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Introduction

Organic Light-Emitting Field Effect Transistors (OLEFETs) have been gained much of interest in recent
years for their potential application in next generation integrated devices for display, light source and inte-
grated electronics'’. Comparing to the light emitting diodes, the OLEFETs could provide a way to control the
recombination zone along the channel by the external electric fields. This may lead us to fundamental under-

standing of carrier injection, transport, and exciton recombination processes in organic semiconductors"*S.



To make high performance OLEFET, it is essential to coping with two factors: (1) Ambipolar property with
high carrier mobility. (2) High luminescence quantum yield. However, to achieve this aim seems to be a kind
of dilemma, because the high mobility often needs strong molecular packing, but strong packing structures
lead to increasing non-radiative decay paths for excitons, which cause the devices exhibit low luminescence
efficiency®®. One promising way to overcome this contradiction is introducing the host-guest system. In this
case, the host material can be considered as the carrier transport medium and the guest molecules act as the
emitting centers which the strong packing interaction and the concentration quenching can be prevented. Some
work had employed the host-guest system to investigate their FET performance and high efficiency lumines-
cence had been observed®'

Though the host-guest system can eliminate the concentration quenching process, it cannot significantly af-
fect the carrier mobility in the host materials. Most of the host-guest system research work was carried out
in thin film structure transistors; however, polycrystalline nature of the thin film structure often leads to rela-
tively lower mobility. Then the possibility of the recombination process in guest molecules might be reduced
by this low mobility performance. Comparing to thin film transistors, single crystal FET can provide higher
mobility for carriers by reducing complex morphologies, grain boundaries and interfaces what can form traps
which reduce the mobility of carriers'™”., Though many efforts have been tried to get doped single crystals,
few examples had been reported”. That might be due to the strict demands of the host-guest system in single
crystal. Be the different shapes between the host and guest molecules will cause the lattice mismatch and the
weak intermolecular interactions, and finally result in low crystal quality. To overcome these problems, one

promising approach is to find suitable host and guest molecules with similar structures.
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Fig. 1 Molecular structure of (a) TMPY and (b) perylene. Molecular lengths are evaluated by
considering van der Waals radius of hydrogen atom (1.20 A) and hydrogen-hydrogen distances.

Perylene is a typical luminescence material which had been investigated for several decades. It has a sig-
nificant high quantum yield, about 0.94, in dilute solution. But the self-quench will happen in high concentra-
tion or pure crystal by molecular aggregation. So it is a good candidate as a guest material. In this paper,
a new molecule 1,3,6,8-tetramethylpyrene (TMPY), which has the similar shape to the renowned luminescence
material perylene, has been successfully synthesized. Size of TMPY molecule is mostly same with perylene
molecule (different by ca. 2 % (Fig. 1)). We use this material as the host material dope with the perylene as
the luminescence centers. Now some different percentage single crystals had been grown, their luminescence

performance had been characterized.



Results and Discussion

Both pure TMPY and co-single crystal belong to monoclinic, the space group is P2./c. The cell parameters
of pure TMPY is a=11.230(6) A, 5=5.578(3) A, ¢=11.275(6) A, B =108.863(9)°. Comparing to pure
TMPY, the co-single crystal does not change so much, the cell parameters a=11.1814(16) A, b=5.6046(8)
A, ¢=11.1539(16) A, B =109.102(3)°. From the parameters, we can find that co-single crystal nearly does
not change dramatically from the pure TMPY. This indicates the similar structures of TMPY and perylene
minimize the lattice mismatching in the co-single crystal. So it leads to a wide range of dope ratios. The crys-
tal structure of the co-crystal with 13% of perylene was shown in Fig. 2, it is a typical herringbone structures

which is the most common structure in planar conjugate molecules™®

. The molecular position is occupied by
either TMPY or perylene. To the best of my knowledge, this is the first example to solve the crystal structure
of co-crystal with different molecules. The herringbone angle between the molecules in two directions is about

78.3°." The distance between the neighbor molecules in the same direction is 3.520 A.
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Fig. 2 (a) Molecular structure of TMPY,s Peryleneo.s Fig. 3 PXRD pattern of TMPY1-x Peryrenex
co-crystal . (b) Herringbone packing of co-crystal and co-crystals with different doping ratios.

the herringbone angle of edge-to-face.

