity transmitted through the film on the 545 of the N&" ion around 475 and 513 nm. The excita-
microscope glass sIu_je was monitored using a S|I|§on photqﬁon spectrum for the complex with sensitizés.Nd) shows
diode positioned behind the sample, and changes in transmig-completely different behavior: the 1060 nm emission inten-
sion were converted to absorption coefficients using th;w, increases strongly with excitation wavelength, again
known film thickness and Lambert—Beer’s law. Absorptionyery similar to what is found for the absorption spectrum.
spectra were measured before and after laser illuminatiojyen the fact that the lissamine complex shows a broad
using a variable-angle spectroscopic ellipsometer. absorption band around 580 nm, this clearly indicates that
the excitation of Nd* around 500 nm takes place via the
sensitizer. The absorption of the lissamine occurs at the xan-
Figure 12 shows the PL intensities at 1060 nm for athene unifi.e., the gray partin the structure for Ls.Nd in Fig.
10~2 M solution of Bz.Nd and a 10 M solution of Ls.Nd  11(b)]. Note that the measured absorption cross section is in
(lissamine sensitizédboth in DMSO-d6, at different excita- the 107 cn? range, four orders of magnitude higher than
tion wavelengths as available from the Ar ion laser. Thethe typical Nd™ intra-4f transition cross section.
pump power for excitation was 60 mW for all excitation Figure 13 shows room-temperature PL spectra for
wavelengths. The absorption spectrum measured for th&0 ° M Bz.Nd and 10° M Ls.Nd in DMSO-d6, recorded
same solutions, measured using a spectrophotometer, is aldging excitation at 515 nm at a pump power of 60 mW. The
included in Fig. 12(drawn line3. The excitation spectrum complexes show room-temperature PL offNt 890, 1060,
for the Comp|ex without SensitizefBz_Nd) shows some and 1340 nm. A|thOUgh the concentration of Ls.Nd ig 10
structure, which is roughly similar to that found in the ab-times lower than the concentration of Bz.Nd, the PL intensity
is two times higher. Optical absorption measurements at 515
nm for both solutions show an almost equal absorption:

C. Luminescence properties

1.0 Too 0.033 cm* for 1072 M Bz.Nd and 0.031 cm* for 10 ° M
) Ls.Nd. The fact that the sensitized complex shows a higher
08k luminescence intensity than the complex without a sensitizer,

even though the measured absorption was the same, indicates
that the internal energy transfer efficiency within the sensi-
tized complex is quite high. The factor of 2 difference can be
due to the fact that upon direct excitation into the higher
lying state of the N&" ion, the N&* ion can also decay
radiatively to the ground levéindeed, 524 nm luminescence
has been observed, resulting from the transition from the
0co . e . e . s 2K13,2—>4I_9,2 transitior), leading to a lower quantum yield for
the near-infrared transitions in the case of direct optical ex-
citation of the Nd* at 515 nm.

FIG. 12. PL at 1060 nm as a function of excitation wavelength for the The measured luminescence lifetime at 1060 nm for the

benzoyl-Nd" complex(Bz.Nd) (10"? M, squaresand the lissamine func-  Bz.Nd complex in DMSO-d6 is 2.&s (not shown, and for
tionalized Nd™ complex(Ls.Nd) (10~® M, circles in DMSO-d6 solutions. . : .
The absorption spectra of Bz.Nd and Ls.Nd are also sh@ikawn lines. the sensitized Ls.Nd complex 2/“&' The luminescence life

) P : ) .
Note that the absorption data for the Bz.Nd solution are multiplied by anmze5 of No®* in inorganic _matenals can be_ as high as 25_’0
factor of 2000. us=> The low quantum yield in the organic complexes is

e
o
'l
by
=}

N
=)

Integrated intensity (a.u.)

Absorption cross section (1077 cm?)

[=]

Excitation wavelength (nm)

Downloaded 14 May 2002 to 192.16.189.7. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Appl. Phys. Rev.: Slooff et al. 3963

160 T T T
<>

120
% polymer
@ SiO,
[ —_ -
:.; 80 E Si
£ 3
< 40F simulated ! -

- - - -measured 3
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(b) - - - -reference
polymer
155k ——3wt.% Ls.Nd 10-02 i h L
: 800 1200 1600
X
< Wavelength (nm)
0.01
1.50 FIG. 15. Optical loss spectrum of an undoped partially fluorinated polycar-
bonate waveguide measured using the sliding prism meftheel inset
1 . 0.00
400 600 800
Wavelength (nm) fluorinated polycarbonate waveguide. The result is shown in

Fig. 15. The peak around 1650 nm is due to overtone absorp-
FIG. 14. (a) Measured and calculated ellipsometric paramatars a func- tion by C—H bonds. The band around 1400 nm is attributed
tion of wavelength for a partially fluorinated polycarbonate waveguide . .
doped with 3 wt. % lissamine functionalized Ndcomplex (Ls.Nd). (b) to absorptlon by C-H bonds and ©-H bonds in the poly-
Real (n) and imaginary(k) part of the refractive index derived from the Mer. The two peaks around 1150 nm arise from second over-
simulation data indicated by the solid line {a). The real index for an  tone absorption by aromatic and aliphatie-&1 bonds. The
undoped reference waveguide is shown for refer¢dashed line inb)]. background loss at the NRd emission wavelengths is0.05

dB/cm at 1060 nm and 0.08 dB/cm at 1305 nm. This indi-

. ) ) ) cates that these polycarbonate waveguides are ideally suited
attributed to quenching of the Ridl excited state by coupling  for planar waveguide applications.

to overtones of nearby-GH and G—H vibrational states. Figure 16 shows the PL spectrd @ 3 wt. % Ls.Nd-

Figure 14a) shows the measureddashed ling and  goped fluorinated polycarbonate waveguide excited at a
simulated(solid line) ellipsometry parametek as a function  yavelength of 515 nm. The dashed line shows the lumines-
of wavelength for a partially fluorinated polycarbonate pla-cence measured using excitation and collection of the light
nar polymer waveguide doped with 3 wt. % Ls.Nd. The meat,om the top of the sampleR=40 mW). The 890 and 1060
surements were done using a variable-angle spectroscopin Juminescence of the Nd ion are clearly seen. Spectra
ellipsometer. The interference structure is caused by refleGaken in the near-infrared regidnot shown also show the
tions at the air/polymer, polymer/SjO and SiQ/Si inter- 1340 nm luminescence. The emission observed in the lower
faces. A clear dip in is observed around 580 nm, which is \yayelength region is due to luminescence of the lissamine,

lated data are based on a Lorentz oscillator model and cor-

respond well with the measured data. From the simulation

parameters, the reéh) and imaginaryk) part of the refrac- 1.5 :
tive index of the Nd-doped polymer waveguide layer can be v
calculated, as shown in Fig. ). Also shown is the mea-
sured refractive index of an undoped reference polymer. Out-
side the resonance region, the refractive index of the Nd-
doped waveguide layer is very similar to that of the undoped
layer, indicating that the spincoating technique leads to Nd- \
doped waveguide layers with similar density as pure wave- 0.5 '.EWE
guide layers. The maximum value &fis 0.027 at 580 nm '\

which corresponds to an absorption cross section of 4.5 — pLh
x 10" cn?, which is roughly two to three times higher OOW~;
than the literature value for Rhodamine*Bi is clearly seen 0.6 0.8
that the high absorption of the lissamine causes a change in Wavelength (um)

the real part of the refractive index around 580 nm as deI_:IG. 16. PL spectra of a polymer waveguide doped with 3 wt. % lissamine

Scr'bed_by Kramers—Kronig theory. . o _ functionalized Nd&* complex(Ls.Nd). The dashed line indicates the spec-
Optical losses were measured using the sliding prismrum collected from the top of the waveguide using excitation at 515 nm at
method?® Diiodomethane was used as an index matchingp power of 40 mW. The solid line indicates the spectrum using excitation at

TP : ; ; ; 515 nm at a power of 140 mW and collected from the output facet of the
“qUId for optimum output COUpImg' A white ||ght Source as waveguide using a multimode optical fiber. Schematics of the two measure-

well as lasers operating at 633, 838, 1305, and 1565 nm WelRent configurations are shown. The inset shows the time dependence of the
used. Measurements were performed on an undoped partialip6o nm luminescence upon pulsed excitation.

1.0}

Intensity (a.u.)

Intensity (a.u.)
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580 nm. The small peaks at the shoulder of the lissamine 1.0 @) T T (I))
luminescence are attributed to an interference effect in the
waveguide layers. The solid line in Fig. 16 is the spectrum 0.8
observed for excitation from the tq =140 mW and spot
5x15mnt) and collecting from the output facet of the
waveguide using a multimode fiber. Again, the 890 and 1060 S

nm luminescence are observed, but here the luminescence of2 0.4
the lissamine is strongly decreased, which is attributed to the &
reabsorption by the lissamine itself. This indicates that self- <= 0.2
absorption should be taken into account when designing

u.)
o
[=>]

S

3 wt.% 10 mW

waveguide devices. 0.0 L ) : . \ .
The inset of Fig. 16 shows the time dependence of the 10 100 1000 10 100 1000
1060 nm PL signal after switching the 515 nm pump on and Log (time (s))

lolff .An exfpgréentla_lrﬂ.t throqgh_fthe dleCIay parthresurllts ICT a F)LFIG. 17. (a) 580 nm lissamine PL of a polymer waveguide doped with 3
ifetime of 0.8 us. IS 1S 3'9”' icantly lower t qn the decay wt. % lissamine functionalized Nd complex(Ls.Nd) at pump powers of 4,
measured for complexes in DMSO-d6 soluti¢®.2 us), 20, and 80 mW. Each measurement was made at a fresh spot on the sample.
which indicates that quenching by-€H and O—H groups (b Similar measurementsnaa 3 and 1 wt. % Ls.Nd-doped waveguide at a

in the polymer matrix also contributes to the radiation-lesg?Ump power of 10 mw.

deactivation of the N3 .

