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ABSTRACT A fluorinated phenoxy boron subphthalocyanine (BsubPc) is shown to function as a fluorescent dopant emitter in small
molecule organic light emitting diodes (OLEDs). Narrow electroluminescence (EL) emission with a full width at half-maximum of
~30 nm was observed regardless of the host used, indicating that this narrow EL is intrinsic to the BsubPc molecule. A bathochromic
shift and the growth of a new EL peak at higher wavelengths with increasing doping concentration were found to be a result of molecular
aggregation. Excitation of BsubPc by direct charge trapping as well as Forster resonant energy transfer were shown using different
host molecules. A maximum efficiency of 1.5 cd/A was achieved for a 4,4"-N,N’-dicarbazole-bipheny! (CBP) host.
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INTRODUCTION
oron subphthalocyanine (BsubPc) has recently

drawn interest for application in organic light

emitting diodes (OLEDSs) (1), organic photovoltaics
(OPVs) (2), and organic thin film transistors (OTFTs) (3).
BsubPc derivatives have been reported to have very narrow
photoluminescence (PL) emission and quantum efficiencies
near 40 %, thereby making them interesting candidates as
emitters in OLEDs (1a). We recently reported a series of
fluorinated phenoxy-BsubPcs which exhibited extremely
narrow electroluminescence (EL) emission in single layer
and trilayer OLEDs (1a). The full width at half-maximum
(fwhm) of our devices was only ~30 nm, whereas those of
most organic emitters are ~100 nm. This fwhm is nearly
half of that reported by for the only other BsubPc-based
OLED reported in the literature (BsubPc as the emitter) (1d).
At the time, we hypothesized that the significant difference
between the EL emission reported by Diaz et al. and our
results was due the difference in device architectures. Diaz
et al. utilized BsubPc as a fluorescent emitter doped into a
wide band gap polymer layer, whereas our devices used
BsubPc as a neat film. Molecular aggregation in our neat
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FIGURE 1. Schematic energy level diagram (from left to right) of TPBi
(4), Algs (4), CBP (4), and FsBsubPc (1a) based on combined CV and
UPS measurements. All energy levels are reported relative to vacuum
without consideration of any interfacial dipoles. Energy levels are
taken from references as indicated.

films may have contributed to the narrow EL emission.
Alternatively, host—dopant interactions in the doped films
used by Diaz et al. may have significantly broadened their
emission spectrum. In order to clarify this issue, we have
studied the host—dopant interaction of BsubPc in doped
molecular films. Herein, we report the use of pentafluo-
rophenoxy-BsubPc (FsBsubPc) as a fluorescent dopant emit-
ter in OLEDs (Figure 1). Using a variety of different molecular
host materials, we have characterized the energy transfer
and emission processes of FsBsubPc. As we will show, the
spectrally narrow EL emission of FsBsubPc is intrinsic to the
material and is not a result of molecular aggregates.
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EXPERIMENTAL SECTION

Materials and Methods. ultraviolet—visible (UV—vis) spec-
troscopy was performed using a PerkinElmer Lambda 1050 in
a PerkinElmer quartz cuvette with a 10 mm path length.
Dimethylformamide (DMF) distilled in glass was purchased
from Caledon Laboratories, Ltd. (Caledon, Ontario, Canada) and
used as received. Distilled water was supplied by the Chemical
Engineering Department at the University of Toronto. Photo-
luminescence (PL) spectra were collected using a Perkin-Elmer
LS 55 in a PerkinElmer quartz cuvette with a 10 mm path length.
The absorbance of each sample was measured to be >0.1 in
order to avoid distortion from the inner filter effect.

Materials for OLED Fabrication. FsBsubPc was synthesized
following our previously reported method (1a) and was purified
using train sublimation. Electronic grade tris-(8-hydroxy-quino-
lato)aluminum (Algs) used as a host for the emissive layer (EML)
was provided by Norel Optronics, Inc. and used as received.
1,3,5-Tris(N-phenylbenzimidazole-2-yl)benzene (TPBi) used as
an electron transport layer (ETL) and as a host for the EML and
4,4"-N,N’-dicarbazole-biphenyl (CBP) used as a hole transport
layer (HTL) and as a host for the EML were purchased from
Luminescence Technology Corp. and used as received. High
purity (99.99% trace metals basis) LiF and MoOs were pur-
chased from Sigma-Aldrich and were thoroughly degassed in
high vacuum prior to use.

