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ABSTRACT The up-conversion of infrared radiation at
808 nm, emitted by a diode laser, into blue emission cen-
tered at 480nm in 1at.% Tm, 5at.% Yb: YVOyq; 1at.% Tm,
8at.% Yb: YVOq4 and 2 at.% Tm, 5 at.% Yb: YVO, has been
studied. The highest intensity of blue emission is found for the
lat.% Tm, 8 at.%Yb: YVO, system. The power dependence
of up-converted emission upon continuous-wave excitation as
well as the time evolution of its intensity upon short-pulse ex-
citation were found to be consistent with a two-step excitation
mechanism in which the forward Tm3*—Yb3* energy transfer
is followed by the back Yb3**—Tm3* energy transfer. The ef-
fect of dopant concentrations on the up-conversion process is
interpreted taking into account dynamics of the excited states
involved.

PACS 42.55.Xi; 42.62.Fi

1 Introduction

Conversion of infrared radiation around 1000 nm
into blue emission in various matrices co-doped with Tm3*+
and Yb?T has been reported in numerous works (see e.g. [1]).
Ithas been ascertained that the up-conversion process involved
consists of three consecutive energy transfers from ytterbium
ions to thulium ions. The efficiency of this up-conversion
in matrices characterized by low phonon cut-off frequency is
found to be sufficiently high to ensure the population inversion
and sustain laser oscillation. An alternative up-conversion pro-
cess in the Tm—Yb system in which the blue emission follows
the excitation around 800 nm is less documented. This phe-
nomenon was first discovered in LiYF,, BaY,Fg and KYF,
crystals co-doped with Tm** and Yb** [2]. In contrast to the
former excitation method, the radiation around 800 nm brings
about direct excitation of the *H, multiplet of Tm**. Never-
theless, the presence of ytterbium ions appears to be crucial
since the up-converted emission was not observed in crystals
singly doped with thulium. It was then concluded that the up-
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conversion process consists of an energy transfer from thulium
to ytterbium, followed by a back transfer from ytterbium to
thulium. Subsequent reports of up-conversion phenomena in
Yb, Tm co-doped ZBLAN glass, oxyfluoride glass and glassy
Tmg 03 Ybg.1sLag79PsO14 [3, 4] as well as recent investigation
of Tm, Yb co-doped silica based glass ceramics [5] fully sup-
ported the initially proposed mechanism. The most important
and unexpected result obtained was the demonstration that
the efficiency of this up-conversion process in matrices with
high-energy lattice vibrations as exemplified by pentaphos-
phate glass is comparable to that recorded with heavy-metal
fluoride glass [3]. This finding opens new possibilities in the
search for potential laser materials operating in the visible
with infrared pumping.

In this work we examine the process of conversion of
infrared radiation at 808 nm, emitted by a diode laser, into
blue emission in YVO, crystals co-doped with thulium
and ytterbium. Up-conversion of infrared radiation at
A=975nm into blue emission was found to be quite
effective in this system [6]. Spectroscopic properties of
Y VO, singly doped with thulium were reported in Refs. [7, 8]
and data gathered therein will be used to interpret our
results.

2 Experimental

YVO, crystals containing nominally 1at.% of
Tm3*t + 5at.% of Yb>t; 1at.% of Tm3* + 8at.% of Yb>*t
and 2at.% of Tm>* + 5at.% of Yb’>T were grown by the
Czochralski method. Samples have been oriented by the X-
ray technique and cut and polished to parallelepipeds of a
few millimeters edge. Polarized absorption spectra were mea-
sured at room temperature and at 4.2 K with a Varian model SE
UV-VIS-NIR spectrophotometer. The resolution was 0.2 nm
in the UV-VIS region and 1 nm in the near infrared. Infrared
light with a wavelength of about 800 nm emitted by an Al-
GaAs diode laser with highest available power of 1 W has
been used to excite up-converted emission, dispersed by a 1-
m double-grating monochromator with a spectral bandwidth
set to 2cm™! and detected by a photomultiplier with S-20
response. The resulting signal was analyzed by a Stanford
model SRS 250 boxcar integrator and stored in a personal
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FIGURE 1 Absorption bands associated with 3He—3H, transitions of Tm3+
in YVOq for polarizations w (solid line) and o (dashed line) recorded at room
temperature

