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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-RiTCDA (perylene tetracarboxylic
dianhydride crystals with time-resolved photoluminescer{fd) techniques. From a data analysis based on
three different recombination channels, we assign two decay times=9{33.5+2) ns andr,=(12.7
+0.4) ns to radiative decay, while a faster component;of (3=1) 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 wergopic of the present work. Based on a careful numerical fit-
widely investigated because of their possible applications ining procedure, we can extract three different contributions to
organic light-emitting diodes and field-effect transistors. Onethe PL spectra with distinct decay rates. These findings are
of the most intensively studied molecules is 3,4,9,10,-compared to recent calculations of the dispersion and Davy-
perylene tetracarboxylic d|anhydr|(ﬂETCDA) These planar dov sp||tt|ngs of Frenkel excitons iﬂ-PTCDA.4'13
variety of substrateSEven though PTCDA films have been gy,dy were fabricated by double sublimation at 575 K under
mvestlggted for more than 10 years, _the_ knowledge abo%gh vacuum (10° Pa). For the time-resolved PL measure-
absorption, relaxa'uor_l, and Tecomb'”?‘“‘.’“ Processes Ifhents, the PTCDA crystal was excited with a pulsed dye
PTCDA crystals and films is still rather limited. Recently it | synchronously pumped by a mode-locked A la-
was demonstrated that the linear optical properties of poly-

crystalline PTCDA filmé and the optical anisotropy of single ser, resulting in 20-ps pulses at an energy of 2.14(880

crystald can be analyzed with an approach based on thQm)_. The intrinsic repetition rate of 80 MHz defined by_the
transfer of Frenkel excitons, including a realistic three-CaVIY length of the ion laser was reduced to 4 MHz using a

dimensional crystal structure with two molecules per unitc@Vity dumper. The diameter of the laser spot focused on the
cell sample was about 250m, corresponding roughly to the
Low-temperature photoluminescen¢BL) spectra have smallest extension of the PTCDA needles. The time-resolved

