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Giant enhancement of phonon-assisted one-photon excited frequency
upconversion in a Nd**-doped tellurite glass
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Changing the sample’s temperature from 200K to 535K, we observed 670-fold enhancement of a
phonon-assisted upconversion emission at ~754nm obtained from a Nd*"-doped tellurite glass
excited by 5ns laser pulses at 805 nm. A rate-equation model, including the relevant energy levels and
temperature dependent transition rates, is proposed to describe the process. The results fit well with
the data when one considers the nonradiative transitions contributing for the 754 nm luminescence are
promoted by an effective phonon mode with energy of 700cm™'. © 2013 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4789965]

. INTRODUCTION

Frequency upconversion (UC) is a phenomenon in which
light with wavelength smaller than the excitation wavelength
is emitted by a physical system. This process finds many
applications, such as infrared-pumped compact lasers in the
visible range," infrared-to-visible converters and light harvest-
ing, important for solar cells,> temperature sensors,” and dis-
plays* among others.”™® Normally, UC is a nonlinear process,
in which two or more photons from the excitation beam are
used to generate one UC photon. The investigation of UC
processes can be made studying the dependence of the photo-
luminescence (PL) intensity, /g, versus the excitation laser in-
tensity, I;, given by Is oc I, where N is the number of laser
photons for generation of each UC photon. Hence, normally
one has N > 2 in a UC processes.

Changing the samples’ temperature is an interesting pos-
sibility for controlling the UC spectrum exploiting phonon-
assisted transitions in rare-earth (RE) doped materials.
For example, this strategy was used in Ref. 9, in which an
infrared-to-visible UC process was observed in Pr’™/Yb®"
doped fluoroindate glass excited off-resonance with the
RE transitions. More recently, UC emissions in Yb>"/Er**/
Tm>" and Yb**/Ho**/Tm*" co-doped lead-germanate glasses
were obtained exciting the samples with an infrared laser.'®
The relative amount of red, green, and blue emissions in each
sample depends on the relative concentration of the RE ions
but it could be controlled as a function of the samples’
temperature.

Due to the present interest in tellurite glasses (TG) for
photonic applications, including those in which UC plays an

Ypresent address: Departamento de Ciécias Humanas e Tecnologias, Univer-
sidade do Estado da Bahia, Campus XXIV, Xique-Xique-BA 47400-000,
Brazil.

" Author to whom correspondence should be addressed. Electronic mail:
Imenezes@df.ufpe.br.

©Permanent address: Facultad de Ciencias Fisicas, Universidad Nacional
Mayor de San Marcos—UNMSM, Lima, Peru.

0021-8979/2013/113(5)/053102/4/$30.00

113, 053102-1

important role, we performed experiments in TG samples
doped with Nd*" excited using a pulsed laser to investigate
the temperature dependent UC process. TG are interesting
materials for photonic applications, because they show a
wide transmission window from 350 nm to 6.5 ,um,11 present
low tendency for devitrification and small glass-transition
temperature, having good chemical stability, high mechani-
cal, and large thermal resistances, which are essential charac-
teristics for, e.g., making optical fibers. Additionally, TG are
attractive for devices, such as optical amplifiers and optical
waveguides, since they present high refractive indices
(~2.0)."% Besides this, they allow large RE doping levels'?
and present low cutoff-phonon energy (~=800cm ")'* that
are important characteristics for uses in luminescent devices.

This paper is organized as follows: Sec. II presents the
fabrication procedure of Nd** doped TeO,-ZnO (TZO)
glasses and the main equipments used to characterize the sam-
ples. In Sec. III, we present details of the optical experiments
performed to study the infrared-to-visible and infrared-to-
infrared UC processes. The analysis of the experiments is
mainly concentrated on the generation of UC luminescence
at~754nm (13,262cm ') due to the excitation of the sam-
ples with a laser operating in 805nm (12,422cm™'). The
energy match in the process is due to the absorption of one
incident laser photon followed by phonon annihilation. A rate-
equation model is proposed to describe the results and a com-
parison between the present and previous works is made.
Finally, in Sec. IV, we present a summary of the main results
and conclusions.

