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Time-resolved photoluminescence study of excitons ia-PTCDA as a function of temperature
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In the present work, we analyze the radiative and nonradiative recombination channel®TCDA
(3,4,9,10-perylene tetracarboxylic dianhydpity applying time-resolved photoluminescerifd) techniques
in the 50 ns range between temperature$ofLl0 K andT=300 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 abiow€00 K.
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I. INTRODUCTION single crystals ofa-PTCDA. Based on a numerical data
analysis, we can extract different contributions to the PL

Even though the optical properties and the photoluminesspectra. The assignment of the observed PL bands is based
cence(PL) mechanisms of organic semiconductors are cruon microscopic calculations of Frenket®and self-trapped
cial for optoelectronic device applications, present underexcitons(STE's), like excimers and CT excitoris;'” sug-
standing of their microscopic foundation is still rather gesting that all the PL mechanisms discussed previously can
limited. Due to the progress in purification and growth tech-occur in the same material.
niques, reproducible optical absorption spectra have been ob- In Sec. II, we discuss the experimental setup and present
tained for a Variety of reference Systems’ inc|uding po|y-the time'integratEd PL at different temperatures. Based on
acenes, thiophenes, and perylene derivatives. Polycrystalliféevious model calculation; *®we propose in Sec. Il mi-
films of the p|anar molecule 3’4,9,10_pery|ene tetracarboxnyOSCOpiC aSSignmentS for the observed PL bands. For each
lic dianhydride(PTCDA) were used as an interesting model of these PL channels, the shape results from a vibronic pro-
system for studying the influence of intermolecular interac-gression over different levels of an effective vibrational
tions on the structural, opticaL and electronic prope[jti%s_ mode. As the interp0|ati0n of the line Shapes between differ-
The linear optical properties were investigated with a largeent temperatures and the numerical fitting technique are
variety of theoretical approaches, including exciton modeldather involved, we dedicate Sec. IV to the various quantita-
adapted from inorganic semiconductérBrenkel excitons, tive details. In Sec. V, we compare the measured
and schemes allowing for both Frenkel and Charge_transfépmperature—dependent PL decay rates and relative intensities
(CT) excitons™® Compared to the spectra of single mol- of the different bands to a kinetic model involving activated
ecules in weakly interacting surroundingshe absorption nonradiative recombination and energetic barriers for the for-
spectra in the solid phase are strongly redshifted, so that thefpation of the self-trapped excitons. The paper is concluded
analysis requires microscopic models for the reduction of théh Sec. VI.
optical transition energy.

An inFeresting alternative for th_e dete_rmination of_ the mi- Il. EXPERIMENT
croscopic parameters of the various kinds of excitons are
time-resolved PL spectra. Early measurements of the PL de- The a-PTCDA crystals used in the present investigation
cay time in PTCDA thin film§ were interpreted with CT were grown by double sublimation in high vacuum (2
excitons® and at higher temperature, the much faster decay< 10~ ® mbar). For the time-resolved PL measurements these
was found to be nonexponential and energy depertdeith  single crystals were excited with a pulsed dye laser synchro-
a rather low PL efficiency at room temperatd?d=or ultra-  nously pumped by a mode-locked Aion laser, resulting in
thin amorphous PTCDA film&: the PL decay approaches the 20 ps pulses at an energy of 2.19 €65 nm focused to a
molecular limit known from dissolved monomét&tand in  spot of about 25Qum on the sample. As the repetition rate of
a different perylene derivative, MePTCDI, the temporal dy-80 MHz defined by the cavity length of the ion laser exceeds
namics of the PL spectra were assigned to an excimer’$tatethe decay rate of the slowest PL components, it was reduced

In the present work, we extend our previous low-to 4 MHz using a cavity dumper. The time-resolved PL was
temperature and room-temperature investigatibtifsto the  analyzed using a CROMEX 250IS imaging spectrograph and
temperature dependence of time-resolved PL measured atetected by a Hamamatsu C4334 Streakscope with a time
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Ill. MODELING OF THE TIME-RESOLVED PL SPECTRA

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

For the four most prominent PL channels, the line shapes
were constructed from a series of subbands with a spacing of
about 0.16 eV assigned to different harmonics of an effective
molecular vibration. For each PL channel, the radiative re-
combination starts from a specific relaxed excited state, de-
formed with respect to the equilibrium geometry in the elec-
tronic ground state. Therefore, after the radiative
T 16 17 18 15 20 2 recombination to _the elegtronic ground state, different vi-

