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Power dependence of upconversion luminescence in lanthanide and transition-metal-ion systems
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We show theoretically with the simplest possible model that the intensity of an upconversion luminescence
that is excited by the sequential absorptiomgfhotons has a dependence on absorbed pump géwwenich
may range from the limit oP" down to the limit ofP? for the upper state and less th@h for the intermediate
states. The two limits are identified as the cases of infinitely small and infinitely large upconversion rates,
respectively. In the latter case, the dependence of luminescence intensities from intermediate excited states on
pump power changes with the underlying upconversion and decay mechanisms. In certain situations, energy-
transfer upconversion and excited-state absorption can be distinguished by the measured slopes. The compe-
tition between linear decay and upconversion in the individual excitation steps of sequential upconversion can
be analyzed. The influence of nonuniform distributions of absorbed pump power or of a subset of ions
participating in energy-transfer upconversion is investigated. These results are of importance for the interpre-
tation of excitation mechanisms of luminescent and laser materials. We verify our theoretical results by
experimental examples of multiphoton-excited luminescence ihGEl,:Er*", Ba,YCl,:EF', LiYF,:Nd®Y,
and CsZrClg:Re*.

[. INTRODUCTION cence for higher pump powers was already observed 30
years ago®

Spectroscopic data such as absorption and emission spec-In this paper we investigate the physical nature of the
tra, luminescent transients, and the pump-power dependenésaturation” process. We shall show that the experimentally
of luminescence intensities are essential to the understandirapserved decrease in the slope of an upconversion-
of excitation mechanisms in luminescent and laser materialkiminescence intensity versus pump power with increasing
and to the improvement of device performance. Special atpower is determined by the competition between linear de-
tention has been devoted to the investigation ofcay and upconversion processes for the depletion of the in-
upconversion-induced luminescericepartly because of the termediate excited states. The intensity of an upconversion
availability of near-infrared pump sources for the excitationluminescence that is excited by the sequential absorption of
of visible luminescence!® and laser emissidfi® and Photons has a dependence on absorbed pump pé&wer
partly because these mechanisms can introduce a loss chaibich may range fronP" in the limit of infinitely small
nel for devices emitting in the infrared regié#2* The two ~ Upconversion rates down @' for the upper state and less
most common excitation processes that lead to emissiothan P! for the intermediate states in the limit of infinitely

from energy states higher than the terminating state of th&rge upconversion rates. Whereas the upper limit is valid

first pump-absorption step are energy-transfer upconversioﬂniversa”y' the lower limit for the intermediate states de-

(ETU) and pump excited-state absorptitESA). pends on whether the excitation is achieved by ETU or ESA
For the interpretation of short-wavelength Iuminescenceand whether the states decay predominantly by luminescence

it is often assumed that the ordeiof the upconversion pro- to the ground state or relaxation Into the next Iower-lylng
. . .. state. The presented results are obtained from the solution of
cess, i.e., the number of pump photons required to excite

simple rate equations, confirmed by the numerical investiga-

the emitting state, is indicated by the slope of the Iur.nme.s’[ion of more complex situations, and illustrated by experi-

cence mter?sny VErsus pump power in dOUbIe'Iog""mhm'Cmental examples. These results allow for the interpretation of
rgpresentatlon. Howgver, as a consequence of the conserna- | aasured intensity-versus-power  dependence  of
tion of energy, a nonlinear process that transfers energy from,jiphoton-excited luminescence with respect to the order
one quantum state to another cannot maintain its nonlineg tpe process and its physical origin and strength.

nature up to infinite excitation energy. A well-known ex- | the following section, we shall state the model assump-
ample of this phenomenon from quantum optics is frequencyions and demonstrate the fundamental effect that rules the
conversion by second-harmonic generation. This procesgependence of upconversion and downconversion lumines-
naturally exhibits a quadratic dependence of the secondzence intensities on pump power. More generalized solutions
harmonic energy versus fundamental energy, which levelfor the slopes of the luminescence intensities versus pump
off to a linear behavior when the conversion efficiency ap-power will be derived in Sec. lll. It will be discussed in Sec.
proaches unity. Similarly, the dependence of anlV how different excitation and decay mechanisms or the
upconversion-luminescence intensity on pump power is alscompetition between upconversion and decay for individual
expected to decrease in slope with increasing excitation, ansteps of sequential upconversion can be distinguished using
a “saturation” of the intensity of an upconversion lumines- the measured slopes. In Sec. V, the influence of inhomoge-
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neous distributions of absorbed pump power will be investi- 2 7Y T
gated, and we shall show how a fractional participation of Ny Nt | N PN,
active ions in ETU will manifest itself. Experimental ex- £TU * ESA
amples will be presented in Sec. VI. :
N, o P12 Nj < P°

II. VARIATION OF LUMINESCENCE INTENSITIES ' N, o P! .
WITH PUMP POWER: A SIMPLE MODEL .

asal| luum, LUM, LUM,

Throughout this paper, the expression “the slope of the '
luminescence” is used as a shortcut for the more precise :
statement “the slope of the luminescence intensity in 0 ] Y
double-logarithmic representation versus absorbed pump
power for a known pump focus,” i.e., versus absorbed pump,_
intensity.

y A\ 4

FIG. 1. Simple three-level upconversion scheme. Solid and
shed arrows indicate the radiative and nonradiative population
and depopulation mechanisms for each level, respectively. The de-
_ _ pendence of the population density on pump power for the cor-
A. Basic assumptions responding depletion pathways, and the dependendé,afn N