OLED Fabrication and Characterization. OLEDs were fab-
ricated in a Kurt J. Lesker LUMINOS cluster tool (base pressure
of ~1 x 1078 Torr) using stainless steel shadow masks to define
the device structure. Commercially patterned indium tin oxide
(ITO) coated glass (50 x 50 mm?) with a sheet resistance less
than 15 Q/0 was used for all devices in this study. Substrates
were ultrasonically cleaned with a standard regimen of Alconox,
acetone, and methanol followed by UV ozone treatment for 15
min. The standard device structure is as follows: ITO/MoOs (1
nm)/CBP (45 nm)/EML (15 nm)/TPBi (30 nm)/LiF (1 nm)/Al (100
nm). The different EMLs used were neat FsBsubPc, Algs, CBP,
and TPBi doped with FsBsubPc at various concentrations. The
doped EMLs were produced by codeposition of the host and
dopant. All doping concentrations are reported in weight per-
cent of the dopant in the host. The various organic molecules
were deposited from alumina crucibles (K-cells) in a dedicated
organic chamber. LiF and MoOs were also deposited in the same
chamber from alumina crucibles. The Al cathode lines (2 mm
wide) were deposited orthogonally to the ITO anode lines (I mm
wide) from a pyrolytic boron nitride crucible, in a separate
metallization chamber without breaking vacuum. Film thick-
nesses were monitored using a calibrated quartz crystal mi-
crobalance. The intersection of each cathode and anode line
yields one OLED pixel, with 32 devices per substrate. The active
area for all devices was 2 mm?. A total of up to eight different
device structures were fabricated on a single substrate to
eliminate possible run-to-run variability caused by subtle varia-
tions in process conditions. Current—voltage (IV) characteristics
of the OLEDs were measured using an HP4140B pA meter in
ambient air. Luminance measurements were taken using a
Minolta LS-110 Luminance meter. EL spectra were measured
using an Ocean Optics USB2000 fiber spectrometer with a bare
optical fiber.

RESULTS AND DISCUSSION

A. Host and Dopant Properties. The selection of a
suitable host material for fluorescent emitters requires care-
ful matching of the energy levels, transport properties, and
overlap of the emission and absorption spectra of the host
and dopant. Excitation of a dopant emitter typically occurs
through one of two processes: (i) direct carrier trapping on
the dopant or (ii) Forster resonant energy transfer (FRET).
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FIGURE 2. Solution PL spectra of (a) Algs, (b) CBP, and (c) TPBi overlaid
with the absorption spectrum of FsBsubPc in dichloromethane.

In the case of direct carrier trapping, the energy levels of the
dopant should fall within the highest occupied molecular
orbital (HOMO)—lowest unoccupied molecular orbital (LUMO)
gap of the host. For FRET, sufficient overlap between the
emission spectrum of the host and the absorption spectrum
of the dopant is required. In both cases, matching a hole
transporting host with an electron transporting dopant (and
vice versa) is also beneficial for maintaining carrier balance
across the emissive layer (EML). We have previously shown
FsBsubPc to be preferentially electron-transporting (1a).

Figure 1 shows the energy levels of FsBsubPc relative to
the different host molecules used in this study. All energy
levels are based on combined cyclic voltammetry (CV) and
ultraviolet photoelectron spectroscopy (UPS) measurements
and are reported relative to vacuum. The energy levels of
FsBsubPc fall nicely within the HOMO—LUMO gap of both
CBP and TPBi, which suggests the possibility of direct charge
trapping in these systems. Figure 2 shows the PL spectra of
the various host molecules overlaid with the absorption
spectrum of FsBsubPc. Clearly, the overlap for CBP and TPBi
is very small, which rules out FRET for these systems. For
Algs, however, the overlap is quite significant, suggesting
that FRET is very likely. Since the HOMO of FsBsubPc falls
outside the HOMO—LUMO gap of Algs, direct charge trap-
ping is energetically unfavorable, and thus FRET should be
preferred.