Energy (eV) brom.cllevels of th!s_, effective mode can be reached, and the
transition probabilities expressed by the Franck-Condon fac-

FIG. 1. Time-integrated PL spectfdelay —5 ns to 45 nsmea-  tors are expected to follow a Poisson progression. The argu-
sured on a single crystal @f-PTCDA, at different temperaturés ~ ment g? of this Poisson distribution can be related to the
=10, 15, 20, 30, 40, 60, 80, 100, 125, 150, 160, 170, 180, 190, 200eorganization energyx of each PL channel according to
210, 225, 240, 260, 280, and 300 K. g?~\hwes. From the calculation of the configuration co-

ordinate diagrams of the three PL bands assigned to different
deformed dimerd! we expect in each of these casks
resolution better than 50 ps. In order to protect the streak= /et OF g°<1 for the argument Sf the corresponding Pois-
scope against stray light from the laser, a filter with a cutoffSn distribution. In the followingg™ for each PL channel is
at 590 nm(2.10 eV} was used. In the range 1.5-2.1 eV tregted as a phenomenological fitting parameter, and the re-
investigated in the present work, the flathess of the spectrﬁunIng vaLues are of .the ord'er'gfz~0.5; Cf.‘ Tgble I.h |
response of the entire measuring system was checked Wi‘g From the dominating radiative recombination channel at

o . 'low temperatur® and model calculation®:'® we found
blackbody radiation from a tungsten lamp with known emis- . - . ) -
strong evidence for recombination from the dispersion mini-

sion spectrum, and therefore no spectral correction was aium of the Frenkel excitons. with an average energy of
plied to the subsequent PL measurements. For th?Ep,_>=1.78 eV resulting from a large subband at 1.83 eV

temperature-dependent  investigation =(10-300 K), a 44 smaller subbands for the higher harmonics at 1.67 eV
closed-cycle He cryostat CTI-Cryogenics was used. As thenq 151 eV, At low temperature, this PL channel decays

intensity of the PL was proportional to the laser fluence,yithin a radiative lifetime of 13 n& but at room tempera-

without any variations in the spectral shape, we excludgyre, its intensity is strongly reduced due to a large nonradi-
exciton-exciton interactions as a relevant decay route. ative deexcitation rate.

The transient PL data measured over a temperature range Furthermore, two PL channels with smaller intensities
of 10—-300 K were recorded from about 5 ns before the laseproduce fast-decaying satellites at high energy, but each of
pulse to 45 ns after the excitation. A set of PL spectra athem contributes only in a certain temperature range. At low
different temperatures integrated over this time window istemperatures, this satellite band occurs around 1.95 eV, and
shown in Fig. 1. The overall intensity first increases withfor T>150 K, it is quenched due to nonradiative decay. In-
rising temperature up to about 40 K and then starts to destead, a different PL band near 2.05 eV develops. Based on
crease. At low temperatures, different vibronic subbands arthe Frenkel exciton model, this high-energy feature can be
clearly resolved, evolving into a broad structureless bandssigned to a relaxed excited monomer, with an energy cor-
around (Ep)=1.73 eV at temperatures higher thah responding to the average of the lowest Frenkel exciton
=200 K. branchEqy(k) over the Brillouin zoné® Alternatively, the

7s
,hpe’al(,
7e

Integrated PL Intensity (arb.units)

TABLE |. Parameters of the PL model including three types of self-trapped excitons, with the energetic
positions in the limitT—0 K. For each vibronic subband, the position, full width at half maximum
(FWHM), and relative area; are given according to Ed3). For simplicity, the area, of the second
harmonics is assumed to follow a Poisson progression of arguglena, /a,, i.e., a,/aq=g*2. For the
low-energy CT exciton and the excimer, the second harmonics would be hidden under the large broadening
of the first sideband, so that we made no attempt to assign its area.

