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The fundamental excited state decay processes relating to the 1, /2—>4II3/2 transition in singly
Er’"-doped tellurite (TZNL) glass have been investigated in detail using time-resolved fluores-
cence spectroscopy. Selective laser excitation of the “I;;,» energy level at 970 nm and selective
laser excitation of the “I 132 energy level at 1485 nm has established that energy transfer upconver-
sion by way of a dipole-dipole interaction between two excited erbium ions in the *I 1372 level popu-
lates the “I;;/» upper laser level of the 3 um transition. This upconversion has been analyzed for
Er,O5 concentrations between 0.5 mol. % and 2.2 mol. %. The 4113/2 and 1, ;2 energy levels emit
luminescence with peaks located at 1532 nm and 2734 nm, respectively, with radiative decay effi-
ciencies of 65% and 6.8% for the higher (2.2 mol. %) concentration sample. The low 2.7 um emis-
sion efficiency is due to the non-radiative decay bridging the *I;; n— 4113/2 transition and energy
transfer to the OH™ groups in the glass. Excited state absorption was observed to occur from the
1,3 and *I;,)» levels with peak absorptions occurring at 1550 nm and 971 nm, respectively. The
decay time of the 1, 2 excited state decreased with an increase in the Er*" concentration, which
related to energy transfer to OH ™ ions that had a measured concentration of 6.6 x 10'® cm >,
Results from numerical simulations showed that a population inversion is reached at a threshold
pumping intensity of ~80 kW cm 2 for a cw laser pump at 976 nm if [Er*"] > 1.2 x 10*' cm > (or
[Er,O3] > 2.65 mol. %) without OH ™ impurities being present. © 2011 American Institute of

Physics. [doi:10.1063/1.3651399]

. INTRODUCTION

The strong interest in the generation of light at mid-
infrared wavelengths (between 3 um and 50 um) is being
driven by applications in medicine, defence, and spectroscopy.
With the field of mid-infrared photonics growing fast, the
search for stable efficient and cost effective sources of light at
wavelengths approaching 3 um is strong. The majority of
mid-infrared laser research has concentrated on a number of
rare earth ions when they are doped into low phonon energy
crystals such as LaCls (Ref. 1) and KPb,Cls (Ref. 2) and low
phonon energy glasses e.g., the chalcogenides.™* Stability
issues are a hindrance for these materials and for the genera-
tion of high power, a long gain medium length and large mode
area can be achieved through the use of a fiber geometry.

The use of the fiber geometry for the generation of mid-
infrared laser radiation provides good thermal management
and a comparatively lower threshold because of the extended
longitudinal dimension and small transverse cross section rel-
evant to optical fibers. The *I;;, — *I;3, transition of Er’ " is
a four level laser transition that offers broadband fluorescence

YAuthor to whom correspondence should be addressed. Electronic mail:
s.jackson@usyd.edu.au.
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in the 3 um wavelength range. To date, high power fibre lasers
emitting on this transition have been achieved only in fluoro-
zirconate based fibres.”® Due to the hygroscopic nature of flu-
oride based glasses, it is difficult to avoid the degradation of
the glass that occurs when exposed to moisture in the atmos-
phere. Tellurite glasses show potential as an alternative oxide
based host material due to their relatively low maximum pho-
non energies (~690 cm~' for the Er’"-doped tellurite
(TZNL) glass composition used here) when compared to other
oxide glasses.” They also have good transmission between
0.35 and 5 um and are less susceptible to the crystallization
and degradation that can occur in fluoride glasses.” To further
explore the potential of the 4111 n— 411 5,2 transition in tellurite
glass and to offer the possibility of highly efficient Er’" laser
operating at 3 um in an oxide based glass, detailed spectro-
scopic studies are required. These studies would reveal the im-
portant energy transfer and energy level decay processes that
relate to the 411 12— 4113/2 transition in tellurite glass.

To fulfill this objective, we have prepared a number of
Er,05-doped tellurite glasses of varying Er,O3 concentration
(0.5 to 2.2 mol. %) and measured the luminescence decay
characteristics after selective energy level excitation. The lu-
minescence efficiencies of these levels were determined
when the experimental decay time was compared with the

© 2011 American Institute of Physics
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radiative lifetimes calculated using Judd-Ofelt theory. Due
to the high O-H phonon energy, the cross-relaxation (CR)
and energy transfer to OH™ impurities in the host glass result
in the depopulation of the 411 12 and 4113/2 energy levels and
the rapid decay of the excited ions back to the ground state.
The energy transfer rates to the OH™ groups in the glass are
measured for these energy levels. Measurements of the
pump excited state absorption (ESA), energy transfer upcon-
version (ETU), and CR parameters have also been obtained.

Il. EXPERIMENTAL PROCEDURE

The TZNL (Ref. 10) glass samples used for the time-
resolved luminescence spectroscopy were prepared from high
purity raw materials with 99.99% pure TeO,, ZnO and La,0;
and 99.999% pure Na,CO; and had the composition: 73.3
TeO, 4 19.6 ZnO 4 4.9 Na,O + (2.2- x) La,O3 + x Er,O3 with
x=0.5, 1.1, 2.2 mol. %. The starting powder materials were
melted in a Pt-Au crucible in a dry glovebox environment, reduc-
ing the OH content in the glass, at 900 °C for 30 min. The liquids
were poured into polished brass molds and annealed at 315 °C
for 4 h to remove any mechanical stresses. The samples were
then cut and polished into 8 x 10 x 12 mm? rectangular prisms.
The Er'" ion densities were calculated to be 2 x 10% cm ™2,
5x 107 cm_3, and 1 x 10*" cm ™ for the doped tellurite sam-
ples with 0.5, 1.1, and 2.2 mol. % Er,O3, respectively.

