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Anomalous power dependence of sensitized upconversion luminescence
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The expected excitation power dependencies for any upconversion emission band of an acceptor ion is
investigated theoretically when the excitation takes place on a sensitizer ion and subsequent energy transfer
upconversion from the sensitizer to the acceptor ion is exclusively responsible for the excitation of the acceptor
ion. Under these limitations it is shown that emission from a state that redu@esrgy transfer upconversion
steps will have a slope df in the low-power regime when the luminescence intensity is plotted in a double-
logarithmic representation versus absorbed pump intensity. In the high-power regime, any emission band will
show a slope of 1, irrespective of the number of energy transfer steps from the sensitizer to the acceptor ions
that are involved. The theoretical results are verified experimentally by data on three different inorganic
systems with different types of sensitizer and acceptor ions: rare @ighions as well as transition metal
(TM) ions. The active ions in the systems that are studied experimentally are RE/RE, RE/TM, and TM/TM,
where the first dopant indicates the sensitizer ion and the second dopant indicates the upconverting ion. These
different classes of sensitizer and upconverter ions all agree with the theoretical predictions put forward by the
model. Thus providing confidence in the applicabiliyithin the boundary conditions put forward hgoé the
model described.
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I. INTRODUCTION tion power was explained in 2000 when it was theoretically

In the field of optical spectroscopy special attention isP"OVeN that the power-dgpendgnc_e of any upconversion
given to nonlinear processes, such as second harmonic gefilission band changes with excitation poweBpecifically,
eration, photon upconversion, cooperative luminescence aréﬁse” an upconversion emission is excited by the sequential
so on. These processes have received a great deal of inter@QSCrPtion and energy transfer upconversion photons, Its
as they typically involve interesting physics due to the non_dependenlce on absorbed pump poRedecreases fron"
trivial power-dependence of the population densities of th&!oWn to P with increasing excitation power. However, this
excited stated.Since the theoretical predictidrand experi- ©NlY applies for the highest energy electronic state that is
mental observatiot of near-infrared to visible photon up- excited through upconversion. Lower-lying statescited by

conversion via energy transfer processes, much research h%%ﬁgc\éegs'gcvg'tgg 223?:; mgfheggengsvggfﬂebﬁiﬁt%d
been devoted to understanding the upconversion-induced lysmn) whigh is evel?] less thaR?, in the high-power limit

i 56 , , .
mineéscence chargct(_arlstlbé. Du_e to a Iarg.e n_umber of The publication included several experimental examples
publications that indicated fascinating applications for up

. . “clearly demonstrating this effect in action.
conversion phosphors, the field expanded rapidty. The model, however, only included one type of ion re-

Initially, it was realized that the steady-state populationsponsible for the upconversion processes. Furthermore, the
density of a Statéand therefore its associated Iuminescencq'node| exc|usive|y assumed excited state absorption, or en-
intensity scales withP", whenn excitation photons are up- ergy transfer upconversion from the lowest-lying excited
converted to excite emission from the state under investigastate to higher states. Due to these boundary-conditions the
tion and the excitation power is given B As this power applicability of the model is somewhat limited. The most
dependence could be checked experimentally, it was used ggynificant omission is the group of materials where the ex-
a direct measurement for the number of excitation photonsitation is initially absorbed on a sensitizer ion and then sub-
involved in the excitation of the upconversion emission.sequently transferred to an acceptor ion that is responsible
However, when more powerful near-infrared excitationfor the upconversion and emission. Typically, these materials
sources became available, it was noticed that at higher povare among the most efficient upconverters known, which is
ers theP" dependence began to reduce and finally even a&elated to the fact that both the initial absorption on the sen-
“saturation” of the emission intensity could be observedsitizer ion, and the energy transfer from the sensitizer to the
where increasing the excitation power no longer influencedcceptor ion can be very efficient. Oftentimes a sensitizer ion
the emission intensity at alf. Since no adequate explanation (typically Yb®*) is purposely added to a specific material that
of this phenomenon existed, researchers continued to usdready has an upconverting ion present in the host lattice
power dependence of the emission intengity the low-  (typically another trivalent rare earth ipas this increases
power limit) as a measurement for the number of excitationthe upconversion efficiency. For such materials, where a sen-
photons involved in the excitation of the upconversion emissitized photon upconversion process is dominant, the model
sion. described above cannot be applied.