The energy transfer from the lissamine to the*Ndon t th mole. The lurmin N ianal was detected normal
occurs via the triplet state of the lissamine. However, theflt [N€ Sample. The Iuminescence signa’ was detected norma

triplet state can also be quenched by, e.g. i@t is always f:oert]r:; Vivr?t\;igs?tldes.ltl):var arig Lér:ﬁopzwrenra?;nﬁu?qwa;h; '!Erenr:nzz-
present in solution or in a polymer fil&%:?® In order to in- Y y

vestigate this, we measured the®Nduminescence intensity creases again. At higher pump powers, the same effect is

of Ls.Nd in DMSO-d6 solutions before and after degassingobserved, but both the increase and the decrease processes

(not shown. The N&* PL intensities were similar, indicat- occur faster: This photodegrgdation Process may pe the result
ing that quenching by © does not play a rolé in the of oxygen induced quenching. Another possibility is that

DMSO-d6 solutions. As it is known that the quenching rateUPON photoexcitation radicals are formed, which react with
by O, in solution is .about 1bs-1 it can be estimated that the sensitize?® Figure 17b) compares the luminescence in-
. ' . tensity versus illumination time for 1 and 3 wt. % films. The
the intramolecular energy transfer rate to theé Nibn has to ) o :
9y 1 wt. % doped film does not show the initial increase in the

be 107 7%, This transfer rate is of the same order of luminescence intensity. This might indicate that concentra
magnitude as for triphenylene sensitized Eiin acetonitrile . . Y. _mignt .
tion quenching plays a role in the time-dependent behavior

solutions™®

A space filling model of Ls.Nd, in which all atoms are as W?"' . .
represented by their van der Waals radius, shows that the Figure 1§a) shows the luminescence spectra of a lissa-
distance between lissamine and the3Ndon is 7-8 A,
whereas the effective average Bohr radius for the excited

)

lissamine and the unexcited Rid ion is about 2.5 A. Ac- o Pt (@)
cording to DexteP! this means that 3% of the maximum = o0 —_, 2

possible energy transfer rate is reached. This could be im- % 081 \'\ [ % —a2

proved by reducing the distance between the lissamine and E 580555 : :1;' /"“‘-fa\ 6 min

the N&* ion by changing the configuration of attachment of & Time (min) i/ Ky

the lissamine. Another possibility to increase the energy E o4r i/ "i‘::.z.

transfer rate is to improve the spectral overlap between the Té ,/ ') \‘*\
sensitiser and the Nd energy levels? In the present case, g 00 . s . s

the energy of the triplet state of lissamine matches with the
14600 cm ! band of Nd* which shows weak absorption. If

a sensitizer could be used that matches the strigg
—4s,,, absorption band13600 cm?), the energy transfer
rate could be increased.

Absorbance (a.u.)

D. Photodegradation of lissamine-functionalized Nd s+

complexes

500 600 700
Figure 17a) shows time-dependent measurements of the Wavelength (nm)
580 nm lissamine luminescence during illumination per-
FIG. 18. Luminescencé) and absorptiorib) spectra of the lissamine sen-

formed on polymer W.av.egu'des. dOp.ed. with 3 Wt'(%.)m_ sitizer for different illumination times. The excitation wavelength was 488
plex) for near-normal incidence irradiation at three different,, at a pump power of 1 W in a 5 mm spot. Thset shows the peak
pump powers. Each measurement was made on a fresh spgmkition in nm as a function of the illumination time.
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mine Nd complex-doped polymer film excited at an excita- 12F
tion wavelength of 488 nm at a pump power of 1 W and a
spot diameter of 5 mm. The emission is attributed to fluores-&
cence from the lissamine sensitizer. The time to take eact$ ;5
spectrum was 6 min, and the time given in Fig. 18 is the total £

elapsed time at the end of the measurement. As can be ses

)

44000 =
Ls (580 nm)

43000

42000

Absorption coefficient (cm

from the spectra, continued illumination results in a small § oal 3 (880 nm)

blueshift of the peak luminescence from the lissamine sensi-g 11000
tizer, as is also shown in the inset of Fig. 18. The integratedg AN

luminescence intensity increases for the first three measure . . . . .

ments, and then decreases. The absorption spectra of tr 0'00 200 400 600 800 1000 1200

lissamine/Nd complex-doped polymer film for different illu- Time (s)

mination times are shown in Fig. (8. As can be seen, the _ ) _ _ o 4
spectral shape of the absorption spectrum remains the sanféG' 19. Lissamine luminescence intensi§B0 nm, solid ling and N

i : . . _luthinescence intensit§880 nm, solid squargss a function of illumination
but the absorption decreases upon illumination. The blueshitfme. Also shown is the absorption coefficient of the film measured at 515
and the increase in the intensity of the luminescence spectran during illumination(crosses A pump excitation wavelength of 515 nm
could, in principle, be explained by the bleaching of dimersat @ power of 1 W and a 1 muiiameter spot was used.
or aggregates of complexes, that may be present at the high
concentrations applietf; *®because these species have a dif-
ferent emission spectrum than monomers due to the eleghe initial increase in the luminescence intensity as observed
tronic interaction between the molecules. However, thisn Fig. 19. The increase may be explained by a concentration
should also result in a change of the shape of the absorptiofuenching model: at the high lissamine concentration used
spectrum upon bleaching, which is not observed in Fig(10 wt. %), the lissamine molecules are spaced by only a few
18(b), so that this dimer bleaching model may be excludednm, so that excitations can easily transfer from one lissamine
Alternatively, the blueshift can be explained by a change ino another by a Fster energy transfer mechanism. In this
self-absorption as the density of optically active lissamineway, the excitation can migrate through the film, until it
decreases upon illuminatidmas seen in Fig. 18)]. Figure reaches a quenching center and is lost. In such a quenching
18 shows that the absorption and emission spectra of lissgnodel, the luminescence quantum efficiency increases with
mine strongly overlap. The absorption cross section of lissadecreasing lissamine concentration. So, if the active lissa-
mine, determined in Sec. Ill, is 4610 '® cn? at 580 nm  mine concentration reduces as a result of illumination, the
and the concentration in the Jm thick film is 5 quantum efficiency increases. This additional reduction of
X 10" cm™3, which results in an absorption depth of the luminescence intensity for high concentration can de-
roughly 0.5um. This means that a rather large fraction of thescribe the initial increase in the luminescence intensity with
lissamine luminescence is reabsorbed by the surrounding lisime. For a lower intrinsic lissamine concentration in the
samine molecules. As the concentration of optically activefilm, one would expect the initial increase to be smaller or
lissamine is reduced due to the illumination, the self-even absent. Indeed, this is seen in Figibl7or a 1 wt. %
absorption reduces, and as a result, the collected luminesloped polymer film. Using the combined effect of self-
cence intensity can increase in the region where the absorpbsorption and concentration quenching, the data of Fig. 19
tion and emission spectra overlap. This results in an apparectn be described qualitatively. A quantitative description
blueshift of the luminescence spectrum, as is observed inould not be made, which is ascribed to several unknown
Fig. 18a).%" Note that the pump absorption depth at 488 nmeffects such as changes in the refractive index as a result of
is 6.6 um, so that absorption by the lissamine causes nahe photobleaching, changes in the active lissamine depth
significant depletion of the pump intensity through the film. profile within the layer due to the gradient of the pump
Figure 19 shows measurements of the lissamine lumipower in the film, and the effect of the standing wave pattern
nescence at 580 nm as well as the!Néiminescence at 880 in the pump intensity throughout the film, which results from
nm as a function of illumination time. The pump power wasmultiple reflections at the interfaces of the layers.
1 W at an excitation wavelength of 515 nm, and a spot di-  As can be seen in Fig. 19, the Ndluminescence inten-
ameter of 1 mm. The Nid emission spectrum does not sity shows a completely different time dependence than the
show a spectral change upon illuminatiorot shown. The  lissamine luminescence: it precisely follows the decrease in
lissamine luminescence first increases and then decreasesadsorption coefficient due to the decreasing active lissamine
was also seen in Fig. 18. Also shown is the absorption concentration. As the excitation of the Xdion occurs via
coefficient measured at 515 nm during illumination the triplet state of the lissamine, one would also expect an
(crosses which shows that the concentration of optically initial increase in the N8 luminescence. However, this is
active lissamine is gradually decreasing. Without self-not observed. One way to explain the different behavior of
absorption, the lissamine luminescence intensity would scalthe lissamine and Nd intensities is by assuming that two
with the absorption coefficient, but at high lissamine concentypes of complexes exist in the polymer film. One which
tration (short illumination timeg, the self-absorption reduces shows the behavior as observed in Fig. 19, explained by
the detected luminescence intensity. This would result in &oncentration quenching, and that does not couple to the
more constant intensity for short times, but it cannot explairNd®* ion (denoted as s and one that couples to the
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lissamine streak image, two contributions were found, one
- 1.0 response /7 i ) with a time component in the order of the system response
3 [ N/ ssamine (300 ps and one with a time component 6f0.6 ns. The
> 0.8 | \ luminescence spectra corresponding to the two time compo-
2 § \ nents were identical to the lissamine luminescence spectrum,
£ 06f ) ' which is consistent with the aforementioned assumption of
g g ! the existence of two different types of lissamine complexes.
5 04r \ In that case, the lissamine complexes exhibiting energy
% ' transfer to the N&" ion would have a lifetime of less than
g 02 \ 300 ps, corresponding to an intersystem crossing rate of
2 ‘o _ >1.6x10° s, which would indeed explain the absence of
0.0, ” re 3 7 5 a concentration quenching effect for these complexes. The
Time (ns) lissamine complexes without energy transfer to the Nd would

then have a luminescence lifetime of 0.6 ns. The fact that this
lifetime is shorter than that measured for the same complexes
in the solution(2.6 n9 is probably due to the concentration
guenching which reduces the luminescence lifetime.