We have confirmed that structures of TMPY .. Peryrene. co-crystals with other doped ratio up to x=0.15
are also isomorphic to pure TMPY crystal by XRPD measurements (Fig. 3).

Theoretical calculation is a good estimation about the HOMO and LUMO of molecular solid”®. So we put
DFT calculation onto our TMPY and perylene molecules. The Fig. 4 shows the HOMO and LUMO energies
of TMPY and perylene. The result shows that the TMPY molecule has a much larger energy gap than the
perylene molecule. The LUMO level of TMPY is much

higher than perylene. So TMPY is an ideal host mate- Bk R

rial for perylene doping, because the energy transfer : B B

must be efficient from TMPY to perylene. % 21 sasev 298V
For better understanding the energy transfer process & ::

and luminescence performance in our co-crystal sys- 50

tems, we measured the solid absorption spectra of our Fig. 4 DFT Calculated HOMO and LUMO
samples (Fig 5). The solid absorption spectra of pure levels of TMPY and Perylene.
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Fig. 5 The absorption spectra of pure TMPY and Fig. 6 (a) The luminescence spectra of pure TMPY
2.8% doped co-crystal in solid state. And the perylene and different doped percentages co-crystals (ex. 310

absorption spectra in dilute CHCL; solution. nm). (b) The PL quantum yields of TMPY and co-
crystals with different exciting wavelength. Inset
shows photographs of 5% doped crystal taken under

TMPY single crystal and 2.8% co-crystal were shown Visible (upper) and UV (lower) light.

that the main absorption curves of pure TMPY and

co-crystal were similar below 400 nm. It can tell us the photon energy with wavelength shorter than 400 nm
was mostly absorbed by the TMPY molecules. That is the main energy absorption region in our system. How-
ever, comparing with the pure TMPY, there is still some absorbance after 400 nm which was not found in
the pure TMPY. The perylene molecular show its absorption around 400-450nm in diluted solution, so it is
reasonable to attribute this portion to the absorption of the perylene molecules.

Fig. 6(a) shows the photoluminescence spectra of pure TMPY and doped crystals excited by 310 nm light.
This exciting wavelength can insure most of the host TMPY molecules to be excited. The pure TMPY shown
its luminescence peak between 400-450 nm, nevertheless the doped crystals show their emission at about 500
nm and no peak was find shorter than 450 nm. The spectra indicate that the efficient energy transfer occured
in the doped co-crystals. Furthermore, previous works announced that the main energy transfer mechanism is
the Forster energy transfer in host-guest systems.”” This mechanism needs the efficient spectral overlap be-
tween the donor emission and the acceptor absorption. Checking the spectra of our system we can find that
the absorbance peak of perylene measured in diluted solution (Fig. S) was near around 400-450 nm which was
also the emission area of the TMPY molecules, so there must be the significant spectra overlap between them.
In addition, from the TD-DFT caluclation, it has been revealed that directions of the transition dipole moment
from HOMO to LUMO in TMPY and perylene are identified to be parallel to the long axis of the molecules.
Coincidence of the direction is also important for the Forster energy transfer. These results convince the
Forster type resonance energy transfer is the main transfer mechanism in our system. The emission spectra of
different doping concentration also show the main peak has a red shift with the concentration increasing, this
phenomenon can be atfributed to the molecular aggregation of the guest molecules and excimer fluorescence
formed in high concentration.”