This experimentally observed saturation of the In this paper, a model is presented that calculates the ex-
upconversion-induced luminescence with increasing excitaeitation power dependence of all population densities of an
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upconverting acceptor ion that receives its energy via trans- 13)
fer from a sensitizer ion on which the energy was initially .
absorbed. The model requires only that the upconversion on 2)
the acceptor ion occurs through energy transfer from a sen- A
sitizer ion, but no further assumptions need to be imposed. N, LT 1)
Most notably, the energy transfer upconversion steps are not SRR
required to depend on the population density of a fixed state 10)
of the acceptor ion(such as the fixed dependence on the Sensitizer Acceptor
population of the first excited state in the model without a

sensitizel. There is a large class of materials for which this (a)
assumption is expected to be valid. This fact will be demon-
strated in the second part of the paper, where experimental
data on three different upconverting materials will be pre-
sented. There it will be shown that the power dependence of
the upconversion and downconversion emissions from the
acceptor ions, as well as the excited state emission from the
sensitizer ion itself, follow precisely the trend calculated by
the model described in the next section.

ETU to
state |i + 1)

12)

ETU from Emission
state ¢ — 1) | to state |0)

Il. MODEL
This section consists of two main parts. Section Il A will (b)
describe and discuss for a simplified rate equation system the _ _
two limiting casedi.e., the high- and low-power limitghat FIG. 1. Schematic representation of the energy transfer pro-

occur. The goal here is to understand the underlying trends ifSSes that can occur in the simplified model, as describgd in Sec.
as simple a system as possible. Next, the general rate equif" Part (a) shows the processes relevant to the lowest lying states
tion system will be presented in Sec. Il B and the limiting of the acceptor as well as those of the sensitizer ion. (Baghows

cases of its solution will be investigated. Most importantly, it the populating and depopulating processes for a general[tae

will be proven that in this general case identical high- andthe acceptor ion.

low-power limits can be obtained as were found for the sim-

plified situation studied earlier. a perfect ladder of states on the acceptor ion is required. The
Throughout this paper, two different types of ions will be €nergy separation between two adjacent states in this ladder

considered: the sensitizer ions, and the acceptor ions. It wils given by precisely the energy-gap from the ground state to

be assumed that the laser excitation will be exclusively abthe excited state of the sensitizer ion. As a result, for all

sorbed on the sensitizer ions and subsequéatfyaction of ~ states of the acceptor ion the energy transfer upconversion

these excitations will be transferred to the acceptor ions(ETU) step to the next higher-lying state will take place reso-

When P denotes the laser power amdthe excitation cross hantly.

section for the sensitizer ions, then the steady state popula- The model will describe the population of a general state

tion of excited sensitizer iondJs, will be given by i) of the acceptor ion in terms of the processes and states
that influence this state. L& denote the steady state popu-
Ns=oP. (1) lation density of the stat®), andN denote thealso steady

tatg excited state population density of the sensitizer ion.
urthermore W, will denote the upconversion rate constant
sociated with upconversion from stéipeto state|i+1) on

Note that this implies the assumption that the excitation cros
section is independent of the laser power. This assumption is

expected to be valid as long as no significant sample heatin . ic th | . f
occurs as a result of the laser excitation. At very high lase € acceptor ion, ang, Is the relaxation rate constant from
powers, other power loss mechanisms such as second héit_ateh) of the acceptor ion to the ground state. This total

monic generation, color-center formation and sample de(_—;-mhlssmn r?te constant |||nclude; bOth npn(adlatlve mul-
struction must be included. When these processes becorrIfQGo.non rﬁ axat(;or;_ as well as radiative err:uss;]on.h
dominant, the theory described here cannot be applied any- lven these definitions, one can see that the the Slate'

of the acceptor ion must be at the same energy as the excited

more. T
state of the sensitizer ion. As a result of the energy transfer
from the sensitizer ion to this state, it is found that in the
A. Simplified model steady state
For the simplified rate equation model, two important as-
sumptions are made. These assumptions are graphically de- Nz % Ns. 2

picted in Fig. 1a). First, it is assumed that exclusively emis-

sion transitions occur from statg) of the acceptor ion Clearly, as also expected, this implies that the population of
directly to the ground state and that cross-relaxation prostate|1) of the acceptor ion scales linearly with the laser
cesses and interexcited state emissions do not occur. Secopawer.
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Under the assumptions described above, one can directly 2. High-power limit
write down the balance equation for the steady state popula-

. : ) , In the high-power limit, emission from stafe) to the
tion density of statéi) of the acceptor ion,

ground state will be insignificant as upconversion to the state
_ li+1) will be the major depopulation process. In the termi-
Wi-iNi-aNs = (R + WiNgN;. ) nology introduced above, this limit is reached when
The processes represented by this equation are depict¥¥NiNs>RN; and then the equation describing the popula-
graphically in Fig. 1b), where one can directly see the tion density of statdi) of the acceptor ion reduces from Eq.
physical relevance of each of the three terms in @yfor  (3) to
the acceptor ion: ETU from state-1) to stateli), emission _
to the ground state and ETU from stditeto stateli +1). Wi-tNi-gNs = WINiNs. (8)
From Eq.(3) the steady state population density of state  This equation has a straightforward steady-state solution

i) of the acceptor ion is found to be that is independent of the excited state population of the
sensitizer ion from which the energy transfer upconversion
_ Wi-aNiaNs (4) originates,
L ORFWNG
_ Wi
, - , , , N; = Ni—1 % Ni-g. 9
The low- and high-power limits of this equation, and their W,

associated solutions and underlying trends, will be discusse

in the next two sections ote that from the fact that; = N;_;, combined with Eqs(1)

and(2), this equivalence can be written as
1. Low-power limit N; & Ng o< P, (10)