FIG. 20. Time-dependent luminescence tracka680 nm for a lissamine/
neodymium doped polymer filnfsolid line) after excitation with a 1.5 ns
(FWHM) pulse at 337 nm and a pulse energy of 20 The dashed line
shows the system response after excitation.

IV. PUMPING PLANAR WAVEGUIDE AMPLIFIERS

ion, but does not show concentration quenchidgnoted as USING A COUPLED WAVEGUIDE SYSTEM
Ls.Nd). The fact that no concentration quenching would beA. Introduction

observed for complexes that couple to°Ndcould be ex- . . . .
The pumping of optical waveguide amplifiers is usually

plained by the “heavy-atom” effec The presence of a \ : .
heavy atom like Nd increases the intersystem crossing rat%one by coupling the pump beam into the waveguide at the

within the lissaminé®“° If the intersystem crossing rate Input facet of the waveguidutt coupling. The pump light

would be larger than the effective quenching rate due to con'—s absorbed by the rare-earth ions as it travels through the

centration quenching~10® s~ 1, in the order of the lumines- waveguide, resulting in a decrease in pump power along the

cence decay ralhe latter would not be observed. waveguide. In order to maintain sufficient pump power over

To study the heavy atom effect, we have performed meat-he entire length of.the WayeQU|de, r.elat|vely high pump
owers are coupled into the input section of the waveguide.

surements of the luminescence lifetime of the lissamin his bumping scheme can be successfully used for materials
singlet state at 580 nm on Ls and Ls.Nd complexes in pumping y

. . . in which high pum wer not eff h mping effi-
dimethylsulfoxide (not shown, and found a luminescence . ch figh pump powers do ot_e ect the pump g€
. ! . ciency. However, in several materials systems an optimum
lifetime of 2.6 ns for the free lissamine and 1.2 ns for the o . .

. . S . .. _pump power for amplification exist. Such systems include
complex. Assuming that this reduction in luminescence life- . : . . :

. : . . . . highly Er-doped waveguides in which cooperative upconver-
time is the result of an increase in the intersystem crossing. . . .

. . ion and excited state absorption take pface,systems in
rate due to the presence of Nd the intersystem crossing

. . which the rare earth ions are excited via energy transfer from
rate in the presence of the Ridion can be calculated to be a sensitizef>*? such as described in Section Ill. In these
4x10° s~1. Indeed, this is much higher than the intrinsic ’ '

intersystem crossing rate of pure lissamine, which is knowr%yStemS’ butt—end coupling is not efficient. The excess pump

to be 8<10° s~ L. Note that these measurements were dond®"Ver at the beginning of the waveguide will result in pump
) : o o I . absorption that does not contribute to the optical gain.
in solution, in which the equilibrium position of the sensi-

tizer with respect to the Nid ion can be substantially dif- In this _se(_:tlon, we introduce a coupling configuration
that can distribute the pump power evenly over the full

ferent_compared 0 tha_t in a polymer film, and hencg thﬁ‘ength of the(signa) waveguide. It is based on the coupling
found intersystem crossing rate may not be representative f%r

the polymer film. However, these data clearly indicate the etween two waveguides in close proximity. In this scheme,

possible effect of Nd on the intersystem crossing rate anctlhe pump light is gradually coupled from a nonabsorbing

hence, as argued herein, on the concentration quenchin%ump guide into the adjacent amplifier guide. By gradually

. . . . . . mcreasing the coupling.e., reducing the distance between
Streak images of the lissamine luminescence of a I|ssam|n%e uide$; it is possible to maintain a constant pump power
complex-doped film were measured after excitation at 33 g b pump p

nm using a 1.5 ns-pulsed,Naser. The streak image displays along the signal gu@e. we .W'” study the coupling between
two parallel waveguides using coupled mode theory. A nu-

the luminescence intensity versus time and wavelength. Figrherical examole is qiven that shows that the optical aain of
ure 20 shows time-dependent measurements of the 580 nm " 9 P 9

emission of a lissamine-doped film, together with the systema sensitized Nd-dqped polymer waveguide amplifier can be

. . . . enhanced using this pump scheme.
response. A streak image is normally built up by lumines-
cence spectra of different species in the sample, having dif-
ferent luminescence lifetimes. Singular value decompositior?'
(SVD)*! can be performed on the two-dimensional streak  The waveguide structure under consideration is shown in
data set in order to derive the number of individual compo-ig. 21. It consists of a pump waveguide A and a signal

nents that contribute to the streak image. Using SVD on thevaveguide B. In order to evaluate the performance of this

Coupled mode theory for dissimilar waveguides
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X Using the correct boundary conditions, the transverse electric

(TE) field pattern for the first even mode of the pump wave-
guide A is given by:

( d, d
cos{ kyi) g V=2 y=4 5
[
a d
E%(y)=Cay cosky) lyl=3 : 9)
Y (um) d +a(y+d/2) d
3 4 \ cos( kyz)e y< 2

FIG. 21. Schematic presentation of a 2D coupled waveguide system con- . . .
sisting of parallel optical waveguides A and B. The calculated waveguiddN Which k, anda are determined from the eigenvalue equa-

mode intensity along th& axis is shown for the waveguide geometry de- tion, which is obtained by substituting E(®) into the wave

scribed in the text515 nm pump A, 1.34Qum signal B. equation,C, is a normalization constant, ardithe wave-
guide width. This calculation can also be done to obtain the
TE field of the signal guide B.

system, we first need to calculate the coupling of pump  With the modal fields of Eq(9) as input for the coupled

power into the signal waveguide. This can be done usin%IOOIe equations of Eq8), the modal amplitudea(z) and

coupled mode theory. (2) can be calculated. If all pump power is Iaur_lched into

The conventional coupled mode the&i deals with ~ Waveguide A6a12=0 [a(0)=1b(0)=0], the solution can

the coupling between two weakly interacting, nearly identi-P€ written al

cal optical waveguides. The total field of the waveguide sys-

tem can be written as a linear superposition of the individual — a(z)=

waveguide mode&?(x,y) andE°(x,y):

cog ¢z) —i %sin( Yz) | e'e?

E=a(2)E%(x,y) +b(2)E°(x.y), b(z)=i kTZaSi”( o 10
H=a(2)H*(x,y) +b(2)H"(x,y), (7
: . N where

with z the propagation direction. The coupled mode equa-

tions, defining the mode amplitude$z) andb(z) along the _ Yat W

waveguide are given by =72
d _
;2@ =1vaa(2) +ikab(2), = VA Kapkpa (1)
d . | A= 'Yb; 'ya.
d—zb(z)=|kbaa(z)+|ybb(z), (8)

. ] ) We can now calculate the pump power coupled into the sig-
in which vy, , are propagation constants akg, ,, are mu- 5 guide B:

tual coupling constants which in this case are identical. If the
waveguides are not identical, or in the case of strong cou-
pling, the mutual coupling coefficients are different for the
two waveguides, and as a result power is not conserved in B ) ) .
the conventional theory. This problem can be dealt with us- =la(2)[*+[b(2)|*+Re a(z)b*(2)Cpa
ing modified propagation and coupling parametgss vy, +b(2)a*(2)Cyap], (12)
Kap, andky,, as given in appendix A2 These parameters
are known nonlinear functions of the fields of the unper-Where the cross overlap integrals, andCy, are given by
turbed individual waveguide modes. Consequently, when the 1
unperturbed modal solutions for the individual waveguides Cabzif f EPx H2-2dxdy,
are known, the fields of the coupled waveguide system can
be calculated. 1

The optical modes of the individual waveguides are a Cba=§J J E3x HP-2dxdy, (13
solution to the(Helmholtz wave equation and can be de-
rived from Maxwell's equations. In principle, one should and the integration is done over the cross section of the sig-
take into account the complete two-dimensional field pattermal waveguide.
over the cross section of the waveguide. However, in good Using the same set of equations, it is also possible to
approximation the fieldE(x,y) can be written askE(x) calculate the coupling of the signal mode into the pump
X E(y). In this approximation, it can be easily shown that if guide. In the present waveguide geomefybroad single-
the waveguides have the same thickn&dsfined in thex  mode signal guide and a narrow single-mode pump guide
direction, see Fig. 21 the coupling only depends di(y). this loss can be neglected.

1
P(z)= ERef f EXH*.2dxdy
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TABLE IIl. Waveguide parameters of the coupled optical waveguide system as used in the calculation.

Guide A (nm) r]guide kguide ncladding kcladding

Pump 515 1.5067 0 1.4616 0
1340 1.4845 0 1.4465 0

Signal 515 1.4973 0.0125 1.4616 0
1340 1.4831 0 1.4465 0

C. Numerical example the pump over the length of the waveguide, using an input
pump power of 1 W. The intensity decrease in the nonab-
sorbing pump guide is entirely due to absorption of pump

light coupled into the highly absorbing signal waveguide. In

Using the equations derived herein, we can now calcu
late the effect of distributed coupling. As an example, we

will consider the sensitized Nd-doped polymer waveguide i . .
the present configuration, the pump power is almost com-

described in Sec. lll. The Nd ions are incorporated in an letely absorbed aft dist f about 4 h
organic complex that also contains an organic sensitiz ctely absorbed after a distance of about = cm. The pump

group. In these complexes, 1340 nm emission of Nd is opPower in the signal gui(_lle as a function of the_distance fol-_
served after excitation via the lissamine sensitizer. In thiéOWS the same decreasing trend, as thg °°“P"T‘9 cons_ta_mt IS
way, the Nd* ion can be excited efficiently, as a result of constant over the length of the waveguides. It is not visible
the high absorption of the lissamine at the pump waveIengtI‘?n the scale of Fig. 2.2’ as the coupllng CO”Star?t IS Very
(515 nm). However, if the pump power is higher than the small. It can .be determme_d by mtegratmg the data.m F_lg. 22
value needed for complete population inversion of the Ngacross the signal waveguide. The result is shown in Fig. 23.

