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Time-resolved photoluminescence study of excitons ina-PTCDA as a function of temperature
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In the present work, we analyze the radiative and nonradiative recombination channels ina-PTCDA
~3,4,9,10-perylene tetracarboxylic dianhydride! by applying time-resolved photoluminescence~PL! techniques
in the 50 ns range between temperatures ofT510 K andT5300 K. The obtained PL spectra are decomposed
into exponentially decaying components which can be assigned to different types of excitons, including Fren-
kel excitons, three types of self-trapped excitons, and two different high-energy PL satellites. From the tem-
perature dependence of the PL spectra, we gain some insight into the influence of nonradiative processes on the
decay time of the different PL bands. At room temperature, PL from Frenkel excitons and oppositely charged
ionic pairs is quenched due to nonradiative recombination. In contrast to this behavior, the decay of a PL band
assigned to excimers shows only a weak temperature dependence, so that it becomes the dominating radiative
recombination mechanism at temperatures aboveT5200 K.

DOI: 10.1103/PhysRevB.68.155201 PACS number~s!: 71.35.Aa, 78.20.Bh, 78.47.1p
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I. INTRODUCTION

Even though the optical properties and the photolumin
cence~PL! mechanisms of organic semiconductors are c
cial for optoelectronic device applications, present und
standing of their microscopic foundation is still rath
limited. Due to the progress in purification and growth tec
niques, reproducible optical absorption spectra have been
tained for a variety of reference systems, including po
acenes, thiophenes, and perylene derivatives. Polycrysta
films of the planar molecule 3,4,9,10-perylene tetracarbo
lic dianhydride~PTCDA! were used as an interesting mod
system for studying the influence of intermolecular inter
tions on the structural, optical, and electronic properties1,2

The linear optical properties were investigated with a la
variety of theoretical approaches, including exciton mod
adapted from inorganic semiconductors,1 Frenkel excitons,3

and schemes allowing for both Frenkel and charge-tran
~CT! excitons.4,5 Compared to the spectra of single mo
ecules in weakly interacting surroundings,6 the absorption
spectra in the solid phase are strongly redshifted, so that
analysis requires microscopic models for the reduction of
optical transition energy.

An interesting alternative for the determination of the m
croscopic parameters of the various kinds of excitons
time-resolved PL spectra. Early measurements of the PL
cay time in PTCDA thin films7 were interpreted with CT
excitons,8 and at higher temperature, the much faster de
was found to be nonexponential and energy dependent,9 with
a rather low PL efficiency at room temperature.10 For ultra-
thin amorphous PTCDA films,11 the PL decay approaches th
molecular limit known from dissolved monomers,8,11 and in
a different perylene derivative, MePTCDI, the temporal d
namics of the PL spectra were assigned to an excimer sta12

In the present work, we extend our previous lo
temperature and room-temperature investigations13,14 to the
temperature dependence of time-resolved PL measure
0163-1829/2003/68~15!/155201~7!/$20.00 68 1552
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single crystals ofa-PTCDA. Based on a numerical dat
analysis, we can extract different contributions to the
spectra. The assignment of the observed PL bands is b
on microscopic calculations of Frenkel15,16 and self-trapped
excitons ~STE’s!, like excimers and CT excitons,15,17 sug-
gesting that all the PL mechanisms discussed previously
occur in the same material.

In Sec. II, we discuss the experimental setup and pre
the time-integrated PL at different temperatures. Based
previous model calculations,16–18 we propose in Sec. III mi-
croscopic assignments for the observed PL bands. For e
of these PL channels, the shape results from a vibronic p
gression over different levels of an effective vibration
mode. As the interpolation of the line shapes between dif
ent temperatures and the numerical fitting technique
rather involved, we dedicate Sec. IV to the various quant
tive details. In Sec. V, we compare the measur
temperature-dependent PL decay rates and relative intens
of the different bands to a kinetic model involving activat
nonradiative recombination and energetic barriers for the
mation of the self-trapped excitons. The paper is conclu
in Sec. VI.