To investigate luminescence efficiency of the doped co-crystal, the quantum yields of TMPY and co-crystals
were also recorded. Fig. 6(b) shows the quantum yield of different doping concentration excited by different
wavelength. From the figure we can find the quantum yield was first significant enhanced before 1% dopant
concentration, near 80% quantum yield had been observed at 5% dopant concentration. This result convinces

that the energy had been effective transferred from low efficiency host material to the guest material with



high luminescence efficiency. The quantum yield in diluted solution is about 94%. In our system, the highest
yield is about 78%. Since the self-quenching process is more severe in the solid state condition comparing
with the diluted solution, so our system makes a good performance on luminescence efficiency. The quantum
yield slowly decreases when the concentration raises up which can be attributed to the concentration quench

and molecular aggregation.”
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Fig. 7 Laser-pumped emission spectra of 5% doped Fig. 8 Luminescence intensities and the full width at
TMPY /perylene co-crystal. half maximum vs pumping density in the 5% doped
co-crystal.

Laser-pumped emission spectra were measured on the TMPY/perylene co-single crystal, since it is an easier
way to characterize the laser properties of our co-crystal.” 5% doped sample had been used in this experi-
ment, because we observed highest quantum yield efficiency in this concentration. Fig. 7 shows the
photoemission spectra with various pump pulse intensities. Dye laser with 4,4’"-bis[(2-butyloctyljoxy]-1,1":4’,
177:4’,1°"’-quaterphenyl was used for pumping ( A «= 385 nm). The exciting wavelength is in the range of the
absorption of TMPY molecules. The emission spectra only show the luminescence character above the 460
nm. This should be attributed to the perylene molecules emission. So the photoluminescence spectra under
laser source exciting also confirm the efficient energy transfer between TMPY and perylene molecules. There
is a significant narrowing trend when the pump energy promotes. Under the low pumping density at 0.65 mJ/
cnt’, the photoluminescence spectra exhibit a broad feature above 475 nm. When the density increases, the
highest peak near 490 nm has significantly enhanced. We analyzed the full width at half maximum(FWHM),
and also the emission peak intensities of the emission spectra as a function of the laser intensity (Fig. 8). Fol-
lowing the laser intensity growth, the main peak intensities are exponentially grown accompanied by the nar-
rowing of the FWHM. This results indicate the amplified spontaneous emission(ASE) is observed in our co-

crystal systems.”® The gain-narrowing threshold was estimated to be 1.54mJ/cm’ and the FWHM maintains

about 2 nm above the threshold energy.
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For clarifing the transport properties of the TMPY crystal, we fabricated the single crystal FET device for
measurment. For enhancing the carrier injection, asymmetric electrodes were used,** and buffer layers were in-
troduced between the electrodes and organic semiconductor. Only p-type characteristic was observed from the
output characteristics (Fig. 9). The threshold voltage is —33.3V for the p-type transistor. Transfer curve shows
hole mobility derived from the saturated mode is as good as 0.26 cm’ V' s” with the channel length and width
of 18 pm and 147 pm, respectively. By theoretical calculation, we got the HOMO and LUMO energy levels
are —5.19 eV and —1.71 eV. Comparing with the work function of Au (—5.1 eV) and Ca (—2.87 eV), the
schottky barrier at the interface of Au electrode is much smaller than at the Ca electrode.” Since the
ambipolar FET needs both electrons and holes to be injected into the channel simultaneously from the elec-

trodes, the high Schottky barrier at the Ca electrode is unfavorable to the ambipolar operation.

Conclusions

In the summary, we have synthesized an ideal host molecule for the doping system of high luminescence
material perylene. The single crystal X-ray diffraction data convince the co-crystals have been successfully
grown. The optical spectra indicate that the energy transfer has occured in the host-guest system, the
luminescense quantum yields have been enhanced by the effective energy transfer to the high quantum yield
molecules. The ASE phenomena had been observed under the pulse laser excitation. The FET analysis shows
that the TMPY only has unipolar operation during the gate voltage tuning. All these convice the host-guest
system is a good method to fabricate the LEFET devices, and furthermore, to investigate the organic semicon-

ductor laser performance. The future work is to investigate idea host-guest systems to make ambipolar LEFET.
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