PHYSICAL REVIEW B VOLUME 56, NUMBER 15 15 OCTOBER 1997-1
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A spectroscopic investigation of an extensive series 6f fioped and Ef,Yb® -codoped soda-lime-
silicate (SL) and aluminosilicatdAS) glasses is presented. Compared to SL glasskdrahsitions in AS
glasses show higher oscillator strengths, larger inhomogeneous broadening, and smaller crystal-field splittings
of the respective excited-state multiplets. Thé'Eexcited-state relaxation dynamics is adequately described
by a combination of the Judd-Ofelt model and the energy-gap law. With the exceptibg,ef multiphonon
relaxation is dominant for all excited states, making it possible to efficiently pump theuins8 ;5,—*1 155
emission by excitation ofl,,, at around 980 nm. The absoluté, 5, luminescence quantum yield, for low
980-nm excitation density~5 W/cn?), 7, is ~0.9 at 0.4 mol % EsO; and drops to about 0.65 upon increas-
ing Er,O3 to 1.2 mol %, indicating the onset of energy-transfer processes. Samples with highn@urity
concentration suffer from significantly higher quenching'bf, luminescence at higher £r concentrations.
Energy migration to the minority of Bf ions coordinated to OH followed by efficient multiphonon relax-
ation accounts for this effect. At low excitation densities, the strong near-infrared absorption®bfirYb
combination with efficient Yb:Er energy transfer increases thél,s, population density in
Yb®*,Er**-codoped samples by up to 2 orders of magnitude compared to equivalent samples witfiaut Yb
The dependence of on Yb*" codotation of 0.4 mol % EO5;-doped samples predicts that a minimum of
~0.8 mol % YhOs; is required to achieve efficient sensitization of Eby Yb®*. The relative intensities of
upconversion luminescence frofs,, and 2H,,,, are used to analyze internal sample heating in detail. Due to
the high absorption cross section of¥¥bincreasing the Y& concentration in YB",Er**-codoped samples of
given length increases the absorbed power and subsequently the total density of multiphonon emission, leading
to internal temperatures of up to 572 K in 0.4 mol %@y samples codoped with 4 mol % ¥®; and excited
with 51 kW/cn?. Multiphonon relaxation fromfl 5, is shown to be inefficient even at these high internal
sample temperatures. From upconversion luminescence spectra of a series of glasses, the thermal conductivity
is estimated to be between %30 2 and 7.% 10 2 W m K%, in good agreement with the known value of
4.8x10°2 W m 1K™ for soda-lime-silicate glas§S0163-182607)03436-X]

I. INTRODUCTION operate several wavelength channels at multigigabit per s
data transmission rates in a single fiber-optical fink.

In the last decade, the erbium ion Ey has established a Planar-optical-waveguide amplifie®OWA's), for ex-
key role as the active ion in optical signal amplification for ample waveguides fabricated on silicon wafers by silicon
the 1.55 um telecommunications wavelengthin long-  optical-bench processing techniques, are a variation of opti-
distance optical networks, signal amplification is required tocal fiber amplifiers. A POWA component can integrate
compensate for losses in the silica fiber, and with the use aovaveguides, semiconductor diode lasers, and a variety of
Er* systems, all-optical amplification rather than electro-passive optical elements on a single silicon chip, and it may
optical regeneration can be achieed@he superb perfor- thus provide the significant reduction in both device size and
mance of silica optical fibers and of Erdoped fiber ampli- cost desired for all-optical local-area networks. This poten-
fiers EDFA’s has led to a revolution in high-speed opticaltial for miniaturization of optical amplifiers has inspired con-
telecommunications, enabling deployment of high-capacityiderable research interest in new®Ebased amplifier
fiber-optic links on a global scale. materials’™® The restriction to compacfcm-scalg device

The energy-level structure of £r, depicted in Fig. 1, lengths in POWA’s requires, in order to achieve sufficient
permits pumping of thé'l ,, excited-state multiplet around pump-light absorption and net gain, much highe? ‘Econ-
980 nm by semiconductor lasers, and tte,, excited-state  centrations than the typical 100—300 ppm doping used in the
multiplet is populated by subsequent multiphonon relaxationseveral-tens-of-meters long EDFA’s. Recently, the feasibility
Radiative relaxation of'l 5, to the *I;,» ground-state mul- of POWA'’s has been demonstratéd’?and the highest net
tiplet may then provide gain around 1.58n, a wavelength gain of 15 dB was observed in a 14 600 ppm ‘Edoped
which matches the attenuation minimum of silica optical fi-4.5-cm-long soda-lime-silicate planar waveguide pumped at
bers. The significant inhomogeneous broadening of tHé Er 980 nm with 280 mW-? This EF* concentration is 100
optical transitions in the disordered glass hosts allows fotimes higher than the concentrations typically used in
wavelength multiplexing, and it is possible to simultaneouslyEDFA’s and the reduction in active length is substantial. At
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E[cm'l] yield measurements are used to establish useftii Bnd
A Yb3* c_oncentration regim_es and to identify the efficient
30000 quenching of*l 13, population at OHimpurity sites. A de-
“ tailed analysis of internal sample heating and its relevance to
Zg;,lf the 1,4, radiative relaxation properties is presented.
4F5/2 32
20000- Fn Il. EXPERIMENT
4531,;/2 A. Sample preparation
9/2 Soda-lime-silicate glasses were prepared fio89.999%
— Yy cationic purity powders of Si§) Na,O, CaO, MgO, BO;,
100004 T T ’Fy, LiZO., GeQ, S60;, Lay0s;, EnOs, and YO, melted in Pt
crucibles at 1400°C for up to 50 h under dry air
— Tisn (<1 ppm HO) in a resistance furnace, and cooledsitu.
Soda-lime-silicate glass series with a total rare-earth oxide
concentration of 0.4, 1.25, 2.5, and 5 mol % with fixed 0.4
0+~ - s Fopy mol % ErO; were prepared. For aluminosilicate glasses, the
Er3+ Yb3+ >099.999% cationic purity Si© Al,O;, CaO, MgO, BaO,

P,03, B,O5, La,0Og, Er,O3, and YO5; were used in a similar
preparation. Aluminosilicate glass series with a total rare-
earth-oxide concentration of 2.5, 5, 10, and 15 mol % with
fixed 0.4 mol % EyO; and ALO; concentrations ranging
Srom 9 to 25 mol % were prepared. For both glass types,
concentration series of Eb; (0.05—1.2 mol% and concen-

) N i tration series of 0.4 mol % ED; samples codoped with
these high EY" concentrations, r_lowever, energy-transferszo3 (0.2—4.0 mol % were prepared. All samples were cut
processes between two or moré Eions, such as upconver- rectangular parallelepipeds and optically polished. The
sion or energy migration to parasitic impurities, can become,ysica| characterization of the samples included measure-
important and degrade the luminescence quantum yield frorg,dnts of the density, refractive index, andEand Y5 ion

the most important excited-state multiplél;z,. Together  jansities. The compositions of all glasses used in this study
with the intrinsically low absorption cross section of Efor are listed in Table I.

980-nm pump light, this adversely affects both the threshold
power and the gain per unit length and limits further optimi-
zation of EF*-based POWA's. The use of ytterbium (¥
as a sensitizer for Bf, a mechanism that has been known  With one exception, all experiments were carried out at
for a long time*® offers attractive alternatives to POWA ma- room temperature. Absorption spectra in the visible, near-
terials doped only with Bf. The 2F,;,— Fg, transition of  infrared, and midinfrared spectral range were recorded on a
Yb3" in the near infraredsee Fig. 1 has a high absorption Cary 5E (Varian) and a FTS40Bio-Rad dry N, purged
cross section and, in combination with efficient-¥Er en-  spectrometer, respectively.
ergy transfer, may allow for a considerable reduction 6f Er An argon-ion laser pumped Ti:sapphire laser was used to
concentrations while maintaining sufficient pump-light ab-excite the samples around 980 nm for the continuous-wave
sorption, making it possible to design short POWA deviceduminescence spectra in the visifé|S) and near-infrared
requiring only low excitation intensities. (NIR) spectral regions, and for the lifetime measurements of
The realization of YB'-sensitized EY'-based POWA’'s the 1.55um emission of Et". Sample luminescence was
involves optimization of a variety of parameters and theredispersed by a 1-m monochromat¢spectral resolution
fore requires a detailed knowledge of the excited-state dy1.5 cmt and 5 cm?t in the NIR and VIS, respectivelyand
namics in order to design glasses with loss rates within acwas detected using a cooled InGaAs digbkgR) or a pho-
ceptable limits. This paper presents a detailed spectroscopiomultiplier (VIS) in combination with a lock-in amplifier.
investigation of an extensive series of 3Edoped and A Nd:YAG pumped pulsed dye laser operating around
Yb** Ef¥*-codoped soda-lime-silicate and aluminosilicate698 nm (LDS 698 was Raman shifted in Hto produce
bulk glasses. Compared to pure silica glass, soda-limepulsed(8 ns, 10 Hz excitation in the 980-nm range for the
silicate and aluminosilicate glasses offer a 10-20 timesneasurements of upconversion luminescence spectra at low
greater solubility for rare-earth ions without forming ion excitation densities. The same mode of excitation was used
clusters. In addition, the various constituents of soda-limefor the measurement of temperature-dependent lifetimes of
silicate and aluminosilicate glasses provide a much widethe 1.55xm emission of Et". For this experiment, samples
range for chemical modifications than pure silica. The depenwere either cooled by a closed-cycle refrigerator or heated in
dence of the BY" oscillator strengths on the glass composi-a controlled heated resistance furnace.
tion is discussed on the basis of a Judd-Ofelt intensity analy- Absolute luminescence quantum yields for the
sis. Of particular interest is the origin of the spectral structure®*l 13, %115, transition around 1.55um for excitation
in the 1.55um emission band and methods to smooth thisaround 980 nm were obtained from luminescence spectra
spectral gain profile. Absolute luminescence quantumsecorded with the sample placed in a 6-in. Spectralon®-

FIG. 1. Energies ofS"IL; multiplets of EF* and YI*. Only
Er* multiplets in the energy range relevant to this study are shown
The solid arrows indicate the transitions used for excitation of th
1.55um (*l 13—l 159 EF' luminescence transitiofppen arrow.

