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(Fax: +55-82/214-1645, E-mail: artur@fis.ufal.br)

Received: 6 April 1999/Revised version: 27 August 1999/Published online: 27 January 2000 – Springer-Verlag 2000

Abstract. The temperature effect upon infrared-to-visible
frequency upconversion fluorescence emission inYb3+-
sensitizedEr3+-doped germanosilicate optical fibers excited
with cw radiation at1.064µm is investigated. The experi-
mental results revealed an eightfold enhancement in the vis-
ible upconversion emission intensity as the fiber temperature
was increased from17◦C to 180◦C. The fluorescence emis-
sion enhancement is attributed to the temperature-dependent
multiphonon-assisted anti-Stokes excitation process of the
ytterbium sensitizer. A theoretical approach that takes into ac-
count a sensitizer absorption cross-section, which depends on
the phonon occupation number, has proven to agree very well
with the experimental data

PACS: 78.20.-c; 42.79.Nv; 42.81.-i; 42.55.Wd

Frequency upconversion in rare-earth-doped optical fibers
has been the subject of much interest over the past ten
years owing to the possibility of developing visible super-
fluorescent fiber sources and visible fiber lasers excited in
the near infrared [1–7]. However, for the majority of rare-
earth single-doped systems the infrared-to-visible upconver-
sion process has proven inefficient particularly for pumping
in the wavelength region of1.0µm to 1.1µm, where high-
power sources are commercially available. The realization of
Yb3+-sensitized materials which exploit the efficient energy-
transfer mechanism between pairs or triads of rare-earth ions,
has permitted a substantial improvement in the upconversion
efficiency in ytterbium-sensitizedTm3+ [5], Er3+ [6], and
Pr3+ [8] doped optical fibers. ForYb3+-sensitized codoped
hosts under nonresonant excitation with the pump photon
energy lower than the ytterbium2F7/2– 2F5/2 transition, the
upconversion pumping of the acceptor emitting levels is ac-
complished through multiphonon-assisted anti-Stokes excita-
tion of the sensitizer ions [9], followed by successive energy-
transfer processes. Accordingly, the effective pumping of the
acceptors’ luminescent excited-states is strongly dependent
upon the phonon population in the host material. In this work,
we demonstrate for the first time, to our knowledge, eightfold
temperature-induced enhancement in the infrared-to-visible

frequency upconversion efficiency of an ytterbium-sensitized
erbium-doped optical fiber nonresonant pumped at1.064µm
and heated in the temperature range of17◦C–180◦C.

1 Experimental

The experiment was carried out using a2.0-m length of
Er3+/Yb3+-codoped germanosilicate optical fiber with a con-
centration of8000 ppm/wt of ytterbium and500 ppm/wt
of erbium ions. The fiber had a cut-off wavelength around
1.3µm. The excitation source was a cw Nd:YAG laser op-
erated at1.064µm and×20 uncoated microscope objectives
were used to couple the pump light into it and collect the
radiation emitted out from the test fiber. The fiber span tem-
perature was increased from17◦C to 180◦C by placing it
into an aluminum oven heated by resistive wire elements.
A copper–constantan thermocouple (reference at0 ◦C) at-
tached to the fiber cladding was used to monitor the tempera-
ture with±2 ◦C accuracy. The signal detection and process-
ing system consisted of a34-cm scanning spectrograph with
operation resolution of0.5 nm equipped with a S-20 photo-
multiplier tube coupled to a lock-in amplifier and computer.