Il. EXPERIMENTAL DETAILS

The samples were prepared by the melt-quenching tech-
nique and had the composition (in mol. %) 85 TeO,—13
7Zn0O-2 Nd,0s;. Initially, the reagents are weighted, mixed,
and homogenized in a platinum crucible. The mixture is
introduced into an oven with no atmosphere control. After
the mixture fusion, at 800°C for 20 min, the liquid is cooled

© 2013 American Institute of Physics
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FIG. 1. Linear absorption spectrum of the Nd**- doped sample (red, solid
line) and the undoped glassy matrix (blue, dashed line). The features are
labeled with the excited levels when Nd** ions absorb light from the ground
level 419/2,

into a brass mold pre-heated to the annealing temperature
(325°C). Then, it is removed to another oven for completing
the thermal treatment, at 325 °C during 2 h, for reduction of the
internal stresses. After this, the oven is turned off and the sample
is kept inside it until room temperature is reached. Afterwards,
the glass is removed from the brass mold, cut, and polished.

The absorption spectra were obtained using a commercial
spectrophotometer. The PL experiments were made using an op-
tical parametric oscillator (400kW, pulses of Sns, repetition
rate: 20 Hz) operating at 805 nm, resonant with the 419/2 — 4F5/2
transition of the Nd*" ions. The laser beam was focused on the
sample by a 15 cm focal length lens; the PL was collected by a
Scm focal length lens along a direction perpendicular to the
laser propagation direction and sent to a spectrometer connected
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The UC spectra can be seen in Figs. 2(a) and 2(b), where
the bands’ amplitudes are normalized by the largest band
seen in each spectral range. The spectra show the Nd*™ PL
lines (corresponding transitions) at 361 nm (4D3/2 — 419/2),
386 nm (°P3; — “Iop; “Dsp — i), 417nm CPsp — 1y
D3 — “Lisp), 431nm (CDsp. Py — “T11p), 454nm (*Dspp —
isp), 486mm (‘Gap — “lop), 530nm (Grp.Kizp — *lops
Kisp — "Liip), 580nm ("Hyp — “lop), 595nm (“Gop
— 4113/2), 650 nm (4G7/2 — 4113/2), and 670 nm (2G9/2 — 4115/2).
The PL intensities corresponding to these transitions show non-
linear dependences (N > 2) with the laser intensity'® and their
origin was already discussed by many authors in other glass
matrices. In the present paper, we are interested only in the UC
emission centered at 754 nm observed in Fig. 2(b) that corre-
sponds to the *F;, — *I, transition.

Although the PL signal centered at 754nm is a UC emis-
sion, it presents a linear dependence (N = 1) with the excitation
laser intensity, as shown in Fig. 3(a). Considering the excitation
conditions and the intensity dependence of this UC emission,
we concluded that this signal is originated in a process which
starts with the resonant absorption Iy, — “Fs, followed by
annihilation of phonons that promote the excited ion to the ther-
mally coupled 4F7/2 level from where the PL at 754 nm origi-
nates. The UC pathway was verified measuring the temperature
dependence of the PL intensity. Experimental data points are
shown in Fig. 3(b) where a 670-fold PL enhancement is
observed when the sample’s temperature is changed from
200K to 535K, corresponding to a luminescence enhancement
to temperature interval (LETIT) = 670/335 K = 2.00/K.

The lines presented in Fig. 3(b), adjusted to the experi-
mental data, represent the results of a model used to describe
the UC pathway, illustrated in Fig. 4. In the model, the set of
equations for the population densities (n;; i=0, 1, 2, o, f8, y)
of states 10> (419/2), 1> (4F5/2), 2> (4F7/2), loc> (4F3/2), |ﬁ>
(*P3p), and Iy> CPyp) is

dn
to a digital oscilloscope and a computer. d_to = —Woino +yim + pom
d
lil. RESULTS AND DISCUSSION % = Woino — [Win(T) + Aa(T) + 9, + WYE(T)] my
Fig. 1 shows the absorption spectra of the Nd** doped + WYR(T)n,
sample and the undoped matrix. The absorption bands were dn

identified by comparison with other Nd** -doped glass.'?

