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Abstract

A simple method for the preparation of rare earth ion-doped polymers, which display luminescence, is reported. For this purpose silicone—urea
copolymers were doped with Nd(NO3);-6H,0. Various structural and physicochemical properties of the resultant materials were investigated.
FTIR studies indicated strong interaction of Nd** ions with urea groups, but no interaction with siloxane backbone, which is expected. Absorption
measurements in the visible and near infrared region were performed and the radiative decay rates and branching ratios for the meta-stable “F
level were determined by using Judd—Ofelt theory. The samples were also excited at 800 nm and emission spectra were observed in the near
infrared at 905, 1059, and 1331 nm. In Nd** doped silicone—urea systems the highest emission cross section at 1059 nm was determined to be
60.7X 102" cm?. Spectroscopic parameters determined in this study suggest that Nd*>* doped silicone—urea copolymers are promising
candidates for the development of fiber lasers or amplifiers near 1.06 and 1.3 pum.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been a growing interest in the development of
rare-earth ion (RE) doped polymers for numerous applications
in fiber—optic communications systems, fiber laser develop-
ment, and optical sensing [1-15]. Polymer-based alternatives
to existing RE doped glasses offer many advantages, which
include; (i) a wide selection of host polymers with different
mechanical properties, ranging from elastomers to rigid and
tough thermoplastics, (ii) possibility of doping large amounts
of RE into polymers without clustering, (iii) ease of sample
preparation, and (iv) reduced costs in mass production.
Possibility of the incorporation of a wide selection of RE
ions into the host polymers provide opportunities in the
production of absorption and emission bands covering selected
ranges of the electromagnetic spectrum [10]. In spite of these
advantages, polymers may have two major drawbacks when
used as hosts for rare earth ions. These are; (i) limited solubility
of RE ion in the host polymer, which is critical in order to
obtain a homogeneous distribution of RE in the polymer
matrix, and a thermodynamically stable system, and
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(ii) possible interaction (vibrational coupling) between (C—H)
and (if present, O—H) groups in the polymer and RE, resulting
in non-radiative deactivation or quenching [8,13]. Solubility
problem can be circumvented by either designing host
polymers with specific functional groups along the backbone
[13,16] or by using organic ligands (or surfactants) that can
interact with RE ions through complex formation and that are
also miscible with the host polymer [13,17,18]. The first
approach is fairly difficult since it generally requires specialty
monomers and strict control of functional group distribution
along the polymer backbone during polymerization. Use of
organic ligands or surfactants is a much simpler approach. For
this purpose organic surfactants with carboxylic acid [8,17],
amine [18], acetylacetonate [4,10] and other types of functional
groups [4,13] and linear or dendritic [17] backbones have been
successfully utilized. Strong interaction (or complex for-
mation) between RE ion and the surfactant forms a protective
cage [8,13,17] around the RE ion. As an added benefit, this
reduces the possibility of vibrational coupling between (C-H)
bonds in the host polymer and the RE ion or the possibility of
non-radiative deactivation or quenching.

We have been investigating the synthesis, characterization
and structure—property behavior of polydimethylsiloxane—urea
(PDMS—urea) copolymers with a wide range of compositions
for over two decades [19-22]. Due to substantial differences
between the solubility parameters of PDMS (15.5 J'? cm™*?)
and urea (45.6J"%cm™*?) [23], silicone—urea copolymers
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Fig. 1. TEM photomicrograph of a cobalt(Il) chloride doped silicone—urea
copolymer containing 18% by weight urea hard segments.

display well separated microphase morphologies [20,22],
where urea domains are distributed in a continuous PDMS
matrix. This can clearly be seen in Fig. 1, where a TEM
photomicrograph of cobalt(Il) chloride doped PDMS-urea
copolymer ([CoCl,]/[urea]=0.50) with a urea hard segment
content of 18% by weight is provided. We believe this TEM
picture represents the first direct observation of well phase
separated microphase morphology in PDMS—urea copolymers,
where a transition metal salt, cobalt(II) chloride, is used as a
staining agent for urea domains, since it selectively interacts
with polar urea groups but not with PDMS. Spherical polyurea
domains with diameters between 500 and 1000 nm are clearly
visible in the continuous PDMS matrix. Similar morphologies
have also been observed by others using AFM [24]. In our
earlier studies, through quantum mechanical calculations and
related laboratory experiments, we also demonstrated that when
PDMS-urea copolymers are doped with CoCl,, as expected,
polar Co** ions preferentially migrate to the urea domains [25].
In the present study, we report a simple method for the
preparation of Nd*> " -doped, luminescent silicone—urea copoly-
mers and spectroscopic characteristics of these novel systems.