The excitation mechanisms in systems with several mets2'€ indicated for the different cases of ETU and ESA.
stable electronic excited states are usually rather comple
Besides excitation by ground-state absorpti@i$A), subse-

. ; ump wavelength for a system withexcited levels is given
que_nt upconversion by ESA andjor ETL.J’ and d_e_plet|on b y the sum of the absorption coefficienrtgN; of the transi-
luminescence and multiphonon relaxation, additional pro-

. . tions from states,
cesses may occur: Cross relaxation between excited states or ¥

an avalanche process, three-ion energy transfer, energy trans-

fer to other impurity ions, as well as amplified spontaneous a= 2 oiNj, 2
emission and laser oscillation. Those additional mechanisms 1=0....n—1

influence the excitation to or the relaxation from an excitedwhere o; is the absorption cross section from statat the
state in a nonlinear way. In addition, a radially nonuniformpump wavelength andl; is its population density. For ab-
pump profile, a longitudinally nonuniform pump absorption, sorption over a sample lengthwhich is short compared to
ground-state bleaching, the distribution of ions in the hosthe absorption lengtix !, we expand the exponential func-
lattice, or any temperature dependence of an excitation afon of the Lambert-Beer law for the calculation of absorbed
relaxation process have an influence on the luminescengsump power into a Taylor series and approximate it by the
intensities. Those situations shall not be considered in thigading term:

section(for the investigation of a radially nonuniform pump

profile, a longitudinally nonuniform pump absorption, 1-exg—la]~la. 3

ground-state bleaching, or the distribution of ions in the host, . Eqs.(2) and(3), it follows that the pump rat&; of an
R 3 I

lattice, see Sec. ¥ We assume here the simplest poss'bleindividual transition from staté can be written &€

*n the presence of ESA, the absorption coefficiarat the

model.

(1) The ground-state population density is constant. Ap aiN

(2) The system is pumped continuous-wave by GSA. Ri=———P{l-exd-lal}—

: : hclmw a

(3) Upconversion steps between subsequent excited states P
take place by either ETU or ESA. 0

(4) The excited stateshave lifetimesr, and decay with iy PoiN;=p,oiN; (4)
rate constanté\,= 7, ! either to their next lower-lying state P
or directly to the ground state. with X, the pump wavelengthy, the pump radiuspP the

In practice, the two different cases @ often correspond incident pump power Planck’s constant, andthe vacuum
to a high-phonon-energy material with a predominantspeed of light. The pump constant is
multiphonon-induced decay to the next lower-lying stale-
noted in this paper by a branching rajp=1) and a low- po= Ap
phonon-energy host material with a predominant radiative P hmrwf,

idser?s%/i:r? tgr?a%rtovl\llﬂgtﬁte&}tﬁi(e:ggc’z;eiﬁ)sgﬁ;ﬁ!Z}nﬂcs)V:ae(\j/ieart’ivlte 0As a consequence of the assumption of small absorption, the
b y ump rate at the transition from staiteis independent of

nonradiative, and there exist also examples of luminescen a?bsorption at transitions from other stajda Eq. (4)
from an upper to an intermediate state with a high branching T

ratio B; (see, e.g., our example in Sec. VI.OThe assump-
tions of Bij=1 or B;=0 simplify the solutions of the rate
equations and are made here to exemplify the two extreme We first demonstrate the relevant effect that leads to a

©)

B. Competition of linear decay and upconversion

limiting scenarios. decrease in the slope of an upconversion luminescence with
Since ground-state bleaching is assumed to be negligibléncreasing pump power. The simplest system in which up-
the ground-state population density is conversion luminescence can be observed is a three-level

system as depicted in Fig. 1. Assuming that the system is
Np~const. (1)  pumped by GSA and the upconversion step is achieved by
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ETU with a corresponding parametéf; , the rate equations 4 T yy "Hop,
describing the excitation mechanisms in this system are Eq. |
(1) and ETU; | ESA;
dN, /dt=pyooNo—2W;NZ— AN, (6) :
3 Sz ‘Gun
4 A
dN,/dt=W;N5—A,N,. 7) |
Under steady-state excitation, this yields ETU, : ESA;
A2N2=W1N§’ 8 2 ¥ I yy “lon *Hon
No=2W;N2+AN;. I
PpooNg 1NT+AIN; 9 B0, | BsA,
It follows from Eq. (8) that |
NZOC N% (10) Y II 1 *Lan ‘lor
If linear decay (LUM in Fig. 1) is the dominant depletion L1
mechanism of level 1, we can neglect the upconversion term csal 111
in Eq. (9). It follows from Eqs.(5) and(9) that N,«<P and, Pl
2, p2 i i
consequentlyN,=Nf7=P<, corresponding to one limit. In 0 il Yo ‘L

contrast, if upconversiofETU in Fig. 1) is dominant, i.e.,
we can neglect the linear decay term in ES), then Ni
«P or Njx p2 resulting inN,« N%u P, corresponding to FIG. 2. Simple model for sequential four-step excitation. In our
the other limit. experimental examples of @s1,Clg:Er*" excited at 1.54um and
For intermediate pump powers, situations of competitionBaYCI~Er*" excited at 800 nm, these levels correspond to the
between linear decay and depletion by upconversion are e§lectronic states indicated on the right-hand side. The radiative and
tablished and, consequently, the slopes of the luminescencBgnradiative decay processes are not shown in the figure.
are between the two limiting cases. For all pump powers, the
slope of the upconversion luminescence is twice that of th&SA. We solve the rate equations for the case&lpSmall
downconversion luminescence because of (EQ). upconversion rates and short intrinsic lifetimes, i.e., lumines-
We also solve here the simplest case involving ESA as theence dominates over upconversion as a depletion mecha-
upconversion mechanism, i.e., the ETU process is replacetism of the intermediate excited states, @Rdlarge upcon-

by the ESA process in Fig. 1. The rate equations, in this casegrsion rates and long intrinsic lifetimes, i.e., upconversion
are Eq.(1) and dominates depletion of the intermediate excited states. We
investigate the influence of the following decay routes on the