computer. Luminescence transients were recorded with a Tek-
tronix model TDS 3052 digital oscilloscope following selec-
tive excitation with short pulses provided by a Continuum
Surelite 1 optical parametric oscillator (OPO) pumped by a
third harmonic of a Nd:YAG laser. For low-temperature mea-
surements samples were mounted in an Oxford model CF
1204 continuous-flow helium cryostat equipped with a tem-
perature controller.

3 Results and discussion

Room-temperature absorption spectra associated
with the *Hg—*Hj transition, recorded with light polarized
perpendicular to the optical axis (o spectrum) and parallel
to the optical axis (7 spectrum) of the crystal are shown in
Fig. 1. The spectra consist of poorly resolved bands resulting
from the superposition of lines associated with transitions
between individual crystal field levels of the two multiplets
involved, additionally broadened by electron—phonon inter-
action. Strong homogeneous broadening of absorption bands
is advantageous for optical excitation particularly when laser
diode sources are used. Typically, a laser diode emission
has a large bandwidth amounting to several nanometers
and exhibits a significant spectral shift of about 0.3 nm/°C
induced by the variation of the laser diode temperature.
Unless absorption bands are conveniently broad, stringent
control of temperature is necessary to maintain the absorption
efficiency at a desired level. It can be seen in Fig. 1 that
the excitation wavelength A = 808 nm matches perfectly the
absorption band and that the anisotropy of the crystal would
weakly influence the absorption efficiency. Excitation in the
3H, level of Tm>* did not produce up-converted emission in
YVO; crystals singly doped with thulium, whereas intense
blue luminescence appeared in all samples containing thulium
and ytterbium. It has been ascertained that the spectrum of
this up-converted emission at 300 K consists of a single broad
band centered at about 476 nm. Based on results of a previous
spectroscopic study of YVO,4:Tm [7], the band is assigned to
the 'G4—>Hg transition of Tm3*. This assignment is further
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FIGURE 2 Spectra of up-converted luminescence originating in the 'Gy
level of Tm3* excited at 808 nm recorded at 300 K (dashed) and 70K (solid)
with a sample containing 1 at.% Tm>* and 8 at.% Yb>+
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FIGURE 3 Integrated emission intensity versus incident excitation power
for YVO4:Yb, Tm systems. The excitation wavelength was 808 nm

supported by the up-conversion emission spectrum recorded
at 70K, which is dominated by three lines associated with
transitions on the crystal field levels located at 385, 210
and 52cm™! above the ground level (see Fig. 2). It should
be noted here that, in contrast to other materials co-doped
with ytterbium and thulium, we were not able to discern any
up-converted emission originating in the 'D, level of Tm?".
This is likely due to the interaction of thulium ions with
vanadate VO,3~ groups. The dependence of up-converted
luminescence intensities upon the intensity of excitation at
808 nm with a diode laser is shown in Fig. 3. Slopes of the
lines of 2.01, 1.84 and 1.62 for 1 at.% Tm, 5 at.% Yb: YVQOy;
lat.% Tm, 8at.% Yb: YVO4 and 2at.% Tm, 5at.% Yb:
YVO, respectively indicate that the up-converted lumines-
cence originating in the 'Gy level of Tm®* when excited by
808 nm with a diode laser is consistent with a two-photon
excitation mechanism. The corresponding up-conversion
excitation scheme is depicted in Fig. 4. The first-step energy
transfer from excited Tm3* ions in the H, level to nearby
Yb** ions results in population of the 2Fs ) level. The excited
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FIGURE 4 Scheme of energy levels for YVO4 contain-
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Yb** ions may relax to the ground state radiatively, emitting
light around 980 nm and/or by transferring the energy back to
Tm3* ions. Thus, the blue-emitting level can be populated
efficiently through two sequential energy-transfer processes
described by the following relations:

PHy(Tm*") — *He(Tm*); *F72(Yb? ) —2 Fsn(Yb )],
(1)

[*Fs2(YB* 1) — 2F7 (YD), "Ha(Tm*") — 'Ga(Tm* ).
)

It follows from the examination of the energy-level struc-
tures of Tm®** and Yb** in YVO, that the energy trans-
fers according to expressions (1) and (2) above are far
from resonance and have to be assisted by emission of
phonons. In particular, the lowest crystal field compo-
nent of the *H; multiplet of Tm3* has been located at
12523 cm™', based on low-temperature absorption spectra.
The energy of the highest crystal field component of the
2Fs,, multiplet of Yb*>* cannot be determined precisely be-
cause strong electron—phonon interaction prevents the assign-
ment of the electronic origin in the absorption band even
at liquid-helium temperature [6]. It is likely to be about
10500 cm ™" and certainly not higher than 10 600 cm™'. Tak-
ing into account that the overall splitting of the ground multi-
plet of thulium in YVOy is 385 cm ™!, the energy mismatch in
the first step of energy transfer is not smaller than 1638 cm™".
In a similar way, the energy mismatch of about 1200 cm™!
in the second step of energy transfer has been estimated. The
phonon spectrum of YVOQy stretches to about 900 cm™' [9].
Thus, at least two phonons are needed to conserve the energy
in both steps of energy transfer.

The overall up-conversion efficiency depends on inher-
ent quantum efficiencies of excited levels of interacting ions
and on the efficiency of energy-transfer processes. It can be
seen in Fig. 3 that the up-converted luminescence intensity is
influenced by concentrations of ytterbium and thulium ions.
The intensity recorded with a sample containing 2 at.% of
Tm3* and 5 at.% of Yb>* is the weakest because the increased
thulium content favors the self-quenching of the *Hy and !Gy
emissions. Strong self-quenching of luminescence originat-

ing in the *Hy level of Tm®* ions in YVOy is evidenced by
reported results of lifetime measurement. The *H, lifetime
of 176 us was measured for 0.5 at.% Tm: YVO, [6], 100 us
was reported for 1at.% Tm: YVO,4 [10] and only 7 us was
found for 6 at.% Tm: YVOy [6]. The importance of this self-
quenching process in our co-doped samples becomes apparent
when we compare the *Hy lifetimes amounting to 94 ps for
lat.% Tm, 5at.% Yb: YVO, and to 55 us for 2at.% Tm,
5at.% Yb: YVO,. The ' G, lifetimes of 67 ps and 51 pis mea-
sured respectively for these two samples indicate that the
self-quenching of the !G4 emission is less effective, but not
negligible. It follows from these considerations that the Tm3*+
concentration should be kept small, likely below 1 at.%, in or-
der to obtain a high intensity of the up-converted emission. On
the other hand, increase of ytterbium concentration is expected
to enhance the rate and, hence, the efficiency of energy transfer
between thulium and ytterbium. The energy-transfer rate from
Tm3* to Yb** ions, Wrm_vb, can be calculated from the Tm>+
decay times obtained in samples with and without Yb** ions:
1 1

Wim—yp = -—,
TTm,Yb TTm

3)

