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ABSTRACT In this paper, the optical properties of a novel or-
ganic, 2,8-di(t-butyl)-5,11-di[4(t-butyl) phenyl]-6,12-diphenyl-
naphthacene (tetra(t-butyl)rubrene) have been investigated. Our
results show that there are two peaks in the photolumines-
cence (PL) spectra of tetra(t-butyl)rubrene (TBRb) which are
also confirmed in the electroluminescence (EL) spectra. Photo-
quenching of the PL intensity is observed when the irradiation
time increases. It is shown that oxidation is the dominant rea-
son for photo-quenching. The absolute refractive index and
absorption coefficient have also been determined and the re-
sults correlate well with the PL results. The results show that
TBRD can be a good dopant to achieve the Forster energy trans-
fer and to assist light emission. The optical properties of TBRb
are similar to those of rubrene; however, the PL of TBRbD is
much stronger than that of rubrene. Finally, although crystalline
organics have been commonly reported by heating the sample,
we report crystallization of TBRb at low temperature < 230 K
when the TBRb film is in an amorphous form before cooling.

PACS 78.47.+p; 78.55.-m; 81.05.Lg; 85.60.-q

1 Introduction

Archetypical 5,6,11,12-tetraphenylnaphthacene (ru-
brene) has been widely investigated for more than three
decades. The optical properties of solution-form rubrene (Rb)
have been widely studied and used to investigate the quan-
tum yields of singlet oxygen production and the effectiveness
of singlet oxygen quenchers [1—4]. On the other hand, Rb
in solid state has also been utilized in organic optoelec-
tronic devices. In the case of organic light emitting diodes
(OLED), Rb has been considered as an important yellow
fluorescent dye [5,6]. Yellow is one of the more sensitive
colours to human eyes and generally preferred by most users,
hence, a stable and efficient yellow is very desirable. Rb also
has other interesting features such as resisting concentration
quenching [7], improving the electro-luminescent efficiency
of OLED [8-10] and enhancing device stability and life-
time [11, 12].
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However, there is a lack of study in the optical properties
of the amorphous form Rb [13], particularly in the derivatives
of Rb. In this paper, we investigate the optical properties of
a novel derivative of Rb which is 2,8-di(t-butyl)-5,11-di[4(t-
butyl)phenyl]-6,12-diphenylnaphthacene, hitherto named as
tetra(t-butyl)rubrene (TBRb). We will first discuss the ab-
solute refractive index and absorption coefficient of TBRbD.
From the absorption spectrum, suitable excitation energy can
be found for photoluminescence (PL) measurement. The ab-
sorption properties are critical for utilizing an emitting assist
dopant in achieving efficient Forster energy transfer and thus
improving the luminescent efficiency [13—15]. Meanwhile,
both the refractive index and absorption coefficient are the key
parameters in designing of the material structures in optoelec-
tronic devices particularly in microcavity devices [16, 17].
Besides, low temperature and room temperature, PL was also
studied. The luminescence lifetime of TBRb in various tem-
peratures will also be discussed. Finally, crystallization of
TBRb at low temperature will be reported.

2 Experimental description

Rb was purchased from Aldrich Chemical Co., Inc.
and was used without further purification. TBRb was syn-
thesized following the literature described elsewhere [18].
Rb and TBRb thin films were prepared by thermal evapo-
ration using Edwards 306. The coating rate is about 1 A/s.
The thickness of TBRb and Rb was monitored in situ using
a quartz crystal sensor and further calibrated by a profilometer
(Tencor Alpha-step 500) and Woollam V-VASE ellipsometer.
Quartz plate and silicon wafer were used as the substrate for
film formation. The absorbance was measured using Varian
Cary 100 Scan Spectrometer with the correction of the sub-
strate. The absolute reflective index and absorption coefficient
were determined using Woollam V-VASE ellipsometer with
AutoRetrader. He-Cd laser with 325 nm line was used for PL
measurement and the luminescence was collected into a dou-
ble }1 meter monochromator. The light was then detected by
a photomultiplier tube (PMT) with a response time of ~ 1 ns.
The sample was placed in a cryostat for low temperature PL
measurement and the temperature was cooled down to as low
as 11 K. For lifetime measurement, the light source was a N
pulse laser with a wavelength of 337 nm. The signal was then
amplified by a high speed pre-amplifier with a rise time of
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< 1 ns and measured by a 600 MHz digital storage oscillo-
scope. The morphology of the sample was investigated using
scanning electron microscopy (SEM) and X-ray ray diffrac-
tion (XRD).