Cs3Lu,Cly:Er®* Ba,YCl;:Er**

dN;/dt=p,ooNo— ppoiN1—ANy, (11)  slopes of the luminescenced) Predominant decay to the
next lower-lying state 8;=1) or (ii) predominant lumines-
dNz/dt=ppoyN;—AzN;. (12)  cence directly to the ground statg;&0).

From Egs.(5) and(12), we find thatN,= PN, . If the linear T_he general_ized f(_)(m of the dependenqe of upconversion-
decay from level 1 is dominant and, thus, the ESA term isjumlngscence intensities on pump power is derived from the
negligible in Eq.(11), we obtainN,=P and, consequently, analytl_cal s_;olutlon of the rate equations for these more com-
N, P N,xP2. For strong ESA, the linear decay term can peblex S|tuat|o_ns. F_or an overview, the results of this section
neglected in Eq(11), and we derive thal, is independent &ré summarized in Table I.

of P, resulting inN,*P NP,

This shows that, with increasing pump power and the re-
sulting increasing importance of upconversion, the slope of o i ]
the upconversion luminescence changes from quadratic to 'f upconversion is achieved solely by ETU with corre-
linear, whereas the slope of the directly excited luminescencéPonding parametei/;, the rate equations for the excited-
changes from linear to less than linear, with different limitsState population densitiés; are then given by Eq(1) and
obtained for ETU and ESA. This behavior, therefore, funda-
mentally derives from the competitive mechanisms of upcon-
version and downconversion for the depletion of the inter-

A. Energy-transfer upconversion

dN1/dt=ppa'0N0—2W1N1N1—W2N1N2

mediate excited state.

IIl. POWER DEPENDENCE: GENERALIZED SOLUTIONS

We now assume the energy-level scheme displayed in
Fig. 2 havingn=4 excited states. Under the basic assump-
tions made in Sec. I, we investigate the slopes of the upcon-
version luminescences for the following eight situations.

The upconversion mechanism is eith@) ETU or (B)

—W3N;Ng— AN+ B2A5N,, (13
dNz/dt:W]_NlNl_W2N1N2_A2N2+ﬂ3A3N3, (14)
dNgdt:W2N1N2_W3N1N3_A3N3+B4A4N4, (15)

dN4/dt:W3N1N3_A4N4. (16)
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TABLE |. Characteristic slopes of the steady-state excited-state population demsities levels i
=1,...nand luminescences from these statesifphoton excitation. The investigated limits a¢&) small
upconversion or(2) large upconversion byA) ETU or (B) ESA, decay predominantlyi) into the next
lower-lying state of(ii) by luminescence to the ground state, &ada small or(b) a large fraction of pump
power absorbed in the crystal.
Fraction of
Influence of Upconversion Predominant absorbed Power From
upconversion mechanism decay route pump power dependence level
(1) Small ETU or ESA next lower state or small or large N;~ pi i=1,...n
ground state
(2) Large (A) ETU (i) next lower state  small or large N;~P/" i=1,...n
(i) ground state small or large N;~PY¥?  i=1,...n-1
N;~P? i=n
(B) ESA (i) next lower state (a) small N;~ P! i=1,...n
(b) large N;~P/n i=1,... n
(i) ground state small or large  N;~P° i=1,...nh—1
N;~P? i=n
1. Small upconversion dN,/dt=p,o3Na—AgN,. (25)

For both,(i) 8;=1 and(ii) B;=0, we obtain steady-state

solutions of the type

WA T (ppooNo) s =1,

2. Large upconversion

The rate equations, fdii) 8;=1, have steady-state solu-

tions for the population densities of the type

i=1,...n. (189

For (i) B;=0, we obtain the following solutions:
N;=0.5W0 W, Y(p,ooNp)®5, i=1,...n—1 (19
N,=0.254, 'p,0oNp. (20)

B. Excited-state absorption

If ESA is the relevant upconversion mechanism, the as
sumption that ground-state bleaching is negligible but upcon-

version luminescence is measurable implies that
oo<0j,

ppoo<<A; for i=1,...n. (22

The rate equations are then given by EL.and
dNl/dt:ppO-ONO_pp(TlNl_AlN1+ ﬁzAzNz, (22)
dNz/dt:pp(lel_pp(TzNz_AzN2+ /‘33A3N3, (23)

dNg/dt=ppooNo— pposNag—AgNz+ B1AN,,  (24)

1. Small upconversion

For both(i) ;=1 and(ii) B;=0, we obtain steady-state
solutions of the type

Ni:j:]]_‘_]_:‘_i [Afl]pi;)j:ﬂ__ i [0j-1INg, i=1,...n.
. o (26)

2. Large upconversion

For B;=1, the solution Eq(26) is obtained. Fouii) B
=0, the solutions for the population densities read

Ni:(UolUi)No, i=1,...n—-1, (27)

Ny=A, *ppooNo. (28)

In Eqg. (26) and Eqgs(27) and (28), all excited-state popula-
tion densities are small comparedNg because of Eq21).