Component(Ep,) Blueshift Subband FWHM Area Subband FWHM Area Subband FWHM Area

(eV) (meV/IK) (meV) (meV) (meV) (meV) (meV) (meV)
CT 1.78 3.%10°2 1845 94 1 1687 105 0.53 1529 165 0.14
CT 1.67 6.%102 1705 128 1 1551 160 0.40
Excimer 1.72 ~0 1757 140 1 1612 160 0.46
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FIG. 2. Upper: evolution of the-PTCDA PL spectra measured ~ FIG. 3. As Fig. 2, but forT=280 K. At this temperature, the
atT=40 K as a function of delay after the excitation pulsicles. high-energy band included in the sum of all components is located

Each trace for a given delaycorresponds to a time integration over at 2.05 eV.
an interval of 2.5 ns for a representative sample of delay titmes
=5, 10, 20, 30, and 45 ns. The solid lines represent the calculatexespectively, are assigned to CT transitions between two op-
curves based on our model for the time-dependent PL. Lower: depositely charged molecules in different deformed dimer
composition of the PL spectra integrated between delays®ins  geometries’ The fourth channel, assigned to an excimer in a
and 45 ng(circles into the different recombination channels, with stgck geometrﬂﬁ decays 2 times faster than the PL arising
the Frenkel componentdashed ling the excimer banddotted  from the ionic pairs. The high-energy satellite around 1.95
line), the two CT channel¢dash-dotted ling and the sum of all gy decays within 3 ns, and the intensity of the low-energy
componentgsolid line), including a high-energy band at 1.95 eV cT pand rises for the first few nanoseconds with a similar
(solid ling). time constant, an indication that the decay of the former
could possibly feed the precursor state of the latter.
high activation barrier for nonradiative decay of the Frenkel For the high-temperature spectraTat 280 K shown in
exciton PL could be an indication that the high-energy satelFig. 3, the PL due to Frenkel excitons and recombination
lite results from the second-lowest vibronic level of the Fren-between ionic pairs is strongly quenched, and instead the
kel exciton dispersion; cf. Sec. V for further details. excimer band has become the most prominent feature, decay-
In the numerical data analysis, it cannot be proved oing within about 20 ns. The high-energy satellite at 2.05 eV
disproved whether the small high-energy satellites also havéecays within about 3 ns, with a large uncertainty of the
a vibronic sideband at lower energy, because these featuréecay rate due to the very low intensity with respect to the
would be in the same energetic region as much larger Ppther PL channels.
bands arising from different recombination mechanisms. For the four major PL channels, the quantitative details of
Therefore, the low-temperature satellite at 1.95 eV and théheir model line shapes and the temperature dependence of
high-temperature band at 2.05 eV were modeled each astheir decay times and PL intensities are discussed in the next
single Gaussian PL band, and in the latter case, details ¢¥vO sections.
the shape could be influenced by the use of a cutoff filter at

2.10 eV.
. . . IV. INTERPOLATION BETWEEN DIFFERENT
In Figs. 2 and 3, we show two typical decompositions of TEMPERATURES
the PL into the four most prominent channels and the two
kinds of high-energy satellites. The PL spectrarat40 K The assignment of the same PL channels at different tem-

shown in Fig. 2 are dominated by a PL band decaying withirperatures requires a smooth interpolation of the temperature
12 ns assigned to Frenkel excitdfis® whereas two slower dependence of the model line shapes. With rising tempera-
recombination channels decaying within about 40 and 50 nsure, the broadenings of the vibronic sublevels of the differ-
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ent PL channels tend to increase. These broadenings are rghere the second term is related to the broadening due to the
lated to internal; modes far below the effective mode, and internal Ay mode at w, =233 cm * with g2,=0.29° and

both for neutral excited molecules and charged moleculeshe third term results from an effective external vibrational
the expected elongations of these modes can be quarfifiedmode ath weq=50 cm 1 with ggxt: 7.5 summarizing the
Therefore, changes of the thermal broadening with temperaslongations of the six external phonon modes determined
ture can be compared with the contributions expected fronfrom resonant Raman measureménts.In the PL analysis

the elongations of the low-frequency modes. at higher temperatures, we assume a line shape for the Fren-
kel exciton based on the experimental contribution at low
A. Frenkel exciton PL band temperature with its asymmetric vibronic subbahtisut we

include an increase of the second moment of each subband

In the following, the modeling of the Frenkel exciton PL compatible with Eq(2).