B. Device Design. To minimize the effect of carrier
injection/transport on the device performance, we opted for a
trilayer OLED design with the EML sandwiched between a hole
transport layer (HTL) and an electron transport layer (ETL). The
energy levels of the HTL and ETL were selected to funnel
carriers into the EML without confining carriers at the HTL/EML
and EML/ETL interfaces. Carrier accumulation at these inter-
faces is known to quench excitons (4), and thus we were
careful to limit this effect by choosing appropriate HTL and
ETL molecules. Since carrier accumulation is dependent on
the barrier height at the interface, we wanted to eliminate
any barriers for all of the different host molecules. That way,
we can rule out exciton quenching as contributing to any
observed differences in performance of the different host
molecules. Figures 1 and 3 show a schematic of the device
structure and an energy level diagram for the devices used
in this study. On the basis of the energy level diagram, it is
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FIGURE 3. Schematic of the trilayer OLED device structure with a
FsBsubPc-based EML sandwiched between a CBP HTL and TPBi ETL.
MoOs and LiF are used as hole injection and electron injection layers,
respectively.
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FIGURE 4. EL spectra of OLED devices as a function of applied bias
with EMLs as follows: (a) neat FsBsubPc, (b) FsBsubPc doped into
Algs, (c) FsBsubPc doped into CPB, and (d) FsBsubPc doped into TPBi.

clear that this design helps to confine carriers in the EML to
maximize the probability of exciton formation and subse-
quent radiative recombination on the FsBsubPc dopant.

C. Effect of Host. Figure 4 shows the EL emission
spectra as a function of the applied voltage for FsBsubPc
doped into various host molecules (5 wt %) as well as for a
neat film of FsBsubPc. For the neat film of FsBsubPc (Figure
4a), the main emission peak is centered at 601 nm (fwhm
of 30 nm), with a small subpeak at 706 nm, consistent with
our previous report of FsBsubPc in single layer OLEDs (1a).
The main emission peak in the doped films has the same
shape and fwhm as the neat film of FsBsubPc, but with a
hypsochromic shift of 16 nm (Figure 4b—d). Also, the
subpeak at ~700 nm is absent in the doped films. This
suggests that the subpeak may be a result of molecular
aggregates in the neat film. The difference in emission
spectra between the neat and doped films will be discussed
in detail in one of the following sections.

For the CPB:FsBsubPc and TPBi:FsBsubPc films, increas-
ing blue emission (~400—500 nm) was observed with
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FIGURE 5. CIE coordinates of the OLED devices with FsBsubPc doped
into (a) different host molecules (CBP, TPBi, Alqs) and (b) CBP at
different doping concentrations (1%, 5%, 10%, 20%). The data for
“neat” in a and 100% doping concentration in b refer to a pure
FsBsubPc film as the EML. The data for each device are shown as a
function of applied voltage, with points closer to the white point
corresponding to higher applied voltages.

increasing driving voltage. The position of these new emis-
sion peaks suggests that they originate from CBP and/or
TPBi. It is uncertain if this blue emission is from the host or
from the transport layers. Since a similar feature is also
observable for the neat FsBsubPc film, albeit much weaker
and only at high applied bias (Figure 4a), it is likely that this
emission originates from the transport layers due to exciton
“leakage” out of the EML. For direct charge trapping, it is
unlikely that all of the carriers on the host can be trapped
on the dopant, particularly for low doping concentrations
and high current densities. The blue emission from CBP/TPBi
indicates that not all of the excitons formed in the EML are
able to recombine on the FsBsubPc dopant, which strongly
suggests that excitation of the FsBsubPc dopant occurs by
direct charge trapping in these systems. Excitons that are
not trapped on the FsBsubPc dopant could “leak” out of the
EML, resulting in the blue EL emission from the CBP and/or
TPBi. To confirm that the blue emission is not unique to the
CBP HTL, we also fabricated OLEDs using N,N’-diphenyl-
N,N’-bis-(1-naphthyl)-1—1’"-biphenyl-4,4’-diamine (a-NPD) as
the HTL. We observed a similar blue emission at ~450 nm
in these devices with increasing applied bias, which is
attributed to exciton leakage to a-NPD (Supporting Informa-
tion, Figure S1).
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FIGURE 6. Luminance and current density as a function of voltage
for OLED devices with FsBsubPc doped into different host molecules
(CBP, TPBI, Alqs). The data for “neat” refer to a pure FsBsubPc film
as the EML.