The eight situations investigated above result in four dif-
ferent characteristic slopes for the excited-state population
densities and luminescences from these states as indicated in
Table I. To obtain these results, we inserted &j.in Egs.
(17)—(20) and (26)—(28). Note that other scenarios involv-
ing, e.g., cross relaxation between excited states, an ava-
lanche process, three-ion energy transfer, or ground-state
bleaching have been neglected for simplicity, but are ex-
pected to lead to significant deviations from the results of
this model in certain experimental circumstances.

IV. POWER DEPENDENCE: SPECIFIC SITUATIONS

A. The limiting cases of small and large upconversion

With the results of Table I, the measurement of the slopes
of multiphoton-excited luminescences enables an interpreta-
tion of the underlying upconversion mechanism and its
strength. Generally, a measured slope & indicative of an
upconversion process, which involves at leasphotons,
wheren is the smallest integer greater tharfor equal tox if
X is an integer. However, it may also be a higher-order pro-
cess.

Low absorbed pump intensities and the consequent domi-
nance of linear decay for the depletion of the intermediate
excited stategcase | of Table Jlallow for the determination
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of the orderi of each excitation process, i.e., the numbef V. COMMON DEVIATIONS FROM THE BASIC
pump photons required to excite the emitting state. At high ASSUMPTIONS
absorbed pump intensities, upconversion becomes the main A. Large pump absorption

depletion process of the intermediate excited states, allowing _
for the determination of the upconversion mechanism in-, T the sample lengthis not small compared to the absorp-

. _l . . . . . .
volved. If luminescence to the ground state overpowers rellon lengtha =, a nonuniform longitudinal distribution of

laxation to th t Vi tate. th hani he absorbed pump power over the sample length obtains.
axation to the next lower-lying state, the mechaniSms Otry;q regylts in a longitudinal variation of the GSA pump rate

ETU [case(2)(A)(ii)] and ESA[case(2)(B)(ii)] can be dis-  4nq excitation density and, consequently, of the importance

tinguished by the slopes of the luminescences from intermesf ypconversion along the pump-beam path through the
diate excited states, which aR"? in the case of ETU and sample.

P? in the case of ESA. If decay occurs mainly into the next If a large fraction of the pump power is absorbed in the
lower-lying state and the fraction of pump power absorbed irsample, e.g., by choosing a longer sample, the left-hand side
the sample is small, ETU manifests itself in slopesPdf  of Eq. (3) approaches unity and E(4) becomes

[case (2)(A)(i)], where ESA leads to slopes &' [case

. pp (TiNi
2B)MH@]. R~T ———— (29)
If the orders of the processes are known, the measured > oiN;
slopes indicate whether linear dedayase(1)] or upconver- j=0,...n-1

sion[case(2)] dominates for a given absorbed pump inten-|n this case, the pump rate at the transition from state-
sity, with only one exceptioficase(2)(B)(i)(a) exhibits the  pends on the absorption of pump power due to transitions
same slope as cas#)]. from other state$, and solving the rate equations becomes
more complex. In addition, integration over the sample
length is no longer acceptable, because the different longitu-
B. Competitiveness of individual upconversion steps dinal parts exhibit different excited-state population densities
in sequential upconversion excitation and contribute in different ways to the luminescence intensi-
. o ties and must be treated individually. It is, therefore, more
Experimentally, lifetimes and ETU or ESA rates are usu-convenient to solve the rate equations numerically, with lon-
ally different for different excited states. As a consequencegitudinal resolution and under consideration of pump absorp-
some upconversion steps may be efficient compared to lumiion according to a Lambert-Beer law. The corresponding
nescence from their initial states for a given pump powercomputer code is described in Refs. 33 and 34.
whereas other upconversion steps may be inefficient, espe- For the case of small absorption, the limits of the slopes
cially when competing with fast multiphonon-relaxation pro- of the eight different situations described in Sec. Il are con-
cesses. This possibility shall be investigated analytically fofirmed by numerical examples. If the sample length and,
the example of Fig. 2. thus, the fraction of pump power absorbed in the sample are

We solve the rate equatiofi) and(13)—(16) correspond- increased in the calculation, the slopes of the excited-state
ing to the system of Fig. 2 for the case of ETU as the uppopulation densities and luminescences from these states re-

conversion mechanism and luminescence to the ground sta'?éain the same in seven of the eight investig_ath cases. In the
(B;=0) as the linear-decay mechanism, but with the follow-CaS€ of large ESA rates, long excited-state lifetimes, and pre-

ing modifications: We assume that the first upconversiondommmt decay to the next lower-lying staase(2)(B)(i)

step ETY is more efficient than downconversion lumines- of Table [, however, we find a different resuit: With the