B. Spectroscopic experiments
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TABLE |. Glass composition, glass densijpy(g cm ), and refractive index at 589 nm for the soda-lime-silicatéop section and
aluminosilicate(bottom sectiop bulk glasses used in this study. The Judd-Ofelt intensity paran‘ﬁ'r@ys(lO’zo cnr), obtained from an
intensity-weighted least-squares fit of the oscillator strengthe Fig. 2 to Egs.(1) and(2) [using the atomic parameteFg, =422.45
cm b F)=65.05cm?, Fg=6.743cm?, {=2371cm* (Ref. 17], the full spectral width at half maximum FWHM (ci) (obtained
from a Gaussian fit to the highest-enertlys,,—*l 13, absorption peak, see inset Fig, and the ratio of nonbridging oxygeéhBO) versus
total rare-earth (RE) concentrationsy [calculated from the glass compositiésee Sec. IV B] are shown for selected, representative
samples.

Judd-Ofelt
Glass composition parameters
(mol % of the respective oxide (1020 cnrd)
p FWHM
Si Na Al Ca Mg Ba Li P Ge B Sc La Er Yb(gem?® n Qg Qu Qg (cm?b) vy
72.42 13.57 8.81 3.95 1.20 0.05 2.58 1.526
72.42 13.57 8.81 3.95 1.15 0.10 2.58 1.526
72.42 13.57 8.81 3.95 1.05 0.20 2.58 1.526
72.42 13.57 8.81 3.95 0.85 0.40 2.58 1525 432 0.83 041 201 24.1
72.42 13.57 8.81 3.95 0.45 0.80 2.59 1.524
72.42 13.57 8.81 3.95 0.05 1.20 2.61 1.523
72.42 13.57 8.81 3.95 0.05 0.80 0.40 2.61 1.521
72.42 13.57 8.81 3.95 0.45 0.40 0.40 2.60 1.522
72.42 13.57 8.81 3.95 0.65 0.20 0.40 2.60 1.523
71.70 14.70 4.00 8.80 0.83 2.53 1.511
72.20 14.80 4.00 8.90 0.14 2.43 1.504
72.00 14.70 4.00 8.90 0.41 2.47 1.508
73.02 13.69 8.88 3.98 0.20 0.20 2.51 1.514
73.02 13.69 8.88 3.98 0.40 251 1.516
73.02 13.69 8.88 3.98 0.20 0.20 2.49 1.514
72.40 13.57 8.81 3.95 0.05 0.80 0.40 2.60 1.522
72.40 13.57 8.81 3.95 0.45 0.40 0.40 2.59 1.523
72.40 13.57 8.81 3.95 0.05 0.40 0.80 2.61 1.522
72.40 13.57 8.81 3.95 0.85 0.20 0.20 2.58 1.523
72.40 13.57 8.81 3.95 0.65 0.20 0.40 2.58 1.524
72.40 13.57 8.81 3.95 0.25 0.20 0.80 2.60 1.521
70.98 13.30 8.64 3.87 1.96 0.83 0.39 2.58 1.528
70.98 13.30 8.64 3.87 1.96 0.64 0.20 0.39 2.60 1.527
70.98 13.30 8.64 3.87 1.96 1.03 0.20 2.61 1.526
73.00 13.70 8.90 4.00 0.40 2.53 1519 456 0.83 0.35 196 695
69.60 13.10 8.50 3.80 4.60 0.40 2.97 1.571 531 1.11 051 218 8.08
69.60 13.10 8.50 3.80 2.60 0.40 200 3.01 1.565
69.60 13.10 8.50 3.80 2.00 2.60 0.40 2.84 1.573
69.60 13.10 8.50 3.80 2.00 0.60 0.40 2.00 291 1.560
69.60 13.10 8.50 3.80 0.60 0.40 4.00 3.09 1.568
71.50 13.40 8.70 3.90 2.10 0.40 2.71 1.539 494 089 046 208 134
71.50 13.40 8.70 3.90 0.10 0.40 2.00 2.78 1.534
71.50 13.40 8.70 3.90 0.50 0.40 1.60 2.78 1.538
71.50 13.40 8.70 3.90 0.90 0.40 1.20 2.76 1.537
71.50 13.40 8.70 3.90 1.30 0.40 0.80 2.75 1.538
71.50 13.40 8.70 3.90 1.50 0.40 0.60 2.73 1.530
71.50 13.40 8.70 3.90 1.70 0.40 0.40 2.72 1.537
71.50 13.40 8.70 3.90 1.90 0.40 0.20 2.71 1.538
69.70 13.20 8.50 3.80 2.30 0.10 0.40 2.00 2.79 1.537
61.50 13.40 8.70 3.90 10.00 0.10 0.40 2.00 2.96 1.552
69.60 6.55 8.50 3.80 6.55 4.60 0.40 2.95 1.581 5.05 1.09 0.61 8.08
65.00 20.00 14.95 0.05 3.57 1.652
65.00 20.00 14.90 0.10 3.57 1.652
65.00 20.00 14.80 0.20 3.57 1.652
65.00 20.00 14.60 0.40 3.57 1.652

65.00 20.00 14.20 0.80 3.58 1.652
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TABLE I. (Continued)
Judd-Ofelt
Glass composition parameters
(mol % of the respective oxide (102 cn)
p FWHM
Si Na Al Ca Mg Ba Li P Ge B Sc La Er Yb(gem?® n Qg Qu Qg (cm?) vy
65.00 20.00 13.80 1.20 3.59 1.652
70.00 15.00 14.60 0.40 3.55 1646 6.41 142 082 259 2.00
65.00 20.00 14.20 0.40 0.40 3.59 1.651
65.00 20.00 13.80 0.40 0.80 3.60 1.651
65.00 20.00 14.40 0.20 0.40 358 1.651
65.00 20.00 14.00 0.20 0.80 359 1.651
60.60 9.40 11.40 11.20 2.50 2.60 0.40 2.00 3.23 1.602
60.60 9.40 11.40 11.20 2.50 0.60 0.40 4.00 3.23 1.592
60.60 9.40 11.40 11.20 2.50 2.00 2.60 0.40 3.02 1.600 5.46 1.61 0.85 6.14
60.60 9.40 11.40 11.20 2.50 2.00 0.60 0.40 2.00 3.09 1.594
60.60 9.40 11.40 11.20 2.50 4.60 0.40 3.12 1.606 5.44 1.55 0.84 6.14
57.50 8.90 10.80 10.60 2.40 4.80 0.60 0.40 4.00 325 1.591
58.20 9.00 10.90 10.80 2.40 1.90 0.60 0.40 3.80 3.17 1.585
62.10 9.60 11.70 11.50 2.60 2.10 0.40 2.90 1.572 5.68 1.45 0.80 9.48
62.10 9.60 11.70 11.50 2.60 0.10 0.40 2.00 2.88 1.567
62.10 9.60 11.70 11.50 2.60 0.50 0.40 1.60 2.85 1.569
62.10 9.60 11.70 11.50 2.60 0.90 0.40 1.20 2.93 1.570
62.10 9.60 11.70 11.50 2.60 1.30 0.40 0.80 2.93 1.571
63.20 8.90 25.40 2.10 0.40 2.87 1582 6.24 130 0.74 252 9.60
63.20 8.90 25.40 0.10 0.40 2.00 292 1.578
65.00 25.00 9.60 0.40 325 1.614 7.14 158 092 270 0.50
65.00 25.00 7.60 0.40 2.00 3.29 1.610
65.00 25.00 5.60 0.40 400 3.38 1.608

coated integrating sphere and excited by an argon-ion laseexcited-state multiplet>Fs;;), and the respective absorp-

pumped Ti:sapphire laser. The luminescence was dispe
by a 0.25-m monochromator and detected as descri

rseidns form the 2F,, ground-state multiplet are observed
besround 10 245 cm* (976 nn). The peak absorption cross

above. The absolute spectral response of the setup was dgsction as well as the oscillator strength?®¥;,,— 2F s, are
termined from a measurement of a NIST-calibrated coiledmgore than an order of magnitude greater than for thi& Er
coil tungsten lamp operated by a high-precision constant-4|15/2_>4|11/2 absorptions in this energy range. The disor-

current source. The total emission rate around JBbwas
calculated by numerical integration of the corrected spec

profile and subsequent application of a reabsorption corre
tion factor obtained from a geometrical Monte Carlo simula
tion of radiation trapping? The absorption coefficient at the
excitation wavelength and the refractive index were used t
calculate the total absorption rate considering multiple inter

nal reflection in the sample. The absolute accuracy of

results was verified by cross-checking luminescence qua

tum yields for well-known commercial Nd-doped laser

agered glass structure leads to significant inhomogeneous
roadening of all the lines. Both the linewidths and the os-
Tillator strengths are greater for AS glass than for SL glass
“for all the transitions in this energy range. The inset, which
hows the glass samples with the larggsh) and smallest
(SL) broadening, illustrates that the overall five-peak struc-
thdure as well as the total energy width of tHeys,—*l13
A1.52 um) absorption band is similar in both AS and SL

glass. Although much sharper, the variok;s,—*l13

tr

glasses(LG750 and LG760, from Schott Glass Technolo- cTystal-field transitions of a Y03:1% EP* single crystal at

gies, Duryea, PA'®

Ill. RESULTS

room temperature show, qualitatively, a similar spectral
structure.