No emission from the CBP/TPBi (ETL/HTL) layers was ob-
served for the Algs:FsBsubPc film. This finding supports our
hypothesis that excitation of the FsBsubPc in the Algs host
occurs by FRET, whereas direct charge trapping is the predomi-
nant mechanism for the CBP and TPBi hosts. FRET is typically
a very efficient and fast energy transfer process and does not
require direct contact between the host and dopant molecules,
such that all of the excitons formed on the host should readily
be transferred to the dopant. FsBsubPc has a much smaller
HOMO—LUMO gap than Algs, and hence it is energetically
favorable for high energy Alqgs excitons to transfer their energy
to the lower energy excited state on the FsBsubPc dopant. As
a result, there is no exciton leakage to the HTL or ETL for the
Algs:FsBsubPc film, even at a high current density. The orange
EL emission from the Algs:FsBsubPc film is thus much more
saturated than for either the CBP or TPBi hosts. Figure 5a shows
the CIE coordinates of the EL emission of the various devices
calculated from the EL spectra.

In our previous study, we reported a very low efficiency for
FsBsubPc single-layer OLEDs, despite a relatively high quantum
efficiency of ~40% for FsBsubPc (1a). In the present study,
the efficiency of the trilayer OLED with neat FsBsubPc film
is comparable to our previously reported results. The low EL
efficiency for the neat film may be due to two possible
effects: (i) self-quenching and (ii) poor charge balance in the
EML. We expect that both mechanisms contribute to
the lower efficiency of the devices with neat FsBsubPc as the
EML.

Figure 6 shows the current density and luminance as a
function of voltage for the same OLED devices discussed
above. The driving voltage (for a current density of 20 mA/
cm? and turn-on voltage (for a luminance of 1 cd/m?) is
highest for the neat FsBsubPc film, which indicates poor
carrier transport through the FsBsubPc layer. We previously
demonstrated that FsBsubPc is a good n-type conductor, but
with very poor hole transport properties (1a). Given the very
poor hole transporting properties of FsBsubPc, the higher
driving voltage and turn-on voltage for the neat FsBsubPc
film suggests that holes are being blocked at the CBP/
FsBsubPc interface. The efficiency is therefore very low due
to the poor carrier balance as well as exciton quenching from
the accumulated holes at the CBP/FsBsubPc interface.
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FIGURE 7. Current efficiency as a function of luminance of the OLED
devices with F;BsubPc doped into different host molecules (CBP,
TPBi, Algs). The data for “neat” refer to a pure FsBsubPc film as the
EML.

One advantage of using a host—dopant system for the
EML is that the charge transport and emission processes can
be separated onto different molecules (i.e., charge transport
on the host and emission from the dopant). Not surprisingly,
the driving voltage and turn-on voltage are lower for the
doped devices. The driving voltage is lowest for the CBP:
FsBsubPc film. This can be explained by the transport
properties of the hosts. CBP is a good hole transporter, while
TPBi and Algs are good electron transporters (5). Since
FsBsubPc is a good electron transporter, the CBP:FsBsubPc
film has the best ambipolar transport properties and, there-
fore, lowest driving voltage. The ambipolar transport proper-
ties of the CBP:FsBsubPc film are also expected to lead to
the best carrier balance in the EML and, thus, the highest
device efficiency. Figure 7 shows the current efficiency as a
function of luminance for the same OLED devices. Indeed,
the performance of the CBP:FsBsubPc film is highest with a
maximum efficiency of 1.1 cd/A at device turn-on (1 cd/m?).
This represents an increase in efficiency of ~2 orders of
magnitude over the neat Fs;BsubPc film (as well as our
previously reported results). Clearly, BsubPc performs much
better as a fluorescent dopant than as a neat emitter layer.