the excess pump light is absorbed by the lissamine, IeadingS can be seen, the power in the 5'9’.‘""' guide decreases from
to a reduced pumping efficiency. Therefore, the pump powe bout 6 mW+to almost zero over a .dlstance of 4 cm.
should be kept below a certain limit over the length of the, 1 N€ N.CF system can be described by a four-level sys-
waveguide. tem, in Wh|ch there_ IS No minimum pump power r_e_qwr_ed for
In this example, the pump power €515 nm) is optical gain. The differential gain alo_ng the amplifier is cal-
coupled through a 0.xm wide waveguide parallel to a 1.8 culated using the kr_10wn_ rate equ«_':ltlons for the’Ndbvel
um wide signal { =1340 nm) waveguide at a spacing be- system, Wh'Ch are given in appendix B'. and the pump power
tween the centers of the waveguide of 2m. Both as a functllon of distance along thg guide calculated hereln.
waveguides support only the fundamental mddee Fig. Tat?'e v gives the v_alues for the d|fferent ratfes useq in the
21). The real(n) and imaginary(k) part of the refractive optlcal gain calculation. The result is shown in the inset of
index are listed in Table Il for the two waveguides. In the Fig. 23. Note that even with a pump power as low as 0.6 mW

present geometry, coupling from the signal waveguide intt the beginning of the signal guide, the differential gain is

the pump waveguide is negligible, as the narrow pump guidéti_II reasona_t:jly higmrf_l.G_dB/_crr). -Lhe total optical gain for
does not support the 1340 nm mode. To avoid contaminatioHqls waveguide amplitier 1s given by
of the pump waveguide with the sensitized *Necomplex,

the doped waveguide should be made first. This can be done i(dB)—4.34 L t(d 14
by spincoating the doped layer onto the cladding layer in ~ 92iMdB)=4.34X %X . osNf(2)dz|, (14
which the signal waveguide is etched. Next, the surplus of
film is etched away, followed by the etching of the second
trench for the pump waveguide. This can than be filled with
the undoped polymer by a second spincoat step. 0.8 =
Figure 22 shows the calculated intensity distribution of % 3 ) Ojj/bun-coupling
g 2.

:§ 0.6 -\\ § I

= \ \ g distributed coupling

;.), 04 N §

c N 5 %9 _ 50

5 N . Distance (um)

§ 02} o

o S~ -~

: el

2 0.0 - . —m oz

0 1 2 3 4

Distance (cm)

FIG. 23. Pump power in the signal guide as function of distande a
sensitized Nd-doped polymer waveguide. The inset shows the calculated
differential gain as a function of distance along the waveguide for a coupled
FIG. 22. Pump intensity in the waveguide structure as a function of distancevaveguide system, and a butt—coupled waveguide. The input power in the
z along the waveguide. pump waveguide is 1 W in both cases.

signal
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TABLE IV. Values for the different rates used in the optical gain calculation for distributed couBifwy) is

the pump power in the signal guide. The values of the different rate constants have been derived from spec-
troscopic measurements described in Sec. Il except g which is estimated from oxygen quenching
experiments? andW,, which is an estimate based on typical triplet state lifetimes.

Rate Wp (57 1) Wsl (57 1) Wsz (57 1) Wi sC (57 1) Wet (57 1) W40 (37 1)

Value 5x 10° P(W) 4x10° 10 4.3x10° 108 10°

in which oe=1x10 2° cn? is the cross section for stimu- differential gain is lower. In this configuration, the total in-

lated emission at 1340 nfd;*° N=5x10"°cm 2 is the tegrated optical gain is lower, but not all pump power is

Nd®* concentrationf(z) is the fraction of excited Ndsee  consumed. If the waveguide coupler is made longer, such

appendix B, L is the length of the waveguide, ang  that all pump power is used, the total integrated optical gain

=78% is the relative overlap between pump and signalill be similar as for the 4 cm long coupler with the opti-

mode in the signal waveguide. For the example given, thenum separation of 2.Lm between the guides.

total gain is calculated to be 1.6 dBrfa 4 cmlong wave-

guide amplifier. To show the effect of distributed coupling, V. ERBIUM-IMPLANTED SILICA COLLOIDS

the inset of Fig. 23 also includes the differential gain ob- .

. . . . .~ A. Introduction

tained by using conventional butt coupling at the same input

pump power of 1 W. Note that all pump power is completely ~ In Secs. Il and Ill, we have investigated organic rare-

absorbed within the first 5am. The maximum gain for this earth complexes which can be dissolved in a polymer

case is only 0.005 dB. Note that we have not taken intanatrix2*4?*°Both for Er and Nd, it was observed that cou-

account the intrinsic waveguide losses at 1340 @n®.2  pling to vibrational overtones of -GH or O—H bands

dB/cm).3 strongly quenches the luminescenfé! However, it is
Figure 24 shows the effect of the distance between twd&nown that SiQ is an excellent host for rare-earth ions,

parallel 4 cm long waveguides on the differential gain. If theyielding long luminescence lifetime&:* It would therefore

distance between the waveguides decreases, the coupling ¥ interesting to study if the easy processing of polymers

comes stronger as more pump power will be coupled into theould be combined with the long luminescence lifetime of Er

signal guide. This results in a higher differential gain at thein silica. In this section, we study the optical doping of col-

beginning of the signal guide, but the pump power will beloidal silica particles using Er ion implantation. The influ-

consumed more rapidly. Besides that, the pump power at thence of Er concentration and anneal temperature on the lu-

beginning of the waveguide is higher than the pump poweminescence intensity and lifetime is determined. It is found

for maximum amplification, resulting in pump losses. As athat the silica colloids are an excellent host for Er, yielding a

result, the total integrated optical gain will be lower. This canhigh quantum efficiency. As a first demonstration of the pos-

be seen in the inset of Fig. 24, which shows the total intesible application in polymer waveguides, optical transmis-

grated optical gain foa 4 cmlong waveguide coupler as a sion measurements are shown for a polymer film doped with

function of the distance between the waveguides. For a largéhese silica colloids.

separation between the waveguides, the coupling is smaller,

less pump power is coupled into the signal guide and thé. Colloid preparation

Silica colloids with a diameter of 244 or 360 nm were
synthesized as described by van Blaadereal > Solutions
of 10 ml ethanol, 0.7 ml Nkl (28 wt. % in watey, 0.8 ml
H,O and 0.4 ml tetraethoxysilaf€éTEOS 99%)] were mixed
and stirred fo 1 h atroom temperature, resulting in nucle-
ation and growth of silica colloids with a diameter of 244
+10 nm, as measured using scanning electron microscopy
o (SEM). In one set of samples, the diameter of the spheres
Dis;:ce betvign 22 was increased to 360 nm by subsequent addition of TEOS to
guides {(um) ! . .
the reaction vesséf. After the reaction, the suspension was
centrifuged and the remaining colloids were dissolved in
pure ethanol. Droplets of the solution were put onto a silicon
substrate or a microscope cover gléaskeaned wih a 1 M
KOH/ethanol solution After evaporation of the ethanol, a
thin layer of colloids remained. Next, the samples were irra-
diated with 350 keV EF ions at various fluences ranging
FIG. 24. Differential gain over the length of the waveguide, plotted for from 0.9x 10'° to 5.5< 10'° ions/cnf. The projected range
different separation between the waveguides. The numbers in the plot indbf 350 keV EF in silica is 160 nm. Implantation of these ion
cate the waveguide separationm. The inset shows the total gain for 4 . . L P . -
cm long pump and signal waveguides as a function of the waveguide sepzﬂuences into a planar film reSU|t5_|n a GaUSS|an E_r distribu-
ration. tion with a FWHM of 34 nm. It is obvious that in these

o
o

-
[$)}

Total gain (dB)

Differential gain (dB/cm)
& o

e
=}

Distance z (cm)
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FIG. 26. PL spectrum for a thick layer of silica colloids, implanted with Er

FIG. 25. RBS spectrum of a single layer of Er-implant@80 keV and 9 (1.1 at. %, taken using 515 nm pump light at a power density of 60
x 10 Er/cn?) silica colloids on a Si substratsolid line). 2 MeV He' ions mw/mn.

were used at a scattering angle of 165°. A simulation of a 360 nm 8i®

on a silicon substrat@ashed lingis also shown. The dashed line at channel

410 indicates the position of the Si(3i interface for Er. The inset shows a  gjlica spheres. The spectrum shows typica?*Efumines-
SEM image of the same sample. cence around 1.58m due to transitions from tht 5/, to the
41,5, level. The two peaks result from Stark splitting of the

i et to 3 iy 50
nonuniform, colloidal layers a less well-defined Concentra-Ef3 levels and are characteristic for*Erin Si0,.> The

tion profile builds up. After implantation, the samples wereWidth (32 nm FWHM is due to the thermal distribution over
annealed in vacuum at 100 °Crfa h and then for another the Stark levels as well as inhomogeneous broadening. It is

hour at different temperatures in the range 700 °C—1000 ocdifficult to compare PL intensities for different implanted
In order to study the Er incorporation in the colloids, S2MPples as the colloid coverage varies from sample to

Rutherford backscattering spectroscoRBS) measure- Sample, and because of the fact that the pump beam is
ments were performed, usjm 2 MeV He' beam at a scat- strongly scattered by the silica spheres, which results in non-
tering angle of 165°. SEM was performed at an electroftNiform pumping. However, on average the intensity in-

energy of 10 keV. Optical transmission measurements werg€ases for increasing doping concentration up to at least 1.1

performed at normal incidence using a spectrometer at wavél- % (data not shown _ _

lengths ranging from 300—1700 nm. . Figure 21a) shows the peak PL mten_sny of samples
implanted with 0.2 at. % Er, annealed at various temperatures
: . for 1 h. Below 700 °C, no measurable PL was observed. This
C. Results and discussion

Figure 25 shows a RBS spectrum of a Si sample covered
with a single layer of 360 nm diameter colloids, implanted
with 9x 10 Er/cn?. For reference, a simulation of a 360 at
nm pure SiQ layer on a Si substrate is also shoydashed
line). The surface channels of Er, Si, and O are indicated by
the arrows. The Si content at the surface is almost similar to
the Si content in pure SiQ indicating that the substrate is
almost completely covered with colloids. The Si yield then
increases with decreasing energy, as a result of the spherical
shape of the colloids. The Si yield coincides with that of the
simulation at channel 245, consistent with the colloid diam-
eter of 360 nm. The signal between channel 400 and 500 is
due to the implanted Er. The Er peak concentration is 0.18
at. %. Note that a small fraction of the implanted Er has
entered the Si substrate, as is evident from the Er tail near
channel 400. The inset in Fig. 25 shows a SEM image of
deposited colloid$360 nm diameter showing a rather dis-
ordered array of particles extending over several layers.