A representative, room-temperature luminescence spec-
trum obtained for continuous-wavél ;5,,—“l 1/, excitation

Figure 2 presents representative near-infrared and visiblé980 nm) of an EF*-doped SL glass is shown in Fig. 3.

absorption spectra of Et-doped soda-lime-silicateéSL) and
aluminosilicate(AS) glasses as well as of Yb-doped alu-

Luminescence from the excitell ;;,, state is almost absent
whereas intense luminescence frdin g, is observed. This

minosilicate (AS) glass at room temperature. The energieds indication for a high efficiency of the nonradiative relax-
and relative extinction coefficients for transitions to the vari-ation of #1,,,, to *I,5,. Evidence for efficient}l ;,,, relax-
ous 25T1L; excited-state multiplets are typical for both ions ation is also found in the luminescence transients of both
in an oxide glass environment. In contrast to the manythese states. As shown in the left inset, the decaylef,,

excited-state multiplets of Ef, the YB*" ion has only one

population is directly correlated to the fast rise 8f;z,
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5 {molcm!
4
G11/2
s
5
S FIG. 2. Room-temperature absorption spectra
b= 1 — . . representative of Bf-doped soda-lime-silicate
8 L6200 6400 6600 6800 7000... (SL) and aluminosilicate (AS) glass, and
: R AS Yb3*-doped aluminosilicatéAS) glass. The inset
1) i 4 4 i
-5 . . Y 4 (0.4molBEr,05) shows the®l 15— 1 13, transition for SL and AS
2 L3 e Tn Fop U\‘\_ glass and for a ¥03:1% EP* crystal. The peak
ﬁ A A N used to analyze changes in the inhomogeneous
v broadeningSecs. IV A and IV B is marked with
2 an asterisk.
Fso  AS SL
(0.4mo01%Yb,05) (0.4mol %Er,05)
i R A
I T T I ! I
5000 10000 15000 20000 25000 30000

frequency [cm’l]

population, both time constants obtained from single expo4.2x10° times greater in ZBLAN:0.3wt% EgF
nential fits being identical7.5 us) within the experimental (0.37<10° EP* cm™) than in SL:0.4mol% EO,
accuracy. Besides near-infrared luminescence, weak upcogt 97x10%° Ef3* cm 3 for the same absorbed?l(,)
version luminescence fromH 1, *Sy,, and *Fg; is ob-  power. The right inset illustrates the decrease of upconver-
served in the visible range. The relative intensities of thesion luminescence frorfiH 4, relative to luminescence from
various EF' radiative transitions in these silica-based S,, with the temperature decreasing from 300 to 20 K in a
glasses are very different from those observed in low-phonon.4 mol % EgOs-doped soda-lime-silicate excited around
glasses(and crystals such as the fluorozirconate glass 980 nm with low(pulsed intensity.

ZBLAN (53 ZrF,—20 BakR—3.5 La— 3.5 AIF;—20 NaB. The dependence of the Judd-Ofelt intensity parameters
In Fig. 3, the *l,;, excited luminescence spectrum of Q) and Q) (obtained from an intensity-weighted least-
ZBLAN:0.3 wt % ErF; is shown to scale for comparison. In squares-fitting proceduren the ratio of nonbridging oxygen
ZBLAN:Er®*, the multiphonon relaxation of%l,y, is  (NBO) versus total rare-eartfRE) ion concentrationsy, is
strongly suppressed, giving rise to a pronounced increase ghown in Fig. 4, which includes data of several SL and AS
411> as well as upconversion luminescence at the expensglasses used in this study. Thy,) and() ) parameter val-

of *l15, luminescence. Between 13 000 and 20 000tm ues are used as a linear measure for the average covalency
the integrated upconversion luminescence intensity isnd the average force constant of theé'Eoxygen bonds,

g 4 % SLESY Sy, Hyp
2 4 3 2
& Tian _ . 200K /T a
o |2 SL:Er™ g ,
2 5 Tun 8 |20k FIG. 3. Room-temperature luminescence
% g g 0K j\/\ spectra for a 0.4 mol % ED;-doped soda-lime-
e F . T . . e silicate glasgSL) (1.97x107° E** cm™) and a
o 0 P e frequency [em"'] 0.3 wt% EP'-doped ZBLAN fluoride glass
:;; (0.37x10°°Er" cm™3)  excited by the
2 M T oy Hyy, #1157~ % 115 transition around 980 nm. The mul-
.g excitation tiplet terms indicate the initial state of the transi-
g 7BLAN tion to the*l ;5,, ground-state multiplet. The spec-
= (0 3WIEFy) tra are corrected for absorbed power and plotted
E — on the same normalized intensity scale. The
3 equivalence of thél ;,, decay and thél 5, rise
E for SL:0.4 mol % E§Os is shown in the left inset
© and the temperature dependence of upconversion
xsoo Ty X108 SL luminescence from*S;, and 2Hy, in a
(0.4mol%Er,05) SL:0.4 mol % Es05 is shown in the right inset.
] T I I
5000 10000 15000 20000 25000

frequency [cm"l]
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higher Er-O g 4 - 2.0 lower Er-O
covalency force constant
FIG. 4. Q ;) and() ) Judd-Ofelt intensity pa-
& rameters of various 0.4 mol % f;-doped soda-
og lime-silicate (squares and aluminosilicate
‘*-‘O (circles glassegfrom Table ) as a function of
= the ratio of nonbridging oxyge(NBO) vs total
a8 rare-earth (RE") concentrationsy. The curves
G are shown to guide the eye. Covalency and force
constant of Er-O bonds are discussed in Sec.
IV B and compared to the trend of the,, and
Q) parameter values.
lower Er-O ¢ _| | g0 higherEr-O
covalency 1 T 1 T T T 1 T force constant
0 10 20 3 40 S50 60 70

respectively. The Judd-Ofelt model suggests an increasin@ns absorbed at the excitation wavelength980 nm) at
covalency and a decreasing force constant of théow excitation densities€5 Wi/cn?). Figures 6 and 7 show

Er*-oxygen bond upon lowering.

Figure 5 shows, for a variety of Er-doped SL and AS
glasses, the dependencefs,— “l 5, oscillator strengths,
f, obtained from room-temperature absorption spe(tes
Fig. 2) on the *l 3, relaxation rate constantsg, obtained
from single-exponential fits to *l;3,—*,5, room-
temperature luminescence transients. Tihg,—*l 3, 0s-
cillator strength for both SL(squares and AS (circles
glasses is found to be a linear function of tfig 4, relax-

n for Er¥*-doped and E¥,Yb®'-codoped SL and AS
glasses, respectively. For both glass types, the quantum yield
is around 0.90 at low E¥ concentrations and drops to about
0.65 at 1.2 mol % EO; [Figs. §a) and Gb)]. A much more
pronounced drop, indicative of an additional quenching
mechanism, is observed for a SL glass prepared with a high
OH™ concentration (25515 ppm OH") [Fig. 6(c)].

Figure 7 compiles quantum yields for a variety of SL
(squares and AS (circles glasses doped with 0.4 mol %

ation rate constant. The intersection of the linear fit at theEr,0; and codoped with YJD;. The dotted line is shown to
origin (Bs_o=—3.1=5.1s %) indicates the virtual absence guide the eye, and it defines three 3bconcentration re-

of nonradiative processes froffi 5, in the regime of low
excitation densities used in this experiment.
The absoluté*l 13, luminescence quantum yield), is de-

gimes: the data suggest a higtfor low Yb®* concentration
(regime ), a low 7 for intermediate YB* concentratior(re-
gime ii), and a restored high value of at high YB** con-

fined as the ratio of the number of photons emitted by theentration(regime iii).
41132~ * 15/ (~ 1.55 um) transition and the number of pho-  The control of atmospheric conditions during glass prepa-

2.0x10"

4 4 -
L5,—"1,5,, oscillator strength £

FIG. 5. *l15,—% 13, Oscillator strengthsf,
for soda-lime-silicate(squares and aluminosili-
cate (circles glasses as a function of room-
temperature®l 15, relaxation rate constantss.
The horizontal bar on the axis indicates the
standard deviation of the intercept.