In the low-power limit, upconversion from stat® to  \yhereP remains the laser power.
stateli+1) can be ignored as relaxation to the ground state Thjs result is clearly different from that obtained previ-
will be the dominant depopulation process. In other words, irbusly for energy transfer upconversion  without
the low-power limit the main depopulation process for thesensitizatiort? by introducing the sensitizer ions, the result-
excited state is emission to the ground steWNs.  ing population density of statg) of the acceptor ion will
Therefore, the balance equation for the population density Ocﬂepend linearly on the population density of the statel)
stateli) of the acceptor ion reduces from E@) to give and therefore the population densities of all energy levels of
the acceptor ion must have the same power dependence in
the high-power limit. Stated differently, in the high-power
rLimit any emission band of the acceptor ion will have a slope
of 1 when the luminescence intensity is plotted in a double-

Wi_1Ni-1Ns= RIN;. 5

This equation has a trivial steady-state solution that is give

by logarithmic representation versus pump power, regardless of
N_W_N the number of excitations and energy transfers involved.
N = i—1VVi-1 S. (6) . .
' R; 3. Graphical overview
Thus, the population density of the staig will depend A schematic overview of the results obtained with this
linearly on the population density of the state 1), multi-  simplified model as compared to the model that describes

plied by the population of the excited state of the sensitizeenergy transfer upconversion without a sensitizer is shown in
ion and a prefactor that is independent of the excitatiorFig- 2. The populationN; of the three excited statei$)
power. Since one can write a similar relation for the popula{wherei=1,2,3 of an ion capable of energy transfer upcon-
tion of the statdi—1) in terms of the population of the state Vversion is shown as a function of the laser power. Note that

state|i —2) multiplied by N, the final result becomes the figures are plotted in a double-logarithmic representation
and the ions capable of upconversion abide by the two as-
N; o (Ng)' o P', (7) sumptions of the simplified rate equation model, as described

at the beginning of this section.
whereP denotes the laser power. The last equivalence is due Figure Za) demonstrates the results obtained with the
to Eq. (1). This well-known and intuitive result was already model briefly described in the IntroductiéhThere are three
known for a long timé but had not yet been derived for upconversion emission bands, which require the sequential
sensitized energy transfer processes. It implies that in thabsorption of 1, 2, and 3 photons to be excited, respectively.
low-power limit an emission band that requiresenergy  As a result, due to the double-logarithmic representation, the
transfer upconversion steps to be excited will have exactly alopes shown in Fig.(2) in the low-power limit are 1, 2, and
slope ofi when the luminescence intensity is plotted in a3, respectively. In the high-power limit, the slope oftBe
double-logarithmic representation versus absorbed pumpargest ong reduces to 1. The intermediate slopes reduce
power for a known pump focu§.e., versus absorbed pump from 2 to 2/3 and from 1 to 1/3, respectively. This particular
intensity. This result is identical to the low-power limit of behavior has been demonstrated experimentally in several
the model determined for upconversion without asystems, such as for the four-step upconversion in
sensitizet:3 Cs;Lu,Clg: Er¥* under 6494 cmt excitation®#
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ln(N;) axis, one will need to use the full E4) and the result will
depend on the microscopic materials parameters and the
range ofP used. As comparison, the experimental data will

3-1 be based on the predictions of the low- and high-power lim-
its only, the full Eq.(4) will not be used here.

B. General case

13)

/ In the general case that is presented here, no assumptions
are made regarding the energetic positions of specific states
1-1/3 of the acceptor ion. As a result, the schematic representation

...... —_— shown in Fig. 1a) can no longer be used since the equidis-
e 1) tant energy level spacing does not apply here. Furthermore,
in the general case interexcited state emissions are included
as well. The only process not included in the general case is
cross relaxation. This process is not treated as cases for
which the main population or depopulation process for any

(a) : of the electronic states is cross relaxation are rare. Further-

more, one would have to make additional assumptions re-

In(N;) gar_ding the values of the cross relaxation rate constants
which would ensure a loss of generality of the model.