Absorption spectra in the range of 2000-10 000 nm
were measured using a FTIR spectrophotometer (Nicolet
6700). The decay characteristics of the excited states of Er’ "
were measured using pulsed 12 mJ (4 ns, 10 Hz) laser excita-
tion from a tunable optical parametric oscillator (OPO)
pumped by the second harmonic of a Q-switched Nd-YAG
laser (Brilliant B from Quantel). Tunable laser excitation
from the OPO was used to excite the 4111 2 energy levels at
970 nm and “I;3,, energy levels at 1485 nm energy levels
directly. The infrared luminescence (for A > 1080 nm) was
detected using an InSb infrared detector (Judson model J-10
D cooled to 77 K) in conjunction with a fast preamplifier
with a response time of ~0.5 us and analyzed using a digital
200 MHz oscilloscope (Tektronix TDS 410). The visible and
near infrared (4 < 1100 nm) was detected using a photomul-
tiplier tube (EMI) with a sensitive cathode of S-1 or S-2 type
(PMT EMI refrigerated at —20 °C) with a response time of
20 ns. All the fluorescence decay characteristics were meas-
ured at 300 K. To isolate the infrared luminescence signals,
bandpass filters each with ~80% transmission at 1500 nm or
2750 nm with a half width of 25 nm and an extinction coeffi-
cient of ~10~° outside this band were used.

lll. EXPERIMENTAL RESULTS

The optical absorption spectrum of Er’ " ions in tellurite
glass has two peak absorptions in the near infrared, one at
approximately 1550 nm and the second near 980 nm. When
the Er’"-doped material is excited at 970 nm, the following
processes are observed to occur:

(a) Ground state absorption (GSA)
Er* (*I;5,2) + hv (980nm) — Er’" (‘I »)

J. Appl. Phys. 110, 083111 (2011)

(a’) ESA
Er’" (I} 2) + hv (980nm) — Er'' (*F; )
N Er3+(4s3/2 + hw)
(b) ETU
Er" (*I;32) + Er(*Li30) — B0 (*Ly ),
(¢) CR
Er"(*S;3)) + Er(*lis)2) — Er " (Ylo)) + Er' T (*13)0)

In this work, we have used Judd-Ofelt theory to calcu-
late the radiative decay rates of the 4S3/2, 4F9/2, 419/2, 4111/2,
and 41 132 energy levels and the related luminescence branch-
ing ratios of Er’" in tellurite (TZN) glass. In the Judd-Ofelt
calculation, the spectroscopic intensity parameters Q,, €y,
and Qg for Er’"-doped tellurite glass were 5.54 x 102°,
1.70 x 1072°, and 1.22 x 10*° cm?, respectively. These val-
ues were calculated from absorption measurements made
using a CARY spectrophotometer. Values of the angular ten-
sor operator |(U?)|* used in the Judd-Ofelt calculation were
obtained from the literature'' for the radiative transitions of
Er’" in LaF; (aquoions). The refractive index for tellurite
(TZNL) glass is n=1.98 at 1.5 um."°

Figure 1 shows the IR absorption spectra of Er,O5(2.2
mol. %)-doped tellurite glass used in this work. The spec-
trum shows a broad, strong absorption band between 2500
and 3500 cm ™', which is attributed to the free OH™ groups
in oxide glasses.12 In addition, there is a narrow and weak
absorption band with maximum at 3735 cm™' that is pro-
duced by OH™ isolated impurity. The absorption coefficient
(of the OH™ vibration band at 3013 cm ™' due to the free
OH"™ group) is given by Noy = A% where Ny, is the Avoga-
dro constant (6.02 x 10%), o is the absorption coefficient
(em™Y), and ¢ is the absorptivity of free OH™ groups in the
glass. Using £=49.1 x 10° cm? mol ™! (Ref. 13), we esti-
mate the OH™ concentration in our samples as
Nop=6.25 x 10"® cm™> (for [Er’T1=2 x 10*° cm™?) with
x=0.51 cm™'; Noy=23.31x10"® OH™ cm ™ (for [Er’']

0.8
Er**-doped tellurite

g 06| Free Oll—l'group
z Strongly o=0.54cm’”
.g bonded-hydrogen (at3013 cm™)
% OH’ groups
o 04f |
(&)
c
o
=3
2
S 02
<

00 C " 1 n 1 n 1 " 1 n

1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

FIG. 1. Measured absorption spectrum of Er,O3(2.2 mol. %)-doped tellurite
showing the free OH ™~ group absorption band near 3013 cm ™.
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Er:Tellurite (TZN)

—— Emission (Exp)

Excitation: 970 nm

Cross-section (107 cm?)
w

1 L 1 L 1 ' 1 L 1

2500 2600 2700 2800 2900 3000 3100

Wavelength (nm)

FIG. 2. Measured fluorescence spectrum of the I /2H4II 352 transition in
Er*"(2.2 mol. %)-doped tellurite glass at T =300 K. Laser excitation at 971
nm with an average energy of 12 mJ and pulse duration of 4 ns (at 10 Hz).