been investigated for amorphous PTCDA films deposited aPL was analyzed using a CROMEX 250IS imaging spec-
low temperaturé, heterostructures containing PTCDA trograph, and detected by a Hamamatsu C4334 Streakscope
layers® and polycrystalline thin films deposited at different With a time resolution better than 50 ps. In order to protect
temperature$.Further PL studies concentrated on a closelythe streakscope against stray light from the laser, a filter with
related compound, MePTCDI N(N’-dimethylperylene a cutoff at 590 nm(2.10 e\j was used. In the range 1.5-2.1
3,4,9,10,-bis-dicarboximide® where the main PL bands eV investigated in the present work, the flatness of the spec-
characterizing the crystalline phase resemble the so-c¥lledtral response of the entire measuring system was checked
band in PTCDA(Ref. 7) and the high-temperature PL of with black body radiation from a tungsten lamp with known
B-perylene® Low-temperature time-resolved PL studies of emission spectrum, and therefore no spectral correction was
PTCDA and MePTCDI revealed a strong dependence ompplied to the subsequent PL measurements. For the low-
layer thickness® and morphology, where a decay rate of temperature T=11 K) measurements, a closed-cycle He
about 4 ns seems to be related to the monomer, while botéryostat CTI-Cryogenics was used.
slowef and fastet decays were observed, the latter probably ~ The transient PL data were collected for 480 spectral sam-
being nonradiative in nature. Recent time-resolved PL spegdling points in intervals of 0.585 nm and 480 time steps of
tra of MePTCDI within the first 100 ps after excitation were 0.208 ns, covering a delay range-6fL00 ns from about 5 ns
compared to a model including both Frenkel and chargebefore the laser pulse to 95 ns after the excitation. A repre-
transfer excitons, revealing PL contributions far below thesentative set of spectral traces at different delay times after
minimum of the calculated exciton dispersith. the excitation pulse are shown in Fig. 1. From the time-
At higher temperatures the decay dynamics in polycrysdependent slope of the spectrally integrated PL data shown
talline films seem to be much fasfelt except for a recent on a logarithmic scale in the inset of Fig. 1, it is obvious that
PL study of PTCDA at room temperature, revealing a decayhe temporal evolution cannot be analyzed in terms of a
time of about 9 nd? However, for the time being, there single exponential decay.
seems to be no detailed study of time-resolved PL on single As a simple model function for the shape of the PL spec-
crystals of PTCDA in the 100-ns range, which will be the tra and their time dependence, we assume a sum of normal-
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Energy (eV) _ FIG. 2. Time-dependent prefact_ors of the_6_ different contribu-
tions to the PL spectreshown in the insef and fitting curves based
FIG. 1. Evolution of the PTCDA PL spectra as a function of ©n our bi-exponential decay modgdolid lines. The model curve
delay after the excitation pulgeircles. The data are shown on a for the PL feature at the highest energy contains components decay-
logarithmic scale, and each trace for a given delagrresponds to  INg on the fast and slow time scales=3 ns and7s=33.5 ns,
a time-integration over an interval of 2.5 ns, i.et—(L.25 nst respectively, while all other PL bands are based on the two decay
+1.25 ns), for a representative sample of delay titwe§, 10, 20, times7,=12.7 ns andrs=33.5 ns, cf. Eqs(2) and(3).
30, 40, 50, 70, and 90 ns. The solid lines represent the calculated
curves based on our model for the time-dependent PL. For claritynegative delay to 95 ns after the excitation pulse. The results
five consecutive spectral data points of the streak camera amf®r the time-integrated spectra are reported in Table | and the
summed up, resulting in 96 points with a sampling interval of 2.925inset of Fig. 2. In this fitting procedure it turned out that the
nm. The inset shows the decay of the PL intensity integrated ovefmaximum number of Gaussians resulting in a stable fit was
the whole spectral range on a logarithmic scale. 6, and even in this case, one of the three parameters of the
] ) ) - ] lowest PL band had to be kept fixed, cf. Table I. The narrow-
ized Gaussians with positiors and broadenings;, allow- st peak at 1.854 eV shows a full width half maximum of
ing for time-dependent prefactoss(t), about 70 meV, in keeping with the low-temperature absorp-
) tion linewidth assigned to the low-frequency internal breath-
| _ 3 ay(t) _ 1o o ing modes and external phonofisyhile the higher harmon-
pLfio,t)=w’>, exp — 5| — @ ;
=1 0 N 2\ o ics at lower PL energy have. somewhgt Iarger broademngs, as
expected from the different internal vibrations contributiRg.
where the multiplicative faCtO&)3 is related to the denSity of The time-integrated PL Spectrum in the inset of F|g 2 agrees
states of the emitted phOtOH’SJn order to define the line quite well with the so-calleY Component of the PL of po'y_
shape of the different contributions with a low signal- crystalline PTCDA observed earliéThe parameters of two
to-noise ratio, the positiongs; and the broadenings;  of the PL bands at 1.70 and 1.63 eV are strongly interrelated,
were fitted to the time-integrated spectrbo (iw)  so that the uncertainties of their intensities are quite large; cf.
=[dtlp (fiw,1), so that their weights give the time-integral Taple I. In a fit based on five Gaussians only, the total inten-
A;j=J[dta;(t) extending over our delay range from small sity of the corresponding structure is well defined, resulting
) o ) however in a significantly larger rms deviations of the mea-
TABLE | Gaussian contributions to the model functifBd.  gyred time-integated PL spectra, so that all six contributions
(2)] for the time-integrated PL_spectra, where each of the prefactorg o really required.
A; can be expressed as an integhgt=fdtaj(t) over the delay- From the spectrally integrated data in the inset of Fig. 1,

?E\E’V?&?r;t C?ngr'br”ﬁ'otnﬁ (tt) 'thTh; f“g "r‘]’i'gths ?t r:;l,fe-mgm?f)m we found evidence of a decay with three exponentials: a fast
S) can be reiated fo fhe broadening para 15 £q. time scaler;=(3*1) ns, an intermediate decay time,

gﬁ'ﬁgeFrYt\Q:\MisOLofn';ﬁ‘Q tOT ggoiim over the time-integrated co- =(12.7+0.4) ns, and a slow exponential decay with
! ' =(33.5+2) ns. In a second step, we extracted the time-

6

Ko /meV FWHM /meV A /% dependent prefactoeg(t) for different delayg, keeping the

! : ‘ position and shape of the six PL bands fixed, cf. Fig. 2. On
1949+5 101+13 2.0:0.3 the logarithmic scale of Fig. 2, the time-dependent slope of
1853+ 2 69+ 3 26.2:8.8 the intensities;(t) again reveals a nonexponential decay for
1799+8 92+ 24 26.412.1 each of the different contributions to the PL spectra. How-
1698+5 104+ 23 26.4:22.3 ever, it turns out that the assumption of a biexponential decay
1631+57 123+ 37 12.2-19.6 for each of thea;(t)’s in the time rangé>4 ns resulted in a
1530 (fixed) 158+ 10 6.9-0.5 good agreement with the measured data, while the initial

dynamics are more complicated, as will be discussed in sub-
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o =3ns 1824 eV with k~0.