) change from(a) small absorption(sample lengthl small
cence whereas the upconversion steps EW ETY, are compared to the absorption lengifi?) to (b) large absorp-
inefficient. When neglecting the rate terms in E48)—(16)

i 7 tion (I>a?), the slope of the population density of state
that correspond to inefficient processes for the depletion of,4 juminescence from this state decreases continuously

the corresponding states, we find that the steady-state solgym N.«Pi to P//". The reason is the direct dependence of
tions for the excitation densities exhibit slopesMb<P"2.  ihe individual pump rates of E429) on each other.
The first and second excited states show slopeB'6fand The surprising fact that only one of the eight cases exhib-
P, respectively, which would be expected from the systenits a dependence on crystal length can be understood in the
of Fig. 1 at high pump power, for the case of ETU as thefollowing way. The difference between Eqd) and(29) is
upconversion mechanism. Levels 3 and 4 are not relevant fasnly relevant if the upconversion mechanism is ESA and if
the dynamics of levels 1 and 2, because EBdd ETW are  the influence of ESA is large. It follows that the slopes do
inefficient. not change with increasing crystal length in those cases in-
On the other hand, if only the second upconversion stegolving ETU or small ESA. In the case of large E$#ase
ETU, were more efficient than downconversion lumines-(2)(B) of Table [, the response of the system to an increas-
cence from the corresponding initial state, whereas Eafdl  ing crystal length is a decreasing slope of the upconversion
ETU; were inefficient, we would find slopes &f* for lumi-  luminescences. If all states decay predominantly by lumines-
nescence from the first excited state @id?® for lumines-  cence to the ground stafease(2)(B)(ii) of Table I, how-
cence from the higher-lying statésThe two examples are, ever, the resulting slopes are already the smallest possible
thus, distinguishable by the slopes of the observed lumineghat can be expected. This leaves only one chgsse
cences. In this way, the competitiveness of individual upcon{2)(B)(i) of Table I] sensitive to the direct dependence of the
version steps in a multistep process can be determined fromdividual pump rates on each other.
the measured slopes of upconversion luminescences. The influence of ground-state bleaching is often an impor-
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FIG. 3. Three-level upconversion scheme for the case of ETU as  FIG. 4. Comparison of the calculated slopes of downconversion
the upconversion mechanism. Solid and dashed arrows indicate tfg UM,) and upconversion (LU)) luminescences in the level
radiative and nonradiative population and depopulation mechanismscheme of Fig. 3, assuming a flat-telid symbol$ or a Gaussian
for each level, respectively. In our experimental examples Of(open Symbo[Bradigd pump prof”e. The numbers denote the S|ope

CsZrCls:Re™ excited at 1.04%m and LiYF;:Nd** excited at 800  in double-logarithmic representation at low and high pump power,
nm, these levels correspond to the electronic states indicated on thgspectively.

right-hand side. The dotted arrow from level 2 to level 1 indicates a
luminescence(LUM) in the case of GZrCls:Re"" and a mul-

fiphonon relaxatioMPR) in the case of LiVE-NGP. ation obtains when the ETU process is replaced by an ESA

process(cf. Fig. 1) in the calculation. Generally, the differ-

. ) . ences in the slopes when using a Gaussian or a flat-top pump
tant issue, because it may strongly affect device perfor-pmf"e are small.

mance. Nevertheless, it will not be discussed in this paper - :
because of the following reasons. First, ground-state bFeffch- In contrast, a much larger influence O.f the G?“SS'a” pump
ing depends on many parameters and cannot easily be dg[ofllelon the slope of the upconversion luminescence is
scribed without taking the complete rate-equation systerfound in the case of an avalanche procEsshe reason for
into account. Second, if there is no lifetime quenching bythis behavior is the strong dependence of the absorption co-
cross relaxation, which would depend on the ground-statefficient on pump power, which introduces a highly nonlin-

population density, the influence of ground-state bleachingar response of the system over the Gaussian pump profile in
on the slopes of upconversion luminescences can be eliMjra case of an avalanche process.

nated, in the case of ETU as the upconversion mechanism,
by plotting the luminescence intensities versus absorbed in-
stead of incident pump power. If ESA is the dominating

upconversion mechanism, however, this simple method is
not applicable. In this case, situations may occur where an
increasing pump power leads to ground-state bleaching and a ETU is an interionic process whose probability depends
consequent decrease in GSA rate combined with an increaggongly on the distance between the participating ®ns.

in ESA rate, resulting in depletion of the intermediate ex- ; ; ;
cited state and a decrease in luminescence intensity from thETU is, therefore, influenced by the host geometry, the dop

level: cf. Fig. 8b) of Ref. 37. In this case, ground-state ant concentration, energy migration between the active ions,
b|ea(’:hing has to be considered in the rate e,quations_ and the StatiStica[Or nonstatistical distribution of active
ions in a host material. Commonly, the active impurity ions

are randomly distributed in the host lattice. Some of them
have a closer nearest neighbor than others and, thus, exhibit
A nonuniform transverse distribution of the pump powera higher probability of being involved in an ETU procéss.
over the sample cross section arises, for example, from m some cases, a fraction of ions may be isolated, arranged in
Gaussian pump profile. This results in a radial variation ofclusters*? or occupy different sites in the host lattice for the
the excitation density and, consequently, of the importancective ions with different nearest-neighbor distarites.
of upconversion across the transverse profile of the beam. It is the purpose of this section to demonstrate the funda-
We investigate here numerically the influence of a Gaussiamental influence of the presence of different ion classes in
pump profile on the three-level system shown in Fig. 3. Thehe host lattice on the slopes of the luminescences. In the
parameters and rate equations used for the calculation afellowing, we choose again the simplest possible model. We
taken from Ref. 38. They correspond to the experimentahssume that there exist two different ion classes: one class of