4113/2 relaxation rate constant 3 [s'l]
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=
e a)
.8 .
5 0.6 b) FIG. 6. Absolute*l 5, luminescence quan-
g tum yields (for ~980 nm excitation at room-
= temperature and low excitation density
% 0.4 (<5Wicnf) for a concentration series of
Q Er**-doped (a) soda-lime-silicate,(b) alumino-
o silicate, and (c) OH™ rich soda-lime-silicate
¥ c) (255+ 15 ppm OH) glasses.
0.2 1
0.0+
T T T T T I T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Er,O; concentration [mol%]

ration allows for a tuning of the concentration of Okm-  glasses excited around 975 nm are shown in Fig. 9. The
purities in the samples. Figure 8 shows representative roonexcitation density was 51 kW/chin the focal region, and
temperature midinfrared absorption spectra of the soda-limethe samples 0.5 cn?) were at room temperature at the
silicate and aluminosilicate glasses used in Fig. 6. The twsurface. Due to the smafiH,,,,—*S;, energy separation,
peaks around 3500 and 2900¢ch prominent in the the 2H,, excited state is easily thermally populated from
OH™-rich SL sample, are assigned to fundamert&iO-H 4s,/, and subsequently contributes to the radiative relaxation
vibrations in which the OH group is either free or engaged inin this spectral range at room temperatgsee right inset,
hydrogen bonding with a neighboring nonbridging oxygenFig. 3). From bottom to top, a strong increase of the
atom (NBO), respectively’® Indicated OH concentrations — 2H 1 15210 *Sy,— 2l 155, intensity ratio is observed, in-
therefore represent the sum of various types of Si-OH coneicating an increasing internal sample temperafyre This
figurations and were calculated using the oscillator strengtlvend is correlated with an increasing absorption coefficient,
values derived by ScholtZ8.OH™ concentrations of 255 «a(\,,), at the excitation wavelengthho,, Which was
=15 ppm and <55+15ppm were estimated for the achieved by YB' codotation of the 0.4 mol % E®,;-doped
OH™-rich glasses and for the glasses prepared under dry affasses.
mosphere €1 ppm H0), respectively. Figure 10 plots internal sample temperatufesalculated
Upconversion luminescence spectra for several ASrom upconversion luminescence sped¢aa shown in Fig. P

1.0
0.8
= i T % _
= P (. FIG. 7. Absolute®l 3, luminescence quan-
'QS)\ 0.6 { """ tum vyields (for ~980 nm excitatioh at room-
£ % } temperature and low excitation density
g LA A (<5 W/cn?) for a concentration series of 0.4
S mol % ErO;-doped soda-lime-silicatésquares
O; 0.4 and aluminosilicate(circles glasses codoped
a 0.4 mol% Er,0; with Yb,0;. The dotted line, shown to guide the
+ eye, defines three ¥b concentration regimes
0.2 discussed in Sec. IVD 2.
@ G (iii)
0.0
1 I I T T T
0.0 0.5 1.0 1.5 2.0 2.5

Yb,0O, concentration [mol%]
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1.0
. 08
g
2 .
= 0.6 SL, OH r1ch_ FIG. 8. Representative room-temperature
LV 255+15 ppm OH . . .
5 midinfrared absorption spectra of the soda-lime-
% silicate (SL) and aluminosilicate(AS) glasses
S shown in Fig. 6. The two high-energy vibrational
g 044 OH™ modes around 3500 cth and 2900 crnt
g, SL are prominent in the OFHrich sample and
§ 55+15 ppm OH strongly suppressed in the samples prepared un-
< 024 der dry air €1 ppm HO).
AS
+ H
0.0 25%15 ppm O
T | ' [ v T ] ]
2000 2500 3000 3500 4000 4500

frequency [cm™]

as a function of the absorption coefficient at the excitationcorrelation of internal temperature and absorption coeffi-
wavelengtha(\,), for a variety of 0.4 mol % EOz-doped  cient.

SL and AS glasses codoped with 0—4 mol %,®h Within The temperature dependence of tfigs, lifetime in a

the accuracy of the data, Sisquares and AS (circles 0.4 mol % EpOs-doped soda-lime-silicate glass is presented
glasses exhibit the same behavior. As indicated by the almo#t Fig. 11. Only a slight drop from 13.8 to 11.4 ms is found
linear dependence df; on a(\g,), the involved transitions upon increasing the sample temperature from 12 to 678 K.
were not saturated at the 51-kW/€raxcitation intensity This decrease results from the shorter radiative lifetimes to
used for these experiments. Significant internal sample heabe found in higher-lying crystal-field levels of tHi; 5, mul-

ing is only found for samples codoped with ¥b [ ()¢ tiplet, and it is consistent with the multiphonon relaxation
>0.5 cm 1], and the maximum internal sample temperaturefrom the #I 5, multiplet being negligible, even in the most
of 572 K is measured for a 0.4 mol % &), aluminosilicate  strongly internally heated samples shown in Fig. 10.
codoped with 4mol% YO, The inset shows the
2H 17— % 15/ t0 #Sg;,— %115 luminescence intensity ratio
as a function of excitation wavelength in the region of the
Yb3" absorption(see Fig. 2 for a codoped aluminosilicate The present study focuses on the properties of excited
glass. The similarity of this curve and the correspondingstates of Et" and Y™ with energies below 27000 cm,
Yb3" absorption spectrum is another manifestation of the.e., on the visible and near-infrared spectral range, and the

IV. DISCUSSION

4 4 2 4 :

S3,=>Tisp Hup=lisp 0 (Rey) T

-1
& [em™] (K]
B
g
8
g 19.5 572 ]
o FIG. 9. Room-temperature upconversion lu-
] minescence spectra of several 0.4 mol %
é Er,O5-doped aluminosilicate glasses codoped
o 16.0 472 (except bottom samplevith Yb,0; and excited
g around 975 nm with 51 kW/cfn The absorption
@ coefficient at the excitation wavelengti(\,),
o .
= and the calculated internal temperatufe, (see
8 9.92 431 Sec. IV D 3, are indicated.
£
0.21 309
f T T
17000 18000 19000 20000 21000

frequency [em]
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550

FIG. 10. CalculatediEgs.(7) and(8)] internal
sample temperaturds for a variety of 0.4 mol %
Er,05-doped soda-lime-silicatesquaresand alu-
minosilicate (circles codoped with 0—4 mol %
Yb,0; as a function of the absorption coefficient
a(\gy at the excitation wavelengthk,,. Glasses
with a(A\e,)>0.5cni’! correspond to samples
codoped with YBO5;. The solid curve is a least-
squares fit of Eq(10) to the entire data set. The
inset compares théH ;,,,/%S,/, upconversion in-
tensity ratio(see Fig. 9 with the absorption co-
- |2 efficient as a function of the excitation wave-
. Lo length in the?F,,— 2F 5, absorption region of a

T T T T T T

920 sd0 %60 %0 1000 1020 Yb®*, EF*-codoped aluminosilicate glass.
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respective 4 energy-level diagrams of both ions are sche-*l,5,— %15, gain profile in a POWA device. The disordered
matically shown in Fig. 1. The transitiorf$,5,—%l,,,and  glass host offers a broad distribution of coordination sites for
2k, —2F5, were used to excite Bf and YB* around 980 Er** and YB** ions and, as a result, optical transitions are
nm, respectively. Sections IV A—IV C first consider single- inhomogeneously broadened. In contrast to crystalline hosts,
ion processes and discuss inhomogeneous broadening, radibe absorption spectra in Fig. 2 therefore show little spectral
tive transitions, and multiphonon relaxation offEiin vari-  Structure.
ous soda-lime-silicatéSL) and aluminosilicat¢AS) glasses. In Fig. 2 it is evident that the various absorption transi-
Two-ion energy-transfer processes are subsequently intrdions show more structure in SL glass than in AS glass. This
duced in Sec. IV D, where the role of Yhas a sensitizer for is particularly obvious in the inset which presents the least
Er* is analyzed. (SL) and the mostAS) broadened*l ;5,— I 5,, absorption
spectrum in the glasses studied here. At a given temperature,
the spectral profile of an optical transitiggLJ)—|S'L’J")
is determined by the crystal-field splittings of the respective
The spectral structure of the Er 4l 15+l 13, transition  multiplets, the oscillator strengths of the individual crystal-
is of particular interest for optical signal amplification field transitions, the homogeneous broaderigg., thermal
around 1.55um since it determines both the number and thebroadening and the inhomogeneous broadeniimgainly a
wavelength of channels which can be operated within theesult of short-range disorder in the host latticEhe inho-

A. Inhomogeneous broadening vs crystal-field splitting

16

,_.
N
1

—
S
|

—_
<
1

FIG. 11. Temperature dependence of the
41135 lifetime in a 0.4 mol % E;O;-doped soda-
lime-silicate glass. The values were obtained
6 from single-exponential fits to the 1.5 lumi-
nescence transientaot shown.