II. EXPERIMENT

The a-PTCDA crystals used in the present investigati
were grown by double sublimation in high vacuum (
31026 mbar). For the time-resolved PL measurements th
single crystals were excited with a pulsed dye laser synch
nously pumped by a mode-locked Ar1 ion laser, resulting in
20 ps pulses at an energy of 2.19 eV~565 nm! focused to a
spot of about 250mm on the sample. As the repetition rate
80 MHz defined by the cavity length of the ion laser excee
the decay rate of the slowest PL components, it was redu
to 4 MHz using a cavity dumper. The time-resolved PL w
analyzed using a CROMEX 250IS imaging spectrograph
detected by a Hamamatsu C4334 Streakscope with a
©2003 The American Physical Society01-1
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resolution better than 50 ps. In order to protect the stre
scope against stray light from the laser, a filter with a cut
at 590 nm~2.10 eV! was used. In the range 1.5–2.1 e
investigated in the present work, the flatness of the spec
response of the entire measuring system was checked
blackbody radiation from a tungsten lamp with known em
sion spectrum, and therefore no spectral correction was
plied to the subsequent PL measurements. For
temperature-dependent investigations (T510–300 K), a
closed-cycle He cryostat CTI-Cryogenics was used. As
intensity of the PL was proportional to the laser fluen
without any variations in the spectral shape, we exclu
exciton-exciton interactions as a relevant decay route.

The transient PL data measured over a temperature r
of 10–300 K were recorded from about 5 ns before the la
pulse to 45 ns after the excitation. A set of PL spectra
different temperatures integrated over this time window
shown in Fig. 1. The overall intensity first increases w
rising temperature up to about 40 K and then starts to
crease. At low temperatures, different vibronic subbands
clearly resolved, evolving into a broad structureless ba
around ^EPL&51.73 eV at temperatures higher thanT
5200 K.

FIG. 1. Time-integrated PL spectra~delay25 ns to 45 ns! mea-
sured on a single crystal ofa-PTCDA, at different temperaturesT
510, 15, 20, 30, 40, 60, 80, 100, 125, 150, 160, 170, 180, 190,
210, 225, 240, 260, 280, and 300 K.
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III. MODELING OF THE TIME-RESOLVED PL SPECTRA

In order to model the PL spectra over the whole tempe
ture range, we have introduced six components with differ
decay times and line shapes.

For the four most prominent PL channels, the line sha
were constructed from a series of subbands with a spacin
about 0.16 eV assigned to different harmonics of an effec
molecular vibration. For each PL channel, the radiative
combination starts from a specific relaxed excited state,
formed with respect to the equilibrium geometry in the ele
tronic ground state. Therefore, after the radiati
recombination to the electronic ground state, different
bronic levels of this effective mode can be reached, and
transition probabilities expressed by the Franck-Condon
tors are expected to follow a Poisson progression. The a
ment g2 of this Poisson distribution can be related to t
reorganization energyl of each PL channel according t
g2'l/\veff . From the calculation of the configuration co
ordinate diagrams of the three PL bands assigned to diffe
deformed dimers,17 we expect in each of these casesl
,\veff or g2,1 for the argument of the corresponding Po
son distribution. In the following,g2 for each PL channel is
treated as a phenomenological fitting parameter, and the
sulting values are of the order ofg2'0.5; cf. Table I.

From the dominating radiative recombination channel
low temperature13 and model calculations,16,18 we found
strong evidence for recombination from the dispersion m
mum of the Frenkel excitons, with an average energy
^EPL&51.78 eV resulting from a large subband at 1.83
and smaller subbands for the higher harmonics at 1.67
and 1.51 eV. At low temperature, this PL channel deca
within a radiative lifetime of 13 ns,13 but at room tempera-
ture, its intensity is strongly reduced due to a large nonra
ative deexcitation rate.

