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Second-order luminescent saturation effects in SrGa  ,S,:Eu
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This study identified a quadratic energy loss process in europium-doped strontium thiogallate using
luminescent decay time analysis. The role of activator—activator cross relaxation in producing the
nonlinearity in the luminescent efficiency for Si&a: Eu was assessed. Ground-state depletion did
not contribute to the observed saturation, which instead was attributed to interionic energy transfer
(cross relaxation This work provides a deeper understanding of the factors contributing to
luminescent saturation. The understanding of these mechanisms will contribute to the optimization
of phosphors for cathodoluminescent applications. 2@2 American Institute of Physics.
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Knowledge of the physics contributing to phosphor effi- Thus, energy transfer to upperlevel nonradiative excited
ciency under low-energy electron excitation is essential testates in the #°5d bands is possible.
developing high-power, efficient phosphors for flat-panel  Figure 2 depicts the processes involved in host—activator
displays' Several candidates, including europium-activatedexcitation and recombination along with activator cross re-
strontium thiogallate (SrG&,:Eu), are in development laxation(recombination energy from an excited activator is
with this in mind? In field-emission displays, which operate transferred to a neighboring excited activator promoting it to
at lower energies than cathode ray tubes, the excitation dwedl higher level. The excitation rate equations are
time and average current density are increased to achieve the
same output. Under these conditions, phosphors have a non- ¢
linear dependence of luminance on excitation energy. The g;N1 =9~ Na—NiB(N—Ny), 1)
mechanisms contributing to this are ground-state depletion
(GSD) (Ref. 3 and second-order saturati¢809.*

_ Below 5 k_e_V, surfac_e defects dram_atic_:ally_ decrease lu- dgnfnlB(N—nz)— 'ynz_aaCInZ_a'act,sn)z\a )

minescent efficiency. High current excitation increases the t
number of electron—holeet-h) pairs accessible to activa-
tors, thus intensifying the light output. However, this canwhereg is the e-h pair generation raten; the number of
“saturate” by two mechanisms(l) Activators are excited e—h pairs, @ the nonradiative transition probability§ the
out of their ground statéGSD). (2) Excited centers exchange activator excitation probability, antll the total number of
energy rather than decay radiativél§O9. Increasing acti- activators. In Eq(2), n, is the number of excited activators
vator concentration and using fast decaying phosphors revith electrons in level 2y the radiative recombination rate,
duces GSD by activator recyclifg. This occurs as long as @, the first-order nonradiative rate, angs the cross-
the decay time is less than the excitation pulse length. relaxation energy loss rate. The temmysny represents su-

The GSD model has explained saturation in slower deperlinear energy loss. When= 2, saturation is second order.
caying phosphors such as §&S:Tb (r4~0.52 ms)® How-
ever, saturation in fast decaying phosphors such as 1.1
SrGaS,:EW? (74~500 ns) occurs two orders of magnitude L SrGa,S4:Eu 6%
earlier than predicted by GS(Fig. 1), clearly indicating that b 4keV.30 us. 72 Hz
another mechanism is responsible for the saturation. > | i

In 1983, de Leeuw and 't Hodfidentified nonradiative % B8
energy transfer as a superlinear loss process. Activatog
excited-state absorption and cross relaxation were thex
mechanisms identified. In excited-state absorption the activa§
tors already in excited states are promoted to higher state<s
When GSD is unlikely due to high activator concentrations E o7 r

0.8

= - GSD prediction*
and fast decay times, excited-state absorption is ruled out, a% [ Ax2 A 6% Eu data
in the case of SrG&,:Eu, however, cross relaxation re- U T @ L =515x 10" & —— SOS fit \
mains a possibility. Several studtd€ have identified P \
second-order energy exchange mechanisms. 0:3: Pt LU AR
Eichenauet has confirmed that in SrG®,:Eu lumines- 1 10 100 1000 10000 100000
cence occurs from the lowestf%d?! state to the ground Average Current Density (uA/cm?)

state. Transitions to other states are largely nonradiative.