=5%10* cm™®) with =027 cm™' and Nyy=6.61
x10"®  em™®  (for [Er¥']=1x10"" cm®) and
«=0.54 cm~'. The highest absorption coefficient corre-
sponding to the [Erf]=2x10" cm > sample, of
0.51 cm™', is half that measured previously in tellurite
glasses melted in a dry atmosphere.'*

A. Luminescence from the 4I11,2 level

Fluorescence emission from the 41” 5 excited state of
Er’* was measured for [Er’"]=1x10?! ecm™? (or Er,0;
=2.2 mol. %), see Fig. 2. The emission cross section was
determined after the emission cross section at the fluores-
cence peak (4 =2734 nm) was calculated using the relation
Gemis (7) = gorz Bt J"i E:BMA.,”,/, where 1=2.734 x 10~* cm,
A;p=344 s7', n=198, c=2998x10" cm s ', and
1(7)/ [1(2)dA=6.407 x 10" cm ™! and J=11/2 and J’ = 13/2.
The calculation gave g5 (2734 nm) = 4.86 x 1072  cm?.

Er:Tellurite

4,
I, level

Er’ = 2x10” cm® (expt.)
Er’ = 1x10”" cm® (expt.)
------ Best Fit

Emission: 2730 nm
Excitation: 970 nm

Intensity (arb. units)

0.1
. 1=215us
(integrated)
1=174 ps  «——
(integrated)
0.01 L . 1 . 1 . 1 , LN P h IMIMIL
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (ms)

FIG. 3. (Color online) Measured luminescence decay at 2750 nm after
pulsed laser (4 ns, 10 Hz) pump at 970 nm (E =10 mJ) for Er,O03(0.5 and
2.2 mol. %)-doped tellurite glass at T =300 K. The best fit to the measure-
ments using Eq. (1) is represented by the dotted line.

J. Appl. Phys. 110, 083111 (2011)

Figure 3 shows the emission decay characteristic at
2750 nm for [Er,O3] =2.2 mol. %. It was seen that the lumi-
nescence decay of 4111 ;2 excited state was non exponential
and was fitted using Eq. (1) given by Bursthein model,'?
which includes exponential and non-exponential components
of the decay.

ho =toexp( i ). m
Tm

where 7 is used as a curve fitting parameter to cater for the
non-exponential component of the luminescence decay and
Tm = 7 J:;’nd is the exponential decay component that accounts
for the intrinsic decay rate (radiative decay + non-radiative
multiphonon decay) of the donor state, t,, and the migration
assisted donor to acceptor energy-transfer rate, . The mean
lifetime is obtained by the integration of the decay curve
using Eq. (2). This contains both the exponential and non-
exponential components of the fluorescence decay into the
one parameter (7).

T= JOC exp <—y\/f — TL) dt. 2)

0

The best fit of the 2730 nm luminescence was done using
Eq. (1) and the fitting parameters were

1) y=19.6 s 2 1,=2845 us, and t1=214.7 pus for
[EI'203] =0.5 mol. %,

2) y=9.5 sfl/z, T,=231 pus,
[Er,Os] = 1.1 mol. %, and

3) y=845 s 2 1,=1933 pus and t=174.4 us for
[Er,03] =2.2 mol. %.

and t=203.7 pus for

We observed that the integrated lifetime value (t) for
the 4111/2 level decreased with [Er3+] increase. This effect
was attributed to energy transfer from the 1 »2 level to free
OH™ groups that are present in the samples with the esti-
mated concentration of 6.6 x 10'® cm ™. Figure 4(a) shows
that the total decay rate (W,,,,,) of the 4111/2 level increases
with [Er3 "] and tends to a constant value for
[Er’*]=1 x 10*' cm . This behavior suggests that the criti-
cal concentration N of Er’* for the Er’"(*l;;,) — OH™
(v=0—1) energy transfer process is reached for an
[Er“]:l x10*' em™. As a consequence, the total rate
decay of the 4111/2 level (W,,,;) must approximate to a con-
stant value for [Er3 1> N¢ [see the experimental data repre-
sented by squares in Fig. 4(a)]. Similar behavior has been
observed in the interaction between two Er’ " ions excited to
the 4111 2 level that populate the 4S3/2 level by ETU, where
the transfer rate has a similar dependence on excited Er’"

concentration according to Eq. (3)."*'*
N |
Now = 1 — exp (— N—E> and Wit = ~ = C + nopKo,
c T

3

where 5oy is the Er' " — OH ™ transfer efficiency, 7 is the
integrated lifetime of the T 2 excited state, K is the rate
constant parameter for Er't — OH™ transfer, N £ 18 the Er**"
concentration, N¢ is the critical concentration of Er’", and
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(a) ( O ) DecayRate
6000 (—) BestFit
» .
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FIG. 4. (a) Measured (total) decay rate (s7Y) of the 41”/2 level (open
squares) and best fit (solid line) as a function of [Er**]; (b) shows the meas-

ured intrinsic decay rate of the I, 1,2 level (crosses) and best fit (solid line)

as a function of [Er’*].

C (in s_l) is the intrinsic decay rate of the 41”/2 state,
ie., C =1/t + Wyg. A best fit was carried out by applying
the critical radius model, Eq. (3), which gave N-=2.85
x 102 cm™> (Re=943 A), C=3186 s ', and K,
=2455 s~ '. Figure 4(b) shows the decay rate due to
migration-assisted energy transfer only, ie., W, =1/t
+W, + o. The best fit to the data presented in Fig. 4(b) was
carried out using the expression W,, = C + a[Er]"which
gave C=3186 s~!, a=2.03x10""® cm® s7', and b=1.
According to this model, W,, = C — 1/t and using tg =2.6
ms (calculated wusing Judd-Ofelt theory), one gets
W,,=2801 s~ 1. For the 411 1,2 energy level, the OH™ transfer
was calculated as the difference between the theoretical
decay rate (W,,,,;) and the intrinsic decay rate (C). The Er’t
(411 12) — OH™ transfer rates (W) were obtained and their
values are: 1472 s~ (for [Er,O3]=0.5 mol. %), 1723 g !
(for [Er,O3]=1.1 mol. %), and 2478 st (for [Er,O3]=2.2
mol. %). The Wy values are given in Table 1. The 2.7 um
luminescence efficiency when pumped into the I,/ energy
level for each Er’" concentration was calculated to be
7, =0.0826 for [Er"1=2x10" cm™3, 1,=0.0784 for
[Ert]1=5%x10" cm™, and 5,=0.0680 for [Er'f]=1
x 10?! cm . Both the multiphonon non-radiative decay and
the OH™ energy transfer are the mechanisms responsible for