where T1y and Trm yp are the emission decay times of the
Tm3+—3H, state without and with the presence of Yb>* ions
in the YVOyq crystals, respectively. With the lifetime values
mentioned above, the energy-transfer rate from Tm3* to Yb3*+
for 1 at.% Tm, 5at.% Yb: YVOy, is ~ 640s~". The 3Hy life-
time of 79 us for 1at.% Tm, 8at.% Yb: YVO, implies the
energy-transfer rate of ~ 2700s~', a value roughly four times
higher than that reported for 1 at.% Tm, 10at.% Yb: LiYF4
[2]. In a similar way, the rates of back transfer from ytterbium
to thulium can be estimated. To do this, we assume that the
intrinsic lifetime of the 2Fs5 /2 level of YB3t in YVOy is close
to the calculated radiative lifetime of 285 ps [11]. With mea-
sured lifetimes of 177 ps for 1 at.% Tm, 5 at.% Yb: YVO, and
134 us for 1 at.% Tm, 8 at.% Yb: Y VO, we obtain the energy-
transfer rates ~ 2142 s~! and ~ 3954 5!, respectively. How-
ever, it should be remembered that two different processes
may be involved in the energy transfer from ytterbium to
thulium. One of them, consistent with relation (2), feeds the
Gy level directly. The second process involves transfer of
the Yb3* excitation to the *Hs level followed by multiphonon
relaxation to the >Fy4 level of Tm3t. In the latter case the G,
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level may be populated through a three-step process that is
encountered upon excitation into the Yb>* absorption band
at about 980 nm. The dependence of the up-converted lumi-
nescence intensity on excitation power shown in Fig. 3 in-
dicates that the two-step process occurs. This conclusion is
further confirmed by the dynamics of the up-converted lumi-
nescence. In Fig. 5 the time dependences of blue emission
in Yb, Tm:YVOy excited at 808 nm and 975 nm with short
pulses provided by an OPO are compared. The intensity of the
blue emission rises more quickly upon excitation at 808 nm,
in agreement with the expectation that the two-step process
is faster than the three-step process. The decay of the blue
emission is markedly slower upon short-pulse excitation at
975 nm, since in the corresponding three-step excitation pro-
cess the long-lived *F, level is involved. The detrimental effect
of increased Tm** concentration on the up-conversion effi-
ciency is evidenced by the time dependences recorded. For
the two excitation wavelengths the blue emission in 2 at.%
Tm, 5at.% Yb: YVO, decays completely in a time shorter
by roughly a factor of two as compared to that in 1 at.% Tm,
5at.% Yb: YVOs.

At this point, some comments regarding slopes of power
dependences indicated in Fig. 3 should be made. It can be
seen in the figure that the slopes are inferior to the expected
value of 2 except for the 1 at.% Tm, 8 at.% Yb: YVO, sample.
The problem of the power dependence of the up-conversion
luminescence in lanthanide and transition-metal-ion systems
has been treated extensively [12]. The authors showed that the
dependence of the up-converted luminescence intensity fol-
lowing an n-photon excitation scheme on the excitation power
P is close to P" for infinitely small up-conversion rates only.
Inreal systems this dependence may be substantially less than
P" as aresult of the competition between linear decay and up-
conversion for the depletion of the intermediate excited states.
In the case of YVO, crystals considered here, additional ef-
fects associated with the interaction of luminescent ions with
unintentional defect centers may be involved. The presence
of optically active defects has been evidenced by the appear-

ance of up-converted broad-band blue emission in nominally
undoped YVO;, [13]. The nature of these defects and their
coupling to luminescent ions still await an explanation.

As noticed above, both the forward energy transfer from
thulium to ytterbium and the back energy transfer from
ytterbium to thulium are not resonant and have to be assisted
by phonons. Estimated values of the energy mismatch are sig-
nificantly higher than the cut-off phonon energy in all known
fluoride matrices and in the majority of oxide matrices. Rates
of energy transfer between thulium and ytterbium in matrices
with an extended phonon spectrum may be larger because a
smaller number of phonons will provide the conservation of
energy. That is why the up-converted emission in the Yb, Tm:
YVO, system may be easily excited in spite of the relatively
short lifetimes of the excited states involved.

4 Conclusions

The blue emission peaking at around 480 nm ex-
cited at 808 nm with a diode laser was observed in YVO, crys-
tals co-doped with Yb** and Tm>* ions. The dependences of
up-converted emission intensities on the power of the infrared
excitation as well as the time evolution of the up-converted
emission imply a two-step excitation mechanism. The up-
conversion efficiency is found to be influenced by both the
thulium and ytterbium concentrations. Increase of Yb** con-
tent in the crystal is found to be advantageous, whereas the
Tm3* concentration should be small in order to reduce the
self-quenching of the luminescence. It has been supposed that
an extended vibrational spectrum of the matrix enhances rates
of nonresonant energy-transfer processes, thereby compensat-
ing short intrinsic lifetimes of interacting luminescent ions.
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