D. Effect of Doping Concentration. After deter-
mining that CBP is the best host for FsBsubPc (due to the
ambipolar transport properties) on the basis of the device
efficiency, we studied the effect of doping concentration on the
EL emission and device performance. As discussed above,
there is strong evidence that the excitation process in the CBP:
FsBsubPc film occurs by direct carrier trapping on the FsBsubPc
dopant. As a result, significant exciton leakage to the HTL and/
or ETL was observed in the CBP:FsBsubPc films at a high
applied bias, as indicated by intense blue emission from CBP/
TPBi. If the excitation process in the CBP:FsBsubPc film does
indeed occur by direct carrier trapping, this exciton leakage
should be suppressed by increasing the dopant concentration.
At higher dopant concentrations, there are more FsBsubPc
molecules available to trap charges, and hence less excitons
can leak out of the EML.

Figure 8 shows the EL emission spectra as a function of
doping concentration for CBP:FsBsubPc at an applied bias
of 7 V. Figure 5b shows the CIE coordinates of the EL
emission of the various devices calculated from the EL
spectra. With increasing doping concentration, the EL emis-
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FIGURE 9. Current efficiency as a function of luminance of the OLED
devices with FsBsubPc doped into CBP with different doping con-
centrations (1%, 5%, 10%, 20%). All values are reported in wt %
of FsBsubPc in CBP.

sion from CBP/TPBi at ~400—500 nm is found to decrease
inintensity. At the same time, there is a 5 nm bathochromic
shift in the FsBsubPc emission peak for increasing the doping
concentration from 1 % to 20 % . Also, for the highest doping
concentration of 20 %, there is a subpeak in the EL emission
at ~700 nm, which is very similar to the subpeak observed
in the neat FsBsubPc film. We suspect that the bathochromic
shift and subpeak in the EL are a result of molecular
aggregation. With increasing doping concentration, there is
higher probability of aggregation between adjacent FsBsubPc
molecules.

Figure 9 shows the current efficiency as a function of
doping concentration for the same OLED devices. The
efficiency decreases with increasing doping concentration.
This finding highlights the fine balance between charge
trapping, carrier balance, and self-quenching. A higher dop-
ing concentration is desirable to maximize direct charge
trapping and subsequent radiative recombination on the
FsBsubPc dopant. However, with an increasing doping
concentration, the carrier balance may become imbalanced,
and molecular aggregation effects start to quench the EL
emission. In any event, the maximum efficiency of 1.5 cd/A
at device turn-on (1 cd/m?) for the 1 % doped CBP:FsBsubPc
film is the highest value ever reported for a BsubPc-based
OLED.

E. Effect of Aggregation. In our previously reported
work (1a), we observed a primary EL emission at 601 nm

www.acsami.org

VOL. 2 «NO. 11 ¢ 3147-3152 2010

1.0r ——Heptane -
—— Toluene
——MeOH

0.8r —DMF T
—— HO:DMF

0.6 1

0.4} ;

0.2+ E

Normalized PL Intensity (a.u.)

