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Triplet Exciton Confinement in Green Organic Light-
Emitting Diodes Containing Luminescent Charge-Transfer

Cu(l) Complexes

Qisheng Zhang, Takeshi Komino, Shuping Huang, Shigeyuki Matsunami,

Kenichi Goushi, and Chihaya Adachi*

The temperature dependence of luminescence from [Cu(dnbp)(DPEPhos)]BF,
(dnbp = 2,9-di-n-butylphenanthroline, DPEPhos = bis[2-(diphenylphosphino)
phenyljether) in a poly(methyl methacrylate) (PMMA) film indicates the
presence of long-life green emission arising from two thermally equilibrated
charge transfer (CT) excited states and one non-equilibrated triplet ligand
center (3LC) excited state. At room temperature, the lower triplet CT state

is found to be the predominantly populated excited state, and the zero-zero
energy of this state is found to be 2.72 eV from the onset of its emission at
80 K. The tunable emission maximum of [Cu(dnbp)(DPEPhos)]BF, in various
hosts with different triplet energies is explained in terms of the multiple
triplet energy levels of this complex in amorphous films. Using the high
triplet energy charge transport material as a host and an exciton-blocking
layer (EBL), a [Cu(dnbp)(DPEPhos)]BF, based organic light-emitting diode
(OLED) achieves a high external quantum efficiency (EQE) of 15.0%, which
is comparable to values for similar devices based on Ir(ppy); and Flrpic.

The photoluminescence (PL) and electroluminescence (EL) performance of
green emissive [Cu(ul)dppb], (dppb = 1,2-bis[diphenylphosphino]benzene) in
organic semiconductor films confirmed its 3CT state with a zero-zero energy

commercial aims of the next generation of
solid-state displays and light sources mean
that PHOLEDs have attracted increasing
attention over the last decade, although
the high cost of these noble metal based
phosphorescent materials is a problem.
The relatively abundant, inexpensive, and
non-toxic cuprous complexes appear to
be an attractive alternative because their
lowest triplet excited states can provide
an efficient pathway for phosphores-
cence or reverse intersystem crossing
(T; = S,).B1 However, apart from a few
examples,*% the external electrolumi-
nescence (EL) quantum efficiency (EQE)
of most Cu(I) complex based OLEDs is
still low (<5%),”! despite the fact that
the photoluminescence quantum yield
(PLQY, ¢) of green emissive Cu(I) com-
plexes is often quite high.727¢767g7k7m]
For example, the PLQY of green-emissive
[Cu(dnbp)(DPEPhos)|BF, (dnbp = 2,9-di-

of 2.76 eV as the predominant population excited state.

1. Introduction

Phosphorescent organic light-emitting diodes (PHOLEDs) con-
taining Ir(III), Pt(III), or Os(II) based complexes generate light
from both triplet and singlet excitons, allowing the internal
quantum efficiency of such devices to approach 100%./"? The
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n-butylphenanthroline, DPEPhos = bis[2-
(diphenylphosphino)phenyljether) in a
poly(methyl methacrylate) (PMMA) film
has been reported to be 0.697 and a non-
doped single layer light-emitting device using this material also
achieved a high EQE of 16%, which is comparable to that of
the most efficient PHOLEDs.[? However, the maximum EQE
of these multilayer OLEDs with poly(vinylcarbazole) (PVK) as
the host is only 3-4%.U< Another green emissive binuclear Cu!
complex, [Cu(ul)dppb], (dppb = 1,2-bis[diphenylphosphino]
benzene), also exhibits a PLQY as high as 0.80 in a solid
state, while the maximum EQE of a device using this mate-
rial with a 4,4"-bis(carbazol-9-yl)biphenyl (CBP) host and a
4,7-diphenyl-1,10-phenanthroline  (BPhen) exciton-blocking
layer (EBL) is only 4.8%.7f] More recently, a codeposited Cul-
mCPy (3,5-bis(carbazol-9-yl)pyridine) complex with a PLQY of
0.64 was successfully used as an emissive layer in a three-layer
OLED where 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP) was used as an EBL. Bright green electroluminescence
from this Cu(l) complex was observed, while the EQE of the
device was still lower than 5% (EQE . = 4.4%)./™
Recently, we found that the PLQY of [Cu(dnbp)(DPEPhos)]
BF, and [Cu(ul)dppb], doped in PVK (triplet energy level, Ty, =
2.5 eV) or CBP (T;=2.56 eV) films is much lower than thatin a
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PMMA (T; = 3.0 eV) film.®l The inefficient confinement of the
triplet energy on the Cu(I) complexes indicates that the triplet
energy level of these green emissive Cu(I) complexes should be
higher than those of CBP and PVK, which are the most com-
monly used host materials for green phosphorescent materials.
Using high triplet energy materials as the host and the EBL,
the EQE of the devices containing these two complexes were
dramatically improved.®l Here, multiple excited state ener-
gies of these two Cu(l) complexes are investigated in a solid
matrix using the streak image technique. Their predominant
triplet energy levels are estimated from the onset of their triplet
charge-transfer (3CT) emission and confirmed by comparison
of their photoluminescence (PL) and EL performance levels
in organic semiconductor films with those of two well-known
Ir(Ill)-based phosphorescent materials, fac-tris(2-phenylpyri-
dine) iridium (Ir(ppy);) and bis[(4,6-difluorophenyl)pyridinato-
N,C?|(picolinato) iridium (FIrpic). Diimine Cu(I) complexes and
Cu(I) halide complexes are the most extensively studied lumi-
nescent Cu(I) complexes, and [Cu(dnbp)(DPEPhos)]BF, and
[Cu(ul)dppDb], are the first complexes found to produce efficient
EL among these two types of Cu(I) complex. We believe that the
studies of their triplet state energies are potentially applicable
to a wide variety of Cu(I) systems.