The samples used for PL measurements consisted of
about three to four layers of silica colloids, as determined
from RBS and SEM. Figure 26 shows the PL spectrum ofFIG. 27.(a) Average peak PL intensity at 1.58m as a function of anneal
colloidal silica particles implanted to a peak concentration ofmperature for Er-implanted silica sphe@s2 at. %. Pump wavelength

488 nm, pump power 50 mW. The large error bars are due to the large
1.1 at. % and annealed at 950 °C for 1 h. SEM showed thaJariation in colloid coverage over the surfa¢k) Luminescence lifetime of
the implantation and annealing caused no deformation of ther-implanted silica sphere®.2 at. % as a function of anneal temperature.
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might be due to water that is physisorbed on the surface or 1.0
trapped in the pores of the silica matrix. Water is known to
quench the BY" luminescence, as the first overtone of the
O—H vibration (Eo=3400 cm'!) is strongly resonant with 0.8
the EP" transition €=6500 cm!). Indeed, work by Fan
et al>® and Tienet al®* on bulk silica samples, grown in a
similar way as the colloids, shows that between room tem-
perature and 200 °C, weakly bound water and residual or-
ganic molecules vaporize, followed by the removal of chemi-
cally bound molecular water between 300°C and 800°C. g4}
Figure 27a) shows large scatter in the data above 700 °C,
but the general trend is a decrease in PL intensity, certainly 200 800 1200 1600
for temperatures above 900 °C. This may be due to the pre-
cipitation of Er, as has been observed before in Er-implanted
Si0,.*° Figure 27b) shows luminescence lifetime measure- FIG. 28. Optical transmission measurements ofiart silica/polymer nano-
ments as a function of anneal temperature for an Er concergomposite film on a microscope cover glaswtted ling and of a cover
tration of 0.2 at. %. For anneal temperatures below 700 ocglass with colloids oql)(solid line). Measurements are also shown for a bare
. . . ¢over glasgdashed ling

the PL intensity was too low to perform lifetime measure-
ments. The lifetime for anneal temperatures between 750 and
1000 °C is about 17 ms and is almost independent of anneaillica spheregwithout polymer, solid ling As can be seen,
temperature. without the polymer coating, the transmission at short wave-

We have also performed lifetime measurements folengths is strongly reduced due to scattering by the silica
samples implanted at higher doses, and found that increasirgpheres. Covering the spheres<1.43) with a PMMA (0
the Er concentration from 0.2 to 1.1 at. % results in a de=1.48) layer reduces the scattering by reducing the refrac-
crease in the luminescence lifetime from 17 to 10 ms. Thestive index difference between the Si@olloids and its sur-
lifetimes are among the highest we have observed in silicaoundings. Note that in this measurement, the interaction
glass. Assuming that the decrease in lifetime is due to conlength is only~1 um. In a homogeneously doped polymer
centration quenching, we can estimate the radiative lifetimavaveguide with a length of a few cm, the effect of scattering
by linearly extrapolating to zero Er concentrafioand find ~ will be stronger. This will be discussed in the next section.
Trad= 20—22 ms. The long lifetimes observed in this work
show that silica glass made by wet chemical synthesis is aR. Performance estimate of a polymer /colloid
excellent host for Er. It indicates that the water impurity Nanocomposite waveguide amplifier
content in this glass after annealing is very sm@lll 1. Calculation of scattering losses
ppm).56We note that the long radifitive lifetime can be partly Er-doped silica spheres can be coated with alkoxy
attributed to the fact that the Er-implanted colloids are sur-,

i , >“groups, which make them soluble into a polymer layer.
rounded by air and are relatively far away from the high-Thege polymer-colloid nanocomposite layers can then be

index Si substrate, causing the local optical density of stategseq in a polymer based optical amplifier operating at 1.5
in the colloids to be lower than that of bulk SIG**" This um. For this kind of application, it is important that the
will be further discussed in Sec. VI. Er-doped layers have very low intrinsic losses. One loss
~ Two months after the first PL measurements on the Ergomponent may be caused by the refractive index mismatch
implanted colloidal particles, we performed the same meapeqyeen colloid and polymer. In the Rayleigh limit, where
surements again and found that the luminescence intensihe colloid radius is smaller than the wavelength, the scat-
and lifetime were strongly reduced. After annealing atiering cross section of a colloid with refractive indexem-

475 °C, both the luminescence intensity and lifetime returneghaqded in a medium with refractive index, is given by
to the level observed after the initial anneal. This suggests

substrate
N

T S T TP . T

colloids in PMMA

colloids only

A . ST

0.6

Transmission

Wavelength (nm)

. . . 2 2
that some time after the anneal, a thin film of water covers (E) 1
the colloids. This makes it necessary to coat the silica 8 (2mngr\? Nm )
spheres with a protective layer, e.g., a polymer. sca:§( \ ) ’ N\ 2 e (15
In order to investigate the application of these colloids in (n—m +2

polymer waveguides, undoped silica colloids with a diameter
of 244 nm were deposited onto a microscope cover glasg.he total scattering coefficient is then given by

Next, the samples were annealed foh at 100 °C, andub- 37Cecn

sequently a solution of 1.5 g PMMA in 10 ml chloroform ascazﬁ, (16)

was spun onto the substrate at a spinrate of 2000 rpm for 30 i

s, resulting in a lum thick film. An optical transmission wherez is the fill fraction of the spheres in the polymer host.
measurement on this colloid/polymer nanocomposite film is  Figure 29 shows the scattering loss per unit length as a
shown in Fig. 28 as the dotted line. For reference, a spectruriunction of sphere radius for a typical case, i.e., a polymer
of the glass substrate is showdiashed ling together with  refractive index o= 1.48 (typical for PMMA at 1.5um),

the transmission spectrum of the substrate covered withndn.=1.45 for the silica spheres, and a fill fraction of 0.6.
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FIG. 29. Scattering loss per unit length as a function of sphere radius for ) ) )
SiO, spheresif=1.45) embedded in a PMMA filmn=1.48). FIG. 31. Total gain as a function of waveguide length for an Er-doped
colloid/polymer composite waveguide amplifier pumped at 148 Data

are shown for Er concentrations in the colloid of 0.6 at($slid line) and
. . ) 0.8 at. %(dashed ling at an input power of 20 mW. The inset shows a
As can be seen, the scatter loss rapidly increases for increashematic energy diagram of Er The notation on the right-hand side

ing particle size, andfor this particular index mismatghhe  shows the Russel-Saunders notation of the different levels, whereas the
sphere radius should be kept belevd0 nm in order to keep notation on the left-hand side shows the symbols as used in the rate equa-
. tions of Eq.(7.4).

the scattering losses below 1 dB/cm.

Figure 30 shows the maximum particle radius as a func-
tion of index mismatch, that is calculated to yield a wave-pe made. The optical gain as function of the waveguide
guide loss of 0.1 dB/cm. As can be seen, for a particle with dength L is calculated using the following equation:
radius of 50 nm, the refractive index difference has to be .
kept below~0.008. One should also keep in mind that the gair(dB)=4.34><f (023 No— T12N1 — 072aN,) dZ,
dependence of refractive index on temperature is different 0
for the SiQ and the polymer. An increase of 100 °C in tem- 17
perature results in a relative index difference of 0.02 as calim which o, and o, are the cross sections for stimulated
culated using the Clausius—Mossotti relation and the knowsmission and absorption at the signal wavelengh (
thermal expansion coefficients of the polymer andSis = 1535 nm), o, is the signal excited state absorption cross
can be seen in Fig. 30, this means that the maximum particlgection, andN; andN, are the populations of the ground and
radius has to be about 25 nm, in order to keep the scatteringst-excited state of the Ef ion, respectivelysee inset Fig.
losses below 0.1 dB/cm over a temperature range of 100 °Gy). These populations are obtained by solving the following
The data in Figs. 29 and 30 illustrate that the refractive indexate equations for steady state conditions, and include the

of the polymer must be matched very precisely. effect of cooperative upconversid#;®in which two neigh-
boring excited Et" ions interact and exchange energy, as

2. Optical gain well as excited state absorpti6h®3in which an Ef* ion in
the N, level absorbs a pump photon, exciting it into tRe

Assuming that the waveguide loss due to scattering cap
be eliminated, an estimate of the optical gain for an Er—dopeae
silica sphere/polymer nanocomposite optical waveguide can dN;

vel:

N, )
= — R12N1+ R21N2+ — +C24N2:0

dt T2
100 dN, N, Nj )
gt R12N1—RaiNp— N + F 2C2aN3—RoN,=0
. 0.1 dB/cm dN N N
E — o34, (19
g dt T3 Ta
2 °%r dN, N, ,
o gt = 7, T CaaN2t+ RaN,=0
2 T4
Q.
€ N1+N2+N3+N4:N
. . ) , where N are the Et* populations in the first four energy
-0.02 0.00 0.02 levels(see inset Fig. 31N is the total Ef* concentrationy,
An is the luminescence lifetime of state NR;, is the pump rate,

FIG. 30. Maximum sphere radius as a function of refractive index mismatchR21 is the rate of stimulated emission by the purRp, is the

An between the polymer layer and Si@pheres, yielding a scattering loss €Xcited S_tate absorptioq rate, afg, is the coefficient for
of 0.1 dB/cm. cooperative upconversion. The ratd®; are equal to
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TABLE V. Parameters and their symbols as used in the optical gain calcu-

lation for the Er-doped silica sphere/polymer nanocomposite optical wave- 10r
guide amplifier.
0 .