00550 800 650 700 750

Wavelength (nm)

FIGURE 10. Solution PL spectra of FsBsubPc in different solvents (as
indicated).

with a low intensity secondary EL emission peak arising at
706 nm in neat thin films of FsBsubPc. We observed a
similar EL emission from the neat FsBsubPc film used as EML
in this work. Also, at high doping concentrations of FsBsubPc
in CBP, we also observed a subpeak in the EL emission
around 700 nm as well as a bathochormic shift in the EL
emission peak toward 600 nm. However, the peak in the
solution PL measured in dichloromethane was 579 nm,
while the EL emission peak in the doped films (at 5% doping
concentration) was at 585 nm. We set out to determine the
root cause of these bathochromic shifts as well as the
subpeak at ~700 nm. We hypothesized that these effects
were a result of aggregate emission. To test this hypothesis,
we initially dissolved FsBsubPc at low concentrations in a
series of poor solvents for BsubPc derivatives (methanol,
heptane, and 300:1 H,O/DMF), along with two good solvents
(toluene and DMF) for comparison in an attempt to observe
aggregation through changes in the PL spectrum of
FsBsubPc. Of these nonsolvents, only 300:1 H,O/DMF had
a pronounced effect on the PL spectrum (Figure 10), while
bathochromic shifts of the peak PL (Ama"") with increasing
solvent polarity was also observed. In the case of 300:1 H,O/
DMF, the presence of a PL emission peak centered at 593
nm with a secondary emission at 706 nm (Figure 10) was
observed, which is similar to features present in the EL
spectrum for neat FsBsubPc films (Figure 4a).

Interested in exploring this aggregation, we sequentially changed
the ratios of water and DMF from pure DMF to 300:1 (H,O/DMF)
while maintaining a constant concentration of FsBsubPc. In pure
DMF, the main PL peak was at 576 nm (Figure 11a). As water
was introduced at a 1:1 and a 3:1 H,O/DMF ratio, the PL
maximum shifted to 581 nm. Further dilution to a 4:1 ratio
resulted in simultaneous emissions at 581 and 593 nm, with
the latter becoming the sole emission at ratios of 8:1 and
64:1. Simultaneously, the absorption spectra of FsBsubPc
showed an absorption maximum (Am,,) at 568 nm for ratios
of 1:1 and 3:1 (consistent with the Amax for absorption
spectra of FsBsubPc in good solvents) with the onset of a new
absorption band at 587 nm and a shoulder at 576 nm for
ratios between 5:1 and 64:1 (Figure 12). Further dilution
between 128:1 and 300:1 displayed a simultaneous PL
emission at 706 nm (Figure 11c), the intensity of which
increased at higher concentrations of water. This suggests
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FIGURE 11. Solution PL spectra of FsBsubPc in different ratios of H,O/
DMF (as indicated).
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FIGURE 12. Solution absorption spectra of FsBsubPc in different
ratios of H,O/DMF (as indicated).

that the root cause of the emission is from larger aggregates
which have formed in solution. At high concentrations of
water, the absorption spectrum had a A,y at 567 nm similar
to that in pure DMF but was broadened, as you would expect
from aggregation (Figure 12). In summary, the emission of
FsBsubPc is effected by aggregation causing a bathochromic
shift from 579 to 593 nm with increasing aggregation. A
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secondary emission in the PL centered at 706 nm begins to
form with increasing aggregation, verifying that the emis-
sions observed in the EL spectra of neat FsBsubPc films (or
at high doping concentrations) near 600 and 700 nm are
emissions arising from these aggregates.

CONCLUSION

FsBsubPc has been demonstrated as a fluorescent dopant
emitter in OLEDs. The efficiency of devices with FsBsubPc doped
into a wide band gap host molecule was 2 orders of magnitude
higher than for neat films of FsBsubPc. Using CBP as the host, a
maximum efficiency of 1.5 cd/A was achieved with highly satu-
rated orange EL, the highest ever reported for a BsubPc-based
OLED. The EL spectra of neat FsBsubPc exhibited a bathochromic
shift relative to the doped devices and a subpeak to higher
wavelength. These phenomena were found to be a result of
molecular aggregation in the neat films. Similar features were also
observed at high doping concentrations. It was also determined
that excitation of FsBsubPc occurs by direct carrier trapping in CBP
and TPBi hosts, and by FRET in an Algs host. The previously
reported narrow EL emission (fwhm of ~30 nm) was preserved
in all devices, indicating that the narrow EL is not due to molecular
aggregates but rather is intrinsic to the BsubPc molecule.
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