J. Appl. Phys. 110, 083111 (2011)

TABLE 1. Parameters used in the rate equation modeling for Er-doped tel-
lurite glass.

Luminescence branching ratio and radiative and intrinsic
(total) lifetimes of Er3*®

Transition B (%) R° 7 (expt.)" (W (s 1)
Er’t: — — —
*S3p — 281 ps 53 us (15462 s ")
4F9/2 0.03 — _
oy 3.59 — —
i1 2.21 — —
T3 27.45 — —
41|5/2 66.72 — _
“Fopp — — 300 ps 24 s (41908 s 1)
419/2 0.29 — _
4I11/2 1.68 — _
4113/2 4.79 — _
s 93.24 — —
Hop — — 2.58 ms 0.83 us (3.3 x 10°s7 ")
Tip 1.5 — _
4113/2 24.8 — _
4I15/2 73.7 — _
T — — 2.60 ms 314 s (2801 571
T3 15.94 — —
4I|5/2 84.06 — _
4113/2 — — 3.27 ms 327ms (~0s )
Tysp 100 — —

Energy transfer rate parameters (s ') (expt.)®
Er,O5 ETU Er3+(4II 12) —OH™  Cross-relaxation
(Er’* density (cm ) Ko (s Won (3) (s Wer (57
0.5% (2 x 10*°) 383 1472 4234
1.1% (5 x 10%°) 1296 1723 14969
2.2% (1 x 10°1) 3782 2478 44672
(1.2 x 10°h 5046 — 59243
(1.5 % 10%" 7176 — 83668

“Values obtained from the literature for Er3+(<1%)—doped tellurite.'¢
Radiative lifetimes calculated using Judd-Ofelt theory.

“Experimental lifetime (intrinsic) obtained from the best fit to the
luminescence.

dExperimental transfer rates obtained in this work. The transfer constant given
in cm® s7! can be obtained using W = K/N;, where Ng= 2 X 10" cm™>.

the strong quenching of the decay time of the *I; /2 energy
level to 314 us.

B. Luminescence decay from the H4a2 level

Figure 5 shows the measured decay time of the 4113/2
level for two Er,O5-doped tellurite samples (0.5 and 2.2 mol.
%). The measured decay times for the 4113/2 level are longer
than the calculated radiative lifetime (g =23.27 ms,
calculated in this work). The increase in the decay time of
the “I;3, in our experiment relates to strong excitation
migration from a resonant dipole-dipole interaction between
the 4113/2 and 411 52 energy levels; this phenomenon explains
the initial increase in the decay time as the Er’ ™ concentra-
tion was increased. We observed an increase in the decay
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4'13/2 level e 0 3
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FIG. 5. (Color online) Measured luminescence decay at 1600 nm after
pulsed laser (4 ns) pump at 1485 nm for Er,O3-doped tellurite T =300 K
(experimental results for [Er*T]1=0.5 and 2.2 mol. % only). The best fit to
the measurements using Eq. (1) is represented by solid line.

time at distances perpendicular to the pump of ~6 mm, how-
ever, for distances of ~3 mm and shorter (from where we
took the measurements), the measured decay time was invar-
iable and radiation trapping was constant. The luminescence
decay was observed to be non-exponential and a best fit was
carried out using Eq. (1) which provided: (1) y=3.2 s /?
and 1,,=9.6 ms for [Er,05] =0.5 mol. %, (2) y=4.0 s~
and 7,,=12.7 ms for [Er,O3]=1.1 mol. %, and (3) y=7.4
s 2 and T,, = 7.1 ms for [Er,O3] =2.2 mol. %. Note that the
transfer parameter y increases linearly with [Er’ "] concentra-
tion, which agrees with Forester-Dexter theory'® where the
donor to acceptor ion transfer parameter, 7, is proportional to
the erbium concentration.

An increase in the exponential term, t,, (whose value is
7,=9.6 ms for [Er’"]1=2x10° cm™> and 12.7 ms for
[Er1=5x%x 10" cm™?) was observed which indicates
strong excitation migration among “I;3, levels similar to

4
|

| 15 Vel

15 (--#--) (z) Integrated lifetime (Expt.)