Parameter Symbol Value

refractive index of sphere Ne 1.45 3

refractive index of medium N 1.45 c -0 .

pump wavelength A 1.480 um & ;l.v“a;/eg:{lde(;eélgth 15 cm

pump absorption corss sectfon o1z 1.0x1072t cn? 20 ! 3+rac lon 0.6 .

pump emission cross sectfon O 0.5x 102 cr? -20 | Er”concentration in sphere 0.8 at.%

signal absorption cross sectfon T 4.1x10" % cn?

signal emission cross sectfon O1s 5.0x10"2 cn? .30 . , , ) \ \

upconversion coefficieft Coq 3.2x10 8 cm?/s 0 10 20 30 40 50

excited state absorption cross sectionr,, 0.5x 102! cn? Pump power (MW)

luminescence lifetime level2 T 0.8X(48+64xN,) ts

luminescence lifetime level3 73 1072 s FIG. 32. Total gain at 1.53&m as a function of input pump power for a 15

luminescence lifetime level®4 T4 1077 s cm long waveguide amplifier at an Er concentration of 0.8 at. %.

erbium concentration in spheres Nat 0.4 at. %

fill fraction of spheres/medium n 0.6

atomic density of SiQ p 6.60x 1072 at/cn? ) o

total erbium concentration N X NgX  at/cn? the waveguide the pump power is high enough to create

input pump power Po 5 mwW population inversion between the first excited state and the

waveguide cross section a 2.56x10°° cn? ground state, but as the pump power decreases along the

mode overlap ” 40% length of the waveguide, due to absorbing Eions, at some

waveguide loss 0 dB/cm . . .
point the pump power is no longer sufficient to create popu-

See Ref. 66. lation inversion, resulting in net absorption. The higher the

:See Ref. 61. Er* concentration, the shorter the waveguide length at

dgiﬁ gg' g;' which maximum gain is achieved. The fact that a lower

eSee Ref. 69. maximum gain is achieved for the higher concentration is
due to the effect of cooperative upconversion at high concen-
tration.

Next, the optical gain was calculated as a function of

(U.”P)‘)/(hca) ’ V\.”th o1z and O21 85 the absorption and fump power for an Br" concentration of 0.8 at. % and an
stimulated emission cross sections at the pump waveleng ) blifier lenath of 15 cm. The result is shown in Eig. 32. At
(A=1480 nm), o, as the excited state absorption cross sec- P 9 ' 9. oe.

tion, h as Planck’s constant, as the speed of lighg as the ZETo-pump POWET, the .EJF 'ons only_ abs_orb and_ no pqpula—
; ; . tion inversion is established, resulting in negative gain. At a
waveguide cross sectiom as the mode overlap with the

waveguide core, anB as the pump power along the length P- P power of about 10 mW, population inversion is
9 . pump p 9 9 reached and optical gain is achieved. Further increasing the
of the waveguide.

Calculating P over the length of the waveguide, the pump power to 50 mW results in a maximum optical gain of

populations of the ground state and first excited state can blleq2 dB. N_ote that ata given pump power, the op'u_cal gain in
: . . these silica colloid/polymer amplifiers is much higher than
calculated over the entire waveguide. These populations ar,

then put into Eq(17) in order to calculate the optical gain. fRat in a pure silica waveguide amplifier. This is due to the

The parameters used in the calculation are given in Table \;act that in this design, a large index contrast between poly-

Cross sections and lifetimes were taken from earlier work Ormer cladding and core can be chosen, leading to high mode

. o : . confinement. This high index contrast also enables wave-
Er-implanted silica glass. The expression fgrin Table V . . : . .
: . . X ._guide bends with relatively small bending radii so that by
includes the effect of concentration quenching as will be dis~ . ; .
. . using the proper spiral geometrg 15 cm long waveguide
cussed in the next section, and a factor 0.8 for the change in”__ 7. ,
. amplifier can be rolled up to a size of only 16 rhm
decay rate relative to the decay rate measured on Er-
implanted colloids because of the enhanced local density of
states due to the presence of the polyrtee Sec. VIC  v|. MODIFIED SPONTANEOUS EMISSION IN ERBIUM-
The waveguide cross section was chosen such that it SUDOPED SIO, SPHERICAL COLLOIDS
ports the first-order mode in a waveguide based on g SiO .
o . A. Introduction
sphere doped PMMA guiding layen¢ 1.45) and a fluori-
nated PMMA cladding layern(=1.37). Note that due to the Er-doped dielectric materials find many applications in
high index contrast that can be achieved using polymersyptical components, due to their sharp optical emission at
very well confined optical modes can be achieved, leading td.5 um, the standard wavelength in optical telecommu-
a low pump threshold for optical gain. Figure 31 shows thenications technology. Recently, Er-doped coll6fdsand
calculated optical gain as a function of the length of themicrosphere® have been investigated. Smatt100 nm di-
waveguide for two different Er concentrations at a pumpametef colloids can find applications in nanocomposite ma-
power of 20 mW. As can be seen, for a given Er concentraterials that can be used to fabricate a polymer optical ampli-
tion, the gain first increases, reaches a maximum, and thefier (see Sec. Y, while larger colloids or microspherés-10

decreases again. This is due to the fact that at the entrance @fm) can be used to fabricate whispering gallery mode lasers

Downloaded 14 May 2002 to 192.16.189.7. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



3974 J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Appl. Phys. Rev.: Slooff et al.

operating at 1.5um. Optically active colloids can also find Energy (eV)

applications as probes in photonic crystals, in which they can 0'|90 0’|85 0.80 0.75

be used to probe th@ocal) optical density of states.

Two important parameters determine the gain perfor-
mance of Er-doped colloids: the stimulated emission cross
section and the emission quantum efficiency. The' Entra-
4f transitions at 1.53um are, in principle, forbidden by the
parity selection rule, but mixing with other-parity states
makes them slightly allowed. Hence, the transitions have &
relatively small optical cross section, and consequently, the,
excited state of B has a long luminescence lifetime.

For a given material, a measurement of the luminescence
lifetime can be made relatively easily, thus providing a quick
identification of the emission cross section. However, in i
practice the lifetime is not only determined by radiative 0.0 T.4 e, ol el T
emission, but also by nonradiative processes such as mul Wavelength (um)
tiphonon relaxation, coupling to defects, or interactions be-
tween Er ion§,°'71 that can all quench the excited state. Fur-FIG' 33. PL spectrum of Er-implanted Si@olloids (340 nm d_iarr_]eter, 0.2_

.. L. . . at. % Ep, measured at room temperature under 488 nm excitation. The inset
thermore, the radiative emission rate is not a fixed property,s a SEM image of 340 nm diameter colloids.
for a given material, but depends on the optical surrounding
of the Er ions. For example, the presence of dielectric bound-
aries changes the local electric field fluctuations and modifies. ,g nm, and the straggle=11 nm. The Er peak concen-

. . 2 .
the spontaneous emission raté”Changes in decay rate can yation is 0.2 or 0.5 at. % for the two fluences, respectively.

be determined by calculating the local optical density OfThe 340 nm colloids were implanted with 350 keV'Ebns
states(DOS) and then applying Fermi’s Golden Rule. The r=160 nm ando=34nm at fluences of 9.810% 2.5

radiative decay rate can then be written in terms of a local, 1315 ¢ 4 0x 105 ions/cn? (peak concentrations 0.2, 0.5
DOS p(w,r) as: ' ol

or 0.8 at. %. After implantation, the samples were annealed

o
Lo
IS

o

o
by o
w

o
[}
Il
N
Cross section (x 1072 c¢m?)

Normalized PL intensity
©
=

|
-

T in a vacuum furnacépressure<5x10 ' mbap at 100°C
Wiad 1) = Fre(n) ID[?p(w,r), (19 for 1 h and at 900 °C for another hour. The inset in Fig. 33
shows a SEM image of the 340 nm diameter colloids.
wheree(r) is the position-dependent dielectric constants PL measurements were performed using excitation with

the transition frequency, an@|? is the dipole matrix ele- the 488 nm line of an Ar ion laser. The pump beam was
ment of the transition involved. This matrix element is deter-modulated at 13 Hz using an acousto-optic modulator. The
mined by the interaction of Bf ions with the coordinating p|. signal was focused onto the entrance slit of a 48 cm
matrix, while the macroscopip(w,r) and €(r) are deter-  grating monochromator and detected with a liquid-nitrogen
mined by the optical surroundings. cooled Ge detector employing standard lock-in techniques.
In this section, we study the modified spontaneous emisThe spectral resolution of the system was 6 nm. PL decay
sion of Er ions implanted into spherical Si@olloids. In {races of the luminescence were recorded at the peak of the
such small particles, there is a strong interaction betweeg juminescence at 1.53Gm and averaged using a digitizing
excited Er ions and the colloid—air interface. Using a com-pscilloscope. The overall time response of the system was

bined analysis of concentration quenching phenomena angieasured to be 3Qs. All decay traces showed single-
DOS effects in colloids with two different diameters, we are exponential behavior.

able to determine absolute values of the radiative and nonra-
diative decay rates. We find that the spontaneous emission _ )
rate for the two sizes differs by 50% and determine the emisC- Results and discussion

sion cross section. Figure 33 shows a PL spectrum of 340 nm colloids im-
planted to a peak concentration of 0.2 at. % Er. The Er ions
are excited into théF,, level as shown in the inset. The
emission is due to transitions from the first-excited state
SiO, colloids with a diameter of either 175 or 340 nm (%13, to the ground state*(;s,), peaking at a wavelength
(=5%) were made in a reaction between tetra-ethoxysilanepf 1.535um. Figure 34 shows PL decay rates measured as a
ammonia, ethanol, and water as described in Ref. 51. Thinction of Er peak concentration for both the 175 nm col-
spheres were deposited on(XI0 substrates that were loids (open circles and the 340 nm colloidé&losed circles
cleaned for 15 min in a 1.0 M KOH solution in ethanol. A For both diameters, the PL decay rate increases with Er con-
droplet of the spheres dissolved in ethanol was put on theentration, an effect that is generally known as concentration
substrate and the ethanol was left to evaporate. The 175 ngquenching® ! It is due to an increased coupling to quench-
SiO, colloids were implanted at room temperature with 70ing sites as a result of excitation migration at high Er con-
keV Er" ions to fluences of 3x10%ions/cnt or 9.1 centration (see inset in Fig. 34 For example, in silica
x 10" ions/cnt. The ion range of 70 keV Er in silica is  glasses it is well known that small quantities of OH impuri-

B. Experiment
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FIG. 34. PL decay rates measured at 1.585 for Er-implanted colloids as
function of Er peak concentration. Data are shown for 175 nm colloids
(open circlesand 3.40 nm co||0|d$c|ose_d cwcle}; The dashed lines are fits wavelength of 1.53%um. Data are shown for colloid diameters of 175 and
to the data according to E€R0) assuming an identical slope for both data 340 nm

sets, but different vertical offsets. The inset shows a schematic of the con- ’
centration quenching process: excitation migration among Er ions followed
by quenching at an OH impurity.