3 Results and discussion

Figure 1 shows the structure of Rb and TBRb. Four
t-butyl groups are attached to Rb molecular structure to form
TBRb. In order to have an efficient photo-excitation for PL,
the absorption spectrum of TBRb film was first investigated.
As shown in Fig. 2, the absolute refractive index and absorp-
tion coefficient with the wavelength in the range from 300 nm
to 800 nm were determined. TBRb has been grown on silicon
wafer for investigating absolute optical properties because sil-
icon has a high refractive index to increase the detected signal.
Besides, since the absorption coefficient of silicon is high in
visible light, the reflection of the light from the bottom of the
substrate can be eliminated, which if happens would result
in a disturbance signal to interfere the results of ellipsome-
try. The real part of refractive index peaks at 316 nm with
avalue of 1.776 and gradually decreases when wavelength in-
creases. There are also two resolvable shoulder peaks at about
496 nm and 540 nm. Similar features were also obtained for
the absorption coefficient as shown in Fig. 2. The highest ab-
sorption peak with a value of 47.986 cm™! is obtained at the
wavelength of 304 nm, and two small but clear peaks are at
496 nm and 524 nm. The spectrum of absorption coefficient
is in a very good agreement with the absorbance of TBRb
(the spectra not shown here) coated on quartz plate with the
same film thickness. By using two different techniques (el-
lipometry and transmission spectrometry) and two different
substrates (silicon wafer and quartz plate), we conclude that
the absorption features are from the TBRb instead of from the
substrate.
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FIGURE 2 The absolute refractive index and absorption coefficient of
TBRb thin film grown by thermal evaporator

The absorption peaks of TBRb at 496 nm and 524 nm
are very similar to that of Rb [13,15]. The absorption re-
gion between 450 nm and 550 nm of both Rb and TBRb well
overlap with the luminescent spectrum of some good elec-
tron transport organics such as tris(8-hydroxyquinolinolato)
aluminum (Alq3) [13, 15]. Together with the lowest unoc-
cupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) (—3.2eV and —5.49¢eV) of
TBRb [18] existed between that of Alg3 (typically —3 eV
and —5.7eV), the injected electrons and holes in Alq3 can
be efficiently transfer to TBRb. In addition, the excitation
energy of TBRb molecules can also efficiently transfer to
some red organic dye such as 4-Dicyanomethylene-2-methyl-
6-[2-2(2,3,6,7-tetra-hydro-1H,5H-benzo [ij] quinolizin-8-yl]-
4H-pyran (DCM2) and thus enhance the red colour lumi-
nescence efficiency. It is because the LUMO and HOMO
(—=3.11eV and —5.26 eV [14]) of DCM2 are close to that of
TBRb. As a consequence, the absolute absorption coefficient
and refractive index have been determined which is import-
ant for designing the material system and layer structures [16]
of organic LEDs. Besides, the results show that TBRb can be
a good dopant to achieve efficient Forster energy transfer and
to assist light emission. It should be noted that since absorp-
tion is stronger in short wavelength region, we used 325 nm
source for PL. measurement.

The PL of TBRb and Rb at various temperatures from
300K to 11.5K are shown in Fig. 3. The PL peak intensity
of TBRb is generally higher than that of Rb and the peak
wavelengths are approximately 10 nm longer than that of Rb.
The red-shifted peak wavelength of TBRb can also be ob-
tained in diluted solution form [18], i.e., the feature is not due
to the solid state effects. Recently, theoretical work has been
carried out in tetracene, RB and TBRb using a commercial
model Gaussian 98 followed by the density functional the-
ory to determine the Kohn—Sham molecular orbitals by C.F.
Lo’s group [19]. There is a trend that the energy difference
between LUMO and HOMO reduces (i.e., red shift) in a se-
quence from tetracene to Rb and then TBRb [20]. The change
of the molecule structure, and thus the orbit energies of the
molecules may be one of the reasons for the red shift of the
PL peak wavelength of TBRb as compared to Rb. Concern-
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FIGURE 3 PL of TBRD thin film at different temperatures

ing the PL intensity, the four t-butyl groups of TBRb could be
considered as a spacer, as shown in Fig. 1, to increase the sep-
aration between TBRb molecules as compared to that of Rb
molecules, it therefore reduces the quenching effect under the
irradiation of He-Cd laser. As a consequence, the PL intensity
of TBRb is higher than that of Rb. A brighter organic LED
can, therefore, be obtained by TBRb, which has also been ex-
perimentally demonstrated recently [18]. In Rb, the energy
gap between the first two singlets and that between two triplets
are approximately 2.5 eV [21]. However, from the lifetime of
amorphous form TBRb and Rb (will be discussed later), the
magnitudes are less than 15 ns at various wavelengths over the
PL spectrum (see Fig. 6). Therefore, it is believed that the PL
shown in Fig. 3 primarily corresponds to singlet transitions.
It should be noted that the two-peak spectrum of EL [18] and
PL of TBRb is not due to aggregation, but is due to the in-
herent emission characteristics of the molecule because the
two peaks PL spectrum can also be obtained in a very di-
lute 1.8 x 107 M TBRb solution in which the aggregation
between molecules can be ignored. The TBRb solution is pre-
pared by dissolving TBRb in tubrene. Moreover, as in Fig. 3,
the stronger peak at the blue side will undergo a red shift
by about 10 nm (~ 3.7 meV) when the temperature falls from
300 K to 150 K in both Rb and TBRb. This may be due to the
phase change of the materials.