( A ) (z) Intrinsic decay constant
m

(——) Best Fit Model

Lifetime (ms)

Er*" Concentration (10%° cm™)

FIG. 6. (Color online) Measured integrated lifetime (solid squares) and
intrinsic decay constant (7,,) (open triangles) of the 4113/2 level as a function
of [Er**]. The best fit to the intrinsic decay constant (or exponential term)
using Eq. (4) is shown as the red solid line.
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what has been observed for Er’*-doped LiYF, crystal.'” In
Figure 6, we plot the integrated lifetime 7, (solid squares)
and the exponential decay component 1, (open triangles) for
the 4113/2 level as a function of [Er”]. A Dbest fit to the intrin-
sic lifetime was carried out using Eq. (4); the exponential
decay will increase if an Er’" ion excited to the 4113/2 level
transfers its energy to a ground state Er’ ™ ion within a criti-
cal distance, Rc, with a lifetime augmentation efficiency,
n(t), dependent on [Er3+] (Refs. 17 and 18). This model pre-
dicts a saturation of the exponential decay component, t,,, to
a constant value 7, which is reached for Ng, > N, where N
is the critical concentration. The lifetime augmentation effi-
ciency is given by

n(t) =1 —exp (—Ng,/N¢), 4

where 1, = Tz + 17(1)70, Tr = 3.27 ms (calculated using Judd-
Ofelt theory), and N, is the Er’" concentration. The best fit
using Eq. (4) gives 1p=11.8 ms and No=2.8 x 10*° cm ™
(see red solid line in Fig. 6). The energy transfer rate, Wy, for
Er3+(4113/2) to OH™ (r=0—2) energy transfer process was
determined from the difference between the measured decay
(1/7) and the theoretical exponential decay (1/t,,) calculated
using Eq. (4). Using the relation Woy = 1/7 —1/1,, the fol-
lowing values for Wy, were obtained: 164 s~' for
[Er,O3] =0.5 mol. %, 35.6 s ! for [EryO3] = 1.1 mol. %, and
164 s~ for [Er,O5] =2.2 mol. % were calculated, see Table I.

C. Luminescence from the *S;/, level

Evidence that the 453/2 energy level is excited after laser
excitation at 970 nm in the Er’"-doped tellurite glass was
evident by the observation of green luminescence. The green
up-conversion luminescence (see Fig. 7) results from pump
ESA from the *I;, 2 level because the risetime of the 552 nm
luminescence (and hence 453/2 level population) is ~28 ns, a
value close to the response time of the detector (20 ns). If we
assume the following pump, two photon absorption (TPA)
path: GSA 4115/2 — 4111/2; ESAl 4111/2 — 4F7/2 that decays to

4
S,, level

O Luminescence Decay (Expt.)
—— Best Fit (Burshtein)

Parameters:
T, = 28NS
y=337.4s"
01F @ 1 =375 s
t=15.7 us
(integrated)

Intensity (arb. units)

Emission: 552 nm
Excitation: 972 nm

0.01 |

Time (us)

FIG. 7. (Color online) Measured luminescence decay of the 483/2 level
measured at 552 nm for 972 nm laser excitation (pulse energy of 10 mJ and
pulse duration of 4 ns) at T=300 K. The luminescence decay was fitted
(solid line) using Eq. (1).
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the 2H11/2, 4S3/2 thermally coupled levels. The best fit to
%S5, luminescence transient was carried out using the ex-
pression I, (¢) = I (exp ( — it — —) —exp ( — —) where
Trise 18 the luminescence risetime and y and t,, are the energy
transfer parameters due to the cross-relaxation process (pro-
cess ¢ in Fig. 12) Er'" (*S;p)+Er™ (sp) —Er "
(*Iop) + Er* " (*I,30). The decay time (1) of the *Ss, level is
obtained using Eq. (2). Experimental luminescence data is
represented by the squares in Fig. 7 for [Er'"]=1 x 10*'
cm °, and the solid line represents the curve of best fit,
which gives t=15.7 us. The best fit to the 552 nm lumines-
cence was performed using Eq. (1), which gave the follow-
ing parameters: (1) y =50.4 s, 7, =59.6 us (R*=0.999),
and =43 us (integrated) for [Er*"]=2x 10*° cm™; (2)
=198 s, 1., =158 us (R*=0.991), and 7 =29.4 us for
[Er"1=5x%x10" cm™* and (3) y=3374 s 2, 1,,=375 us
(R*=0.997), and = 15.7 s for [Er’ "] =1 x 10*' cm>. By
plotting the total decay rate (1/7) of the *S5, level as a func-
tion of the Er** concentration, one obtains the intrinsic total
decay rate (1/4) of 19021 s~ for the [Er’ "] — 0 where CR
is negligible. Using the radiative lifetime tg =281 us (calcu-
lated using Judd-Ofelt theory) in the relation
1/t4 = 1/1g + W,,, one obtains W,, = 15462 s~! for the
intrinsic non-radiative decay rate of the Sy, level. The CR
rate was obtained using the relation Weg = 1/1 — 1/1,4; see
values given in Table I.

Figure 8(a) shows the normalized pump ESA factor, frsa
that was obtained from a best fit to the 552 nm luminescence
plotted as a function of the excitation wavelength. It can be
observed that the TPA band follows approximately GSA, see
Fig. 8(b). By inspection of the minimum and maximum ener-
gies of the “I;, — “F, transition of Er* " in tellurite, it can be
deduced that the ESA1 spectrum will occur in the range cov-
ered by the TPA spectrum. One may obtain the ESA spectrum
[or S(4)] using the normalized TPA and GSA spectra using

TPA(J)

S4) = Gsam)

®)

The dashed line in Fig. 8(c) represents the pump ESA spec-
trum using Eq. (5). Using Judd-Ofelt theory, it is possible to
estimate the cross-sections for ESA1. The rate of the strong-
est radiative transition, 4F7/2 -5 12, from 4F7/2 excited state
was calculated using the reduced matrix elements U for
the (Er’" in LaF;) U®=0.0, U%®=0.1467, and
U® =0.6273 (Ref. 11) and the corresponding spectroscopic
intensity parameters Qp_546 (cm?) given in Sec. III and
). = 483 nm (i.e., the mean emission wavelength). The calcu-
lated radiative rate (A;_;_ ;5,2) of the 4F7/2 — 4115/2 transition
was 6024 s~!. The radiative rate of the 4F7/2 — 4111 /2 transi-
tion was calculated using  relation  Aj 112 /
A(imj=152) = 5= and the luminescence branchlng ratios f3;
(0 86) and ﬂ:; (0 04) for F7/2 — 115/2 and F7/2 — 111/2 tran-
sitions, respectively, which are given in Ref. 19. We estimate
that A; z;— 17/2)=280 s~ " in Er’"-doped tellurite. The ESA
absorption cross section is given by