*1,31, lifetime [ms]
i
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mogeneous broadening in rare-earth-doped crystalline hostgithin the |SLJ) initial state. For rare-earth-doped glasses at
is typically much smaller than the overall crystal-field split- room temperature these conditions are typically sufficiently
ting of 25*1L; multiplets, and the various peaks within a well satisfied. The electric-dipole-induced oscillator strength,
|SLY)—|S'L’J’") transition usually correspond to individual feq, of a transition|SLJ)—|S'L’J’") is then given by

(mainly homogeneo;ily broadenectystal-field transitions ,

(see, e.g., the XO5:Er’™ spectrum in the inset of Fig.)2In 8T MY Xed R
glasses, on the other hand, inhomogeneous broadening carf,edzg—h (2J+1) xgm Q(A)|<SL‘1‘U(M”S L'3")2,
in principle, become comparable to or greater than the over- (1)

all crystal-field spliting of the 25*1L; multiplets. The

41 15— *1 13, absorption spectréinset Fig. 3 provide infor- Where m is the electron massy is the frequency of the
mation on the relative magnitude of the inhomogeneougdransition, andyqis the electric-dipole local-field correction
width in the present SL and AS glasses. Although the widttwhich is (n*+2)%/9n and n(n?+2)?/9 for absorption and

of the various features in th#l ;5,— %l 5, Spectral profiles emission, respectively, witim being the sample refractive
differs appreciably between SL and AS glasses, the five-pedkdex. The reduced matrix element of the tensor operator
structure as well as the total width of the transition is veryU™) in Eq. (1) can be approximated on the basis of interme-
similar. From the crystal-field splittings dfi ;5,, and #l,5,  diate coupling|SLJ) wave functions, i.e., it includes the
reported for the B -doped oxide crystals YAG, YSAG, and electronic repulsion parameteffg,, and the spin-orbit cou-
YSGGY’ the total width of the?l 5l 15, transition is  pling constantZ. For the following analysis of SL and AS
expected to be about 370—430 chnat room temperature. glasses, these parameters have been estimated from correla-
This value is in good agreement with the total width of abouttion crystal-field calculations reported for several Edoped
280—350 cmi* which is spanned by the five peaks shown inoxide — crystals, and the average valuesF y

Fig. 2. In addition, the*l ;5,— 115/, absorption spectra of SL =422.45cm’, F(;)=65.05cm?, F=6.743cm*, (

and AS glass show much similarity, in both the energy po-=2371cm* were assumedNote the conversion relations
sition and the relative intensity of the main features, with theF ?)=225-F ), F®*)=1089 F 4, and F(®)=(184041/25)
room-temperature absorption spectrum of a 1%' Etoped -F)-) The magnetic-dipole induced isotropic oscillator
Y,05 crystal. For both SL and AS glass we therefore con-strength,fq, which is nonzero for transitions withJ=0,

clude that the inhomogeneous broadening®bfs; %113,  *1, is given by

crystal-field transitions is bigger than the homogeneous

broadening but still significantly smaller than the overall _8772mv Xmd 2 12
crystal-field splitting of these multiplets. The structure of the Fma= 3he? (2J+1) |l “(SLIL+25[S'L" )%,
4 15/ ¥ 137 transition in both glasses is therefore mainly 2)

determined by thél ,5,, and *1 15/, crystal-field splittings, the _ _
latter being of slightly smaller magnitude compared to oxideVheree is the electron chargg.g is the Bohr magneton, and
crystals. Xmd IS the magnetic-dipole local-field correction whichris
This conclusion defines the realizable wavelength rang@nd n® for absorption and emission, respectively. Tig,)
of 1.55um signal amplification by Ef. Since the paramete(s_ are obtained from |nten3|ty-we|ghted least-
4|13/2_>4|15/2 |uminescence range is determined by the CryS_SQlJafeS f|tt.|ng Of Calculated tOta| OSCI||_atOI’ Stl’thf_h@J
tal field, even in highly disordered glasses, the energy rang& fed’ + fmd’ [Eas. (1) and (2)] to experimental oscillator
in which useful gain can be achieved is about 6050tm strengths ) . (fe is obtained by numerical integration of
(1.65 um) to 6900 e (1.45 um) (see Fig. 3. However, thei—| absorptiorfe(v) in (I mol™tcm™) vsvin (cm™)]
maximizing inhomogeneous broadening is essential for oband conversion according 10 fop=4.31907
taining a smooth gain profile in this wavelength range. Secx10~° mol cn?- 11X fiﬁje(y_)dr) The results for vari-
tion IV B provides a detailed analysis of the factors deter-ous EF*-doped SL and AS glasses are summarized in Table
mining the magnitude of inhomogeneous broadening and of
overall crystal-field splittings in the present glasses. With the addition of glass modifiers{"*) such as N3,
ca&", Mg?t, or rare-earth (RE) ions, linkages in the
[SiO,] network of silica glass are broken. Consequently,
there are bridging oxyge(BO) atoms and nonbridging oxy-
Oscillator strengths obtained from room-temperature abgen(NBO) ions, the latter having a formal charge-efl. and
sorption spectra of Bf-doped SL and AS glassésee Fig. being the only negatively charged species in the glass. In
2) were used as experimental input for a Judd-Ofelt intensityeffect, the silica network becomes a polyanion with net nega-
analysis. The Judd-Ofelt model describes the perturbation afve charge primarily localized at NBO’s. Charge balance is
the 4f" states by opposite parityf4 *nl (wherenl is  achieved with the presence of the constituent catdA3 in
mainly 5d) on the basis of three parametefy,, (A interstitial sites. Depending on the structure of the network
=2,4,6)129The model assumes the states of the perturband on the size, charge, and field strengths of these cations,
ing 4"~ Inl configurations to be degenerate and the energyhey will form associates with network oxygens with varying
difference between these perturbing states and all the statdegrees of ionic/covalent character. As the number of NBO's
of the 4f" configuration to be equal. The model further as-per Si atom increases not only does the overall network at-
sumes an isotropic medium, equal frequencies of the crystatain (i) higher negative chargegji) higher probability of
field transitions within dSLJ)—|S'L’J’) multiplet transi- NBO'’s on adjacent Si atoms, ariii) higher probability of
tion, and equal thermal population of the crystal-field levelsmultiple NBO’s on any given Si atom but it can al$w)

B. Judd-Ofelt analysis
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more easily undergo structural reorganization to accommaosubstantiating evidence. Also we have not addressed the pos-
date cations in preferred coordinations. The addition of alusible effect of Al incorporation and its associated negative
mina adds another factor for it is expected to incorporate intaharge. This will affect the nature of adjacent BO’s and their
the silica network in a tetrahedral coordination, eliminatingability to interact with nearby cations. Specific information
one NBO. Consequently there will be a net negative chargen any idiosyncrasies of the structure of the *REoped
associated with the aluminum site, spread over adjacent oxyluminosilicate glasses which may affect the situation are
gens and beyond, which must also achieve charge compeaiso unavailable. Our analysis, although based on a consid-
sation. erable number of samples, illustrates some of the difficulties
The following discussion is an attempt to extract informa-faced when trying to extract information on microscopic
tion on the local interactions of Er with the surrounding physical properties from the “bulk”-type Judd-Ofelt param-
glass network as a function of glass composition from thesters.
Judd-Ofelt parameter® ) and () gy obtained from the ab-
sorption spectra. Th€),, parameter was proposed to be a C. Multiphonon vs radiative relaxation

measure of the degree of covalency of the chemical bonds The high vibrational energigsip to 1000—1100 ci¥) of

between RE' and its nearest-neighbor atoftsTypical Lo .

Q) values for E?* systems range from 310 %° to the ba(ljs_lct[_S|O4]|strutc_:turalfug}:t of .StL dan'? tAS tghlasses ma:<e

15X 10 2% cn?, but values of up to 10810 2% cn? (for ?oEra lative relaxa 'O?].Ohl ext()n gl states rqll_Jhg mlut-'

Erl;) have been observed in highly covalently bonded"Er Iphonon emission a highly probablé process. 1he relative
efficiencies of radiative and multiphonon relaxation to a

complexes in vapor§:*® The (), values derived from the ; ) TP .
spectral measurements for SL and AS glasses range fro;’ﬁrge extent determine the intensity dlstrlbu§|on of the lumi-
nescence spectrum. For most of the excited states, mul-

—20 —20
4.32¢107*10 7.14< 107 cn¥ (Table ), and a pronounced tiphonon relaxation is dominant, and, as shown in Fig. 3,

~60% increase in th& ,) values is observed upon lowering ) i
luminescence from only a few states is observed. The mul-

the NBO/RE™ concentration ratioy, from 69 to 0.5(see tiphonon relaxation rate constatkt,,, from a given excited
. ) . o
Fig. 4. The ) parameter was proposed to increase W'thstate can be estimated from the energy-gap law. At 0 K,

decreasing “rigidity” of the mediunt? i.e., the mean force ; ey .
constant of the B -oxygen bonds in our context, ard n_1u|t|phonon relaxatlo_n is due to spontaneous phonon emis-
e 6) gion, and the respective rate constant is given by

values are usually higher for glasses than for crystals. A
shown in Fig. 4} ) exhibits a similar dependence 85, Ko 0) = B~ @AE~2h0may) @)
on v, significantly increasing ag is lowered from 69 to 0.5. v
The Judd-Ofelt analysis therefore seems to indicate a highavhere a and 8 are positive-definite constants characteristic
covalency and a lower force constant of the*'Eoxygen  Of the host materialy wnmaxis the highest energy optical pho-
bonds at low NBO/RE" concentration ratios. non, andAE is the energy difference between the relaxing
Since NBO's are bonded to only one Si atom and oxygernd the next lower statd. With increasing temperatur€,
prefers a twofold coordination, part of the NBO excessthe stimulated emission of phonons by thermal phonons in-
charge will be donated to a coordinating ®Hon and form  creases, anbl,(T) becomes
a RE*-0-Si bond with significant covalent character and hee KT
structurally resembling the fundamental Si-O-Si linkage of Kmp(T) =Kmp(0) -[1— e~ maxT] 7P, (4)
the glass. A BO, on the other hand, engaged in a Si-O-Syhere p= AE/#wny is the minimum number of phonons
linkage and coordinatively saturated, has donated most of 'tﬁ—:'quired to bridge the energy garE.2>2% On the basis of
charge to the two Si atoms. A REion coordinating to a BO Eq. (4), room-temperature multiphonon relaxation rate con-
therefore W'Il receive little charge from the oxygen and thusgiants for the various Bt excited states can be estimated. In
f°”3“ a RE'-0Sj, bond which is more ionic than the g and AS glasses of compositions used He#g,,, is 1100
RE**-NBO bond. Also, as a result of its higher degree of and 1015 et respectively?’ and the parametera=4.7
covalency and directionality, the RENBO bond is ex- 3 109-3 gy 1 aﬁdﬁ=9.0>< 107 -1 reported for silica glagé
pected to have a higher force constant. As the NBG/RE \yere used for the calculation. Since the multiplet energies
concentration ratio is compositionally Iowereq, REons _ only change slightly between the two glass types, respective
have to compete for preferred NBO coordination and an iNenergy gapggiven in Table 1) have been assumed equal.