For the general casé|; remains the steady state popula-
tion density in the statdi) of the acceptor ion andl the
[3) excited-state population density of the sensitizer ion. The
total emission rate constant from stditeis denoted withR,
and the branching ratios from this state to the different states
ljy (j<i) will be given by 7;j- Again, this total emission rate
11 includes both radiative emission as well as nonradiative mul-

tiphonon relaxation. The upconversion rate constant associ-
ated with upconversion from stali to state|j) on the ac-
ceptor ion is denoted ag;. When the energy difference
between statels) and|j) of the acceptor ion differs from the
energy of the excited state of the sensitizer ion, no resonant
In(P) energy transfer upconversion can take place and in this case
the rate constant will be small. However, allowing for small
(b) (but nonzery rate constants for phonon-assisted upconver-
sion processes does not change the trends obtained from this

FIG. 2. Schematic representation of the population density ofnodel which therefore also includes phonon-assisted upcon-
the three lowest-lying excited statgs (wherei=1,2,3 of an ion VErsIon processes as long as _the laser-induced _heatlng of the
capable of energy transfer upconversion. Rajtshows the ex- sample(resultmg In a change in the phonon-assisted upcon-
pected trend derived in literatut®ef. 13 when only energy trans- VErsion rat(_e)scan be ignored. Naturally, due to the small rate
fer upconversion on the acceptor ion is includee., no sensitiza- constants involved with phonon-assisted upconversion, the
tion). Part(b) shows the results from the model described in Seclaser powers required to experimentally observe the high-
Il A. For both graphs a double-logarithmic representation is used. Power limit will be much higher than for resonant energy

) ) ) ) _transfer upconversion.
The different results obtained with the model described in  with these definitions, the full balance equation for the

this section are indicated clearly in Fig(b2 In the low-  steady state population density in sthjecan be written as
power limit the slopes are identical to those in Figg)2and

are determined by the number of excitation photons that > (W;iN;Ng — niniNi):E (WiNiNg - 7 RiN;). - (12)

must be absorbed to observe emission from each of these  i<i j>i

bands. However, in the high-power limit calculations from
the model indicate that all slopes must become parallel anaI
are given by 1 in this range. After the discussion of the
general case, several examples will be presented in Sec. |

ote that¥;_;7;;=1 as the branching ratios are normalized to
ne. From this the steady state population density of sitate
mﬁan be derived analytically to be

which will show this behavior experimentally. > RN+ > WiNiNg
Only the low- and high-power limits of Figs.(®@ and N, = j=i T j<i Vi . (12)
2(b) are simple predictions of the models. The intermediate R+ Ej>i W Ng

(dotted regions are not a straightforward prediction of either
of the limiting cases of the models. To describe the precise The limiting cases of the population density obtained in
form of this crossover region and its position on théPn  Eq. (12) will be discussed in the following sections. Note
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that the slope of the luminescence intensity of the sensitizer N
: e > WiN,
ion, when double-logarithmically plotted versus pump power Nz —= — "o SN (17)
used, will remain one and will not depend on the excitation ' E,>_ W; j<i )
j>i

power as can be seen from H@®).

Finally, it should be mentioned again that the theory de- The direct consequence of Ed.7) is that the population
scribed here assumes that no sample heating takes place. lnl@nsity of any statéi) will scale linearly with the weighted
physical system, the high-power limit can be associated witsum of the populations of all the statgs (wherej <i). One
heating of the sample which leads to changes in the absorgan similarly write the population of stafie-1) in terms of a
tion cross section. As a result, a deviation from a linear inweighted sum of the populations of all the stafips(where
crease of the sensitizer population with pump-power will oc-j <i-1). Therefore, in the high-power limit all populations
cur at the highest excitation powers and in this regime thelensities must converge to the same laser power dependence:

model can no longer be applied. they will become linearly dependent on the population den-
sity of the excited state of the sensitizer ire., on the
1. Low-power limit excitation powey,
The low-power limit of Eq.(12) will be reached when the Ni(k X ETU) o« Ngoc P, (19

sensitizer-related energy transfer upconversion term for state ) ) . o
li) is insignificant compared to the term relating to emission! Ne last equivalence is due to Hd) and this result is simi-

of the acceptor ion, lar to what was seen before in the simplified model presented
in Sec. I1A2.

> Wi;NiNg < > 7;RIN;. (13 Whenl|i) would be the highest-energy state and no further

j>i j<i upconversion is possible from this state, the result for this

The population of the state occurs through energy transfe'?'gheStfenergy state W'”. be different. _In such a case the
from the sensitizer ion, while the depopulation occursPOpl.Jlat'on. W.OU|d scale with the population of the state feed-
through relaxation to all lower-lying states of the acceptorIng it multiplied by No. As a result of Eqs(18) and(1), a