2. Experimental
2.1. Materials

a,w-Aminopropyl terminated polydimethylsiloxane
(PDMS) oligomers with number average molecular weights

(M) of 2500 and 3200 g mol ~' were obtained from Wacker-
Chemie, Munich, Germany. o,w-Amine terminated poly(ethy-
lene oxide) (PEO) with (M,) of 900 g mol ~" was provided by
Huntsman. Bis(4-isocyanatocyclohexyl)methane (HMDI) with
a purity greater than 99.5% was supplied by Bayer AG.
2-Methyl-1,5-diaminopentane (DY) was kindly supplied by
DuPont. Neodymium(III) nitrate hexahydrate (Nd(NOj3)s-6-
H,0) (99.9%) was a product of Aldrich. Chromatographic
grade reaction solvents, tetrahydrofuran (THF) and isopropa-
nol (IPA) were obtained form Carlo Erba and were used
without further purification.

2.2. Polymer synthesis

Silicone—urea and polyether modified silicone—urea
copolymers were synthesized in three-neck, round bottom,
Pyrex flasks, fitted with an overhead stirrer, addition funnel
and nitrogen inlet. Reactions were carried out at room
temperature using the two-step prepolymer method. Pre-
polymer was obtained by the dropwise addition of a solution
of the amine terminated PDMS (in THF) into the reactor
containing HMDI (also dissolved in THF). In polyether
modified copolymer, prepolymer is obtained by the sub-
sequent, dropwise addition of PDMS and PEO into HMDI
solution in the reactor. For chain extension, a stoichiometric
amount of diamine (DY) was dissolved in IPA and added
dropwise into the reactor, through an addition funnel.
Detailed procedures for copolymer syntheses are provided
elsewhere [21,22]. FT-IR was used to determine the
completion of the reaction by monitoring the disappearance
of the strong isocyanate peak at 2270 cm™'. Chemical
compositions of the silicone—urea copolymers are provided
on Table 1.

2.3. Preparation of Nd(NO3)3-6H,0 doped films

Depending on the level of Nd** ion incorporation, a
calculated amount of Nd(NOs3)3-6H,O was dissolved in THF in
a beaker. Then it is mixed with the desired amount of silicone—
urea copolymer solution in THF or THF/IPA. Clear and
homogeneous mixtures obtained were poured into a Teflon
mold and the solvent was evaporated at room temperature,
overnight. To prevent decomposition of nitrate groups and
oxidation of polymer backbone, doped films were dried in a
vacuum oven at room temperature until constant weight and
kept in sealed polyethylene bags until further use. Compo-
sitions of the Nd(NOs); doped silicone—urea copolymers are
provided on Table 2.

Table 1

Chemical compositions of silicone—urea copolymers

Polymer Code ~ PDMS (M,) (gmol™")  PEO (M,) (g mol ™ ") PDMS (wt%) PEO (wt%) HMDI (wt%) DY (wt%) HS (wt%)
PSU-1 3200 - 92.4 - 7.6 - 7.6
PSU-2 2500 900 50.0 20.0 24.2 5.8 30.0
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Table 2

Compositions of the Nd(NOs); doped silicone—urea copolymers

Polymer Polymer (g)  Nd(NO;)s- [N&**) N>t (wt%)
code 6H,0 (g) [urea]

PSU-1-7 8.00 2.00 1.0 6.58
PSU-2-18 4.57 5.43 1.5 17.9

2.4. Spectroscopic characterization

FTIR spectroscopy was used to investigate the interaction
between silicone—urea copolymers and the Nd(NOs3);-6H,0.
FTIR scans were collected on thin films cast on KBr discs from
THF solution, on a Nicolet Impact 400D FTIR spectrometer.
Spectra were collected using 20 scans with a resolution of
2cem”

UV-visible absorption spectra of the polymers were
measured on a Shimadzu model 3101 PC, UV-VIS-NIR
spectrometer between 300 and 900 nm. During the measure-
ments polymer films with a thickness of 1-2 mm were used.