2 Results and discussion

Figure 1 shows typical recorded visible power spectra of
radiation exiting the test fiber for a fixed pump power of
700 mWcoupled into it, at two different temperatures as in-
dicated in the plots. The spectra exhibit three distinct bands
peaked around 530, 550, and670 nm, corresponding to the
2H11/2, 4S3/2, and 4F9/2 transitions to the4I15/2 ground-
state, respectively. The less intense band around563 nmis
associated with the2H9/2– 4I13/2 transition. The spectra de-
picted in Fig. 1 also clearly illustrate the enhancement of the
infrared-to-visible upconversion efficiency as the fiber tem-
perature was raised, at a fixed excitation power of700 mWat
1.064µm. The upconversion excitation mechanism responsi-
ble for the population of the visible and near-infrared emitting
levels in Er3+/Yb3+-codoped samples excited at1.064µm
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Fig. 1. Upconversion power spectra exiting the test fiber at75◦C and
180◦C, for a fixed pump power of700 mWat 1.064µm

has recently been reported for silica-based optical fibers [6]
and bulk glasses [10, 11]. Therefore, it suffices to mention
here that the upconversion pumping process of the excited-
state luminescent levels of theEr3+-acceptor is obtained by
means of the phonon-assisted anti-Stokes excitation of the
Yb3+-sensitizer or donor from the2F7/2 ground-state to the
2F5/2 excited-state. The excitedYb3+ transfers its energy to
an Er3+ ion, exciting it to the 4I11/2 level, and a subse-
quent energy-transfer process promotes theEr3+ ions from
the 4I11/2 to the upper 4F7/2 excited-state. Multiphonon-
assisted nonradiative decays from the4F7/2 excited-state pop-
ulate the 2H11/2, 4S3/2, and 4F9/2 emitting levels, as it is
portrayed in the simplified energy-level diagram presented in
Fig. 2. The energy levels related to the563-nm band were
omitted from the diagram of Fig. 2, since throughout this
work we have focused on the more intense visible bands.
The excitation of theYb3+-donor from the 2F7/2 ground-

Fig. 2. Simplified energy-level diagram of theEr3+/Yb3+ system.Upward
and downwards solid arrowsindicate photon absorption and emission, re-
spectively. Double arrowsstand for energy-transfer processes andtilted
arrows are for multiphonon absorption and emission mechanisms

state to the2F5/2 excited-state, demands the participation of
optical phonons in order to compensate for the energy mis-
match of∼ 800 cm−1 between the incident pump photon at
1.064µm (9398 cm−1) and the energy connecting the2F7/2–
2F5/2 transition of the ytterbium ions which is∼ 10 200 cm−1.
In Yb3+-doped germanosilicate-based optical fibers, the in-
homogeneous broadened zero-phonon absorption line is neg-
ligible beyond1.05µm [12]. As a consequence, theYb3+
effective absorption cross-section depends upon the phonon
occupation number in the host matrix, which is an increasing
function of the medium temperature.

The behavior of the visible upconversion emission spec-
tra as a function of the fiber temperature was investigated
and its evolution is illustrated in Fig. 3. As can be observed,
indeed there exists a steady increase in the visible emission
intensities as the fiber was heated from17◦C to 180◦C , at
a fixed excitation power. Our observations can be better ana-
lyzed, when one studies the visible upconversion efficiency
as a function of the fiber temperature, as indicated in the plot

Fig. 3. Temperature evolution of the visible upconversion fluorescence
emission emanating from the test fiber at a fixed excitation power of
700 mWcoupled into it

Fig. 4. Visible upconversion emission intensity as a function of temperature
for a fixed excitation power of700 mW. The solid line represents the the-
oretical curve obtained from (5) and (6), adjusted to the experimental data
(symbols)
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depicted in Fig. 4. As can be inferred from the experimen-
tal data, the integrated upconversion fluorescence intensity
increased by a factor greater than eight for that range of
temperature.

The experimental results shown in Figs. 3 and 4, are ex-
plained using the model portrayed in Fig. 2, and the set of rate
equations needed to describe the model are listed below as
in [13],

ṅe= ngσge(T )Φ+n2C2dng−neCd2no− ne

τd
, (1a)

ṅ6= neCd6n2− n6

τ6
, (1b)

ṅ4= n6WNR
64 −

n4

τ4
, (1c)

ṅ3= n4WNR
43 −

n3

τ3
, (1d)