C. Patrticipation of a subset of ions in energy-transfer
upconversion

B. Gaussian pump profile

example of LiYF;:1% N (Sec. VIO. ions that are involved in ETU and one class of ions that do
The result of the calculation is shown in Fig. 4. The slopenot contribute to ETU.
of the downconversion luminescence (LWMdecreases In the absence of ESA, the measurement of the slopes of

slightly slower fromP?* toward P°® with increasing pump upconversion and downconversion luminescences provides a
power for a Gaussian pump profilepen symbolscompared simple method to probe the fraction of ions that participates
to a flat-top pump profilésolid symbol$, because the ions in in ETU. For this class of ions, the coupling of the rate equa-
the wings of the Gaussian profile exhibit less ETU. Thetions (6) and (7), resulting in Eq.(10), requires that a de-
slopes of the upconversion luminescence (LJyMvhich de-  crease of the slope of the upconversion luminescence from a
crease fromP? toward P! exhibit even less deviation be- quadratic to a linear behavior is accompanied by a corre-
tween a Gaussian and a flat-top pump profile. A similar situsponding decrease of the slope of the downconversion lumi-
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nescence from a linear to a square-root behavior. In contrast, 10° 1§
isolated ions will not contribute to upconversion lumines- ] 10
cence and show a linear slope of their downconversion lumi-

nescence throughout the whole pump-power range. The ob-
served downconversion-luminescence intensity is the sum of
the contributions from each class of ions.

Since a linear function increases faster than a square-root
function, the intensity of downconversion luminescence from
those ions that do not participate in ETU will eventually
overpower the corresponding luminescence intensity from
ions exhibiting upconversion losses. It follows that the slope 115 ~$ w3
of the downconversion luminescence will first decrease with P _._zH:Z (L4)
increasing pump power and, consequently, increasing upcon- 10 Irrrmd—rrrmi—rrremi— e
version losses. With further increasing pump power, the lu- 10° 10" 10° 10° 10" 10°
minescence intensity of isolated ions will contribute an in- Incident Pump Power [mW]
creasingly significant fraction to the overall intensity of o .
downconversion luminescence. The slope of the downcon-_ FIG: 5. Measured emission intensities from tzﬁa”z (two-
version luminescence will, therefore, increase again. photon excitatiop “Sy; (three-photon excitationand *Hg, (four-

. C : . . . photon excitationlevels at 800 nm, 550 nm, and 420 nm, respec-
This behawor is calculated for the simple situation o_f F'g't'*vely, in CsLU,Clo 1% EP* (solid symbols and CsEr,Cl, (open
3, assuming a constant dopant concentration, but differen bol t itati (1 into 41
fractions of ions participating in ETUAN experimental ex- Symbol vs pump power, after excita lon at 1.54m Into g,
e dl ins VID al ith calcul Ref. 49. The numbers denote the slope in double-logarithmic rep-
ampie IS pre_sente ater in Sec. . aon_g_WIt calcu ateGesentation at low and high pump power, respectively.
curves; cf. Fig. 8.1f 100% of the ions participate in ETU,
the results of Sec. Il are derived: The slopes of downconvertem shall serve as an example for two of the results of Table
sion (L;) and upconversionl(,) luminescences decrease |. We have investigated two-, three-, and four-photon4fx0|-
from P* to P®®and fromP? to P*, respectively. If a signifi- tation in samples of G&u,Clo:1% EP* and CsEr,Cly.’
cant fraction of ions does not participate in ETU, the slope ofThe EP lons were eXCI;fed at41.5,4m2along the excitation
the downconversion luminescence first decreases fRdm  Pathway “l 57—l 137~ 19p—"S3,—"Hgp,. These levels
but then returns t®* at higher pump powers, with the turn- correspond to levels 0—4 in Fig. 2, with other intermediate
ing point moving to a smaller pump power for an increasingecited states of erbium not shown in this figure. The slopes
fraction of isolated ions. of the ground-state luminescences from fihg, (two-photon
The influence of a Gaussian pump profite, generally, a  UPCONVersion “Sy, (three-photon upconversiprand Hgy,

: - e . levels (four-photon upconversigrat 800 nm, 550 nm, and
macroscopically inhomogeneous excitation densty the 420 nm, respectively, was measui@tg. 5. Because of the

slope of the downconversion luminescence is different fron] . ; o
the influence of several ion classes that may or may noC™ phonon energies the excited states exhibit only small
. . . , d ultiphonon-relaxation rates and decay predominantly by lu-
par.tlc!pate in ETU. A (.Bau55|an. pump prof|lle resultg N 3minescence to the ground state. In the 1%-doped sample, the
variation of _the excitation densitil; in the mtermedlate_ pconversion steps are achieved partly by ESA and partly by
state for a given pump power, whereas the effect descrlbea-l—u, whereas for the 100%-doped sample, the dominant up-
here arises from a difference in the ETU paramé&ftgrfor conversion mechanism is ETH.
different ion classes. The influence of the Gaussian pump e compare here the two extreme experimental situations
profile on the slope of the downconversion luminescence igf either predominant linear decay or strong upconversion
small, because those regions in the wings of the pump profilgith the corresponding limiting cases of Table I. At low
with a smaller excitation densityl; naturally contribute less pump powers in the 1%-doped sample where upconversion
to the luminescence intensity. On the other hand, several iomechanisms have a small influen@ég. 5, left-hand sidg
classes may have a large influence on the slope, because #ile slopes approach the limit &' for an i-photon-excited
these ion classes may be present in the center of the Gaussiaminescencegcase(1) of Table . On the other hand, at