Emission intensity measurements were performed by using
the experimental setup sketched in Fig. 2. A tunable Ti:
Sapphire laser was used as the pump source. It was tuned to the
absorption band of the Nd** ion near 799 nm and produced
50-ns-long pulses at a pulse repetition rate of 1kHz. The
average output power of the laser was about 50 mW. In the
luminescence measurements, the pump beam was focused
inside the polymer samples with a converging lens (L1, focal
length=_8 cm). The emitted fluorescence was collected with a
concave gold mirror and imaged to the entrance slit of a 0.5 m
Czerny—Turner type monochromator (CVI, model DK 480),
after passing through a high-pass optical filter (F) that blocked
the pump radiation. The fluorescence signal was detected
with a PbS detector (DET) and amplified by using a
preamplifier (PA) and a lock-in amplifier (LA, Stanford
Research, model SR 830).

M1

DET o i

Monochromator Polymer

Sample

L1
PA

LA

Tunable
Ti:Sapphire
Laser

Fig. 2. Experimental setup used in the luminescence measurements.

3. Results and discussion
3.1. FTIR spectroscopy

Rare-earth ion doped polymeric systems have received
interest as versatile materials for optical amplifiers [8,13].
Compared to inorganic glasses, polymers offer several
important advantages, such as ease of preparation and
incorporation of large concentrations of dopants. Silicone—
urea copolymers are interesting materials since they are
composed of alternating sequences of highly non-polar
PDMS and highly polar urea units in their backbones.
Substantial differences in the solubility parameters of PDMS
and urea results in well separated microphase morphologies
[20,22]. Similarly, in PEO modified PDMS—urea copolymers
good phase separation is observed. When doped with transition
metal salts, polar urea domains act as hosts for highly polar
ions, whereas no interaction with the PDMS matrix is expected.
This selective interaction between the urea groups and the
transition metal ions was the main reason for our choice of
silicone—urea copolymers as the host resin for Nd*>* doping in
this study. This can clearly be seen in the FTIR
spectra provided in Fig. 3(a)-(c) for neat Nd(NO3);-6H,0,
undoped silicone—urea (PSU-1) and Nd** doped silicone—
urea (PSU-1-7) copolymers. FTIR spectrum of Nd(NO;);-6-
H,O shows a very broad hydroxy peak between 3000 and
3700 cm ™', and two strong N=O stretching peaks at 1467
(anti) and 1331 cm ! (sym). The bands at 1331, 1467 and
1642 cm ' indicate that the [NO5] ~ groups are acting both as
monodentate and chelating bidentate ligands towards the
central Nd atom. Fig. 3(b) shows the 900-1800 cm ' region
of the FTIR spectra, which covers the carbonyl (C=0) (amide I
and amide II) (1500-1700 cmfl) and siloxane (Si—O-Si)
(950—1200 cm ") absorption regions. In this region undoped
PSU-1 shows two very strong carbonyl absorption bands with
peak maxima at 1631 cm ' (strongly hydrogen bonded C=0,
amide I) and 1567 cm ' (amide II), a strong and sharp peak at
1262 cm ™! (symmetric CH; deformation in PDMS) and a
strong doublet with maxima at 1024 and 1095 cm ™'
(asymmetric Si—O-Si stretching). As expected, the carbonyl
region of the FTIR spectrum of Nd** doped copolymer (PSU-
1-7) is quite different than that of undoped PSU-1. Well-
defined doublet of PSU-1 is replaced with a very broad peak
extending from 1700 to 1550 cm ', clearly indicating very
strong interaction between Nd>* and the urea groups. In Nd-
doped PSU two new, strong absorption bands centered around
1470 and 1323 cm ™! are also observed, which are due to
antisymmetric and symmetric N=O stretching, respectively.
Interestingly there is no change in the peaks originating from
the PDMS in the system, which are at 1262 cm ™' (symmetric
CH; deformation in PDMS) and the strong doublet with
maxima at 1095 and 1024 cm ™! due to asymmetric Si—O-Si
stretching. These results clearly indicate that there is no
interaction between Nd>* and the PDMS as expected and RE
ions are mainly distributed in the urea domains. Further
confirmation of the interaction between Nd** and urea groups
comes from Fig. 3(c), where 2750-3850 region of the FTIR
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Fig. 3. (a) FTIR spectra of Nd(NOs);-6H,0; (b) comparative FTIR spectra of PSU-1 (—) and PSU-1-7 (—) in amide-I and amide-II regions 950-1850 cm ™ ';

