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Low-temperature time-resolved photoluminescence characterization of 3,4,9,10-perylene
tetracarboxylic dianhydride crystals
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In the present work, we investigate the recombination dynamics ina-PTCDA ~perylene tetracarboxylic
dianhydride! crystals with time-resolved photoluminescence~PL! techniques. From a data analysis based on
three different recombination channels, we assign two decay times ofts5(33.562) ns andtm5(12.7
60.4) ns to radiative decay, while a faster component oft f5(361) ns is likely to have strong nonradiative
contributions. Our findings are compared to recent investigations of the dispersion of Frenkel excitons and
calculated radiative recombination rates for PL out of the minimum of the Frenkel exciton dispersion.
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In recent years, molecular organic semiconductors w
widely investigated because of their possible application
organic light-emitting diodes and field-effect transistors. O
of the most intensively studied molecules is 3,4,9,1
perylene tetracarboxylic dianhydride~PTCDA!. These planar
molecules can form well ordered~poly!crystalline films on a
variety of substrates.1 Even though PTCDA films have bee
investigated for more than 10 years, the knowledge ab
absorption, relaxation, and recombination processes
PTCDA crystals and films is still rather limited. Recently
was demonstrated that the linear optical properties of p
crystalline PTCDA films2 and the optical anisotropy of singl
crystals3 can be analyzed with an approach based on
transfer of Frenkel excitons, including a realistic thre
dimensional crystal structure with two molecules per u
cell.4

Low-temperature photoluminescence~PL! spectra have
been investigated for amorphous PTCDA films deposited
low temperature,5 heterostructures containing PTCD
layers,1,6 and polycrystalline thin films deposited at differe
temperatures.7 Further PL studies concentrated on a clos
related compound, MePTCDI (N,N8-dimethylperylene
3,4,9,10,-bis-dicarboximide!,5,8 where the main PL band
characterizing the crystalline phase resemble the so-callY
band in PTCDA~Ref. 7! and the high-temperature PL o
b-perylene.9 Low-temperature time-resolved PL studies
PTCDA and MePTCDI revealed a strong dependence
layer thickness1,6 and morphology,5 where a decay rate o
about 4 ns seems to be related to the monomer, while b
slower6 and faster5 decays were observed, the latter proba
being nonradiative in nature. Recent time-resolved PL sp
tra of MePTCDI within the first 100 ps after excitation we
compared to a model including both Frenkel and char
transfer excitons, revealing PL contributions far below t
minimum of the calculated exciton dispersion.10

At higher temperatures the decay dynamics in polycr
talline films seem to be much faster,8,11 except for a recen
PL study of PTCDA at room temperature, revealing a de
time of about 9 ns.12 However, for the time being, ther
seems to be no detailed study of time-resolved PL on sin
crystals of PTCDA in the 100-ns range, which will be th
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topic of the present work. Based on a careful numerical
ting procedure, we can extract three different contributions
the PL spectra with distinct decay rates. These findings
compared to recent calculations of the dispersion and Da
dov splittings of Frenkel excitons ina-PTCDA.4,13

The a-PTCDA single crystals used in the present P
study were fabricated by double sublimation at 575 K un
high vacuum (1026 Pa). For the time-resolved PL measur
ments, the PTCDA crystal was excited with a pulsed d
laser synchronously pumped by a mode-locked Ar1 ion la-
ser, resulting in 20-ps pulses at an energy of 2.14 eV~580
nm!. The intrinsic repetition rate of 80 MHz defined by th
cavity length of the ion laser was reduced to 4 MHz using
cavity dumper. The diameter of the laser spot focused on
sample was about 250mm, corresponding roughly to the
smallest extension of the PTCDA needles. The time-resol
PL was analyzed using a CROMEX 250IS imaging sp
trograph, and detected by a Hamamatsu C4334 Streaks
with a time resolution better than 50 ps. In order to prot
the streakscope against stray light from the laser, a filter w
a cutoff at 590 nm~2.10 eV! was used. In the range 1.5–2
eV investigated in the present work, the flatness of the sp
tral response of the entire measuring system was chec
with black body radiation from a tungsten lamp with know
emission spectrum, and therefore no spectral correction
applied to the subsequent PL measurements. For the
temperature (T511 K) measurements, a closed-cycle H
cryostat CTI-Cryogenics was used.

The transient PL data were collected for 480 spectral s
pling points in intervals of 0.585 nm and 480 time steps
0.208 ns, covering a delay range of'100 ns from about 5 ns
before the laser pulse to 95 ns after the excitation. A rep
sentative set of spectral traces at different delay times a
the excitation pulse are shown in Fig. 1. From the tim
dependent slope of the spectrally integrated PL data sh
on a logarithmic scale in the inset of Fig. 1, it is obvious th
the temporal evolution cannot be analyzed in terms o
single exponential decay.