Z g

abs
abs 5y — = S
O-l*)f( ) 87'[1126‘ gf

Afip(j=11/2))&(4), (6)
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FIG. 8. (a) Measured (crosses) and fitted (two Lorentzian functions, solid
line) TPA characteristic given by the aigsa1) parameter. (b) shows the GSA
measured for Er,O3 (0.5 mol. %)-doped tellurite and (c) the generated ESA
spectrum obtained using Eq. (5) and Eq. (6).

where ¢(1) = IS ) 1s the line-shape of the ESA spectrum

S(A), gi=2J+1 and gr=2J"+1 (i for the initial and f for
the final states), n is the refractive index (1.98), and c¢ the
speed of light. The absorption cross-section spectrum due to
the 411 12— 4F7,2 transition (i.e., ESA1) was calculated using
Eq. (6) and 2=971 nm (average excitation wavelength or
centroid), £(4) = 0.07313 nm ™. The cross-section for ESA1

is 4.13 x 107" cm? at 2 = 971 nm. The resultant spectrum
for ESA1 was calculated using Eq. (6). Ground state absorp-
tion is shown in Fig. 8(b) for comparison.

D. Upconversion to the *ly, level

For excitation at ~1485 nm an ETU process Er’ " (*I,3,
D+ECT (Lisp) —ErT (Tisp) +Ert (Ylop)  (labeled
ETU1) can occur, which populates the “Iy/, level which sub-
sequently emits 810 nm luminescence. By measuring the
decay time of the 810 nm luminescence, one can obtain the
rate of ETU. Using the “energy-gap” law, expressed as
W, = Cexp (—aAE) for the S5, and 1, levels, the con-
stants C =5.97 x 10® s~ ' and o= 3.4 x 10> cm are obtained
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FIG. 9. (Color online) Measured luminescence transient from the 419,2 level
at 810 nm (circles) after laser excitation at 1485 nm (E =8 mJ) at T=300 K
for Er3+-doped tellurite ([Er**]=1 x 10?" ¢m ). The excitation pulse
(crosses) is also observed. The best fit to the 813 nm luminescence (solid
line) was obtained using Eq. (7).

and hence the lifetime of the “Io/ level was estimated to be
24 us compared to calculated the radiative lifetime for this
level of 2.58 ms.

Figure 9 shows the 810 nm luminescence transient
measured after laser pulses (4 ns, E=10 mJ) at 1485 nm. A
short rise time is observed which is then followed by lumi-
nescence decay with a time constants of ~1 us (t;) and
~500 us (t2). The values for 7, depend on the laser pump in-
tensity and on the Er’" concentration and hence they relate
to ETU. The 810 nm luminescence transient was fitted using
the following expression:

I3(t) = Aexp(—t/t1) + Bexp(—1, V1 — 1/12)
— exp(—1/Trise ) (7

where (A-B) gives the amplitude for ESA (labelled agg42))
that depends on the excitation wavelength and B is related to
ETU. The rise time (7,;s) provides the relaxation time from the
“hot excited state” (or excited 419/2 level), which will emit one
or two-phonons according to the extra excitation energy cre-
ated by the two-photon excitation (i.e., TPA). The excess
energy is ~1088 cm™' for /1=1485 nm excitation
(2hv=13468 cm™') in comparison to the mean energy
(12380 Cm_l) for the 4113/2—>419/2 transition. This energy
must be dissipated by phonons that will involve a relaxation
time (7,,), which relates to the short rise time, for the 419/2 lu-
minescence (with a risetime dependent on the excitation wave-
length). We obtain: 75,=22.5 ns for 4A=1605 nm
(AE =281 cm_l), Trise = 160 ns for 4 =1581 nm (AE =270
em Y, Te=170 ns for A=1485 nm (AE=1088 cm '),
Trise =210 ns for A=1476 nm (AE=1170 cmfl), and
Tyise = 260 s for 2 = 1457 nm (AE = 1345 cm™"). The best fit
to the measured luminescence is given by the solid line in
Fig. 9 where A=1.02, B=0.15, 1,4 = 170 ns, 7, =826 pus,
9,=22.5 s "2 and 7,=1.41 ms (R*=0.991) for 1485 nm
excitation.

The contribution from ETU was determined using

feru = B [exp(—y,\/t — t/1)dt/ [ I5(t)dr, where I4(f) is

J. Appl. Phys. 110, 083111 (2011)
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FIG. 10. Measured ETU rate (s~ ') as a function of the excited Er’" ion den-
sity (N*) obtained by measuring the luminescence transient of the 419/2 level
after pulsed (4 ns) excitation at 1485 nm (squares). The solid line represents
the best fit using the critical radius model of Eq. (9). [Er "] =1 x 10*' cm .

given by Eq. (7). In this case, it was observed that 99% of
810 nm luminescence is produced by ETU (the ESA2 pro-
cess contributes 1%) for [Er3+] =1x10*" ecm3. Using the
fitting parameters 9, and 1, in Eq. (2), one gets the integrated
time constant for ETU (or tg7y,)), which can be used in Eq.
(8) to get the rate of ETU (or W gry)) where

LI )
T(ETU) 4(D)
and t4(D) is the intrinsic decay time constant of the 4113/2
level [or donor (D)], which in this case 74D) =1gr = 3.27 ms.