The spectrophotometer bandwidth was smaller than the
absorption bands’ linewidths, which are inhomogenously
broadened.

2= Ap(T)n — [Wap(T) + 7, + WYR(T)] na.

dt M

The measured signal at 754 nm is proportional to the maxi-
mum of the n,(¢) function. The pump rate from the ground
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FIG. 3. (a) Dependence of the UC intensity at 754 nm versus the laser intensity at room temperature. The slope is N = 1.0, indicating that one laser photon is
involved in the generation of each UC photon. (b) Comparison between the experimental data (circles) and the model results (lines). The curve which fits better
the data is the one for an EPM of 700cm ™" (black solid line). Also shown are the model results for some EPM energies (upper to lower dashed curves):
400cm ! (dashed green lines), 850 cm~ ! (dashed red lines), and 600 cm ™! (dashed blue lines).

state Wy, is gy, P, where oy, is the (resonant) absorption
cross section from the ground state 10> to the excited state
[1>, and @ is the laser photon flux (the ratio between the
laser intensity and the photon energy). The temperature-
dependent pump rates W,,(T) are given by c,,(T)®D, where
du(T) (ab=1y and 2f) are the temperature-dependent
absorption cross-sections between levels a and b, being
given by 6,(T) = ofl [exp(&x —1)] "% = 68I'P,,(T).” with
ol being the absorption cross-section between levels a and
b at room temperature; ¢, is the number of effective phonon
modes (EPMs)'” needed to bridge the gap between these two
levels and Av is the EPM energy. The population relaxation
rate of level i=1,2 is y;=7/* + WNR(T), with y/*! being the
radiative decay rate and WMR(T) is the temperature depend-
ent nonradiative (NR) relaxation rate from level i to the next
level below it due to multiphonon relaxation. According to
Refs. 17 and 18, WNMR(T) is given by WNR(T) = WNR(Ty)

[ 1—exp(—hv/kT)

—Ppi
—exp( v /kTO)} , where p; is the number of EPMs needed
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FIG. 4. Simplified energy levels scheme of Nd*" representing the pathway
to generate UC emission at 754 nm by exciting the sample at 805 nm. Solid
(dashed lines) upward arrows represent laser excitation from the fundamen-
tal (excited) level. Dotted lines represent phonon-assisted temperature-de-
pendent processes and the downward arrows represent radiative transitions.

to promote the NR transition from level i to its closest
low-lying level. T is the room temperature and WN?(Ty) is
determined using the energy-gap law.'® The multiphononic
excitation rate is Aj»(T) = C{,”P12(T), with C7,” being pro-
portional to the electron-phonon coupling strength. The non-
resonant absorption cross-sections were expressed as
oar(v) = 0%, [exp (i —1)] ~4, where v is the frequency
detuning, 6%, is the resonant cross-section between levels a
and b, and ¢ is the number of EPMs necessary for compensa-
tion of the energy mismatch. oy, was obtained analyzing the
oscillator strength ratios, R, between the transitions 10> — lo>
and |0> — [1> for different crystalline and glassy systems and
multiplying this ratio by the absorption cross-section for the
transition [0> — lo>.

According to Ref. 18, one has gy, =5.0 x 107%° cm
and based on Ref. 20, one gets R ~ 3.16, leading to gy; = 1.5
x 107" ¢cm?. For the other cross-sections, 0, and o,p, One
sees from Ref. 21 that in crystals the typical values are in the
range 1072*-10"%* cm®. Reference 19 presents results for
other glasses that have the same order of magnitude. Thus,
we considered the value 1072* cm? for the resonant absorp-
tion cross-section of excited state transitions. Concerning the
NR transition rates, from Ref. 19 one gets WVR ~ 10°Hz for
tellurite glasses at room temperature, for an energy gap of
~10° cm ™!, which is our case.