As a simple model function for the shape of the PL sp
tra and their time dependence, we assume a sum of nor
©2002 The American Physical Society04-1
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ized Gaussians with positionsv j and broadeningss j , allow-
ing for time-dependent prefactorsaj (t),

I PL~\v,t !5v3(
j 51

6
aj~ t !

s jA2p
expF2

1

2 S v2v j

s j
D 2G , ~1!

where the multiplicative factorv3 is related to the density o
states of the emitted photons.14 In order to define the line
shape of the different contributions with a low signa
to-noise ratio, the positionsv j and the broadeningss j
were fitted to the time-integrated spectraI PL(\v)
5*dtIPL(\v,t), so that their weights give the time-integr
Aj5*dtaj (t) extending over our delay range from sma

TABLE I. Gaussian contributions to the model function@Eq.
~1!# for the time-integrated PL spectra, where each of the prefac
Aj can be expressed as an integralAj5*dtaj (t) over the delay-
dependent contributionsaj (t). The full widths at half maximum
~FWHM’s! can be related to the broadening parameterss in Eq. ~1!
by a FWHMj of A8 ln 2\sj . The sum over the time-integrated co
efficientsAj is normalized to 100%.

\v j /meV FWHMj /meV Aj /%

194965 101613 2.060.3
185362 6963 26.268.8
179968 92624 26.4612.1
169865 104623 26.4622.3
1631657 123637 12.2619.6
1530 ~fixed! 158610 6.960.5

FIG. 1. Evolution of the PTCDA PL spectra as a function
delay after the excitation pulse~circles!. The data are shown on
logarithmic scale, and each trace for a given delayt corresponds to
a time-integration over an interval of 2.5 ns, i.e., (t21.25 ns,t
11.25 ns), for a representative sample of delay timest55, 10, 20,
30, 40, 50, 70, and 90 ns. The solid lines represent the calcul
curves based on our model for the time-dependent PL. For cla
five consecutive spectral data points of the streak camera
summed up, resulting in 96 points with a sampling interval of 2.9
nm. The inset shows the decay of the PL intensity integrated o
the whole spectral range on a logarithmic scale.
15320
negative delay to 95 ns after the excitation pulse. The res
for the time-integrated spectra are reported in Table I and
inset of Fig. 2. In this fitting procedure it turned out that t
maximum number of Gaussians resulting in a stable fit w
6, and even in this case, one of the three parameters o
lowest PL band had to be kept fixed, cf. Table I. The narro
est peak at 1.854 eV shows a full width half maximum
about 70 meV, in keeping with the low-temperature abso
tion linewidth assigned to the low-frequency internal brea
ing modes and external phonons,13 while the higher harmon-
ics at lower PL energy have somewhat larger broadenings
expected from the different internal vibrations contributing15

The time-integrated PL spectrum in the inset of Fig. 2 agr
quite well with the so-calledY component of the PL of poly-
crystalline PTCDA observed earlier.7 The parameters of two
of the PL bands at 1.70 and 1.63 eV are strongly interrela
so that the uncertainties of their intensities are quite large
Table I. In a fit based on five Gaussians only, the total int
sity of the corresponding structure is well defined, result
however in a significantly larger rms deviations of the me
sured time-integated PL spectra, so that all six contributi
are really required.

From the spectrally integrated data in the inset of Fig.
we found evidence of a decay with three exponentials: a
time scalet f5(361) ns, an intermediate decay timetm
5(12.760.4) ns, and a slow exponential decay withts
5(33.562) ns. In a second step, we extracted the tim
dependent prefactorsaj (t) for different delayst, keeping the
position and shape of the six PL bands fixed, cf. Fig. 2.
the logarithmic scale of Fig. 2, the time-dependent slope
the intensitiesaj (t) again reveals a nonexponential decay
each of the different contributions to the PL spectra. Ho
ever, it turns out that the assumption of a biexponential de
for each of theaj (t)’s in the time ranget.4 ns resulted in a
good agreement with the measured data, while the in
dynamics are more complicated, as will be discussed in s

FIG. 2. Time-dependent prefactors of the 6 different contrib
tions to the PL spectra~shown in the inset!, and fitting curves based
on our bi-exponential decay model~solid lines!. The model curve
for the PL feature at the highest energy contains components de
ing on the fast and slow time scalest f53 ns andts533.5 ns,
respectively, while all other PL bands are based on the two de
timestm512.7 ns andts533.5 ns, cf. Eqs.~2! and ~3!.
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sequent work. Furthermore, for all PL contributions exc
for the high-energy feature at 1.95 eV it was possible
model the time traces with thesametwo decay times,

aj~ t !5bj
me2t/tm1bj

se2t/ts, ~2!

while the highest PL band was the only one containing
fastest decay, with a negligible contribution of the interm
diate time scale:

aj~ t !5bj
fe2t/t f1bj

se2t/ts. ~3!