band will be based on its line shape at low temperattites.
More specifically, due to the fact that the Frenkel exciton PL

dominates over the other PL channels at low temperature, the B- PL bands resulting from localized self-trapped excitons
pronounced asymmetry of its largest vibronic subband is of Each of the PL bands related to the self-trapped excitons
crucial importance for the correct assignment of the slowefs modeled as a sum of exponentially decaying normalized

and less intense PL channels. Gaussians with positions; , broadeningsr; , and areas,; :
With rising temperature, the peak positions of the Frenkel
exciton PL shift to the blue with a slope of 4.8 w3 t a. 1/ w—w;\?
% 10”2 meV/K. This blueshift can be related to a thermal lp (fw,t)= —ex;{ - —)2 ' EXF{— 5 HoL
T 7] 4 UJ.\/E 2\ o

population of Frenkel excitons around the indirect minimum
of their dispersion. The small deviation of the slope from &)
kg/2=4.3x10 2 meV/K results from the nonparabolicity of where the multiplicative factos? is related to the density of
the excitonic band structuré.lt can be shown that the low- states of the emitted photoﬁ%]’he spacing between subse-
frequency modes withh w<fiwe~0.16 eV are responsible quent positionsw; corresponds to the effective vibrational
for the broadening and asymmetry of the strongest vibramodew, for this PL channel. The ratio of the are@sof the
tional subband in the PL spectra at low temperdftf®and  vibronic subbands are described according to a Poisson dis-
for the broadening of the subbands of the optical absorptiofyibution pj(gz),
spectrat>1%2°At finite temperature, the broadening increases

due to the population of higher vibronic levels of the low- 5 97 o
frequency modes in the excited-state potential. For a single a;%Pj(9) = T 7 (4)
harmonic oscillator with reorganization energy=g%% o,

the temperature dependence of the PL broadening is given byhere the argumeng?® is the vibronic coupling constant.
Similar to the Frenkel component, the positions of the vi-

o?=(AE)?=g%(hw) 1+ 2ny(fw,ksT)] bronic subbands were assumed to have a linear temperature
5 dependence. The broadenings are expressed as
w
2 2
=0“(hw) cot!‘(
2kgT nQ)
. a-jz(T)zo'j(T=O)C0t)'<

whereng (% w,kgT) is the average number of excited quanta ZkBT)

according to Bose-Einstein statistics. From a previous analywith an effective low-frequency modéQ<fiwes. As all

sis of the Raman activity and the broadening of the absorpSTE PL bands arise from different relaxed excited dimer

tion spectrd;’ the temperature dependence related to the instates, it is not possible to relate their broadenings to linear
ternalA, modes at 537 and 624 cmwith iw>kgT can be  apsorption or to the Raman activity of the various internal

ignored, while the pronounced temperature dependence dugd external vibrations, so that only a comparison with the
to the lowest internal breathing mode at 233Cnand to the  calculation of the corresponding configuration coordinate
external phonons has to be taken into account. This analysifiagram$’ can give some indication. Therefore, the broad-

of the broadening of the linear optical spectra can be appliedningss;(T=0) and the energy () are free fitting param-

to the corresponding Frenkel exciton PL band. Replacing theters allowing one to interpolate the PL line shape between
broadening related to the modes at 537 and 624'chy a  different temperatures, whereQ) can be interpreted as an

temperature-independent terrg; and the six phonon modes effective localized low-frequency vibration coupled to the
by an effective external mode, the temperature dependenc&TE state?

2]

, .Y

®

of the Gaussian broadening of the vibrational subbjacahn Finally, the parameters used in Eq8)—(5) were opti-
be expressed as mized simultaneously for all the spectra taken at different
delays after the excitation pulse and at different tempera-

o?= 02 + g2 (haw)?cot f it tures. The root-mean-square deviations between the simu-
] 0j " Gintl 7t Dint 2kgT lated curves and the experimental spectra normalized to the
total area of the spectra integrated over delay were used as a

+g2 (fiw ,)%otl—(ﬁwm) 7 minimization parameter. The fit quality was better than 1%
ex ex 2kgT)’ of the spectral area in the time-integrated data, close to the
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range of the signal-to-noise ratio. As an example, the line 60 ———7——T——T——7T——T——
4 S v
shapes of the different components are shown in Fig. 2 for o 8 Frenkel
T=40 K and in Fig. 3 forT=280 K. 50 FV VN A CT i
The peak positions at=0 K, the elongation parameters A L,V high l
g2, and the full width at half maximum &t=0 K related to @ a0A%- v CT ]
. _ c \A A low
the broadening parametess by FWHM; = \8In27%io; are - | A, O excimer!| -
summarized in Table | for the two CT exciton bands and the OEJ 30| ~a i
excimer. The resulting blueshifts of the peak positions are = L 60....0.0 \
3.9x10 2 meV/K and 6.X 10 2 meV/K for the high- and > 0L © e % 1
low-energy CT excitons, respectively, whereas the position 8 : ©p-0.
g N ] == | q A -0 © O
of the excimer band is temperature independent within the 8 o O W oy
numerical error margins. The localized vibrational méde 10} ] “ﬁ:& ]
determining the temperature dependence of the broadening is I ‘.. N,A ]
about 30 meV for the high-energy CT exciton, probably co- 0 ————+——3 Umhﬂ
inciding with the lowest internaA; mode. On the other il * total |
hand, for the low-energy CT exciton and the excimer, the ® Frenkel
overall larger broadenings seem to be temperature indepen- A CThigh
dent in the measured temperature range. v
o . . . low U
Even though our fitting procedure is already quite in- ® excimer