FIG. 35. Polarization-averaged local optical DOS as function of radial po-
sition for Si0, colloids (n=1.45) in air (=1.00), calculated at a vacuum

in spherical silica colloids, calculated using a Green’s func-
ties can act as a quencher for excited Er. This is due to théon approacH? The factore(r) is included in the definition
fact that the first overtone of the-OH stretch vibration is  Of the DOS[see Eq(19)], making the DOS directly propor-
resonant with thé'l,3,,— %115, transition in E#T. For low tional to the radiative decay rate. Since the polarization of
quencher concentration, the decay rate can be written as the emitted radiation is randomly oriented, due to the amor-
phous structure of the silica glass network, integration over

Wior=W, + Wi +87Ce_g Er[Q] (20 both polarizations is done.
with W, as the radiative ratdy; as the internal nonradiative In Fig. 35, the local DOS is plotted for a vacuum wave-
rate, e.g., due to multiphonon relaxation or coupling to dedength of\y=1.535um as a function of radial distance for
fects, Cg,_g as a coupling constant, affir] and[Q] as the  the two different colloid diameters. The colloidsefractive
Er and quencher concentration, respectively. The dashedddex n=1.45 are surrounded by airn=1.00), and the
lines in Fig. 34 are fits using Eq20), assuming the same DOS is normalized to the local DOS in bulk sili¢defined
slope but a different offset for each type of sample. The facgsf;4s=1). As can be seen, the value of the DOS inside the
that both data sets can be described by the same slope ind©lloid differs strongly between spheres of different size. De-
cates that the quencher concentration in 175 nm and 340 npending on the size, the DOS is smaller or larger than the
colloids is the same, which is expected, as the fabricatio®OS for bulk SiQ. For a given size, not much variation in
procedure for the two sizes is similar. Using a typical valuethe DOS is observed inside the sphere. This can be explained
for Cg,_g, from the literature (10%° cm®s %)® we find a by the fact that for both colloid sizesm@ <\q/n (with r as
quencher concentration of 100 ppm. Assuming the dominarihe colloid radiuy hence no Mie resonances are observed.
quencher is OH, this is a reasonable value, as the colloiddssuming that the Er ions are distributed homogeneously
were prepared in a wet-chemical reaction. over the SiQ sphere, the effect of the sphere on the radiative

The vertical intercepts of the fits in Fig. 34 represent therate can be calculated by integrating the DOS in Fig. 35 over
Er decay rates in the absence of concentration quenchirifje sphere volume. For a 175 nm sphere the calculation
(W, +W,): they are 70.4 &' (14.2 m3$ and 50.3 s (19.9  vyields f} ,s=1.13, while for a 340 nm sphere a value of
ms) for 175 nm and 340 nm colloids, respectively, and aref} 4s=0.74 is found. These data are also listed in Table VI.
listed in Table VI undetWE°. These rates can now be Using these two DOS factors, the radiative rates in the
compared to calculated values Wf. that can be derived as colloids can be calculated, using as input the radiative rate of
described next. Er in bulk SiO, (54+10s!) that we have previously

Figure 35 shows a calculation of the local optical DOSdetermined” An identical rate (5%5s ') was derived
from our analysis of data by Vredenbezgal,”® described in
Ref. 75. From the fact that the PL spectrum for the colloids
9n Fig. 33 is identical to that of the Er-implanted Si® our
previous work’* we conclude that the local environment in

TABLE VI. Measured and calculated Er luminescence decay rates for tw
different colloid diameter$175 and 340 nm

Colloid diameter ~ fi,5 WE=0 (s w, (s  WE=0(s7h both materials is similar, and that therefore the bulk decay
175 nm 113 0 o1 9 rate of 54 S+ can .alsg be gpplled to the S|I!ca glass used for
340 nm 0.74 50 40 1 the colloids. Multiplying this decay rate with the DOS fac-

tors of 1.13 and 0.74 found herein gives the purely radiative
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decay rate in the two types of colloidéd/, =61 s ! (175 nm
spheresand W, =40 s ! (340 nm spherds These data are
summarized in Table VI. Using the radiative rate for Er in
bulk SiO, and the Fuchtbauer—Ladenberg equaffone can
derive a peak cross section of %@0 2! cn?. This value
was used to provide a cross section scale in Fig. 33.
Several conclusions can be drawn by comparing these
numbers with the data in Fig. 34. First, the vertical separa-
tion between the two linear curves through the data for the
two types of colloids is equal to 205 s 1 which is identi- FIG. 36. Planar 15 cm long optical waveguide amplifier rolled up on an area
. L f ~16 mn?. Due to the high index contrast that can be achieved using
cal to the difference between the radiative rates calculateﬁOlymer technology, a small bending radius can be made.
herein (21 s ). This provides clear evidence that the data
can be consistently described by the DOS model. Second,
subtracting for the two colloid diameters, the measured dethe use of the lissamine sensitizer is that it exhibits photo-
cay rate in absence of concentration quenchildg‘fj,(o) degradation upon illuminatio(Sec. Ill D), which is thought
from the calculated radiative rat&\f) (see Table V), we  to be the result of a photo-oxidation reaction. This problem
find the intrinsic nonradiative decay rafé ; it amountsto 9  might be solved by encapsulation of the devices, and fabri-
st or 10 s for the 175 nm and 340 nm colloids, respec- cation under N atmosphere to avoid Qcontamination. Due
tively (see Table V). The relative error on these valuesti®  to the high absorption of the lissamine, traditional butt—end
s ! and the absolute errar10 s *. These values fow; are  coupling of the waveguide amplifier is not practical. The
consistent with the fact that identical intrinsic nonradiativecoupling scheme using a pump waveguide parallel to the
decay rates are expected for both colloid diameters as thesignal waveguide, introduced in Sec. IV, can be used to in-
are fabricated in an identical way. This again shows that therease the pumping efficiency in the waveguide. A pump
data in Fig. 34 can be consistently described by the DO$®ower of ~1 W is needed to achieve an optical gain of 1.6
model. dB in the waveguide. Given this power, photostability will be
Finally, we determine the luminescence quantum effi-a key parameter in the final choice of the used polymer.
ciency (QE) of excited Er. Although the QE has a relatively
large error baf+10%-20% due to the uncertainty W, it 5 pare-earth doped silica colloids
can be concluded thdtfl) in the absence of concentration, .
qguenching the QE is on the order of 8092) the 175 nm . The problem _of &-H q_uenchlng can be overcome by
colloids have larger QE than the 340 nm colloids, 48y using Er-doped silica colloids. These silica colloids can be

increasing the concentration from O to, e.g., 0.5 at. % reduce@ISSOIVed in-a pplymer “? 'form the core Iayer of a planar
the QE by some 20%. polymer waveguide amplifier. This composite material en-

ables high gain, provided the index of the polymer can be
matched accurately with that of the colloids. Yoshimura
et al.”” have shown that by mixing fluorinated and deuterated
PMMA, the refractive index of the mixed polymer can be

VIl. RARE-EARTH DOPED POLYMER WAVEGUIDE
AMPLIFIERS: OUTLOOK

A. Optically pumped rare-earth doped polymer tuned around 1.45 with an accuraey0.001, and that the
amplifiers resulting material can be used to produce low-loss optical
1. Rare-earth doped organic complexes waveguides. This combination is a promising candidate as a

. . olymer host for Et*-doped silica sphere/polymer nano-
As we have seen in Secs. Il and lll, organic cage com-p y P P poly

. omposite optical waveguides, and gain predicti@es Sec.
plexes can be used to encapsulate the rare-earth ion, there@yshow a very low(several m\W pump threshold for optical
making it dissolvable into the polymer. In this way, the rare-

) ain. To reduce the effect of cooperative upconversion inter-
earth doping problem was solved. However, we also fount%O

. . . ) ctions between excited Er ions, the Er concentration in the
that the optical transitions in the rare-earth ions are quenche

due t i th vibrational . £ o1 and lloid must be kept below-0.8 at. %. As a result, a rather
ue 1o coupling with vibrational overtones o an long waveguidg~15 cm is required to achieve reasonable

O_HI bondg in th(—ihcomplexr(])_r potl)yme:c. Dteute;a;ogﬁ;‘ t?hegain(&? dB at 30 mW. We note that due to the large index
complex reduces Ihe quenching by a factor of 2. Stll, N, nast petween polymer core and cladding a rather small
guantum efficiency achieved is less than 1%. It seems this

S . aveguide bending radius can be achieved. Figure 36 shows
an intrinsic problem for the use of organic complexes an waveguide spiral geometry in which a 15 cm long wave-
polymer hosts.

ide is rolled fonly 16 rh loyi
At the short luminescence lifetimes found, very high guide is rolled up on an area of only 16 miy employing

; : S 2" "the minimum tolerable bending radius of 1z40n.
pump powers are required to achieve population inversion.