Figure 10 shows the Wy, values as a function of excited
Er’" ions in the 4113/2 level (or laser intensity) for
[Er’*]=1x10*" cm™® when pumped at 1485 nm. It can
observed that the rate of ETU increases with the excitation
density (N*), which tends to saturate for N* ~2 x 10" cm ™3
similarly to observations made of the 4113/2 level in
Er* (15 mol. %)-doped LiYF, crystal.l7 This means that the
critical radius model can be applied to describe how the rate of
ETU depends on the excitation density (N*). This model is

Wery) =

Nery = 1 —exp(=N"/Nc), )

where N* is the 4113/2 level and N is the critical concentra-
tion of Er’" ijons excited to the 4113/2 ions given by
N¢ = ((4n/3)Ré)71. The fact that W7y, approaches a con-
stant value for a high excitation density (Ny), see Fig. 10
indicates that the efficiency for ETU at large values of N*
should be given by 1z, (N*) = Wgry /Ko, where K is the
rate constant parameter. The solid line in Fig. 10 represents
the best fit for Wgyy using the critical radius model for
[Er]=1x10*' ecm™® where Nro=2.93 x 10"® cm ™ (or
Rc=44 A) and K, =13782 s~ . It can be observed that Wgry
approaches the K, value when Ny=2 x 10" cm™, which
gives Wik, = 1.89 x 10~ '®cm’s™!, where W%, = Ko/N;.
This value for Wgzy; for Er,O3 =2.2 mol. % is about 3 times
larger than the equivalent rate for Er’ (15 mol. %)-doped
LiYFE, crystal."” The rate constants for ETU are presented in
Table 1.
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The strength of pump ESA from the “I,5,, level (labeled
ESA2) and its wavelength dependence is given by the ampli-
tude (A-B) [labeled the ags4>) parameter in Eq. (7)] and was
obtained for many excitation wavelengths across the *I; 5
—>4II3/2 absorption spectrum i.e., 1450 nm to 1650 nm. Fig.
11(a) shows the pump ESA factor, agsa2) obtained from a
best fit to the 810 nm luminescence plotted as a function of
the excitation wavelength. It can be observed that the TPA
band follows approximately with GSA, see Fig. 11(b). By
inspection of the minimum and maximum energies of the
1,3 — *Lo» transition of Er’ " in tellurite, it can be deduced
that the ESAT1 spectrum will occur in the range covered by
the TPA spectrum with an excess average excitation energy
of ~570 cm™'. It means that one phonon of energy
570 cm ™! must be emitted (or created) following TPA. Note
that the phonon energy created in this process has a lower
energy than the phonons (with energy ~705 cm™") involved
in multiphonon nonradiative decay.

The one-phonon sideband ESA spectrum [or SB(4)] can
be obtained using the normalized TPA and GSA spectra
using Eq. (5); see the solid curve of Fig. 11(c), however, one
can extract the ESA spectrum [or S(4;")] due to the
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FIG. 11. (Color online) (a) Measured emission at 813 nm (circles) from the
419/2 level after pulsed laser excitation across the 4115/2 - 32 GSA transi-
tion. The solid line is the best fit using two Gaussian functions, (b) measured
GSA spectrum, and (c) calculated ESA spectrum and side-band ESA spec-
trum for [Er "] =1 x 10> em ™3
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4113/2—>4Ig/2 transition (centered at 1700 nm) by shifting
the wavelength 1 to ;" according to the relation
A7 = (1) —ho)~", where 7i=570 cm ™' is the mean energy
absorbed by the lattice.”® The sideband amplitude must be
scaled using the one-phonon creation probability P that is
given by P; = Sogﬁ + 1)exp (—(2n+1)Sp), where
7 = [exp(fiw/KT) — 1]7" is the occupation number of the
phonon mode (at T=300 K). So~0.31 is the electron-
phonon coupling (or Huang-Rhys factor) and /=570 cm ™'
is the average phonon energy of all the phonon modes which
couples to the multiphonon sideband absorption relevant to
tellurite glass. The ESA spectrum was obtained according to
the relation: S(4]) = P{SB(4 — 4]), where P;" =0.2324.
The dashed line in Fig. 11(c) shows the ESA2 spectrum cen-
tered at 1700 nm and the solid line in Fig. 11(c) shows the
pump ESA spectrum using Eq. (5).

We can estimate the cross-section for ESA2 using Eq.
(6), where 2=1700 nm (mean absorption wavelength),
n=198, and A/ _,;, =895 (calculated in this work for
the 19/2—> 113/2 transition). Using the measured line-shape
of ESA2 spectrum, &(4) = 0.00438 nm~', we have
o(ESA2)=7.88 x 107>* cm® at A=1700 nm. The one-
phonon sideband ESA2 cross-section at I: 1550 nm was
obtained using the relation a/3*%,, = P (ESA2), where
Pl+ =0.2324, which gives a cross- sectlon of 1.83 x 10 **
cm? at 1550 nm.