5 : ;
ion. This results in a power-dependence for the Iow—powelpovwl'::[r ;Jlepe”nldencel dEP V;“”t be foﬂgdt.'l? tl?IdS (E)as; 81;he
limit that is found by incorporating Eq13) into Eq. (11), resufts for ail lower-lying states would stll abide by 48).
resulting in No experimental examples of this effect have been found, as

typically many states or even a broad-band continuum are

W N: found at high energy.
Ni= 2 2N (14) gn energy
j<i i

. . IIl. EXPERIMENTAL EXAMPLES
From Eq.(14) it can be seen that the population of state

liy will scale with the excited-state population density of the ~ Three different examples have been chosen to provide
sensitizer ion multiplied by the population density of the experimental evidence for the validity of the model de-
state from which the upconversion on the acceptor ion origiscribed. As the required high-power limits are only obtained
nated. Similarly to that shown in Sec. Il A 1, this implies when upconversion becomes a significant depopulation
that, in the low-power limit, wherk energy transfer upcon- mechanism, reasonably efficient upconversion materials will
version steps are required to reach stage the power- be described. The three examples furthermore represent the
dependent population density of this state will scale with three markedly different classes of sensitized upconversion
P known, rare-earth/rare-earth, rare-earth/transition metal, and
Ni(k X ETU) o (Ng)* o P*. (15 transition metal/transition metdtenoted as sensitizer ion/
From Eq.(14) it is clear that the general rate equation UPCONVerter ion For these examples, the dominant upcon-
result reproduces the same trend in the low-power limit ad/€rsion mechanisms have been investigated in detail, and a
was observed many times, both theoretically as well as exRro0f of the sensitized nature of the energy transfer upcon-
perimentally for many different materialskephoton process Version has been found for each systém® The samples
will have a slope ofk when the luminescence intensity is Under investigation were synthesized in hdfis€ and the

double-logarithmically plotted versus pump power uséé r_elevar_1t powe_r-dependent _emission data have not been pub-
lished in the literature previously.

The materials were excited with a multimode, standing
) ) wave Ti:sapphire lasgiSpectra Physics 3900Jumped by

From Eq.(11) it can be seen that for any stafi¢ the  an argon-ion laser in all-lines mod8pectra Physics 204515/
high-power limit will be reached when the term related t04s) or the second harmonic of a Nd:Y\4Qaser (Spectra
upconversion to any other state is dominant compared to thehysics Millennia CS-FRY The wavelength control of the
emiS.Sion to the IOweI’—Iying states. This is described by theri:sapphire laser was achieved by an inchworm dri(&nr-
requirement that leigh PZ-501 birefringent filter and a wave metéBurleigh
WA2100. Sample cooling was achieved using a quartz he-

2. High-power limit

2<i 7iRiN; < % WiNiNs. (16) lium gas flow tube. The sample luminescence was dispersed
) J by a 0.85 m double monochromatt8pex 1402 with grat-
From this condition it is found that Eq12) reduces to ings blazed at 500 nMl200 grooves/mm The signal was
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' ' ' detected with a cooled photomultiplier tulielamamatsu

. R3310 and a photon counting syste(Stanford Research

E(b 7 SR400. Device control and data acquisition were done by a

Fs2  4Fy, 1 personal computer. The luminescence spectra were corrected
*San - for the instrument response and the refractive index of air.

2Hin i The spectra are displayed as a photon flux per constant en-

] ergy interval! To measure the power dependence, the beam

Hon was attenuated with a series of neutral density fil{&alz-

ers. The laser power was measured with a Coherent Lab-

Master power meter equipped with an LM10 power head.

For the CsNaYCls, 2% V3, 2% Ré*; and for CsCdBy,

FIG. 3. Emission spectrum of the NaYFL8% Y&, 2% Ef*  0.3% YB**, 3.8% NF* samples, the excitation laser was fo-
sample. The excitation energyndicated by the arroywas at  cused with a lens of=53 mm and the corresponding laser
10 238 cm®. The measurement was recorded at room temperaturpower density was calculated BSTWS)\‘Zf‘Z, whereP is the
and in the high-power limit~60 W/cn¥, unfocussed The YB**  |aser powerw, the radius of the unfocussed laser beam,

emission at 10 000 ci and the emitting states of Erare labeled  the excitation wavelength, anfl the focal length of the
in the figure. lens?22

120
s

Photon flux (counts/s)
5 8

6 10 15 20 25
Emission energy (10° cm™)

11
10 10™2

10"
100

10'°

10°

1013
10'2

1012

1011
10"

Integrated photon flux (arb. units)
Integrated photon flux (arb. units)

10" 1010
1013
10"
10" 10™
1010
1011
10°
oo .
L X1 1 1 b
2 34 6 8 2 34 6 8
1 10 100

- 2
Laser power density (W/cm?) Laser power density (W/em?®)