creasing number of RE ions will be forced to coordinate to  The spontaneous radiative relaxation rate constarfor a
BO’s. On average, a decrease of both the covalency and ﬂi?ansitionjﬂi is given by

force constant of the RE-O bonds is therefore expected.
This conclusion is in contradiction to the trend(®f,, and in
accordance with the trend d®, shown in Fig. 4. This
result raises two question@) is the proposed dependence of
Q) on the degree of covalency of the nearest-neighbowheree is the vacuum permittivity and= feq+ f g is the
chemical bon# universally valid andii) do the Judd-Ofelt total oscillator strengtfiEgs. (1) and (2)]. Table Il summa-
parameters, which were derived from the absorption spectrazes the calculated multiphonon relaxation rate constants
of the bulk glasses, actually represent the correct averadé&q. (5)] for the relevant excited-state multiplets of Er
over the ensemble of all Ef-O bonds in the sample or are With the exception of'l ;3,, multiphonon decay is the domi-
the parameters strongly determined by some specific-Br  nant relaxation process for all excited-state multiplets. The
bonds having a behavior different from that of the ensembleslightly lower maximum phonon energy of AS glass de-
average? We are unable to answer these questions withotiteasek,(T) by about a factor of 2.2 with respect to SL

2 2
i 2me ’ 2me

= . = N2
r Eomé ijﬂl 60m03 n Vfl*?]! 5
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TABLE Il. Calculated radiative K;) [Eq. (5)] and multiphononK,,) [Eq. (4)] relaxation rate constants
(s and calculated radiative decay fractiofrs= K /(K +Kmp)] for the lowest?S*1L; multiplets in 0.4
mol % ErO;-doped soda-lime-silicatey=69.5) and aluminosilicate(=0.50) glassk, was calculated
from the Judd-Ofelt intensity parameters given in Tablk.}, was calculated using the parameters 4.7
X103 cm, B=9.0x 10" 5%, andT=300 K. Respective energy gap& have been assumed equal for both
glasses. The highest vibrational enevgy ., is 1100 cmit and 1015 crm?! for soda-lime-silicate and alu-
minosilicate glass, respective(iRef. 27. Measured total relaxation rate constakgg, are shown for com-

parison.

AE Soda-lime-silicate glass Aluminosilicate glass
ZS+1|—J (Cm_l) kr I(mp r kexpt kr I(mp r kexpt
B PP 6600 68 9.%x10°2  0.9986 74.2 137 4X10%2  0.9997 126.4
12 3650 72 9.x10 0.0007 ~1.3x10° 172 4.6x10* 0.0037 ~1.3x10°
o 2265 84 6.4x10° ~0 206 3.x10' ~0
“Fop 2810 546 5.X10° 0.0001 1380 2.81¢° 0.0006
4Syp 3000 393 2.x10° 0.0002 1280 9.81C° 0.0013
2Hyp 900 5044 4.x10°° ~o0 9648 1.&10° ~0
“Fap 1280 1191 6.810° ~0 3235 3.Xx10° ~0

glass. In addition, the radiative decay rate constants are aboittis evident that*l ;,,, excitation is very efficient in populat-

a factor of 2.5 higher in AS glass due to the higher oscillatoring the #1 5/, excited-state multiplet in silica-based glasses.
strengths, giving an overall increase of the radiative decaiyrhe left inset in Fig. 3 illustrates the correlation between the
fractionr in AS relative to SL glass. The predicted domi- fast decay of the'l ;;, population (7.8 us) and the rise of
nance of radiative relaxation froft 15,, which is confirmed the #I 5, population. However, this excitation scheme is not
by the SL:0.4 mol % EO; luminescence spectrum shown in appropriate for all materials since the overall efficiency
Fig. 3, is also reflected in Fig. 5. Assuming an averagedtrongly depends on the relative magnitude of multiphonon
weighted 1 ,3,,—*l 15/, transition energy of 6548 cnt and  and radiative relaxation rate constants. Requiring the,,

an average refractive index of 1.574 for the samples showluminescence quantum yield fdt 4, excitation () to be

in Fig. 5, a slope in thé vs k! ™' graph of 1.4X10 8 sis  =0.5[i.e., 711,<(1—/1/2) and#;3,>/1/2] and assuming
calculated from Eq(5). The linear fit to the data in Fig. 5 7% wmaSKT, the fiwn,y, Criterion

yields a slope of (1.280.06)x10 8 s in approximate

agreement with the theoretical value. The measured relax- 1 12 1

ation rate constanke,, is the sum of radiativek! "') and 2a " 3o2-1) +5 ABnp<fiomax
nonradiative relaxation rate constants, &hd' vanishes for

the hypothetical casé=0 [Eq. (5)]. Therefore, thex-axis 1 134vV2-1)] 1

intercept of the linear fit in Fig. 5 is a direct measure of <5, [T +5 ABagp (6)

nonradiative contributions to th# ,5,, decay. The intercept
of —3.1+5.1s* obtained from the fit clearly shows the follows from Eq.(4), wherekj,,, andki,, are the radiative
absence of nonradiative relaxation frofii5, in this low  relaxation rate constants amdE,;, and AE;3, are the en-
excitation density regime, supporting the conclusionsergy gaps for the*l 11, and 1 15, excited-state multiplets,
reached above. respectively. Using typical parameter values fot'Bn vari-
The calculated radiative decay fractioms(Table II), in- ous hosts(see Ref. 24 and Table)|lthe criterion Eq.(6)
dicate that besided 15, radiative decay frontl 11/,, *Fg, precludes use of thé ;,,, excitation scheme for basically all
and 4S;,, should also be observable. This is confirmed inthe low-phonon halide materials such as fluorides, chlorides,
Fig. 3 where weak luminescence frofih;;,, and weak up- or bromides. Evidence for this is the long, radiatively domi-
conversion luminescence frofF, and %Sy, is observed. nated®*l;,, lifetimes of 12.8, 11.0, and 3.75 ms observed in
Upconversion luminescence frofiH 5, is a result of ther- CsCdBE,*® Cs;Lu,Bre,? and YLIiF, * respectively. The Iu-
mal population of2H;,, from 4Sy, at room temperature, minescence spectrum of ZBLAN:Er, which shows a high
and it is not present at low temperatufese right inset, Fig. relative 41,12 luminescence intensitgFig. 3), also confirms
3). The upconversion luminescence properties of thesthes wy,y Criterion Eq.(6). Most oxide crystals and glasses,
glasses will be discussed in Sec. IV D. on the other hand, which span a rangefi@$,,,, from ap-
Er¥*-based materials for 1.56m optical amplification proximately 550 to 1400 cnt,?* are optimum in this re-
rely on the high radiative quantum yield frofth,5, to pro-  spect.
duce net gain for thé'l ;5,— %5, transition. For that pur- For silica-based glasses, B§) predicts the approximate
pose, the?l 5, state can, in principle, be directly excited. range 4867 ;<1750 cmt (with % wyey actually being
However, excitation of the'l,;,, state around 980 nm by around 1000—1100 cit) to provide a high?l 13, lumines-
powerful semiconductor diode lasers is also a practical excieence quantum yield fofl,,,, excitation. The effect of op-
tation scheme, and in addition it allows for inversion of thetical phonons with energies above the 1750 ¢mpper limit
41152 and 1 13, populations. From the above considerationscan be seen in thél 3, luminescence quantum yield mea-
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For the following discussion of two-ion energy-transfer pro-
(A) (B) © (D) cesses, we use the notatiom (b;) — (a;,b;) wherei andf
represent initial and final states of two neighboring i@ns
and b. As schematically shown in Fig. 12, two energy-
transfer upconversion processes are most likely to occur in
the EP*-doped silica glasses®I(;3/,*l 13— (*l15/2,%1 o1)
(processA) and (112,119 — (*l 152, *F712) (processB).
An additional energy-transfer mechanism exists it Er
— & samples codoped with Yb. The YB*" ion, with its excited-
state multiplet?Fs;, having an energy comparable fb,;,
(Er*"), can act as a sensitizer for ¥rand transfer its
energy to an unexcited &r ion through the
(Y 15/2,2F 519 — (*111/2,%F7;5) energy transfer(processC).
The observed strong increase in intensity of aff‘Elumi-
nescence transitions upon codotation with®Ybeflects the
FIG. 12. Schematic representation of upconversion processdsigh efficiency of the YB"—Er** energy transfer at low
involving (a) two EFP" ions in the®l ;5,, excited-state multiplet, and excitation densities. It is well established that this first
(b) two EP" ions in the®l ;,,, excited-state multipletc) and(d) are  Yb—Er energy transfer may be followed by a second
Yb*" —Er* energy-transfer processes. Dotted, wiggly, and solidenergy-transfer stegprocessD) from Yb®" within the
arrows indicate energy-transfer, multiphonon, and radiative prog3+ 4|11/2 lifetime, leading to the population of the
cesses, respectively. 4F .0 (EPT) multiplet through the process
(Y 112,2F 510 — (*F72,2F7,) and subsequent upconversion
surementgFig. 6). The pronounced drop of with increas-  |uminescence?
ing EF* concentration in a series of OHich SL glasses On the basis of excited-state lifetimes, relative efficiencies
(255+ 15 ppm OH') [Fig. 6(c)] is not observed in the low of the upconversion processasB, andC can be estimated.
OH™ (<55 ppm OH) glasseqFigs. 6a) and @b)], and it  The long“l 3, lifetimes, ranging from 7.5 to 14.7 ms in the
indicates the presence of an additional nonradiative relaxmaterials studied here, makél (s, 13— (*l 152, *1 /)
ation pathway. Energies around 3500 and 2900%cmre  ypconversion(processA) a very likely process. The rela-
measured for the highest-energy vibrational modes of OH tjvely small exothermic energy mismatch 6f530 cni! for
in these g|aSSd$:lg 8), in agreement W|th earlier Vibrational processA matches the energy Of S|_O_S| de|oca|ized Vibra_
studies'® Some of the Ef* ions will coordinate at these tional modes (400—700 ci) (Refs. 31—33which may en-
OH~ impurity sites® Using Eq.(4) with the parameter val- aple a phonon-assisted energy transfer. However, no direct
ues given in Table I1;'l 15, multiphonon relaxation rate con- evidence of procesa can be seen in the luminescence spec-
stants of~2X 10? s1and ~6X 108 st are calculated for  ra (Fig. 3) since the®l 4, multiplet, which is populated by
these two vibrational energies, respectively, indicating thathis energy transfer, is efficiently quenched by multiphonon
*l 13, luminescence of OF-coordinated Ef* ions will be  relaxation at all temperaturéable 1. On the other hand,
Completely quenChed by multiphonon relaxation. Although|uminescence fr0m453/2' which is popu|ated by mul-
this process is only active for a minority of Erions it  tiphonon relaxation fronfF-,, is evidence for the activity
becomes important at higher ¥r concentrations. Above of processB in the EF*-doped samples. The short 7.8
~0.2mol % EpO;, energy migration of*l;5, excitation [ifetime of the %Iy, initial state of this process in combina-
through the E¥" sublattice becomes efficient. As a result, tion with a high multiphonon relaxation rate constant from
Er*-OH™ sites can be accessed and act as effective traps fdrSS/Z (Tab|e ||) leads to a low intensity of upconversion lu-
*I 13, excitation, significantly lowering the overall lumines- minescence. The considerably longer lifetime  of
cence quantum vyield for this stdfteig. 6(c)]. The OH im- 2F,, (Yb®"), 244 us in SL:0.2 mol % YBOs, strongly en-
purity concentration is therefore one of the essential paramhances the probability of processés and D in the
eters in the preparation of Erdoped glasses for 1.55m  Ef*, Yb3*-codoped samples. However, on the basis of the