IV. DISCUSSION

In an effort to predict the performance of fibre lasers
operating on the 3 um transition, we carried out numerical
modeling of the system using the spectroscopic parameters
determined above. Figure 12 shows the simplified energy
level scheme of the Er’'-doped tellurite system for cw
pumping at 976 nm. n; n,_ ns, n4, and ns represent the 1 5/25
4113/2, 4111 25 4F9/2, and 4S3/2 level populations most relevant
to the laser transition at 2.75 pum. The 4F7/2 and 2H11/2
excited levels were not considered because they are strongly
depopulated by fast multiphonon decay to the 4S3/2 level.
(Similarly, the 419/2 decays quickly to the 3 1,1, level.) The
rate equations for our model using the normalized population
n;+n,+n3+ng+ns=1are

dny
—1 = —Ren 1+ ﬁSI —&—@m—i—&
dt ‘ERz 5 TR4 TR3

— Wernins + Wou(2)na, (10)

dn n
2 2 ﬂSZ + @n + &}13 —+ W,,R(32)n3
dt TR2 TRS TR4 TR3

— ZKng + Wernins — WOH(2)n2 + WOH(3)H3, (11)

dnj n3 B B
—2 = Rpny — Resains — — — Wor(32)n3 + 2 ns +Epy
dt R3 TRs TR4

=+ W,,R(43')n4 + Ki’l% + Wernins — WOH(3)IZ3, (12)

Bss
k(43
dt TR4 R(43)ns + 20 TRS
dl’ls

ns
— = Rgsa1nzg — — —
dt TR5

n3 + Kn%

dn4 ny

ns + WnR (54)’153 (13)

Wr(54)ns — Wegnns, (14)
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FIG. 12. Simplified energy level scheme
for Er’*-doped tellurite glass showing
the energy transfer process relevant to
laser operation at 2750 nm.

where Rp = 013[7”’7 is the pump rate (s_l), Ip is the pump
light (W cm—2), and hvp is the photon energy of pump radia-
tion. f8; represents the luminescence branching ratio and tg;
is the radiative lifetime. The fundamental and excited state
absorption cross-sections are ;3 = 3.45 x 1072 cm? (GSA)
and 035 = 1.39 x 107>' cm? at 976 nm (ESA1). The emission
cross-section, g3, = 6.29 x 1072 ecm? (at 1=2734 nm). Ex-
perimental values of the intrinsic total decay times (1., T3,
and t5), radiative lifetimes (tg;), luminescence branching
ratios (f;j), multiphonon decay rates (W,z(32), W,r(43"),
W,z(54)), and Wy (i) where i =2, 3 for the Er’* concentra-
tions used in this work are given in Table I.

The calculated evolution of the excited state populations
(in cm ) obtained by numerical simulation of the rate
equations for [Er’*1=1.5x10*! cm —° using a pumping
rate of 1000 s~' (or [,=59.3 kW cm™?) is shown in
Fig. 13(a), where one can observe that equilibrium
occurs for a time shorter than 3 ms. At equilibrium, the pop-
ulations n3 and n, were taken and the population inversion
An=n;—n, was obtained for [Er’']=1x10*! cm3,
1.2 x 10*! ecm 2, and 1.5 x 10! cm™? as a function of the
pump intensity at 976 nm; these results are presented in Fig.
13(b), which indicates a threshold pump intensity that
depends on the Er’* concentration [Ip (threshold) ~87 kW
em 2 for B "= 1.2x10*" ¢cm™>] if we assume that
Won(2)=Wou(3)=0, i.e., a glass without OH™ impurity.
We calculate a negative population inversion for
[Er'"1=1.5x 10*' cm? if we include Er’*(*I;;,») — OH™
energy transfer with [OH ]=6.6 x 10'® cm>. Overall, we
calculate that Er’"-doped tellurite will not have gain at 2.75
pm unless [Er*™] is at least 1.2 x 10*' cm™ which provides
an ETU rate (K;) of 1.7124 x W,,(32). In this case, a posi-
tive population inversion occurs when the threshold pumping
intensity of ~87 kW cm? is attained.
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FIG. 13. (Color online) (a) Calculated population inversion for
[Er*']=1.5 x 10*' cm ™ in tellurite glass for cw pumping at 976 nm for vary-
ing pumping intensities. ESA1 was switched off (dashed line) to show its contri-
bution (Ip =119 KW cm2). (b) Calculated population inversion as a function
of the pump rate for [Erf1=1x10*!, 1.2 x 10*!, and 1.5 x 10* em 3.
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V. CONCLUSIONS

The intrinsic luminescence efficiency of the 1, p— 4113/2
transition of Er’"-doped tellurite glass at T=300K was deter-
mined to be 0.83%; a value primarily the result of large rates of
multiphonon emission. We have observed that the decay time
of the *I,; » and 4113/2 levels in our samples was Er’" concentra-
tion dependent, which we attribute to migration-assisted energy
transfer to OH ™~ radicals present in the glass. The transfer rate
from Er’ " (I, ) to OH™ radicals (at a measured concentration
of 6.6 x 10" cm ™) is ~85% of the multiphonon decay rate for
[Er'1=1x 10" cm™? and consequently reduces further the
luminescence efficiency to 0.046%. We measured ETU between
excited Er'" jons in the *I;5 level with a rate increasing with
the Br** concentration; we established that this process is essen-
tial for the creation of the population inversion on the laser tran-
sition at 2.75 um, however, the ETU rate constant of 3714 s !
measured for [Er "] =1 x 10*' cm ™ was not enough to create
a population inversion in tellurite glass, even for the ideal case
where [OH]=0. For [Er’ " ]>=12x 10" cm > (or Er,04
~2.65 mol. %) and [OH ]=0, a population inversion was
determined for a threshold pumping intensity of ~87 kW cm >
at 976 nm. It was established that pump ESA processes at 976
nm would have a detrimental impact on the performance of
Er’"-doped tellurite fibre laser performance.
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