FIG. 4. Excitation power dependence of the following transitions of the NaXB% YB**, 2% EF* sample,(a) *l,5,— %5/, at
6500 cm?, (b) ?F;,— 2F;, and *l,,,— %15/, at 10000 crit, (c) *Sy,— 41,15, at 11800 crit, (d) *Fgj,— %15, at 15000 crit, (e) *S,,
—* 5, at 18 200 crt, and(f) 2Hg,— 1,5/, at 24 000 cm®. The data was recorded at room temperature, excitation was at 10 238 cm
(indicated by the arrow in Fig.)3and each emission band was integrated. Similar results were obtained under 10 2@Xaitation(into
a Yb** crystal field level relatively far away from any Erabsorption lines The vertical scales cannot be compared. Note the logarithmic
axes. The lines represent the calculations from the model in the high- and low-power limits according(1®)Easd (14), respectively. The
line in part(b) is given by Eq.(1).
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'L,

8E 2k, |4
E 3Tig 5/2 i
6k 3T, ]
i A, P |

A. NaYF,: 18% Yb3*, 2% Ers3* 1 l

Figure 3 shows the room temperature emission spectrum
of NaYF,: 18% YbB**, 2% EFf*, one of the most efficient
near-infrared to visible upconversion materials known. Un-
der 10 238 critt excitation, nearly all excitation photons are

Photon flux (counts/s)

absorbed on the Y& and in the high power-limit at least 4H . NiZ*  Yb*

65% of these are subsequently transferred t&" Evhere 0

about 50% of the excitation photons contribute to the three g x10°

visible upconversion emissiod%With the exception of the i , ‘ ‘ U )
10 000 cm* emission (mainly due to the YB" sensitizer 0000 12000 14000 16000 18000 20000 22000

e D 2 L Emission energy (cm™)
transition“F5,,— “F,,), all emission bands observed are re-

lated to intra-4 transitions of the E¥ acceptor ion. Their FIG. 5. Emission spectrum of the CsCdB0.3% Yb**, 3.8%
assignments are indicated in Fig. 3, as well as in the captioNi?* sample. The excitation energindicated by the arroywas at
of Fig. 4. 10 604 cm? and the measurement was recorded at 12 K and in the

Figure 4 shows the integrated photon flux of each of thenigh-power limit (~5 kW/cn?, focused. Note the two distinctly
six major emission bands as a function of the laser powedifferent vertical scaling factors for the upconversion emission part
density. The lines through the data are the calculations fromf the spectrum. The double-peak indicated by the asterisk at
the model for the low- and high-power limits. Note that thesel8 700 cmi* is due to some stray light from the green pump-laser
lines do not include any fitting parameters other than a verfor the Ti:saphire laser and its intensity is independent of the attenu-
tical scaling factor, and their slopes at low power are Simp|yation of the infrared laser intensity. The inset _shc_;ws the relevant
determined by the number of excitation photons required to/2°" and NF* energy levels as well as the excitatiarpward ar-
excite any emission band, and by a slope of 1 in the highfow) and emissiongdownward arrowsthat are observed in this
power limit, as given by Eqg14) and (18), respectively. sample.

It is clear from the lines in Figs.(4)—4(f) that the model
describes the experimental data very well for all emissiorstate, which subsequently serves as the initial state for an-
bands. Furthermore, it is also clear that the power densitpther YB* ?F, energy transfer to be excited into tFﬂ?zg
required to observe a crossover in the upconversion emissigiate of N¥* from which the upconversion emission is ob-
intensities(from a slope larger than 1, to a slope of is served.
different for the different emission bands. This fact proves Figure 6 shows the laser power dependence of the three
that this crossover cannot be related to sample-heating in tHgtegrated emission bands in CsCgB0.3% YB**, 3.8%
high-power limit. Therefore, it must be attributed to an exci-Ni?*. From Fig. 6a) it is clear that the YB" (sensitizey
tation power induced change in the net excited-state dynan’ﬁmiSSiOI’l has a slope of 1 for all excitation densities used, in
ics. This results in a change of the dominant depopulatiogreement with Ec(1). In contrasfsee Fig. )], the NF*
process for the specific excited state under investigation. Thepconversion emission begins with a slope of 2 and for
actual power density for the crossover point from the low- tolarger excitation densities gradually reduces to 1. This effect
the high-power behavior is determined by a complex interis well reproduced by the model, as can be seen from the
play between the relevant energy transfer processes, upcolipes through the data. From Fig(d} it can be seen clearly
version, cross-relaxation, radiative and nonradiative decayhat the Y5* cooperative pair-emission retains its slope of 2,
Since in this regime there are a great number of possibléegardless of the power density. Even though the excitation
fitting parametergall the W and 7]”) which influence the of this emission is a two-photon process, as is the case for
theoretical curve given by Eq12), no attempt has been the N#*emission from théng state, a decrease of the slope
made to model the power-dependence of the emission inters not expected for this Y3 cooperative pair-emission. The
sity near the crossover point. reason is that for the Y& pair-emission no energy transfer
steps are involved in the cooperative upconversion process.
B. CsCdBry: 0.3% Yb%*, 3.8% Ni2* The fact that the Ni* upconversion emission starts out with