Based on the assumptions made above we can now
culate the PL spectra for different delays~cf. Fig. 1!, as all
prefactorsaj (t) now have well defined time dependence
From the excellent agreement at all times, we conclude
the temporal evolution of the PL spectra is dominated by
three exponential decay processes included in our model
each of them we can reconstruct the line shape~cf. Fig. 3!,
where the fastest component contributes only to the w
high-energy PL band.

The contributions decaying withtm andts contain both a
vibronic progression with an energy difference of about 0
eV, significantly lower than the distance of about 0.17
between consecutive vibrational bands in the absorption
PL of dissolved PTCDA~Refs. 1 and 5! as well as the effec-
tive internal mode of 0.17 eV used in a recent model cal
lation of the linear optical properties of PTCDA films.4 In the
latter approach, based on the transfer of Frenkel exciton
was shown that the exciton dispersion shows a minimum
the surface of the Brillouin zone. After a subtraction of t
reorganization energy related to low-frequency inter
breathing modes and external phonon modes, the minim
of the exciton dispersion results in a Davydov doublet
2.038 and 2.043 eV.13 As these lowest relaxed excited stat
are indirect ink space, they cannot produce PL light witho
an absorption or emission of a vibronic excitation requir

FIG. 3. Time-integrated PL spectrum~circles!, together with the
contributions of the three different decay channels~fast: solid line,
intermediate: dashed line; slow: dash-dotted line!.
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for momentum conservation. However, a recombination
ward a final state including a vibronic excitation carrying t
initial wave vector can result in the emission of a PL phot
with k'0.

Based on the same approach as for the calculation
absorption4 and the dispersion of the Frenkel exciton,13 it can
be shown16 that both Davydov components result in nea
degenerate PL bands at about 1.83 and 1.68 eV, in g
agreement with the peak positions in Fig. 3. Furthermore,
corresponding dipole matrix elements for these PL tran
tions are much lower than the total highest occupied–low
unoccupied molecular orbital transition dipole moment of t
monomer, resulting in reduced radiative recombination ra
in good agreement with both the decay time and the l
shape of the dominating PL contribution in Fig. 3 decayi
with tm5(12.760.4) ns.

In the line shape of the slow PL component in Fig. 3, t
area of the second harmonics around 1.68 eV correspo
roughly to the area of the first harmonics around 1.83
while the expected relative intensity of the second harmon
resulting from the Poisson progression would be much low
This is an indication of a further slowly-decaying PL chann
around 1.64 eV, corresponding to the charge-transfer
band becoming more prominent at higher temperature.17 As
can be derived from microscopic calculations for a stack
an anionic and a cationic molecule, this PL channel involv
recombination of the excess electron in an anionic molec
towards a positive charged stack neighbor,13 while the largest
subband around 1.83 eV results from a pair of inequival
molecules in the crystal unit cell with positive and negati
charges, respectively.17,18 The temperature dynamics of th
different recombination channels have been discus
elsewhere,17 including a further PL band around 1.75 eV
higher temperatures12 arising from a self-trapped exciton.

The high-energy PL feature at 1.95 eV occurs about
meV below the minimum of the dispersion of the Frenk
exciton at the surface of the Brillouin zone. As this minimu
is indirect, any radiative recombination arising from it st
requires the emission of phonons for wave vector conse
tion. Probably, the additional redshift of about 90 meV
composed of the reorganization energy of about 55 meV
lated to low-frequency internal breathing modes and exte
phonons,13 and the emission of additional vibrational quan
related to these low-frequency modes. Furthermore, the
off filter at 2.10 eV could influence the details of the shape
this high-energy PL band. As one of its decay times co
cides roughly with the 4 ns assigned to MePTCDI monom
in earlier studies, it could also be related to monomer P
even though our laser energy of 2.14 eV is not sufficient
the expected transition energyE00 between the lowest vi-
bronic levels. Alternatively, this fastest decay rate could a
involve nonradiative recombination processes. In any ca
from the smallness of this PL band, it is obvious that t
corresponding recombination processes are less efficient
for the other PL contributions.

As a conclusion, within a time window of about 100 n
we have found two slow decay times in time-resolv
PL spectra of crystalline PTCDA, both much slower th
4-3
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previously reported for Me-PTCDI and PTCDA thi
films.6,11,12The recombination channel decaying on the int
mediate time scaletm512.760.4 ns is assigned to the Fren
kel exciton PL starting from the minimum of the excito
dispersion at the surface of the Brillouin zone, while t
slowest PL channel is assigned to the recombination betw
positively and negatively charged molecules.
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