FIG. 1. Saturation of SrG&,:Eu 6% at 4 keV. Measured dataiangles
are compared to that predicted by ground-state depletitmited ling.
dElectronic mail: chris.summers@mse.gatech.edu Second-order saturation figolid line) is for \~2 anda,s=5.15% 10
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FIG. 2. (a) Two-level excitation model used to analyze saturatignandn,

are the host and activator excited-state populations, respectively. The seconu ] ) )
nonradiative term in level 2c,.sn}) represents the influence of superlinear FIG. 3. CL transient response for SrfSa:Eu 4% excited at 2 keV. Semilog
energy loss. When =2, the saturation is second order ang is the plot illustrates for the change in the initial slope of the decay curve at 71 and

2 . . .
energy loss rate(b) Cross relaxation: nonradiative energy exchange be-193#A/cm”. Inset: dependence of CL decay facly on CL intensity. The
tween neighboring activators 1 and 2. order\ was determined from a power-law fit to the experimental data.

Time (ps)

power law. The fitted value for the exponent- 1) reveals
The order was determined from analysis of the cathodothe order of the decay. A slope of unity indicates that an
luminescencéCL) decay. Under steady-state conditions, theenergy loss process dominates the saturation, whose prob-

activator efficiency becomes ability is proportional to the density of activators squared.
In this study, concentrations of 0.5, 1, 3, 4, 5, and 6%
— YNz = Y —. (3 Wwere invgstige}ted. Samples were screened on (;onducting
Yot aacfot QactsNy Yot Aacts? indium—tin—oxide-coated glass substrates to minimize charg-

ing and heating. A 2 keV electron beam pulsed af30and
refreshed at 72 Hz induced the CL excitation from which the
transient datépulse averaged 500 timewsas obtained. Ther-
mal quenching effects were negligible. Figure 3 displays the
Mact,0 1— Nact,Pacts A1 @) CL decay curve for SrtG&,:Eu 4% corresponding to the
Dact v 2 - broadband emission spectra centered at 545 nm. Fits to the
This is related to the optical emission flux by the relationmItIaI slope at current dEI.’]S.IFIeS of 71 and. 1,93/qm . Hllus .

B . trate the decrease in the initial CL decay time with increasing
Per= (vyRhryg)n,, where the constants in parentheses are = =~ . . .

. o excitation density. This trend was observed for all samples at

lumped into one constantc{), and are the probability of

S 1, 2, and 4 keV.
radiative decay, electron range, photon energy)( and

o . . Once the current-dependent initial decay times and emit-
photon escape efficiency, respectively. By substituting for C o :
. ted optical intensities were determined, the decay factor was
n,, the relation becomes

calculatedinset, Fig. 3. The data were fit by a power law of
the formD=cP® 1), The value of the exponentiah (1)
~1 showed that the saturation order wes 2, providing
. ) ) . strong evidence of quadratic energy loss. Figure 4 plots the
A gives the order and is determined from the initial CL decaygay ration order values obtained as a function of Eu concen-
time under unsaturated and saturated conditions. tration from 0.5-6% for excitation voltages of 1, 2, and 4
_In order to express Ed5) in terms of the initial decay o\ The saturation order was? in all samples investigated.
time, Eq.(3) is used to express the level 2 rate equation as The second-order cross-relaxation energy loss date,
—dn,/dt=n;8(ny,—N)+ yn, /Ny (6)  was determined by best fitting an expression for the radiant
efficiency under cross-relaxation conditions to the saturation
data. The efficiency was derived as follows: For 2, the
level 2 rate equation under steady-state conditions is

A relation betweeny, and the intrinsic quantum activator
efficiency n,q 0 is derived by rearranging terms and noting
that y/ yq= mact o resulting in

7act,0

_ Mact,Pacts

1 (C1Pem) " t=csPAr ™. (5)

Nact

When the excitation is turned off,~N, and the first term
on the right in Eq.{6) goes to zero. Thus,

1 dP v
P At | e @) B N)+ Yo+ s ©
em t t=0 Mact dt =n1B8(n, ) YdN2 T et N

by substitutingn,=c;Per. This is the initial decay rate. By \when there is no ground-state depletidh-{n,>n,), then
substitutingn,e= v/ v; and na..= v/ va, EQ. (5) becomes