1
Al

Er3+ Er3+ Yb3+ Er3+ Yb3+ Er3+

POWA devices. present data, it is not possible to determine whether the
strong intensity increase of upconversion luminescence upon
D. Two-ion energy-transfer processes Yb®* codotation is a result of proces processD, or a

combination of both. Note that, in principle, tH&,, mul-
tiplet can also be reached by the interaction of thre& Er

At elevated E¥" concentrations two-ion energy-transfer ions in the “*l,5, multiplet, i.e., (l1z5,*11302,%137)
processes such as energy migration and upconversion bes(*l1s,%l152,%S32). In spite of the long?l 5, lifetime,
come important and lead to additional nonradiative pro-this energy transfer process is expected to be significantly
cesses. One of the results of two-ion processes is a decredsss probable than procesdg®r D at low excitation densi-
ing *l 13, luminescence quantum yield with increasing’Er ties because it requires three steps with one of them involv-
concentratiorfsee Figs. @) and Gb)]. A variety of upcon- ing the short-lived*lq, (see Table Il as an intermediate
version mechanisms are known for’Ersystems. However, state. In fact, the decay of th#l 5, excited-state multiplet
the dominance of multiphonon relaxation for most excitedunderhigh “I,,,, excitation densities was found to be con-
states in the present silica-based glagSex. IV Q provides  sistent with processA and did not reveal any three-ion
a considerable simplification of the excited-state dynamicsinteractions:*

1. Upconversion in E?*-doped and E#*, Yb**-codoped glasses
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2. YB** sensitization of EF* high value. The totaf'l ;5,, emission rate from the sample is
given by the product of times the total absorption rate. The
&st samplé»=0.78, 2 mol % YBO3;) shown in Fig. 7 ab-
orbs about a factor of 80 stronger than a typical nonsensi-
tized 0.4 mol % E5O5; sample ¢7~0.8). We conclude that,
dth itioh | . fh at excitation densities low enough to avoid saturation of the
r4ate, and the rate of mEt'p onor;]re a>]<cfa}t|pn fro 11/? toh 41 13,2 population, the®l 3/, excited-state population density
|13342 (Se+c. IVQ. Whereas the efficiencies of the . "he enhanced by almost two orders of magnitude by
Yb3t —EFP energy tran_sfer and the multiphonon relaxation .qqotation of 1—2 mol % YJD, of a 0.4 mol % Ej0;, glass
step are mainly determined by the energy-level structure °§ample. This result is of importance to3Esased 1.55:m
Yb®" and EF* ions and the phonon structure of the host, thepptical amplifiers since the small-signal gain for this transi-
efficiency of energy migration in the Yb sublattice is pri-  tion depends exponentially on the population difference of
marily a function of the YB* ion density. The absolutll 15, the 4l 15, and I 5, multiplets.
luminescence quantum yieldsof a concentration series of
codoped samples provide quantitative guidelines for the op- 3. Internal sample heating

e A i " i .
timization of Y™ sensitization of E¥'. The following dis- As described above, near-infrared absorptimmund 980
cussion uses average ion separations calculated from the r

R e : - .ﬁr'n) in codoped samples is strongly enhanced by*YbA
spgctlve lon den.5|t.|es. In cqntrast to high S'I'.Ca glasses Irbarticularly pronounced dependence of the relative upcon-
which there is a limited solubility for rare-earth ions and thusversion luminescence intensities from theé EPH,y/, and

a significant probability for ion clustering at high dopant 4S,, multiplets on the YB" concentration and thus on the
levels, the solubility for rare-earth ions is much greater in the sorption coefficient at the excitation wavelength is ob-
present SL and AS glasses, and the ion densities are w rved in the glassesee Fig. 9 indicating a significant

below the solubility limit. In fact, no evidence for Erion internal heating of the Y& ,ErR*-codoped samples. The in-
Elusterlng In these glasses was found from time-resolveq i, Fig. 10 also illustrates this direct correlation between
| 132 upconversion studies, the respectifbyy, excited- the near-infrared absorption coefficient and e, ;,,:*S;
state population dy_namics being _in exact agreement with ﬁpconversion intensity ratio. The two multiple%slill/i,.z an/<2:i
P;ﬁ;g?fg?;ﬂiu?;'%? Fg%:?gr\::rissjogssl:?ncegjggesresfganin 4s,,, are separated by only several hundred wave numbers,
. . . ' . and population in these two states can be treated as a closed
F|g.07, three YBO, g%ncentratlt)gn regimes for fixed 0.4 system in thermal equilibriurf*” The luminescence inten-
mol % ErQ, (~2X10"ions cm™) c?n be defined(i) at sity | of a subset of identical Ef ions is given by both the
Yb,0s concentratlo.ns below 0.3 mol /O.a significant fraction Boltzmann population of the individual crystal-field levels of
of the total absorption occurs on*Er which also absorbs at 4s,,, and 2H,,,, and by the oscillator strengths of the radia-

this wavelength and exhibits a high quantum yield at 0.4; - . ;
. o A3t ive transitions to thé'l ;5,, ground-state multiplet. The lumi-
mol % ErO; [Figs. a) and @b)]. The large YB'-Yb nescence intensity from crystal-field levetan thus be writ-

average distance of 19 A in this regime prevents efficient

The efficiency of YB" as a sensitizer fofl 3, (EF")
luminescence depends on three factors: the rate of ener
migration of 2Fg, excitation among the Y& ions, the
Yb3" —Er" energy-transfer raté@as well as the backtransfer

e . o ten as
migration of the fraction of excitation created on b and
therefore the?F5, excited-state population decays mainly gje AE/KT f;
radiatively on YB™ rather than through energy transfer to iy Z‘g_e—AEj IS ()
idi it