(c) comparative FTIR spectra of PSU-1 (—) and PSU-1-7 (—) in 2750-3850 cm !
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spectra are reproduced. It is important to note that the shape or
positions of the aliphatic C—H stretching bands in PDMS at
2963, 2928 and 2854 cm ™' are unchanged, indicating no
interaction with Nd>*. On the other hand, well-defined
hydrogen bonded N-H peak centered at 3335 cm ™' in PSU-1
has been replaced with a very broad absorption band in
Nd(NO3)5-6H,0 doped material, which extends from 3000 to
3700 cm ™', with a peak at 3400 cm™' and a shoulder at
3233 cm ™ '. These results show strong interaction between
Nd** and the urea groups [25-28].

3.2. Density and refractive index measurements

The densities of PSU-1-7 and PSU-2-18 were determined by
using a picnometer and found to be 1.02+0.02, and 1.40+
0.02 g cm ™, respectively. Using the densities and the weight
ratio of Nd** jons in the copolymer host, we estimate the
Nd’* ion concentrations to be 2.8040.05X107%° and
10.46+0.15X107* cm~* for PSU-1-7 and PSU-2-18,
respectively.

Refractive index measurements were all done at 25 °C with
visible light using an Abbe refractometer. Refractive indices of
the undoped PSU-1 and PSU-2 films were measured to be
1.42540.002 and 1.44840.002, respectively. After doping
with Nd** the refractive indices of the samples increased to
1.482+£0.002 (PSU-1-7) and 1.503 £0.002 (PSU-2-18). The
density and refractive index values were used in the Judd—Ofelt
analysis described below to determine the radiative emission
strengths of the Nd*> ™ ion in the polymer hosts.

3.3. Judd-Ofelt analysis

The measured absorption spectrum of Nd-doped PSU-1-7
sample is shown in Fig. 4. The film thickness and
dopant concentration were 1.98 mm, and 2.80 X 10720 ecm ™3,
respectively, giving an estimated absorption coefficient of
5.68cm~ ' and corresponding absorption cross section of

2.03X 107 % cm? at the wavelength of 799 nm. Similarly, the
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Fig. 4. Measured absorption spectrum of Nd-doped PSU-1-7 with an estimated

concentration and sample thickness of 28%107°cm ™3 and 1.98 mm,
respectively.
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Fig. 5. Measured absorption spectrum of Nd-doped PSU-2-18 with an
estimated concentration and sample thickness of 10.3X10%?*cm™2 and
1.12 mm, respectively.

absorption spectrum of the Nd-doped PSU-2-18 sample
(concentration=10.46 X 10+20 cm_3, sample thickness=
1.12 mm) is displayed in Fig. 5. In this case, the estimated
absorption cross section at 799 nm was 4.40X 10~ 2° cm?®.
Table 3 further lists the cross sections for the strongest
absorption bands recorded between 300 and 900 nm. Note that
the absorption peak positions of PSU-1-7 and PSU-2-18 are
almost the same. Also, the measured absorption spectra of
Nd** ion do not differ significantly in comparison with other
Nd** doped polymers, and the observed peak positions are
approximately the same [11,29]. Comparing with Nd:YAG,
most of the absorption peaks shifted slightly (~5nm) to
shorter wavelengths [30]. However, the relative intensities of
the absorption peaks differ considerably in different hosts
[2,12,15,30], since it is affected by the coordination structure of
the Nd>" ion in the host. As an example, in Nd:YAG, the
strongest absorption line is due to the oo — *Fs/o +*Hops
transition [30], however, in our case *lo;» = *Gs/> +2G» is the
strongest line in the absorption spectrum. The relative
intensities of the absorption bands were also different between
PSU-1-7 and PSU-2-18. In particular, the absorption cross
section of PSU-2-18 is approximately twice as large as that for
PSU-1-7 (Table 3). The peak absorption cross section observed
in PSU-2-18 at 582 nm (7.59X 10" %° cm?, due to the “Iy
2—>4G5/2+2G7,2 transition) is comparable with the values

Table 3

Position of the absorption peaks, the corresponding electronic transition, and
the estimated peak cross section of the absorption bands of Nd-doped PSU-1-7
and Nd-doped PSU-2-18 between 300 and 900 nm