This problem was solved by attaching a highly absorbing ] ] )

lissamine sensitizer to the complex. Population inversion cari- Alfernative methods for Er incorporation

now be achieved at very low pump powersl mW) in the The Er ion implantation experiments have clearly dem-
waveguide. However, it should be noted that the gain effi-onstrated that silica colloids form an ideal host for Er. The
ciency is low, since that is determined by the internal quannext step would be to develop a method by which the Er
tum efficiency of the rare-earth ion. One problem found withcould be incorporated directly using the wet-chemical pro-
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tical for application in waveguides. To reduce the size of
these clusters, smaller colloids could be used. Alternatively,

Weenas ' core-shell particles could be used, that are composed of a
Tl L T I shell that does not sinter at 750 °C or that evaporates during
o + : annealing thus isolating the colloids so that no sintering can

occur.

FIG. 37. SEM images of silica spheres on a Si substrate. The spheres weR: quard an electrically pumped waveguide
first deposited on a Si substrate coated with a carbon film, then one samprmplifier

was used for referencé@) and one was annealed at 750 °C for 1(h. . . .
Finally the spheres were dissolved in ethanol using an ultrasonic bath, and Recently, we, together with a group at Cambridge Uni-
deposited again on a Si substrate. versity, have shown 890 nm luminescence from a

neodymium-doped polymer light-emitting diodéED).”

The active layer was a blend of potijoctylfluorene-co-
cess used to form the colloids, thus avoiding the implantatiomenzothiadiazole and a lissamine-functionalized terphenyl-
step. We have tried several approaches to achieve this. Theggsed neodymium complex. It was shown that charge injec-
experiments were performed on silica films, rather thanion into the conducting polymer was followed by energy
colloids, using a similar chemical process as discussegransfer to the sensitizer, resulting in excitation of the neody-
in Ref. 52. mium ion. Using this concept of energy transfer from a con-

First, we have grown a 65 nm thick silica film, that was jugated polymer to a sensitized rare-earth complex, it be-
then put in a solution of Er(N§s;-5H,0 and afterwards comes possible to fabricate an electrically pumped polymer
annealed at 950°C. RBS showed indications for a smalvaveguide amplifier operating in the near infrared. Note that
amount of Er left at or near the surface, but no PL from Er athere is no conjugated polymer known that emits at these
1.5 um was observed. Second, we tried the use of a 3-aminayavelengths. In order to have energy transfer from the poly-
propyltriethoxysilane/APS) coupling agent. A 75 nm thick mer to the sensitizer, the sensitizer and conjugated polymer
oxide film was first grown, subsequently a 75 nm thick layerhave to be chosen such that the emission of the polymer
was grown using the coupling agent, and next the samplgverlaps the absorption spectrum of the sensitizer. More de-
was put in an Er(Ng);-5H,0 solution. Again, a small Er tails are given in Ref. 79.
content was measured on the film surface using RBS but no |t should be noted that the indium tin oxid&rO) elec-

PL was observed. Mixing the APS with the Er nitrite also didtrode that is standard used in polymer LEDs is not optimized
not lead to the desired result. Finally, we investigated the usgvr the infrared emission wavelength. For example, a 130 nm
of N-(trimethoxysilylpropy)-ethylenediamine, triacetic acid, thick ITO electrode absorbs 6% of the light at 890 nm. At a
trisodium salt(EDTA), a method that has previously shown wavelength of 1.5um, more than 80% of the light would be

to lead to the incorporation of metal ions in an acid-catalyzedbsorbed in such a film. Clearly, optimization of the ITO

sol—gel proces3! Again, no Er-related PL was observed on composition, or the use of alternative materials that transmit
these grown films. better in the infrared but still have reasonable conductivity,

As becomes clear from this summary, the task to find asuch as CuAl@ and CuGa®,®%8! must be considered to
process to incorporate Er during the wet-chemical reactionmprove the infrared emission intensity in these sensitized
remains. Two approaches come to mirith a different Er  rare-earth doped polymer LEDs. For the anode, Al can be
precursor such as, e.g., erbium methoxyethoxide o(sed, as it has a high reflection90%) at 1500 nm.
isopropoxidé® may be used, of2) an erbium(lil) PMMA The issue of transparent conducting electrodes becomes
coating could be made around the silica colloids, that couldven more important when these sensitized rare-earth doped
then be covered with the pure oxide, whereupon the Er coul@olymers are used in an electrically pumped optical wave-
be diffused into the colloid by thermal annealing. guide amplifier, as the interaction length with the electrode in
such a device is on the order of centimeters. Such a wave-
guide structure consists of an actiy@re-earth doped, high

As shown in Sec. V, thermal annealing is essential tarefractive index waveguide core, embedded in an electri-
optically activate the Er in the ion-implanted colloids. Even cally conducting cladding layer with lower refractive index.
if a successful, wet-chemical process to incorporate Er werén this geometry, it would be desirable to use thick wave-
developed, thermal annealing will likely be necessary. Ongyuide cladding layers to minimize the interaction between
important question is whether annealed colloids can actuallthe optical mode and the electrodes. At the same time, such
be redispersed in solution, for later incorporation in the poly-cladding layers must be efficient electron and hole conduc-
mer waveguide. Figure 83 shows a SEM image of a sur- tors, i.e., have high carrier mobilities. A hole conducting
face covered with colloids that were first deposited on dayer that may suit this requirement is NMip-
carbon-coated Si wafer, then annealed in a vacuum at 750 °Renyl-N,N -bis(3-methylpheny}1,1' -biphenyl-4,4-diamine
for 1 h, ultrasonically lifted from the substrate, and then re-(TPD) which has a hole drift mobility of 10° cn?/V s.82 It
deposited. A reference sample that did not have the annea more difficult to find a good electron conducting polymer,
treatment is shown in Fig. 83). Clearly, larger agglomerates although some promising results have been reported for
of clusters are observed for the annealed material. At th&,2,3-oxadiazole derivativéPBD) (Refs. 83 and 84 and
present colloid size used, the size of these clusters is imprapoly(phenyl quinoxaling (PPQ.2° However, all these

4. Thermal annealing of Er colloids
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materials have been used in very thin layers~df00 nm. refractive index in contact with the film. The observed in-
For a typical cladding layer thickness ofydm, the operating crease in decay rate with refractive index is explained by a
voltage of an electrically pumped waveguide amplifier will change in the local optical DOS at the position of the Er. By
be higher than that for the LED of Ref. 79. Therefore, morecomparing a calculation of the local DOS with the measured
detailed studies of the optical properties of electron and holelecay rates, the radiatiy69 s *) and nonradiativé115 s %)
conducting layers are required to further optimize the poly-components were distinguished. Using a calculation of the
mer waveguide amplifier device design. DOS for a sphere in air and the radiative decay rate deter-
mined for a SiQ film, the contribution of radiative and non-
radiative decay to the total decay rates of Er-implanted, SiO
VIIl. CONCLUSIONS spheres with a diameter of 340 nm, and 175 nm was deter-

Rare-earth doped polydentate hemispherand organi'E“”e‘_j' o )
cage complexes show a broad PL spectrum at room tempera- Finally an outlook is given on the requirements for the
ture. The luminescence lifetime of the rare-earth ions ignaterial properties for optically and electrically excited poly-
short, in the order ofus, much shorter than the estimated Mer waveguide amplifiers.
radiative lifetime of several 25@s for Néf* and 4 ms for
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1340 nm. The lissamine sensitizer shows photobleaching, re-
sulting in an initial increase in intensity due to concentration
quenching and self-absorption. The Ndluminescence in- APPENDIX A
tensity shows no initial increase, which suggests that concen-  From the reciprocity theoreffi, it follows that:
tration quenching has no effect on the Nduminescence.

We have introduced an optical waveguide system, con-
sisting of two closely spaced parallel waveguides, that can be

Kaa_ C Kba

= + —
Ya=Pa 1-c? modified propagation

used to optimize the pumping of planar waveguide amplifi- Kpp— CKab constant
ers. Calculations show that light coupled into the pump guide Yo=PBpt —1-c2
will gradually couple to the signal guide, resulting in a more
efficient power distribution along the signal guide. Kap— CKpp
Room-temperature luminescence at b from Er- ab= " 1”2 modified coupling

implanted silica colloidal spheres was observed. The lumi- (21
nescence lifetime of Er is about 17 ms, and the quantum
efficiency is estimated to be 80%. Thermal annealing at
750°C is.required to optimize the luminescence inFensity. C=(CaptCpa)/2,
The colloids can be embedded in a polymer to achieve an
optically active nanocomposite waveguide layer. It is showriVith the conventional propagation constghiand coupling
that the refractive index of the polymer and colloids must beconstant,y,, andKp, given by
nearly matched, and that the size of the spheres has to be 27(Ng p+Ka p)
relatively small in order to have tolerable scattering losses. Bap= ')\ .
Calculations of the optical gain that can be achieved with
these Er-doped silica sphere/polymer nanocomposite optical 1) b 4 —b —a —b
waveguide amplifiers show a maximum gain of 12 dB for a Kabzzj f e (X Y)E-Ef —E;-E;Jdxdy, (22
15 cm long amplifier and an Er concentration of 0.8 at. %.
“ ” w

'cl)'::ll;; 12 cr:nmn?lf)ng waveguide can be “rolled up” on an area of Kba:ZJ f €3(x,y)[EP- E2— E°. E%]dxdy

The decay rate at 1,am of Er ions implanted into a 100
nm thick SiQ film on Si, made using a wet-chemical pro-
cess, was measured with and without liquids with different  €®°(x,y)=e(x,y) — €*P(x,y).

Kpa— CKaa constants
ba™ 1— C?

where
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