Based on the same approach as for the calculation of
absorptiofiand the dispersion of the Frenkel excitohit can
be showr® that both Davydov components result in nearly
- degenerate PL bands at about 1.83 and 1.68 eV, in good
1.830eV agreement with the peak positions in Fig. 3. Furthermore, the
corresponding dipole matrix elements for these PL transi-
tions are much lower than the total highest occupied—lowest
unoccupied molecular orbital transition dipole moment of the
monomer, resulting in reduced radiative recombination rates,
in good agreement with both the decay time and the line
shape of the dominating PL contribution in Fig. 3 decaying
- . . L S5 with 7,,=(12.7+=0.4) ns.
15 16 17 18 19 20 In the line shape of the slow PL component in Fig. 3, the
Energy (eV) area of the second harmonics around 1.68 eV corresponds
roughly to the area of the first harmonics around 1.83 eV,
while the expected relative intensity of the second harmonics
resulting from the Poisson progression would be much lower.
This is an indication of a further slowly-decaying PL channel

sequent work. Furthermore, for all PL contributions exceptaround 1.64 eV, corresponding to the charge-transfer PL
for the high-energy feature at 1.95 eV it was possible tg@nd becoming more prominent at higher temperalt{ifes
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FIG. 3. Time-integrated PL spectrufaircles, together with the
contributions of the three different decay chanr(@st: solid line,
intermediate: dashed line; slow: dash-dotted)line

model the time traces with theametwo decay times, can be derived from microscopic calculations for a stack of
an anionic and a cationic molecule, this PL channel involves
aj(t)=bl"e”"m+ble""s, (2)  recombination of the excess electron in an anionic molecule

while the highest PL band was the only one containing théowards a positive charged stack neigh{f’ouh?le thg Iarggst
fastest decay, with a negligible contribution of the interme-Subband around 1.83 eV results from a pair of inequivalent
diate time scale: molecules in the crystal unit cell with positive and negative
charges, respectively:!® The temperature dynamics of the
aj(t):bjfer“fmL bjse*t”s_ (3)  different recombination channels have been discussed
elsewheré/ including a further PL band around 1.75 eV at
Based on the assumptions made above we can now catigher temperaturé$arising from a self-trapped exciton.
culate the PL spectra for different delafes. Fig. 1), as all The high-energy PL feature at 1.95 eV occurs about 90
prefactorsa;(t) now have well defined time dependences.meV below the minimum of the dispersion of the Frenkel
From the excellent agreement at all times, we conclude thagxciton at the surface of the Brillouin zone. As this minimum
the temporal evolution of the PL spectra is dominated by thés indirect, any radiative recombination arising from it still
three exponential decay processes included in our model. Foequires the emission of phonons for wave vector conserva-
each of them we can reconstruct the line shegeFig. 3), tion. Probably, the additional redshift of about 90 meV is
where the fastest component contributes only to the weakomposed of the reorganization energy of about 55 meV re-
high-energy PL band. lated to low-frequency internal breathing modes and external
The contributions decaying with,, and 7, contain both a  phonons-® and the emission of additional vibrational quanta
vibronic progression with an energy difference of about 0.15elated to these low-frequency modes. Furthermore, the cut-
eV, significantly lower than the distance of about 0.17 eVoff filter at 2.10 eV could influence the details of the shape of
between consecutive vibrational bands in the absorption anithis high-energy PL band. As one of its decay times coin-
PL of dissolved PTCDARefs. 1 and bas well as the effec- cides roughly with the 4 ns assigned to MePTCDI monomers
tive internal mode of 0.17 eV used in a recent model calcuin earlier studies, it could also be related to monomer PL,
lation of the linear optical properties of PTCDA filign the  even though our laser energy of 2.14 eV is not sufficient for
latter approach, based on the transfer of Frenkel excitons, the expected transition enerdy,, between the lowest vi-
was shown that the exciton dispersion shows a minimum &bronic levels. Alternatively, this fastest decay rate could also
the surface of the Brillouin zone. After a subtraction of theinvolve nonradiative recombination processes. In any case,
reorganization energy related to low-frequency internalfrom the smallness of this PL band, it is obvious that the
breathing modes and external phonon modes, the minimursorresponding recombination processes are less efficient than
of the exciton dispersion results in a Davydov doublet affor the other PL contributions.
2.038 and 2.043 el? As these lowest relaxed excited states  As a conclusion, within a time window of about 100 ns,
are indirect ink space, they cannot produce PL light without we have found two slow decay times in time-resolved
an absorption or emission of a vibronic excitation requiredPL spectra of crystalline PTCDA, both much slower than
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