volved, there are still some small deviations between the
simulated spectra and the measured data at early delay times;

PL Intensity (arb.units)

cf. Figs. 2 and 3. One possible reason is not completely 0
thermalized exciton distributions in this time regime. A sec- \{s-'i-:.-'-..“" R

ond more likely explanation for these deviations are low- P oo 1(' ""4‘2"5’:"13 --------
energy tails of the fast decaying pre-peak at 1.95 eV at low P A 2 L‘*‘!_.h‘_‘_
temperature and at 2.05 eV at high temperature, but we did 0 50 100 150 200 250 300

not attempt any quantitative assignment of these small struc-

tures at short delay times after the optical excitation. Temperature (K)

FIG. 4. Top: lifetimes of the different PL bands, where the
V. EXCITON KINETICS AS A FUNCTION model curves according to E¢p) are calculated withr,,4=13 ns
OF TEMPERATURE for the Frenkel excitons, 42 ns for the high-energy CT band around

. ) . . .. (Epp=1.78 eV, 53 ns for the low-energy CT band aroufith,)
After a consistent fit of the various PL line shapes at dif-_; g7 eV, and 25 ns for the PL arising from the stacked excimer.

ferent te.mperatures., the tempergture dgpendence of the C%r_()ttom: temperature-dependent intensities of the different PL
responding decay times and PL intensities can be analyzeg,nqs, with model curves based on the efficiengieand densities

cf. Fig. 4. The decay tirr!er of each Qf _the PL cha_nne_ls IS n according to Eqs.(6)—(8) and formation barriers ofEn
modeled as a superposition of a radiative recombination rate 9.3 meV for the high- and low-energy CT bands and 2.7 meV for

and activated nonradiative dec&y: the excimer. In the lower panel, the intensities are given in units of
fdtl(w,t)/»3, excluding the prefacton® related to the density of
, (6) states of the emitted photons; cf. HS).

1: _ n " _Aact
r Y= Yrad™ Ynrad® keT

wherey,,¢= 744 is the inverse of the radiative lifetime/y,aq Concerning the PL bands assigned to the Frenkel exciton,
a nonradiative recombination rate, aig. the correspond- excimer, and low-energy CT state, the resulting deexcitation
ing activation barrier; cf. Fig. 4 and Table Il. For simplicity barriers areA ,.—=190 meV, 26 meV, and 40 meV, respec-
the lifetime obtained for the lowest temperature is interpretedively. Only in the case of the high-energy CT band can two
as the radiative lifetime of each PL band, but temperaturenonradiative deexcitation barriers af,.=12 meV and 109
independent nonradiative decay channels without activatiomeV be distinguished.
barrier might contribute even in this temperature regime, es- The high activation energy aof ,.=190 meV for nonra-
pecially for the slowest recombination channels. diative decay of the Frenkel exciton is close to the energetic
The temperature-dependent lifetimes of the different PLspacing between the two lowest dispersion branches at the
bands are calculated using,=(13=2) ns for the Frenkel surface of the Brillouin zoneEqy(k) —Eqy(k)=0.21 eV1®
exciton, (42:6) ns for the high-energy CT band around so that the high nonradiative deexcitation ratg,~ 4/ps
(Ep)=1.78 eV, (53:6) ns for the low-energy CT band could be due to the large density of states on the second-
around(Ep )=1.67 eV, and (2% 3) ns for the PL arising lowest dispersion branch. Furthermore, the high-energy sat-
from the stacked excimer arourp )=1.72 eV. The ratio ellite around 2.05 eV develops precisely in the temperature
between the radiative decay rates of the low-energy CT exrange where the PL due to Frenkel excitons is quenched.
citon and the excimer PL band is in agreement with the ratiolherefore, it is tempting to assign this satellite to recombi-
of the oscillator strengths calculated for the correspondingiation from the minimum of the dispersion brangpy(k).
dimer geometries’ Even though the low-energy CT state is energetically be-
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TABLE II. Radiative and nonradiative components of the decay A
of the various PL channels according to E6), given in terms of form
the corresponding lifetimes=1/y. The barriers for activated non- _/
radiative decay are denoted Ag. and the barriers for the forma- c
tion of the emissive state a,y,; cf. EQ.(8). Rel
et Ly
Component Trad Aot Y¥nad  Bact UYnrad Atorm z'<) :._| !6 g
(n9 (meV) (ny (meV) (ny (meV) g & =
> O )
Frenkel 132 190 0.00025 - Q © -
CT(1.78eV} 42+6 12 35 109 0.03 0.3
CT(1.67eV} 536 40 0.08 0.3
Excimer 25+3 26 156 2.7 Ground
(1.72 eV ]
S S