Furthermore, two PL channels with smaller intensiti
produce fast-decaying satellites at high energy, but eac
them contributes only in a certain temperature range. At l
temperatures, this satellite band occurs around 1.95 eV,
for T.150 K, it is quenched due to nonradiative decay.
stead, a different PL band near 2.05 eV develops. Based
the Frenkel exciton model, this high-energy feature can
assigned to a relaxed excited monomer, with an energy
responding to the average of the lowest Frenkel exci
branchE00(k) over the Brillouin zone.16 Alternatively, the

0,
rgetic
m

dening

rea

4

TABLE I. Parameters of the PL model including three types of self-trapped excitons, with the ene
positions in the limit T→0 K. For each vibronic subband, the position, full width at half maximu
~FWHM!, and relative areaaj are given according to Eq.~3!. For simplicity, the areaa2 of the second
harmonics is assumed to follow a Poisson progression of argumentg25a1 /a0, i.e., a2 /a05g4/2. For the
low-energy CT exciton and the excimer, the second harmonics would be hidden under the large broa
of the first sideband, so that we made no attempt to assign its area.

Component ^EPL& Blueshift Subband FWHM Area Subband FWHM Area Subband FWHM A
~eV! ~meV/K! ~meV! ~meV! ~meV! ~meV! ~meV! ~meV!

CT 1.78 3.931022 1845 94 1 1687 105 0.53 1529 165 0.1
CT 1.67 6.231022 1705 128 1 1551 160 0.40
Excimer 1.72 '0 1757 140 1 1612 160 0.46
1-2
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high activation barrier for nonradiative decay of the Fren
exciton PL could be an indication that the high-energy sa
lite results from the second-lowest vibronic level of the Fre
kel exciton dispersion; cf. Sec. V for further details.

In the numerical data analysis, it cannot be proved
disproved whether the small high-energy satellites also h
a vibronic sideband at lower energy, because these fea
would be in the same energetic region as much larger
bands arising from different recombination mechanism
Therefore, the low-temperature satellite at 1.95 eV and
high-temperature band at 2.05 eV were modeled each
single Gaussian PL band, and in the latter case, detail
the shape could be influenced by the use of a cutoff filte
2.10 eV.

In Figs. 2 and 3, we show two typical decompositions
the PL into the four most prominent channels and the t
kinds of high-energy satellites. The PL spectra atT540 K
shown in Fig. 2 are dominated by a PL band decaying wit
12 ns assigned to Frenkel excitons,16,18 whereas two slower
recombination channels decaying within about 40 and 50

FIG. 2. Upper: evolution of thea-PTCDA PL spectra measure
at T540 K as a function of delay after the excitation pulse~circles!.
Each trace for a given delayt corresponds to a time integration ov
an interval of 2.5 ns for a representative sample of delay timet
55, 10, 20, 30, and 45 ns. The solid lines represent the calcul
curves based on our model for the time-dependent PL. Lower:
composition of the PL spectra integrated between delays of25 ns
and 45 ns~circles! into the different recombination channels, wi
the Frenkel component~dashed line!, the excimer band~dotted
line!, the two CT channels~dash-dotted line!, and the sum of all
components~solid line!, including a high-energy band at 1.95 e
~solid line!.
15520
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respectively, are assigned to CT transitions between two
positely charged molecules in different deformed dim
geometries.17 The fourth channel, assigned to an excimer in
stack geometry,17 decays 2 times faster than the PL arisi
from the ionic pairs. The high-energy satellite around 1
eV decays within 3 ns, and the intensity of the low-ener
CT band rises for the first few nanoseconds with a sim
time constant, an indication that the decay of the form
could possibly feed the precursor state of the latter.