a slope of 2, but reaches a slope of 1 in the high-power limit,

Figure 5 shows the low temperatuf@2 K) emission while the YB** pair-emission retains its slope of 2 is a very
spectrum of CsCdBr 0.3% YB*, 3.8% NP* under nice illustration of the applicability of the model presented in
10 604 cm? excitation(indicated by the arrow A lens was  the preceding section and excludes possible experimental er-
used to reach the high-power limit. The excitation energy igors.
chosen such that exclusively excitation into the®YBF;,
occurs. As a result of this excitation energy, three main emis- oo 3 0p Dedt
sion bands are observed. Two of these are related to the Yb C. CeNaYCle: 2% V™, 2% Re
sensitizer ion, the direct Y emission at 9960 ci and the Figure 7 shows the room temperature emission spectrum
cooperative YB' pair-emissio® at 19570 crit. The NF*  of a CsNaYClg 2% V3%, 2% Ré* sample under
related lngﬂ‘?’A29 emission is observed at 14350 ¢m 11 350 cm? excitation in the high-power limitagain, a lens
This emission is related to a two-photon upconversiorwas used to reach this limitThis excitation is into théng
proces®’ whereby the Ni* first receives an energy transfer absorption band of ¥, which acts as a sensitizer in this
from the YB* 2F5,2 state to populate the metastablé*l\l’xll'2g system. The energy level scheme is indicated in the inset of
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sample. The excitation energyndicated by the arroywwas at
11 350 cm* and the measurement was recorded at room tempera-
ture and in the high-power limit~25 kW/cn¥, focused. Note the
vertical scaling for the upconversion emission part of the spectrum.
The inset shows the relevanftand Ré* energy levels as well as
the excitation(upward arrow and emissiongdownward arrowps
that are observed in this sample.
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V3* due to sample heating. The data below 30 kW cas
shown in the figure, are in good agreement with the model.
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IV. CONCLUSIONS

In this paper the influence of the excitation power on the

upconversion emission intensity is shown theoretically as

well as experimentally in the case where the excitation oc-

10°

2.345 791 2 3 45 7 9 L | T v LA | v 9|
Laser power density (kW/cmz) 10° E
6 ]
FIG. 6. Excitation power dependence at 12 K of the following = i ]
transitions for the CsCdBr 0.3% YB*, 3.8% NF* sample,(a) B 3 1
Yb¥ %Fy,—%F;, at 9960 cmi, (b) NiZ* T, —3A, at 5 2 l
14 350 cm?, and(c) Yb®* pair-emission at 19570 cth The ver- e i
tical scales cannot be compared. The sample was excited at % 10 ]
10604 cm?! (indicated by the arrow in Fig.)5and the emission = ¢ ]
bands were integrated. Note the logarithmic axes. The line in part g ‘6‘ + H H
(a) is given by Eq(1). The lines in partb) represent the calculated S 4f :
T . S . = [ (b) ]
power dependencies in the high- and low-power limits according to & L j
Eqs._(18)_ and(14), _respectively. The line in paftt) has a slope of 2 'é s . )
and is discussed in the text. £,10 : 3
A 3 3
g 4f ]
Fig. 7. Two emissions are observed and they are assigned as 2t 1
the \#* 1T, — 3T, transition (at 8500 cm?) and the R& n b -
9 29 .. 10 8E Slope =2 E
I7(*T,y) — I'g(*Ayy) transition(centered at 13 800 cih.*8 sf ]
Figure 8 shows the influence of the laser power density on ‘® T e ]

the sensitizer and acceptor emissions igN2g' Clg: 2% V°*, 1 10

: 2
2% Ré*. Clearly, the \#* (sensitizey emission retains a Laser power density (kW/cm~)

slope of one irrespective of the power density, in accordance FIG. 8. Laser power dependence of the integral of the following
with Eq. (1). The Ré" (acceptoy emission, on the other yanditions in the CaNaYClg: 2% V3, 2% Ré* sample,(a) V3*
hand, has a slope of 2 in the low-power regime which gr‘?‘dU*ngﬂ3Tlg at 8500 cmit and (b) Re* I';(*T,) —Tg(*Ay) at