low all other relaxed excited states resulting in radiative re- FIG. 5. Schematic configuration coordinate diagram for the
combination, its large nonradiative decay ratg.q Frenkel exciton, the high- and low-energy CT excitons and the ex-

=12.5/ns results in an effective nonradiative quenching alpimer state, showing the formation barriers between the exciton
readil belowT =100 K; cf. Fig. 4 and Table I created by optical absorption at thepoint of the Brillouin zone

. . and the self-trapped exciton states. The direction towards the right-
exgrgiszla gglmency of the different PL channels can behand side(RHS) shows the dispersion of the Frenkel excitonkin

Vead space(Ref. 16, ar_1d the configuration coordinate towards the LHS
n=-—), (7) corresponds to different deformation patterns for each of the local-
Y ized self-trapped exciton states visualized. For simplicity, the for-
so that the temperature dependence of the PL decay rates diation barrier visualized is the same for all self-trapped excitons.
Eq. (6) results in radiative efficiencies aj=1 at low tem-
peratures. However, this radiative efficiency is defined withdistinguish six different radiative recombination channels.
respect to the relaxed excited state, resulting in the correfhey were assigned to a vertical transition from the indirect
sponding PL band, so that the probability to convert the opminimum of the Frenkel exciton dispersion, three self-
tically created excitons into the corresponding emissive statgapped dimer states including two CT states and an excimer,

is excluded from the analysis. and two different high-energy features at low and high tem-
All the STE PL channels involve an energetic barrierperatures. The Frenkel exciton with a PL maximum at 1.83
Asorm for the formation of their precursor state, eV and a radiative lifetime of,,q= 13 ns predominates at
low temperatures, whereas the excimer wittEp)

n(T)=n0ex;{ kAfO"“ , (8 =172 eV andr4=25 ns becomes the most important PL
Bl channel at temperatures aboVe- 200 K. The two charge-

resulting in a suppression of their densitieand the corre- transfer states wit{Ep )=1.67 eV and 1.78 eV give the

sponding PL intensities at temperatures below ab®ut strongest relative contributions betwedn=20 K and T

=50 K; cf. Fig. 4. These formation barriers ark;,,,, =50 K, and due to their long radiative decay timesmj
=0.3 meV both for the low- and high-energy CT states and=53 ns and 42 ns, the separation of these CT excitons from
2.7 meV for the excimer. the intense PL bands with shorter lifetimes requires rather

The proposed absorption and PL scenario, shown in Figong delay times after the excitation pulse.
5, can be described as follows. After photon absorption, the At higher temperatures, all PL channels are quenched due
Frenkel excitons are created at thepoint of the Brillouin  to activated nonradiative decay mechanisms, and the excimer
zone, from where they relax to the minimum of the disper-PL becomes the most important radiative recombination
sion at the edge of the Brillouin zone by inelastic scatteringchannel because the influence of nonradiative processes on
mechanisms. From this relaxed Frenkel exciton state thethe recombination rate is much weaker than for the other PL
can recombine to the ground state. The temperature depehands. Concerning the temperature dependence of the PL
dences of the self-trapped excitons can be assigned to thietensities, this model for nonradiative quenching has to be
formation of their precursor states independently of the recombined with a suppression of the self-trapped excitons at
laxed Frenkel exciton. From the relaxed STE states, the rdow temperatures due to different energetic barriers for their
combination towards the ground state can proceed via radidermation.
tive and nonradiative processes.
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