0
0

2 1 1.4 f )
107 § 10
{18 2.1 13/ 1.0

o o

10* +

26 16

-6 E— .
10 -t (L2)

Emission Intensity [arb. units]

pump profile. high pump powers in the 100%-doped sample where ETU is
the dominant excitation and depletion mechanigfg. 5,
VI. EXPERIMENTAL EXAMPLES right-hand sidg the slopes approach the limit &*2 for

. . ~ luminescences from the intermediate excited statesRind
Four experimental examples shall illustrate the theoreticaj,, | minescence from the upper excited statéy, [case
results of Secs. I[I-V. For detailed discussions of the excita 2)(A)(ii) of Table . For increasing pump powers in the
tion mechanisms in the four systems chosen here, see Re%m-doped sample as well as for decreasing pump powers in

38 and 44-48. the 100%-doped sample, situations of competition between
o . linear decay and upconversion are found and the lumines-
A. Four-step upconversion in CgLu,Clg:Er cences exhibit slopes that are between the two limiting cases.

The similar energy gaps of four excitation steps ifi'Er
and the low phonon energies in a chloride make the
Cs;Lu,Clg:Er* system a prominent example of efficient
four-step upconversion with subsequent intense lumines- Another excitation sequence leading to population of
cence from all states along the excitation pathway. This sys2Hg, in Er*"-doped low-phonon host materials is a two-step

B. Competitiveness of individual upconversion steps
in Ba,YCl,:Er3*
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Incident Pump Power [mW]
10" 10° 10’ 10° 10°
Incident Pump Power [mW] FIG. 7. Measured emission intensigliamond$ of downcon-
version luminescence from théF 5, level (single-photon excita-
FIG. 6. Measured emission intensities from tRilg, (two-  tion) at 1.05um in LiYF,:Nd*" vs absorbed pump power, after
photon excitation and “G,,,, (three-photon excitationlevels at  excitation at 800 nm intdF s, (Ref. 38. Also shown are calculated
406.9 and 381.6 nm, respectively, in 8&€I,:3.2% EF" vs pump  curves of the downconversidgolid line) and upconversiofdotted

power, after excitation at 800 nm infty,,, respectivelyRef. 46. line) luminescence intensities, assuming that 100% of th#& Nahs
The numbers denote the slope in double-logarithmic representatioparticipate in ETU. The calculation considers a Gaussian radial
at low and high pump power, respectively. pump profile. The numbers denote the calculated slopes in double-

logarithmic representation at low and high pump power, respec-

excitation *1 15,4 gp—2Hgj, around 800 nm. The upcon- tively.
version step may take place by ESA or ETU, depending on
host material, exact pump wavelength, and dopant concerment we were mostly interested in the lifetime quenching of
tration. Luminescence froriG,,, occurs after a second up- 4F3, by ETU and less in the weak upconversion lumines-
conversion step by ETU, which may originate in any statecence from upper states, only downconversion luminescence
above “lg;,.% The *lg,, 2Hgp, and “Gyyy, levels corre-  at 1.05um was measured in the experiment.
spond to levels 1, 2, and 3 in Fig. 2, respectively, with other The slope of the downconversion luminescence from
intermediate excited states of erbium not shown in this fig-*Fs, in LiYF,:1% N exhibits a decrease from%® to
ure. In BaYCl,:3% EP*, we have investigated the slopes of P%®in the experimental range of pump powéggamonds in
the upconversion luminescences froiHg, at 407 nm and Fig. 7). This roughly approximates a decrease of the slope
4G4y, at 382 nm, after excitation at 800 nm infog,.*° from the limit of P at low pump power td%® at high pump

The measured slopes of the upconversion luminescencgower. Also shown is a calculated curve of the
(Fig. 6) change fromP2!to P for 2Hg, and fromP31to  downconversion-luminescence intensitgolid line),*® as-
PL57 for 4Gy, with increasing pump power. Comparison suming that 100% of the Nd ions participate in ETU. Ac-
with the theoretical results presented in Sec. VB suggestsording to the findings of Sec. V C, we conclude from these
that the first upconversion step #i4, becomes competitive results that in LiYR:1% N most of the ions are involved
with luminescent decay already at the highest pump powein ETU. Consequently, the slope of the corresponding up-
applied in our experiment, whereas the second upconversiagonversion luminescence must then decrease fdrto P*
step to *G,,,, remains relatively inefficient at this pump (the dotted line in Fig. 7 represents the corresponding calcu-
power. The slopes of the upconversion luminescences prdated curve, because in this case the two slopes are corre-
dicted for this case ar®'’? for i-step upconversioriSec. lated to each other according to EGO).
V B), in reasonable agreement with the measured slopes of