Er’'. The sensitization by Y& is therefore inefficient in
this concentration regime, and the net result is a quanturwhereAE; is the energy of the crystal-field levietelative to
yield which, due to the loss of the excitation created onthe lowest*S,, crystal-field levelf; is the sum of oscillator
Yb®*, is ~25% lower than the intrinsic value for 0.4 mol % strengths from crystal-field levelto all crystal-field levels of
Er,0; (Fig. 6). In the intermediate regim@ ) of Yb,O5 con-  the “l,5, ground-state multipletT is the temperaturey; is
centrations in the range 0.4-0.8 mol %, the®¥&Yb*" av-  the M, degeneracy of the crystal-field levielassumed 2 for
erage distance is 17—14 A and energy migration is still inef£r3* in the low site symmetries in the glass Hesindj runs
ficient. Since the absorption coefficient of tAE;,—2Fs;,  from O to 7 for the total of eight crystal-field levels 685,
(Yb3+) transition is more than an order of magnitude higherand 2H11,2. The relative?r,,,,:%s,,, luminescence intensity
than the absorption coefficient of tht ,5,—%111, (EFFT)  ratio is defined as

transition at the excitation wavelengtbee Fig. 2, a signifi-

cant fraction of the total absorption now occurs or?Ybin 1(PHy)  2{_50(3)

combination with the inefficient energy migration this leads 1(*Sgp) =T G ®

to a degradation of thél 5, quantum yield which is almost 1=0

half the intrinsic value for 0.4 mol % ED;. For Yb,05; con-  Equation(8) can be used to obtain the internal sample tem-
centrations>0.8 mol % in regimgliii), the YB'*-Yb®* av-  peratureT; from an experimentafH,;,,:*S/, luminescence
erage distance is<14 A, an ion separation for which reso- intensity ratio. There are two complications in the applica-
nant electric-multipole induced energy transfer typicallytion of this model to the present silica glass@snot all EF*
becomes efficient Excitation created on YB can there- ions are equivalent, i.e., the energy distribution of eA&h
fore migrate through other ¥ ions to unexcited Ef ions, is widened by inhomogeneous broadening, éndhe oscil-
which act as an efficient trap and subsequently emit fromator strengths of the individudtadiative crystal-field tran-
their %l 5, state. Sensitization of Ef by Yb®" is operative  sitions to the?l 5/, ground-state are unknown. As illustrated
in this regime, and thél 5, quantum yield is restored to a by the inset in Fig. 2 and concluded in Sec. IV A, crystal-
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field contributions dominate the spectral profile of the vari-crystal-field parameters to be representative for all the SL
ous transitions of B in SL and AS glasses and, moreover, and AS glasses in this study, the treatment presented below,
the comparison with the oxide crystal,®;:Er" revealed for example, cannot account for changes in the oscillator
the good correspondence of relative intensities. With the asstrength of the hypersensitivél 15/, 2H14,, transition in-
sumption that an Ef-doped oxide crystal is adequate for duced by small changes in the locaPEcoordination geom-
modeling the thermal population dS;, and 2H,,,, in the  etry as the glass composition is varied. This problem, how-
present oxide glasses, we can take advantage of the detaileder, cannot be overcome unless the atomic and crystal-field
crystal-field analysis available for Er-doped garnets. Gru- parameters of each individual glass are known. Using the
beret al. used 117 crystal-field levels of the crystalline sys-|SLJM;) wave functions from Ref. 17 in combination with
tem Y3Al:0;,:ER" (YAG:Er®") to describe the energy- an electrostatic lattice sum calculation, which derives inten-
level structure(between 0 and 43 465 chhwith a standard  sity parameters from the crystallographic structure and the
deviation of 13.20 cm') by a Hamiltonian including a vari- isotropic oxide ion polarizability® the relative oscillator

ety of first- and second-order atomic and crystal-field interstrengths f; defined in Eqg.(7) can be calculated for
actions'’ Note that by assuming the YAG:Er atomic and  YAG:Er®" giving

fi 453/2(i)—> 2H11/2(i)—’
i=0 1 2 3 4 5 6 7
-4 1540—=7) 0.034 0.032 0.157 0.146 0.129 0.155 0.203 0.142
Sif; 0.066 0.934

The *Sz;:%H 4, total oscillator-strength ratio of 1:14.2 for decays radiatively or by energy transfer b, (Er*).
transitions to“l s, predicted from this YAG:EY" calcula-  Most of this *I,,, population on E¥ efficiently decays to
tion is in good agreement with the average ratios of 13 4|, releasing 36% of thél ,;,, energy as phonons into the
determined from the Judd-Ofelt calculatiorend 1:18(as  host lattice(Sec. IV Q, with the respective phonon emission
determined from the measured absorption spgcisdiich  rate being a linear function of the absorbed power for low
supports the approach of using YAG’Eras a model system excitation densities. By treating the resulting increase of the
for this calculation. Tha; vs1(?Hqy0):1(*Ss),) function ob-  internal sample temperature on the basis of the one-
tained from applying this result in Eq&’) and(8) was there-  dimensional heat equation
fore used to convert the experimental upconversion lumines-
cence intensity ratios to internal sample temperatdres T(r)= Piss
) . i . (r)=T(0)+ >
This treatment improves over previous wdkvhich ne- 4arglK
glected the crystal-field splitting dfS,, and 2H,,,, and only
considered a two-level system. Figure 10 shows the interna¥hereT(r) is the temperature at a given radius, dhglsis
sample temperatures obtained from the experimental upcoiiae dissipated phonon power in the cylinder of volumg|,
version luminescence spectra as a function of the absorptiodn average thermal conductivit, can be estimated for the
coefficient at the excitation wavelength(\.,), for SL and  glasses shown in Fig. 10. Assuming the internal temperatures
AS glasses with fixed 0.4 mol % FD; concentration and T; calculated above to represent the maximum temperatures
codoped with 0—4 mol % Y4D,. Significant heating, of up in the focal region, and assuming the spatial intensity distri-
to 572 K (299 °Q in some samples, is found for strongly bution of the laser to be transversally uniform over a radius
absorbing glasses, i.e., for samples codoped with"YBhe ro, it follows from Eq.(9) that
almost linear dependence of on a(\,,) indicates an exci-
tation regime well below saturation for these experiments. IP(Ne) g [1—e 2O
Figure 11 shows that th# ,5, lifetime remains almost con- Ti=Tot 4 K | : (10
stant at elevated temperatures. Therefore, the pronounced
heating does not significantly affect tHé;s, multiphonon ~ Where 9 is the fraction of the®l,;,, energy dissipated as
relaxation rate constant, a behavior which is expected fronphonons, Tq is the external reference temperature, and
Eq. (4) since thermal population of high-energyi dmax P(\ey and a(M,) are the excitation intensity and the ab-
~1000-1100 cm') phonons is still negligible in the entire sorption coefficient at wavelengtke,, respectively. Figure
range of internal sample temperatures reported in Fig. 10. A0 shows a fit of Eq(10) to the internal sample temperatures
a result, thermomechanical, rather than spectroscopic, progalculated above using=0.36, P(\¢,) =51 kWi/cnt, and
erties are expected to become relevant in the design of thirbothr§/K andl as parameters. The valuergfis not exactly
film devices using strongly pumped ¥bcodoped glasses. known in our experiment. However, with the focal region
The sample heating is a result of multiphonon relaxationl.0—1.5 mm behind the sample front surface for all measure-
on ER* in the material. For Y&, multiphonon relaxation is ments shown in Fig. 10 and3/K=2.9x10"°> m*K W~
completely suppressed due to the lafge;,— 2F,, energy  from the fit[Eq. (10)], the thermal conductivity is estimated
gap (see Fig. 1, and the®F, excited-state multiplet either to be between 3810 2 and 7.7 10 2Wm 1K™ in

(r5—r?), 9
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good agreement with the known value for soda-lime-silicateciently large diffusion length for theF5, excitation and

glass of 4.& 10 2Wm tK™13% thus efficient sensitization of Ef by Yb®". In this regime,
the absolute increase 5, excited-state population is sig-
V. CONCLUSIONS nificant. The role of OH as a quenching site fot ;5/, ex-

) ) . citation becomes relevant at £ concentrations>0.2 mol
From a spectroscopic study of an extensive series of, sirong internal sample heating is a result of the high

E'&'dOp‘?d and YB*,EF’*-codope_d soda-lime-silicatSL)  ahsorption rates in Yd5-codoped samples and it is shown
and aluminosilicatéAS) glasses it is found that multiphonon i 1o affect the?l 121, decay.

relaxation from the®*l 5, (EF") excited state is absent inThe study suggests that, from a spectroscopic point of
both glass types, and that AS glasses, relative to SL glassegey, aluminosilicate glasses are more favorable than soda-
generally exhibit hlgh_er oscillator strengths and larger inhoqjme-silicates as potential materials for 1.5 optical am-
mogeneous broadening of thef 4ra”5't'0”55i‘f well as a pifiers both due to their larger inhomogeneous broadening
smaller OVeri‘” crystal-field splitting of théS"Ly multi-  anqg due to their higher radiative relaxation rate constants. It
plets. The Et’-doped AS glasses studied here therefore nofs a1so concluded that Y# is an efficient sensitizer and can
only show a favorable smoothing of theEr*l 13— 15, potentially reduce Ef concentrations in a planar optical
gain profile at 1.5%m but also a pronounced increase of the\yayeguide amplifie(tPOWA) material. The possibility for
respective radiative relaxation rate constant and hence POteBignificant internal sample heating in ¥bcodoped samples
tial gain in an optical amplifier device. Although the Judd- j5s to be addressed in the design of a POWA device in order

Ofelt model is able to provide a phenomenological descripyg ayoid degradation of the performance of the waveguide by
tion of the 4f transition intensities on a quantitative basis it thermomechanical stress.

was not successful in reproducing the overall trend in the
covalency of the Ef'-oxygen bond expected from structural
considerations. Substantiating structural and spectroscopic
evidence is required to fully understand the observed trends We thank William H. Grodkiewicz, formerly of AT&T

in the Q,, intensity parameters. From absolute 3/, lumi- Bell Laboratories, for assistance with glass sample prepara-
nescence quantum yield measurements it is further cortion, and John R. Quagliano, Los Alamos National Labora-
cluded that a minimum of-0.8 mol % YO, codotation is  tory, for assistance with YAG:EF oscillator-strength calcu-
required in 0.4 mol % EO,; samples to achieve a suffi- lations.
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