ṅ2= neCd2no−n2C2dng− n2

τ2
, (1e)

whereneCdi (n2C2d) is the donor (acceptor) energy-transfer
rates, which are temperature-dependent (see [14] and refer-
ences therein),WNR

ij is the nonradiative transition probability,
τi is the level lifetime, andΦ is the power flux. In (1a)–
(1e), σge(T ) represents the temperature-dependent absorp-
tion cross-section for the donor which takes into account the
multiphonon-assisted sideband excitation process [9] and it is
written as

σge(T )= σ0
ge

[
exp(hωphonon/kBT )−1

]−p
. (2)

In (2), σ0
ge is the absorption cross-section at resonance,

hωphonon is the phonon energy,kB is the Boltzmann constant,
and T is the absolute temperature. The exponentp in (2)
accounts for the number of optical phonons involved in the
sensitizer excitation. The steady-state solutions for the set of
(1a)–(1e) give rise to the population of the thermally coupled
2H11/2 and 4S3/2 emitting levels as

n4= τ2τ4σ
2
ge(T )NA N2

dCd2Cd6Φ
2τ2

d . (3)

In (3), NA and Nd are the ion concentration of the accep-
tor and donor, respectively. In order to get the result in (3),
we have assumed that the direct and back energy transfer be-
tween the acceptor and donor do not affect significantly the
lifetime of the excited ions, implying thatτ−1

d � noCd2, and
τ−1

2 � ngC2d for moderate pump intensities the ground-state
populations of theYb3+–Er3+ pair are not depleted (ng≈ Nd,
no ≈ NA). Furthermore, the excited-state level4F7/2 of Er3+
decays simply nonradiatively to2H11/2 and 4S3/2 levels, and
multiphonon decay from2F7/2 level of Yb3+ is not expected
due to the large energy separation to the ground-state so that,
τd is mainly radiative. The observed energy separation be-
tween the 2H11/2 and 4S3/2 levels was∆E45≈ 700 cm−1,
which allows thermal population of the2H11/2 level. Corre-
spondingly, the radiative decay timeτR

4 of the 4S3/2 level is
temperature-dependent through

1

τR
4

=
∑

j A( 4S3/2→ j)+3e−∆E45/kBT ∑
j A( 2H11/2→ j)

1+3e−∆E45/kBT
,

(4)

where A( 2H11/2, 4S3/2→ j ) are radiative transitions rates
from the two to the lower lying levels, and the effective pop-
ulations for the coupled levels are

neff
4 = n4

1

1+3e−∆E45/kBT
, (5a)

neff
5 = n4

3e−∆E45/kBT

1+3e−∆E45/kBT
. (5b)

Finally, with the proper substitution, the visible emission in-
tensity is obtained through the relation

Ivisible=
∑

i

I i = h
∑

i

ωioAioni . (6)

Based upon these calculations, we need the temperature-
dependent lifetimes for the participant levels and also the
nonradiative transition probabilities. The nonradiative transi-
tion probability between levelsi and j for low concentration
of Er3+ ions (our case) is due to multiphonon relaxation pro-
cesses, and can be related to the temperature by means of the
following expression [15]

WNR
ij (T )=WNR

ij (0)
[
1−exp(−hωphonon/kBT )

]−p
, (7)