A(mm)  Transition “Io;, — Peak # ¢ (X107 cm?)
PSU-1-7 PSU-2-18
355 ‘Dsp+211p+*Dsp+'Dyy 1 0.58 1.25
24+ Lisp
512 *Kizp+*Gop 2 0.55 0.92
525 *Gyp 3 0.78 1.81
582 *Gsp+°Gyp 4 3.78 7.59
741 *Frn+4S3 5 1.58 3.17
799 *Fs;+Hop 6 2.03 439
868 *Fap 7 0.51 1.11
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reported for other polymer hosts [2,11]. With the possibility of
high active ion doping levels (17.9 wt% Nd** in PSU-2-18) in
our synthesis technique, we obtained absorption coefficients up
to 79.75cm ™' at 582 nm. This is a good indication of the
effectiveness of silicone—urea copolymers as hosts for RE ions
in optical applications.

The Judd—Ofelt theory [31,32] was further used to analyze
the absorption spectra and determine the radiative decay rates
as well as the emission cross sections. The spectral intensity
Jexp» also known as the integrated absorbance, was determined
experimentally for the 10 strongest absorption bands (between
345 and 910 nm) by using

forp = J (i ()

band

Here, A is the wavelength and w(2) is the absorption
coefficient given by

In(Iy/I)
—

In Eq. (2), Ip and I are the respective incident and
transmitted intensities, and / is the sample thickness. For
lanthanide (Ln"?) ion-doped materials, experimentally
measured oscillator strengths (f.xp) can be attributed to, electric
dipole, magnetic dipole, and electric quadrupole transitions
[33]. Earlier studies on Ln*? ion doped materials [34,35]
showed that electric quadrupole oscillator strengths are much
smaller than those for electric dipole and magnetic dipole
interactions (in the order of ~10~ 1 [14,36], roughly four
orders of magnitude smaller than electric dipole strength
[4,37]). Magnetic dipole oscillator strengths are not host
dependent, and tabulated values in the literature [38] are two
orders of magnitude smaller than those for electric dipole
transitions [4]. Hence, contributions of electric quadrupole and
magnetic dipole transitions were neglected as was done in
previous studies [11,39].

According to Judd—Ofelt theory, the spectral intensity for an
electric dipole transition from the ground state (SLJ) to the
excited state (S'L'J") is given by,

wd) = 2

83e? (n* +2)? 2

(I = N,
JealT) == o I+ °
Xy QUSLINUCNS'L T, (3)
=246

Above, 1 is the mean wavelength for the absorption band (or
bands in the case of overlapping Stark manifolds), n is the
refractive index, c is the speed of light, & is Planck’s constant, J
is the total angular momentum quantum number of the ground
state, U are the doubly reduced matrix elements of the unit
tensor operator of rank 7, Q, are the Judd-Ofelt intensity
parameters, and N is the concentration of the Nd>* ions in the
polymer sample. Since the reduced matrix elements U® are not
strongly host-dependent [39], we used the values reported for
Lu3Sc,Ga0y; [35,40]. For the overlapping Stark manifolds, the
sum of all the corresponding squared matrix elements were

taken [35]. The three Judd—Ofelt intensity parameters Q,, Qq4,
and Q¢ were determined by doing a least squares fitting of

f;:al(J’J/) with fexp~
The radiative lifetime 7x for the ith excited state is given by

1

R0

D AG)) = W, )
J

where A(i,j) is the spontaneous emission probability for the
transition from the ith state to the jth state and summation is
carried over all of the lower states (j) to determine the total
spontaneous fluorescence probability, Wg. The spontaneous
emission probability A(J,J') for an SLJ— S'L'J’ electric-dipole
transition can be calculated from

64mtte®  n(n® +2)%°

N
AU = 32 + 1) 9

> o KsLuCIS LT

1=2,4,6

64t n(n* +2)%7
3h(2J + 1) 9

s,

®)

where, 7 is the mean wave number of the transition. By using
the matrix elements given in [35] for the Nd** jon, for the
meta-stable “Fs), level, the expressions for $°! appearing in Eq.
(5) becomes

S¥[*F3—"115] = 0.0288 2 (6)
S[*F3n—"113] = 0.0285 Q¢ (7)
S*Fy,— T ] = 0.1136Q, +0.4104 Q4 (8)
and

S Fy—*1o,] = 0.2293.Q, + 0.0548 ©)

for the emission bands at 1818, 1331, 1059 and 905 nm,
respectively. Note that spontaneous emission probability for
the *Fs, — Y155 is negligible with respect to others. The best-
fit values of the Judd—Ofelt intensity parameters were used to
calculate the expressions for 5% in Egs. (6)—(8) and the
radiative lifetimes.