For the high-temperature spectra atT5280 K shown in
Fig. 3, the PL due to Frenkel excitons and recombinat
between ionic pairs is strongly quenched, and instead
excimer band has become the most prominent feature, de
ing within about 20 ns. The high-energy satellite at 2.05
decays within about 3 ns, with a large uncertainty of t
decay rate due to the very low intensity with respect to
other PL channels.

For the four major PL channels, the quantitative details
their model line shapes and the temperature dependenc
their decay times and PL intensities are discussed in the
two sections.

IV. INTERPOLATION BETWEEN DIFFERENT
TEMPERATURES

The assignment of the same PL channels at different t
peratures requires a smooth interpolation of the tempera
dependence of the model line shapes. With rising temp
ture, the broadenings of the vibronic sublevels of the diff

ed
e-

FIG. 3. As Fig. 2, but forT5280 K. At this temperature, the
high-energy band included in the sum of all components is loca
at 2.05 eV.
1-3



e
d
le
ed
er
o

L
s.
P
, t

o
e

ke
8
a
m
m
f
-

ra

tio
e
-
g

n

ta
al
r
in

d

ly
lie
th

s
n

the

al

ned

ren-
ow

and

ons
zed

f
e-
al

dis-

.
vi-
ature

er
ear
al

the
ate
d-

een
n
e

ent
ra-

imu-
the
as a
%
the

KOBITSKI, SCHOLZ, ZAHN, AND WAGNER PHYSICAL REVIEW B68, 155201 ~2003!
ent PL channels tend to increase. These broadenings ar
lated to internalAg modes far below the effective mode, an
both for neutral excited molecules and charged molecu
the expected elongations of these modes can be quantifi19

Therefore, changes of the thermal broadening with temp
ture can be compared with the contributions expected fr
the elongations of the low-frequency modes.

A. Frenkel exciton PL band

In the following, the modeling of the Frenkel exciton P
band will be based on its line shape at low temperature13

More specifically, due to the fact that the Frenkel exciton
dominates over the other PL channels at low temperature
pronounced asymmetry of its largest vibronic subband is
crucial importance for the correct assignment of the slow
and less intense PL channels.

With rising temperature, the peak positions of the Fren
exciton PL shift to the blue with a slope of 4.
31022 meV/K. This blueshift can be related to a therm
population of Frenkel excitons around the indirect minimu
of their dispersion. The small deviation of the slope fro
kB/254.331022 meV/K results from the nonparabolicity o
the excitonic band structure.18 It can be shown that the low
frequency modes with\v!\veff'0.16 eV are responsible
for the broadening and asymmetry of the strongest vib
tional subband in the PL spectra at low temperature16,18 and
for the broadening of the subbands of the optical absorp
spectra.15,19,20At finite temperature, the broadening increas
due to the population of higher vibronic levels of the low
frequency modes in the excited-state potential. For a sin
harmonic oscillator with reorganization energyl5g2\v,
the temperature dependence of the PL broadening is give

s25~DE!25g2~\v!2@112nth~\v,kBT!#

5g2~\v!2cothS \v

2kBTD , ~1!

wherenth(\v,kBT) is the average number of excited quan
according to Bose-Einstein statistics. From a previous an
sis of the Raman activity and the broadening of the abso
tion spectra,15 the temperature dependence related to the
ternalAg modes at 537 and 624 cm21 with \v@kBT can be
ignored, while the pronounced temperature dependence
to the lowest internal breathing mode at 233 cm21 and to the
external phonons has to be taken into account. This ana
of the broadening of the linear optical spectra can be app
to the corresponding Frenkel exciton PL band. Replacing
broadening related to the modes at 537 and 624 cm21 by a
temperature-independent terms0 j and the six phonon mode
by an effective external mode, the temperature depende
of the Gaussian broadening of the vibrational subbandj can
be expressed as

s j
25s0 j

2 1gint
2 ~\v int!