1.0 . 1.67 . o
P*%for two-step upconversion intéHg, andP'®" for three-  p_ Fractional energy-transfer upconversion in CsZrCl s:Re**

step upconversion int6G; . _
PP 172 The CsZrClg:Re"" systent’*®is a rare example of a

transition-metal-ion system showing upconversion lumines-
cence from a second metastable excited state. In
The slope of the downconversion luminescence has beeBs,ZrClq:3.2% Ré", we have investigated the slopes of the
measured in LiYE:1% Nc®*.%® The Nd®* ions were excited  luminescences from thdg(?T,,) and I'/(?T,,) excited
at 800 nm into the'Fs, level. Subsequent fast multiphonon states. These excited states correspond to levels 1 and 2 in
relaxation leads to the population of thE 5, level, which is  Fig. 3, respectively. The other excited states of 'Rare not
the upper laser level of the well-known dm N&®* laser  shown in this figure. After excitation of the system by GSA
transition. ETU from*F 5/, populates thG(1)g,, *Gy, at the pump wavelength of 1047 nm, fast multiphonon relax-
and “Gg, levels. These states decay by fast multiphonoration populated the metastaki]“%(leg) level. The upcon-
relaxation back to the'Fg, level and can, therefore, be version step td';(?T,,) was achieved by ETY 8
treated as a single state for our purpo¥eBhus, “F 5, cor- The measured slog&ig. 8 of the upconversion lumines-
responds to level 1 andG(1)g,, “G7,, and *Gg, corre-  cence at 730 nm frorﬂ|‘7(2ng) decreases with increasing
spond to level 2 in Fig. 3. The other excited states ofNd pump power fromP? to P within our experimental power
are not shown in this figure. Since at the time of the experidimits. These values are consistent with the theoretical limits

C. Complete energy-transfer upconversion in LiYF:Nd®*
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T 100 3 trates the important principle that upconversion and down-
g 10° 1 0.9 conversion measurements need not probe the identical set of
4 - dopant ions, and this situation can be identified experimen-
3 10° 7 y tally.

Z 10° ¥

[ E

s 10° VII. CONCLUSIONS

S

c 10° % Assuming the simplest possiblephoton upconversion

2 10° ) excitation schemes, we have shown in a general way that the
é’ 107 F——rrrm e commonly assumed slope of the luminescenci'bfefers to

w 10" 10° 10" 10® 10° the case of infinitely small upconversion rates. A realistic

upconversion system that produces detectable upconversion
luminescence will exhibit an intensity-versus-power depen-
FIG. 8. Measured emission intensities from tlig(?T,y)  dence, which is less thad". Higher pump power and, con-
(single-photon excitationand I'7(*T,,) (two-photon excitation ~ sequently, increasing competition between linear decay and
levels at 1.3um and 730 nm, respectively, in &8Clg:3.2% Ré* upconversion for the depletion of the intermediate excited
vs pump power, after excitation at 1.04#n into I'g(°T,,) (Ref.  states result in a significantly reduced slope. In most of the
48). Also shown are calculated curves, assuming that 10f#shed  investigated cases, if upconversion dominates over linear de-
lines), 40% (solid lines, or 1% (dotted lineg of the RE™ ions  cay for the depletion of the intermediate excited states, the
participate in ETU. The calculation assumes a Gaussian radiag|ope of the luminescence from the upper staie almost
pump profile. The numbers denote the experimental slope ininear. The slopes of the luminescences from intermediate
double-logarithmic representation at low and high pump power, reaycited states are even less than linear and, in the case of
spectively. ESA as the upconversion mechanism and ground-state lumi-
i nescence as the decay mechanism, are almost independent of
of P2 at low pump power ané? at high power. The slope of pump power.
the downconversion Iumlnesi:ence at w8 froml;g(leg), The above results allow for the interpretation of the slope
however, only changes froi™ at low power toP™"at high  of 5 multiphoton-excited luminescence with respect to the
power. It is, thus, not correlated to the slope of the upconyger of the process and its physical origin and strength. In
version luminescence. This experimental finding is in cleaiqgition, the measurement of the slopes of upconversion and
contradiction to the result of Eq10), which predicts a cor-  gownconversion luminescences provides a method to inves-
relation, i.e., a decreas% in slope of the downconversion Iuggate the fraction of ions that participate in ETU. With ac-
minescence fronP* to P '5_'” the same power range as the cyrate measurements and a detailed model, it should be pos-
c%rrespi)ndmg upconversion luminescence decreases frogpe with this method to probe the influence of energy
P to P~ migration on ETU or spatial distributions of ions in crystal-
At the simplest level, this observation can be interpretedine |attices or glass matrices.
as reflecting a scenario in which only a certain fraction of |t has been the purpose of this paper to point out that
excited R&" ions participates in ETU. This fraction exhibits fyndamentally important information is contained in the
a slope of its downconversion luminescence, which demeasured dependence of upconversion-luminescence intensi-
power. In the upconversion luminescence, we only probe thigeg| systems are often more complex than the basic models
fraction of the excited ions, and observe a slope that depresented here. However, the fundamental equations pre-

creases to a linear behavior with increasing pump power. Thgented in this paper can be adjusted or expanded to a specific
other fraction of excited Ré ions is excluded from ETU. It sjtyation.

luminesces from level 1 to the ground state with a linear
slope at all powersgsee Sec. VT

Based on this interpretation, we have calculated the slopes
of the downconversion and upconversion luminescences We thank Rozenn Burlot-Loison from our institute and
with the spectroscopic parameters ohblx€ls:3.2% RE"*®  Paul J. Hardman from the Optoelectronics Research Center,
for different fractions of ions participating in ETU. Selected University of Southampton, United Kingdom for their con-
results are shown in Fig. 8. The model shows agreement withributions to the experiments, as well as Ralph Schenker and
the measured slopes for a fraction of 40(0)% of the ions  Markus Wermuth from our institute for helpful discussions.
participating in ETU. Although the theoretical method pre-This work was partially supported by the Swiss National
sented in Sec. V C is based on strong simplifications, it illus-Science Foundation.

Incident Pump Power [mW]
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