Summary of the Judd—Ofelt analysis results is shown in
Table 4. The measured and calculated transition strengths for
the two copolymer samples are shown at the top part of
Table 4. The root-mean square errors g,,,; were calculated in
the usual way using

_ 2
Opms = Z (fcal fexp) (10)
\/ q—p

where ¢ is the number of absorption bands included in the
calculation and p is the number of parameters determined (g=
10, and p=3 in our case) [35]. Calculated root-mean square
errors for PSU-1-7 (0.43X 10~ %) and PSU-2-18 (3.02X 10~ °)
are comparable with the values in previous studies
[4,14,30,41]. The good agreement between experimental and
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Table 4

Measured and calculated spectral intensities, best-fit Judd—Ofelt intensity parameters Q,, 2,4 and Qg, the spectroscopic quality parameter, and the radiative lifetime

(*Fa level) for Nd**-doped PSU-1-7 and PSU-2-18

Excited states “Io/, — Wavelength range (nm)  PSU-1-7 PSU-2-18

Foxp (X1079) fea (X1079) Foxp (X1079) fea (X1079)
“Dap+21110+°Ds 335-365 2.19 1.90 12.33 16.02
2+ Dip+Lispn
2P,r+Dsp 425-440 0.16 0.14 1.22 1.19
2K s+ Dsjp+2Goy 450-490 0.66 0.46 4.57 3.85
2+4Gip
2K 30 +4Gop+ 4Gy 490-545 3.56 2.68 26.99 21.98
2G7+*Gspp 555-605 14.41 14.46 114.35 114.68
2Hy1p 610-645 0.14 0.12 0.91 1.04
“Fos 655-700 0.36 0.54 3.87 4.46
YFp+4S5p 715-770 8.63 8.56 67.71 70.89
“Fsjp+Hop 770830 8.48 8.64 75.12 71.69
“Fy 845-910 1.84 2.40 18.60 20.12
Tems (X107 0.43 3.02
J-O intensity parameters PSU-1-7 PSU-2-18
Q5 (X107 cm?) 5.54 11.37
Q4 (X107 cm?) 2.23 4.95
Q¢ (X107 cm?) 4.77 10.41
Xno (‘Fan) =Q4/Q6 0.47 0.48
TR=(1/Wg) (u1s) 541 236

calculated transitions strengths show that the assignment of the
electronic transitions for the absorption bands are correct, and
the contributions from electric quadrupole and magnetic dipole
transitions are very small as assumed.

Bottom part of Table 4 lists the best-fit values of the Judd—
Ofelt intensity parameters, and the radiative lifetime for the
“Fs» level. We also included the spectroscopic quality
parameter (defined as Q4/Qg), which is the only parameter
that affects the inter-manifold transition probabilities for the
“F5)» level, since the elements of U® are all zero (the doubly
reduced matrix elements of the unit tensor operator of rank 2
for *Fs, transitions) (Egs. (6)—(9)) [35]. It is well known that
the Judd—Ofelt intensity parameters are related to the nature of
the chemical bonding and the coordination structure of the rare
earth ions. Previous studies reported that, lanthanide ions in

1
2 :
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Fig. 6. Measured luminescence bands of Nd-doped PSU-1-7 and PSU-2-18
between 900 and 1500 nm.

a symmetric crystal matrix has low Q, values due to the
domination of magnetic dipole transition over electric
dipole transition [13-15]. Both PSU-1-7 and PSU-2-18
samples have relatively large Q, values, indicating low
local symmetry for the Nd** ions in the matrix. Calculated
radiative lifetimes for the 4F3/2 meta-stable level showed that
PSU-1-7, has roughly two times longer radiative lifetime.
Reported values for radiative lifetimes in the literature are
similar [4,15].