2cothS \v int

2kBTD
1gext

2 ~\vext!
2cothS \vext

2kBTD , ~2!
15520
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where the second term is related to the broadening due to
internalAg mode at\v int5233 cm21 with gint

2 50.29,19 and
the third term results from an effective external vibration
mode at\vext550 cm21 with gext

2 57.5 summarizing the
elongations of the six external phonon modes determi
from resonant Raman measurements.15,21 In the PL analysis
at higher temperatures, we assume a line shape for the F
kel exciton based on the experimental contribution at l
temperature with its asymmetric vibronic subbands,13 but we
include an increase of the second moment of each subb
compatible with Eq.~2!.

B. PL bands resulting from localized self-trapped excitons

Each of the PL bands related to the self-trapped excit
is modeled as a sum of exponentially decaying normali
Gaussians with positionsv j , broadeningss j , and areasaj :

I PL~\v,t !5
v3

t
expS 2

t

t D(
j

aj

s jA2p
expF2

1

2 S v2v j

s j
D 2G ,

~3!

where the multiplicative factorv3 is related to the density o
states of the emitted photons.22 The spacing between subs
quent positionsv j corresponds to the effective vibration
modeveff for this PL channel. The ratio of the areasaj of the
vibronic subbands are described according to a Poisson
tribution Pj (g

2),

aj}Pj~g2!5
g2 j

j !
e2g2

, ~4!

where the argumentg2 is the vibronic coupling constant
Similar to the Frenkel component, the positions of the
bronic subbands were assumed to have a linear temper
dependence. The broadenings are expressed as

s j
2~T!5s j~T50!cothS \V

2kBTD , ~5!

with an effective low-frequency mode\V!\veff . As all
STE PL bands arise from different relaxed excited dim
states, it is not possible to relate their broadenings to lin
absorption or to the Raman activity of the various intern
and external vibrations, so that only a comparison with
calculation of the corresponding configuration coordin
diagrams17 can give some indication. Therefore, the broa
eningss j (T50) and the energy\V are free fitting param-
eters allowing one to interpolate the PL line shape betw
different temperatures, where\V can be interpreted as a
effective localized low-frequency vibration coupled to th
STE state.23

Finally, the parameters used in Eqs.~3!–~5! were opti-
mized simultaneously for all the spectra taken at differ
delays after the excitation pulse and at different tempe
tures. The root-mean-square deviations between the s
lated curves and the experimental spectra normalized to
total area of the spectra integrated over delay were used
minimization parameter. The fit quality was better than 1
of the spectral area in the time-integrated data, close to
1-4
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TIME-RESOLVED PHOTOLUMINESCENCE STUDY OF . . . PHYSICAL REVIEW B68, 155201 ~2003!
range of the signal-to-noise ratio. As an example, the
shapes of the different components are shown in Fig. 2
T540 K and in Fig. 3 forT5280 K.

The peak positions atT50 K, the elongation parameter
g2, and the full width at half maximum atT50 K related to
the broadening parameterss j by FWHMj5A8ln2\s j are
summarized in Table I for the two CT exciton bands and
excimer. The resulting blueshifts of the peak positions
3.931022 meV/K and 6.231022 meV/K for the high- and
low-energy CT excitons, respectively, whereas the posi
of the excimer band is temperature independent within
numerical error margins. The localized vibrational mode\V
determining the temperature dependence of the broadeni
about 30 meV for the high-energy CT exciton, probably c
inciding with the lowest internalAg mode. On the other
hand, for the low-energy CT exciton and the excimer,
overall larger broadenings seem to be temperature inde
dent in the measured temperature range.

Even though our fitting procedure is already quite
volved, there are still some small deviations between
simulated spectra and the measured data at early delay ti
cf. Figs. 2 and 3. One possible reason is not comple
thermalized exciton distributions in this time regime. A se
ond more likely explanation for these deviations are lo
energy tails of the fast decaying pre-peak at 1.95 eV at
temperature and at 2.05 eV at high temperature, but we
not attempt any quantitative assignment of these small st
tures at short delay times after the optical excitation.