Furthermore, the PL intensity is reduced when the irradi-
ation time increases due to photo-quenching. In order to elu-
cidate the reason, the decay of PL peak at room atmosphere
and 1 x 107 mbar vacuum has been investigated as shown
in Fig. 4. It should be noted that the He-Cd laser irradiation
is permanently switched on during the measurement. For the
case of room atmosphere, the PL peak intensity at the wave-
length of 575 nm exponentially drops to almost zero after
1500 s of irradiation. However, when the PL is measured in
1 x 1073 mbar vacuum, a stable and constant emitted light
intensity can be obtained although the intensity also exponen-
tially decays in the first 400 s. It is reasonable to assume that
the decay in the vacuum case is due to some oxygen present
on the surface of the sample, which forms oxide on the TBRb
sample. From the results above, the reduction of emission in-
tensity may be due to the oxidation of TBRb.

Both TBRb and Rb display the presence of two lifetimes
in the transient PL spectrum. They show similar short lifetime
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FIGURE 4 Photo-quenching of TBRb thin film at room atmosphere and
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at about 5—6 ns while the long one is greater than 30 ns. The
TBRb transient PL at the wavelength of 587 nm is shown in
Fig. 5. The lifetime of the exponential decay with slope A is
6.6 ns and that with slope B is 31.7 ns. The short lifetime de-
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FIGURE 5 Lifetime of the transient PL of TBRb thin film
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FIGURE 6 Lifetime of the transient PL of TBRb at 10 K and room tem-
perature
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cay at wavelengths over the whole PL spectrum of TBRb is
summarized in Fig. 6. Generally, the lifetime increases when
temperature falls because the vibronic transitions and non-
radiative transition reduces at the lower temperature. In add-
ition, the lifetime increases as the monitored wavelength of
the PL spectrum increases. At 11 K (filled square in Fig. 6),
the lifetime slightly reduces when the wavelength increases
from 587 nm to 625 nm and then increases again. This may be
because of the change of the emission centers from one center
with PL peak at 587 nm to another one at 625 nm as shown in
Fig. 3. The similar feature can also be obtained in the case of
300 K.

While crystalline organic materials usually form after
thermal annealing (> 300 K), we report that the crystalliza-
tion is also possible at low temperature. Figure 7 shows
the crystallization of TBRb after cooling at the tempera-
ture < 230K and at a pressure of 1 x 107> mbar. To further
investigate the crystallization at low temperature, we have
carried out XRD analysis on samples before and after cool-
ing. There is no useful signal for the before-cooled sample,
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i.e., no crystal forms. However, after cooling the samples
at T < 230K, clear peaks are obtained at various diffraction
angles, i.e., crystal forms after cooling. One possible expla-
nation for the crystallization is that when the temperature
increases to room temperature after cooling at 7 < 230K,
thermal energy is provided to the amorphous TBRb. The en-
ergy compensates the activation energy of TBRb such that
TBRb changes from amorphous phase to crystalline phase
as shown in Fig. 7. As a consequence, both SEM and XRD
show that TBRD crystallized after cooling at low temperature
(T'< 230K).

4 Conclusion

In conclusion, the optical properties of TBRb and
Rb in various temperatures have been investigated includ-
ing absolute refractive index, absorption coefficient, PL and
photon lifetime of TBRb. The features of absorption spec-
trum determined by spectroscopic ellipsometry are in a very
good agreement with those obtained by the transmission
method. The results show that TBRb can be a good dopant
to achieve efficient Forster energy transfer for typical host
organics and to assist light emission of popular dyes. Be-
sides, the PL of TBRb is about five times higher than that
of Rb, i.e., TBRb should be able to contribute to a brighter
organic LED. Our results show that the photo-quenching
of TBRb is mainly due to oxidation. TBRb similar to Rb
has two lifetimes; the short one is ~ 5ns while the long
one is ~ 31 ns. When the monitored wavelength of the PL
spectrum increases, the lifetime increases. Meanwhile, the
lifetime also increases when temperature reduces. Finally,
crystallization of TBRbD is observed after cooling at T <
230K and low pressure of 1 x 107> mbar when typical crys-
talline organics are commonly formed at high temperature
(> 300 K).
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