3.4. Emission spectroscopy

The measured variation of the detected fluorescence
intensity as a function of wavelength is shown in Fig. 6.
Note that the relative intensity of the 1331 nm band with
respect to the 1064 nm band is comparable to those in other
Nd-containing hosts while the intensity of the 905 nm line is
somewhat lower in our samples [2,14]. Table 5 further lists the
relative strengths of these luminescence bands in the two hosts.
In order to compare the two copolymer hosts, the fluorescence
efficiency ng at 1059 nm, defined as

1059
F Pabs

Table 5

Relative intensities of the dominant emission bands of Nd-doped PSU-1-7 and
PSU-2-18 between 900 and 1500 nm (the data were not corrected for the
detector and monochromator response)

A (nm) Transition Peak # I (a.u.)
905 “Fypp— Yo 1 0.14
1059 Fyp—Y1 2 1

1331 *Fsp—*Lizp 3 0.17
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Table 6

Fluorescence branching ratios and the stimulated emission cross-sections of 4F3/2 —>4I,3/2 (1331 nm), 4F3/2 -4, 172 (1059 nm) and 4F3/2 —>4lg/2 (905 nm) transitions

for PSU-1-7 and PSU-2-18 polymer samples

Polymer sample 4F3/2 -7 132 41:3/2 - 411 12 4F3/2 - 419/2

8 0 (X1072Tem? 8 0 (X1072'em? 8 O (X102 cm?)
PSU-1-7 0.122 11.89 0.534 27.33 0.338 15.10
PSU-2-18 0.121 26.35 0.532 60.70 0.341 33.86

(1,059, measured fluorescence intensity at 1059 nm and P,
absorbed pump power at the excitation wavelength, 799 nm)
was also measured. The fluorescence efficiency of Nd-doped
PSU-2-18 copolymer was found to be about two times larger
than that in Nd-doped PSU-1-7 copolymer.

Luminescence data of the neodymium-doped samples were
also used to determine the emission cross sections at 1331,
1059 and 905 nm. For an electric-dipole transition between the
states (SLJ) and (S'L'J"), the peak stimulated emission cross
section g is given by

a2 AJJ 12
8men?AA ) (12)
where A, is the peak emission wavelength, n is the refractive
index of the host, A4 is the width of the luminescence band, and
A(J,J") is the spontaneous emission probability given in Eq. (5)
[42]. From the experimentally measured emission data, we
determined the widths of the luminescence bands as 14 nm
(905 nm emission), 27 nm (1059 nm emission), and 35 nm
(1331 nm emission). Table 6 shows the calculated fluorescence
branching ratios and the stimulated emission cross
sections of *Fy—*I13, (1331 nm), *Fs,— *T;1/» (1059 nm)
and “*Fs»—*lo;» (905 nm) transitions for PSU-1-7 and
PSU-2-18 polymer samples. The emission cross section value
of PSU-2-18 for the *Fs,, —*1,,,, transition is 2.2 times larger
than PSU-1-7, which is in good agreement with the measured
relative fluorescence efficiency. The peak emission
cross section value of PSU-2-18 obtained in this study for the
4F3/2—>4In/2 transition (60.7 X 10~ sz) is higher than some
of the previously reported Nd** doped polymers [11,14,15],
and glasses [29,39,43,44]. Calculated fluorescence branching
ratios for the meta-stable “F5/, level are similar to the values
reported in the literature [14,41,44], and the Fapn—1p
(1059 nm) transition has the highest branching ratio,
in agreement with the measured fluorescence intensities.
Comparing with previous studies [10,14,15,39,44], PSU-1-7
and PSU-2-18 have low spectroscopic quality parameters,
which decreases the branching ratio for the By — o)
(905 nm) transition, enhancing the 1059 and 1331 nm
transitions. The results indicate that the Nd-doped silicone—
urea copolymer hosts are promising candidates for the
development of fiber lasers or amplifiers near 1.06 and 1.3 pm.

Ose =

4. Conclusions

Preparation and various characteristics of rare earth ion
(Nd**) doped, luminescent silicone—urea copolymers were
discussed. Due to substantial solubility difference between

PDMS and urea groups, silicone—urea copolymers display very
good phase separation. It was demonstrated that Nd>* ions
interact only with highly polar urea groups but not with non-
polar PDMS. Optical characteristics of two different Nd*™*
doped silicone—urea copolymers (PSU-1-7 and PSU-2-18)
were investigated. Absorption and emission measurements
were analyzed with Judd—Ofelt theory. Studies show that PSU-
2-18 sample has larger absorption cross section, emission
cross-section and fluorescence efficiency than PSU-1-7 sample.
Measured and calculated optical parameters of the PSU-2-18
sample show that Nd** doped silicone—urea copolymer are
promising candidates for the development of polymer-based
active fiber lasers or amplifiers near 1.06 and 1.3 pm.
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