Other parameters included in the model are the radiative
decay rates, y; and y,. The value of y;, which is related to
state 4F5,2, was determined for various Nd** doped glasses;
radiative lifetimes ranging from 750 us®* to 5 pus® were
measured; on the other hand, data for 7, (related to the 4F7/2
state) are less abundant.?’ However, our model is not much
sensitive to these parameters, since the associated NR rates
dominate in the range of temperatures studied here because
the levels of interest are close-lying states. Thus, we consid-
ered y; = 10’ Hz and 7, = 10* Hz.

Then, solving the system of Eq. (1), varying the EPM
energy and ¢,,, ¢;,, and p, accordingly, we obtained the
results shown in Fig. 3(b). The best fit to the experimental
results corresponds to EPM energy of 700cm™'. For ener-
gies smaller than 700 cm_l, the results deviate very much
from the data, since a larger number of effective phonons are
needed to bridge the relevant energy gaps, implying changes

2
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in ¢, ¢;, and p that strongly influence the population dy-
namics. Deviation of the numerical results from the experi-
mental data occurs also for EPM energies larger than
700 cm ™" as shown in Fig. 3(b).

From the basic point of view, the results of Fig. 3(b)
indicate that it is not the matrix cutoff-phonon mode the one
dominating the phonon-assisted UC transition, but the so-
called EPM, which represents a statistical average that takes
into account the phonon’s energies and their occupation
number.'” From a more applied point of view, we recall that
the observation of the phonon-assisted UC phenomenon in a
fluoroindate glass'® is very sensitive to the sample conditions
including humidity and mechanical resistance of the fragile
samples. In the TG case, the reproducibility of the results is
less affected by the external conditions since TG in bulk and
fibers forms are much more stable than fluoroindate glass.
Another important point to consider is that because the UC
process here reported requires only one EPM, it is more
efficient than the previously reported cases that require par-
ticipation of multiphonon transitions.

A comparison of the results with previous works allows
a better evaluation of the present results. Resonant excitation
of one-photon UC experiments in Nd®>" doped glasses
involving annihilation of phonons was also exploited in two
other systems. In Ref. 18, a Nd** doped fluoroindate glass
was excited by a CW laser tuned to 866nm, in resonance
with the Iy, — *Fs, transition of the Nd*" ions. Many UC
lines in the UV-VIS spectrum corresponding to N > 2 were
detected as well as the UC emission at 750 nm that presented
a linear (N =1) intensity dependence versus the laser inten-
sity. This process was explained as being due to one-photon
absorption followed by multiphonon anhilation that supplied
the energy necessary to promote the Nd** ions to the 4F7/2
emitter state. The sample’s temperature was varied from
298 K to 498 K, leading to 44-fold enhancement of the inten-
sity at 750nm, corresponding to a LETI=0.22/K. More
recently in Ref. 24, it was reported an experiment with a
Nd** doped LiTeO, glass excited with a CW laser at
800nm. UC luminescence at 755nm was detected but its
power dependence was not reported. Its intensity dependence
on the samples’ temperature was recorded; the results show
a 90-fold enhancement within the range 298K to 523K,
meaning a LETT = 0.40/K. Both LETT results of Refs. 18 and
24 are smaller than in the present case.

IV. CONCLUSIONS

We studied a thermally activated UC emission in a Nd**-
doped tellurite glass by resonant excitation of transition 419/2
— %Fs, at 805nm. The UC emission at 754 nm due to transi-
tion 4F7,2 — 419/2 presented linear intensity dependence versus
the laser intensity and experienced 670-fold enhancement when
the sample’s temperature changes from 200K to 535K, the
largest in the best of the authors’ knowledge for thermally

J. Appl. Phys. 113, 053102 (2013)

assisted one-photon induced UC emission. A model consider-
ing the relevant energy levels populations, including
temperature-dependent absorption cross-sections and nonradia-
tive transition rates, was proposed to describe the thermal
behavior of the UC process. The temperature dependence of

the one-photon excited UC emission is well described consider-

ing an EPM with energy of 700cm ™.
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