whereWNR
ij (0) is its value at zero temperature. Actually, this

probability can be obtained in two ways: subtracting the ra-
diative transition probability (calculated by the Judd–Ofelt
theory [16, 17]) from the inverse of the observed lifetime or
by direct measurement. Furthermore, the energy of the4I11/2
excited level ofEr3+ is approximately half of the4F7/2 level
and nearly resonant to the2F5/2 level of Yb3+, which im-
plies that the temperature dependence of the energy transfer
rates Cdi from Yb3+ to Er3+ is mainly due to the over-
lap integrals between the emission of the ytterbium and the
absorption of the erbium [18]. However, in several glasses
and crystals, the effect of the temperature increase upon the
green and red emission of theEr3+, after resonant excita-
tion of theYb3+ sensitizer, is in the direction of the visible
light intensity decrease for the range of temperatures above
20◦C [19]. Hence, the temperature dependence of the up-
conversion visible light emission associated with the overlap
integrals could not account for the temperature behavior ex-
hibited in our findings. The major contribution to the results
herein presented is then attributed to the temperature depen-
dence of the ytterbium absorption cross-section as displayed
in (2), and without lack of generality the temperature de-
pendence of the overlap integrals could be neglected in our
calculations. Using the calculated radiative transition proba-
bilities for silicate glasses [20], and nonradiative decay rates
for silica-based glasses [21], we have obtained the tempera-
ture dependence of the emission intensities of the three visible
emission bands as well as of the total visible upconversion
emission with the resultant curves indicated by the solid line
in the plot of Fig. 4. Indeed, the theoretical model based upon
the temperature dependence residing ìn the effective absorp-
tion cross-section of the ytterbium sensitizer describes quite
well our experimental observations for the individual emis-
sion intensities at 530, 550, and670 nmand the integrated
visible upconversion emission efficiency. Moreover, the same
model has also been applied to ytterbium-sensitizedEr3+-
doped chalcogenide andPr3+-doped fluoroindate glasses and



188

has also proven to agree very well with the experimental
data, as described elsewhere [22, 23]. An alternative approach
to explain our results would be the possibility that thermal
enhancement of the population in the highest lying Stark sub-
levels of the ytterbium ground-state manifold would give an
important contribution to the temperature dependence of the
upconversion emission enhancement. However, when one de-
scribes the system using only a Boltzmann factor, the theor-
etical results deviate rapidly from the experimental data for
temperatures above135◦C. The thermal population of the
highest Stark sublevels of course produces some enhance-
ment in the upconversion process, but certainly the tempera-
ture dependence of the sensitizer absorption cross-section
through the multiphonon-asssisted anti-Stokes excitation pro-
cess is the dominant mechanism.

From the results presented in Fig. 2, we have also ob-
tained the energy of∼ 690 cm−1 for the phonon-mode partic-
ipating in the multiphonon-assisted anti-Stokes excitation of
the sensitizer. This result is to be compared with the one of
1100 cm−1 for the maximum phonon-energy associated with
silica-based glass [20, 21, 24]. The deviation in the value for
the phonon energy obtained in our measurements, and the
maximum value of1100 cm−1, is due to the fact that in anti-
Stokes sideband excitation processes one has to consider an
“effective-phonon-mode”, which has a much lower energy
than the host cut-off value [24]. At high temperatures the
population distribution of the phonons participating in the ex-
citation process is centered around this low energy “effective-
phonon-mode”, as demonstrated both experimentally and the-
oretically by Auzel and Chen forEr3+-doped ZBLAN and
silica glasses [24]. On the other hand, the highest phonon fre-
quency of the host is the one that minimizes the multiphonon
order in radiationless emission processes [25, 26].

3 Conclusions

In conclusion, we have demonstrated both theoretically and
experimentally a times eight thermally induced enhance-
ment in the infrared-to-visible upconversion efficiency in
an Er3+/Yb3+-codoped germanosilicate optical fiber ex-
cited at 1.064µm. The eightfold efficiency enhancement
was obtained by heating the fiber in the temperature range
of 17◦C to 180◦C, and was attributed to the temperature-
dependent multiphonon-assisted sideband excitation process
of theYb3+ sensitizer. The theoretical analysis utilizing rate
equations, and considering the absorption cross-section of the
sensitizer as a function of the phonon occupation number of
the host, has proven to agree quite well with experimental
data. Our results suggest that this technique can be exploited
to improve output powers and reduce threshold of rare-earth
(Pr, Er, and Tm) doped glasses and fiber lasers sensitized with
ytterbium and pumped by high-power sources in the1.0-µm
wavelength region as has recently been demonstrated for an
Er3+/Yb3+-codoped germanosilicate optical fiber laser [27].
In addition, it can be used to improve the performance, by
reducing the inherent thermal noise at high temperatures of
optical temperature-sensing devices based upon upconver-

sion flourescence emission inEr3+/Yb3+-codoped glasses
and fibers pumped at1.064µm [28–30].
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