ally reduces to a slope of 1 in the high-power limit, which 13800 cm. The excitation energy was at 11 350 ¢nindicated
agrees well with the calculations from the model as given bysy the arrow in Fig. Yand the measurement was performed at room
Egs. (14) and (18). For much higher excitation densities, temperature. The vertical scales(af and(b) cannot be compared.
small deviations from a slope of 1 are observed in the datarhe line in part(a) is given by Eq.(1). The lines in par(b) repre-
resulting in a slope less than 1 in this lintitot shown. This  sent the calculated power dependencies in the low- and high-power
effect is attributed to the reduced excitation cross section offmits according to Eqs(14) and(18), respectively.
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curs on a sensitizer ion and is subsequently transferred to alifferent classes of sensitizer and upconverter i@®s, both
acceptor ion. From the theory it is clear that in the low-rare earth ions as well as transition metal ipiitss expected
power limit, the power-dependence of the upconversiorthat the model can be applied generally whenever the upcon-
emission from a state that requiresnergy transfer upcon- version emission is excited via a sensitizer ion. Therefore,
version steps will be given b", whereP denotes the ex- the characteristic power-dependence fingerprint presented
citation power. In the high-power limit, the power- here can be used as a proof for the sensitized nature of the
dependence reducesR®, regardless of the actual number of upconversion emission.

energy transfer upconversion steps involved in the excitation

process of the emitting state of the acceptor ion. The experi- ACKNOWLEDGMENTS
mental examples providetNaYF,: 18% YB**, 2% Ef*
CsCdBg: 0.3% YbB**, 3.8% NP*; and CsNaYCls: 2% V3, Marieke van Veen is gratefully acknowledged for a care-

2% Ré"; where the the sensitizer and upconverter ions aréul reading of the paper. Markus PollnfLausanne, Switzer-
indicated as first and second dopants, respectiwigw that land) is acknowledged for stimulating discussion. Daniel
this effect occurs whenever a sensitized energy transfer u@iner is acknowledged for synthesizing the NayYHR8%
conversion process is responsible for populating the emittingyb®*, 2% EP* sample. This work was financially supported
state of the acceptor ion. As the examples deal with venpy the Swiss National Science Foundation.

*Present address: Philips Research Laboratories, Eindhoven, The Heer, K. Kramer, C. Reinhard, and H. U. Gidel, Opt. Mater.
Netherlands. Electronic address: suyver@iac.unibe.ch (Amsterdam, Neth.(to be publishef

"Present address: Department of Applied Physics, University of-S. Singh and J. E. Geusic, Phys. Rev. Laff, 865(1966.
Cantabria, Spain. M. Pollnau, D. R. Gamelin, S. R. Liithi, H. U. Gudel, and M. P.

IF, Auzel, Chem. Rev(Washington, D.Q. 104 139 (2004 and 145"'?'?_?‘_’”‘:“),(:- §e|\|lﬁ B, :387(5980[ ML P Hehlen. P
references therein. - - Luthn, M. Folinad, H. L. Gudel, a - . henien, Fhys.

2N. Bloembergen, Phys. Rev. Let?, 84 (1959. Rev. B 60, 162(1999.

. . I5A. Bril, J. L. Sommerdijk, and A. W. de Jager, J. Electrochem.
3 y y y
V. V. Ovsyankin and P. P. Feofilow, JETP Le8, 322 (1966. Soc. 122, 660(1975.

:(F;' ,;A_'uzel, Proc. IEEE61, 758 (1973 and references therein. 183 F. Suyver, J. Grimm, K. W. Kramer, and H. U. Giidel, J. Lumin.
. Huber, E. Heumann, T. Sandrok, and K. Petermann, J. Lumin. (to be publishey
. 72[74 1 (1997)' ) 17A. Aebischer and H. U. Giidel, J. Alloys Comp874, 60 (2004).
D. R. Gamelin and H. U. Gudel, Top. Curr. Che@14, 1(200) 185 aebischer, O. S. Wenger, and H. U. Gudel, J. Lumi@2—
and references therein. 103 48 (2003.
’N. Menyuk, K. Dwight, and J. W. Pierce, Appl. Phys. Le®tl, 195 Garcia-Revilla, P. Gerner, O. S. Wenger, H. U. Gudel, and R.
159(1972. Valiente, Chem. Phys. Let401, 492 (2005.
8J. S. Chivian, W. E. Case, and D. D. Eden, Appl. Phys. L8&.  20K. W. Kramer, D. Biner, G. Frei, H. U. Gudel, M. P. Hehlen, and
124 (1979. S. R. LUthi, Chem. Materl6, 1244(2004.
9E. Downing, L. Hesselink, J. Ralston, and R. Macfarlane, Sciencé'E. Edjer, J. Opt. Soc. Am59, 223 (1969.
273 1185(1996. 227, E. Siegman,Lasers (University Science Books, Sausalito,
10M. F. Joubert, Opt. MatekAmsterdam, Neth. 11, 181 (1999. 1986.

11J. F. Suyver, A. Aebischer, D. Biner, P. Gerner, J. Grimm, S.23E. Nakazawa and S. Shionoya, Phys. Rev. L2%.1710(1970.

125123-9