V. EXCITON KINETICS AS A FUNCTION
OF TEMPERATURE

After a consistent fit of the various PL line shapes at d
ferent temperatures, the temperature dependence of the
responding decay times and PL intensities can be analy
cf. Fig. 4. The decay timet of each of the PL channels i
modeled as a superposition of a radiative recombination
and activated nonradiative decay:24

1

t
5g5g rad1gnradexpF2Dact

kBT G , ~6!

whereg rad5t rad
21 is the inverse of the radiative lifetime,gnrad

a nonradiative recombination rate, andDact the correspond-
ing activation barrier; cf. Fig. 4 and Table II. For simplicit
the lifetime obtained for the lowest temperature is interpre
as the radiative lifetime of each PL band, but temperatu
independent nonradiative decay channels without activa
barrier might contribute even in this temperature regime,
pecially for the slowest recombination channels.

The temperature-dependent lifetimes of the different
bands are calculated usingt rad5(1362) ns for the Frenkel
exciton, (4266) ns for the high-energy CT band aroun
^EPL&51.78 eV, (5366) ns for the low-energy CT ban
around^EPL&51.67 eV, and (2563) ns for the PL arising
from the stacked excimer around^EPL&51.72 eV. The ratio
between the radiative decay rates of the low-energy CT
citon and the excimer PL band is in agreement with the ra
of the oscillator strengths calculated for the correspond
dimer geometries.17
15520
e
r

e
e

n
e

is
-

e
n-

-
e
es;
ly
-
-
w
id
c-

-
or-
d;

te

d
-
n

s-

L

x-
o
g

Concerning the PL bands assigned to the Frenkel exci
excimer, and low-energy CT state, the resulting deexcita
barriers areDact5190 meV, 26 meV, and 40 meV, respe
tively. Only in the case of the high-energy CT band can t
nonradiative deexcitation barriers ofDact512 meV and 109
meV be distinguished.

The high activation energy ofDact5190 meV for nonra-
diative decay of the Frenkel exciton is close to the energ
spacing between the two lowest dispersion branches at
surface of the Brillouin zone,E01(k)2E00(k)50.21 eV,16

so that the high nonradiative deexcitation rategnrad54/ps
could be due to the large density of states on the seco
lowest dispersion branch. Furthermore, the high-energy
ellite around 2.05 eV develops precisely in the temperat
range where the PL due to Frenkel excitons is quench
Therefore, it is tempting to assign this satellite to recom
nation from the minimum of the dispersion branchE01(k).

Even though the low-energy CT state is energetically

FIG. 4. Top: lifetimes of the different PL bands, where th
model curves according to Eq.~6! are calculated witht rad513 ns
for the Frenkel excitons, 42 ns for the high-energy CT band aro
^EPL&51.78 eV, 53 ns for the low-energy CT band around^EPL&
51.67 eV, and 25 ns for the PL arising from the stacked excim
Bottom: temperature-dependent intensities of the different
bands, with model curves based on the efficienciesh and densities
n according to Eqs.~6!–~8! and formation barriers ofEform

50.3 meV for the high- and low-energy CT bands and 2.7 meV
the excimer. In the lower panel, the intensities are given in units
*dtI(v,t)/v3, excluding the prefactorv3 related to the density of
states of the emitted photons; cf. Eq.~3!.
1-5
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KOBITSKI, SCHOLZ, ZAHN, AND WAGNER PHYSICAL REVIEW B68, 155201 ~2003!
low all other relaxed excited states resulting in radiative
combination, its large nonradiative decay rategnrad
512.5/ns results in an effective nonradiative quenching
ready belowT5100 K; cf. Fig. 4 and Table II.