_ g
D=7/ya—1=CsPpn " (®) nl:a+BN' 19
This relates the initial decay rates under saturated, and URrq fraction of pairs to excite activators is
saturated conditions, to the CL intensity. Referring to the left
side of Eq.(8) as the decay factor);), experimental data _ BN (11)
for D; plotted as a function oP,, can be fitted using a 7o a+ BN’
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Furthermore, Fig. 4 shows order values of 1.95, 1.8, and
1.7 for the sample with 0.5% Eu at voltages of 1, 2, and 4
keV, respectively(The inset shows the order parameteas
a function of energy for this samp)elhe decrease in with
increasing energy indicates a slight weakening in SOS due to
cross relaxation. The larger volume excited at higher ener-
gies reduced the saturation rate most in the 0.5% sample.
Physically, as the exciton interaction volume increases, the
interionic energy exchange was reduced, thus weakening the
saturation.

The average distance between activators is calcifated
to be 5.22 nm for the 0.5% sample and decreases to 2.3 nm
in the 6% sample. Thus the majority of excited activators
remain involved in cross-relation even for the larger excita-
tion volumes resulting at higher excitation voltages. For op-
tically active ions, the probability of interionic energy
transfet''2 due to electric dipole-dipole interactions is pro-
portional toR 6, and therefore, is two orders of magnitude

FIG. 4. Saturation order parameteras a function of europium concentra- higher in the 6% than in the 0.5% sample. The decreaae in

tion for SrGaS,:Eu. Inset plots\ vs energy for 0.5% Eu-doped sample.

the rate equation is

nga’act,s"" N2Ya+970/N—gne=0 (12
Neglecting GDS, the third term in E¢12) goes to zero

to 1.7 for the 0.5% sample at 4 keV shows a lower, but still
strong contribution of cross relation to saturation and implies
a threshold for interionic energy loss. However, only for con-
centrations<<0.1% are cross relation effects expected to be
reduced such that=1.

In summary, the dependence of the CL efficiency of

>g7,). Putting y4=1/7, and solving for the level 2 popu- SrGaS;:Eu on electron current density for Eu concentra-

lation n, gives

+
n,= Zaact,sT( V1 4aact,sT 970~ 1). (13
Then under low-excitation conditions,
N
(14

"2 (ot pN) (y+ aadIBg O

The normalized efficiency is expressed as the ratio betwe

the emitted optical flux and the low-excitation flux,

n2 ’}/R hy
&= nz’o'yR hV ' (15)

thus, the efficiency under cross-relaxation conditions is

n \/l+4oz 2 1 2
2 actsT 9710~ X_(\/l+—>(u_ 1),
cr

Eer—

N20 2aactsT d70
(16)
where the cross-relaxation variabtg, is defined as
EoJ(1— 1)
Xer= 4aact,s7' N = - (17)

EiRe

In Eq. (17), 7is the decay time measured at the fbint, 7,
the low-excitation quantum efficiencl, the electron beam

energy,J the current densityy, the backscattering coeffi-

cient, E;= B4E4 the ionization energy, anR, the electron

penetration depthl is the only variable except for the fitting
parameterp,ys. Figure 1 illustrates the second-order satu- 4
ration fit to SrGaS,:Eu 6% data at 4 keV that could not be s

tions ranging from 0.5 to 6% demonstrated the importance of
activator-related efficiency loss mechanisms. Substitution of
phosphor properties into the GSD model predicted saturation
in SrtGaS,:Eu at current densities two orders of magnitude
larger than experimentally observed. Transient analysis iden-
tified second-order cross relaxation between activator ions as
a dominant energy loss process. Good fits to the data were
obtained for relaxation energy loss rate&,.s~5

i 107 1 em/s. In addition to using phosphors with short

luminescent decay times and high activator concentrations,

phosphor selection criteria for high-current-density applica-

tions should incorporate activator—activator energy loss as a
limiting parameter to saturation reduction.
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