The PL efficiency of the different PL channels can
expressed as24

h5
g rad

g
, ~7!

so that the temperature dependence of the PL decay rat
Eq. ~6! results in radiative efficiencies ofh51 at low tem-
peratures. However, this radiative efficiency is defined w
respect to the relaxed excited state, resulting in the co
sponding PL band, so that the probability to convert the
tically created excitons into the corresponding emissive s
is excluded from the analysis.

All the STE PL channels involve an energetic barr
D form for the formation of their precursor state,

n~T!5n0expF2D form

kBT G , ~8!

resulting in a suppression of their densitiesn and the corre-
sponding PL intensities at temperatures below abouT
550 K; cf. Fig. 4. These formation barriers areD form
50.3 meV both for the low- and high-energy CT states a
2.7 meV for the excimer.

The proposed absorption and PL scenario, shown in
5, can be described as follows. After photon absorption,
Frenkel excitons are created at theG point of the Brillouin
zone, from where they relax to the minimum of the disp
sion at the edge of the Brillouin zone by inelastic scatter
mechanisms. From this relaxed Frenkel exciton state t
can recombine to the ground state. The temperature de
dences of the self-trapped excitons can be assigned to
formation of their precursor states independently of the
laxed Frenkel exciton. From the relaxed STE states, the
combination towards the ground state can proceed via ra
tive and nonradiative processes.

VI. CONCLUSION

As a conclusion, we have investigated the relaxed e
tonic states ina-PTCDA single crystals by means of time
resolved PL measurements in the temperature range from
to 300 K. Based on a careful data analysis, we were abl

TABLE II. Radiative and nonradiative components of the dec
of the various PL channels according to Eq.~6!, given in terms of
the corresponding lifetimest51/g. The barriers for activated non
radiative decay are denoted asDact and the barriers for the forma
tion of the emissive state asD form ; cf. Eq. ~8!.

Component t rad Dact 1/gnrad Dact 1/gnrad D form

~ns! ~meV! ~ns! ~meV! ~ns! ~meV!

Frenkel 1362 190 0.00025 –
CT ~1.78 eV! 4266 12 35 109 0.03 0.3
CT ~1.67 eV! 5366 40 0.08 0.3
Excimer

~1.72 eV!
2563 26 15.6 2.7
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to

distinguish six different radiative recombination channe
They were assigned to a vertical transition from the indir
minimum of the Frenkel exciton dispersion, three se
trapped dimer states including two CT states and an excim
and two different high-energy features at low and high te
peratures. The Frenkel exciton with a PL maximum at 1
eV and a radiative lifetime oft rad513 ns predominates a
low temperatures, whereas the excimer witĥEPL&
51.72 eV andt rad525 ns becomes the most important P
channel at temperatures aboveT5200 K. The two charge-
transfer states witĥEPL&51.67 eV and 1.78 eV give the
strongest relative contributions betweenT520 K and T
550 K, and due to their long radiative decay times oft rad
553 ns and 42 ns, the separation of these CT excitons f
the intense PL bands with shorter lifetimes requires rat
long delay times after the excitation pulse.

At higher temperatures, all PL channels are quenched
to activated nonradiative decay mechanisms, and the exc
PL becomes the most important radiative recombinat
channel because the influence of nonradiative processe
the recombination rate is much weaker than for the other
bands. Concerning the temperature dependence of the
intensities, this model for nonradiative quenching has to
combined with a suppression of the self-trapped exciton
low temperatures due to different energetic barriers for th
formation.
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FIG. 5. Schematic configuration coordinate diagram for
Frenkel exciton, the high- and low-energy CT excitons and the
cimer state, showing the formation barriers between the exc
created by optical absorption at theG point of the Brillouin zone
and the self-trapped exciton states. The direction towards the ri
hand side~RHS! shows the dispersion of the Frenkel exciton ink
space~Ref. 16!, and the configuration coordinate towards the LH
corresponds to different deformation patterns for each of the lo
ized self-trapped exciton states visualized. For simplicity, the f
mation barrier visualized is the same for all self-trapped exciton
1-6
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