2. Results and Discussion

The molecular structures of the emitting complexes and charge
transport materials that are discussed are depicted in Figure 1.
The photophysical properties of [Cu(dnbp)(DPEPhos)|BF, and
[Cu(ul)dppb], in solution or even in the solid state were thor-
oughly investigated by McMillin et al.”! and Tsuboyama et
al.,"f] respectively. The lowest excited state of [Cu(dnbp)(DPE-
Phos)|BF, is well formulated as a charge-transfer (CT) transi-
tion involving a metal-to-ligand charge transfer (MLCT), while
that of [Cu(ul)dppDb], can be attributed to the MLCT plus XLCT
(halogen-to-ligand charge transfer), or (M+X)LCT. In the excited
state, the metal cations of both complexes show divalent copper
characteristics, leading to structural reorganization from tet-
rahedral to a square-planar geometry. Because this significant
flattening distortion narrows the energy gap and increases the
non-radiative decay, the photophysical properties of these two
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Cu(l) complexes are very sensitive to the matrix rigidity.”<7f]
To simulate the environment in OLEDs and minimize the
energy diffusion from guest to host, non-conjugated PMMA
was used as the matrix for photophysical investigation of these
two Cu(I) complexes and their references, Ir(ppy); and Flrpic.
All samples had the same doping concentration of 5 wt% and
the same film thickness. As shown in Figure 2a, the PL spectra
of these two Cu(l) complexes are structureless and broad,
with emission maxima at 509 nm and 507 nm for [Cu(dnbp)
(DPEPhos)|BF, and [Cu(ul)dppb],, respectively, which are blue
shifted by around 40 nm from their respective spectra in a
dichloromethane (DCM) solution.”%1% Although the emission
maxima of these two Cu(I) complexes in PMMA films are close
to the 510 nm maximum of an Ir(ppy); doped film, the onsets
of their PL spectra are blue shifted approximately 40 nm from
that of Ir(ppy); and close to that of the blue emissive Flrpic. The
Stokes shifts of these two Cu(I) complexes are also much larger
than those of the Ir(III) complexes. For [Cu(dnbp)(DPEPhos)]
BF,, the Stokes shift is as large as 130 nm between the maxima
of the emission and the absorption (371 nm). In general, a
structureless band and large Stokes shift are characteristics of a
long-range intramolecular charge transfer (CT) parentage, such
as MLCT,") XLCT,?>67m12] and LLCT (ligand-to-ligand charge
transfer)!l excited states in transition metal complexes because
they are more polar than their respective ground states and sub-
sequently induce molecular structural distortion in the excited
states. The characteristic flattening distortion for a MLCT Cu(I)
complex magnifies the overall distortion in the excited state and
results in a further red shift of the emission band.

To understand the excited state natures and measure the
triplet energy levels of [Cu(dnbp)(DPEPhos)|BF, and [Cu(ul)
dppb], in a solid matrix, the temperature dependence of the
emission spectra and the emission decay from their PMMA
doped films was studied using a streak camera and the results
are shown in Figure 2b,c. Using a high-power pulsed laser as
the excitation source, clear time-resolved emission spectra
can be obtained over a wide time range of 10 ms. The emis-
sion decay of [Cu(dnbp)(DPEPhos)|BF, in a PMMA matrix with
5 wt% concentrations can be best fitted by using three exponen-
tials, i.e., I = Aexp(-t/ ) +Amexp(-t/ Tm)+Asexp(-t/Ts), in a temper-
ature range of 80-300 K. Lowering the temperature from 300 K
to 80 K caused almost no change in the lifetime of the slow
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Figure 1. OLED device structure and the molecular structures of the compounds used in these devices.
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Figure 2. a) Absorption and PL spectra of 5 wt% luminescent com-
plexes in PMMA films at room temperature. b) Streak image of a 5 wt%
[Cu(dnbp) (DPEPhos)|BF,;PMMA film at 80 K and the emission decay
of the doped film at various temperatures. c) Streak image of a 5 wt%
[Cu(ul)dppb],:PMMA film at 80 K and the emission decay of the doped
film at various temperatures. In the streak image, the spots correspond
to the intensity of PL: blue, red, yellow, and green represent very strong,
strong, intermediate, and weak emissions, respectively.
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component (=7 ms), but increased its intensity. At 80 K, the
long life emission band, with three distinct vibronic peaks at
455, 485, and 520 nm, can be clearly observed beside the broad
CT bands, as shown in Figure 2b. In the light of the similar
mixed-ligand system, [Cu(dmp)(PPh;),]* (dmp = 2,9-dimethyl-
1,10-phenanthroline),' the slow component with the vibronic
emission band can be assigned to the phenanthroline ligand-
centered phosphorescence (*LC). However, unlike the case for
a solution, the *LC phosphorescence from this mixed ligand
system in a PMMA film can even be observed at room tempera-
ture (Figure S1, Supporting Information), probably because the
rigid matrix limits the non-radiative decay processes caused by
internal conversion. For a 5 wt% [Cu(ul)dppb];:PMMA doped
film, an unexpectedly long life 3LC band (1, = 7 ms) with three
vibronic peaks at 500, 538, and 575 nm was also observed in
addition to the CT bands over the 300-80 K temperature range
(Figure 2c and Figure S2, Supporting Information).

In this temperature range, the fast emission components
from both the [Cu(dnbp)(DPEPhos)|BF, and the [Cu(ul)dppb],
doped films are the predominant components and are attrib-
uted to the CT excited states. With decreasing temperature from
300 K to 80 K, the emission maximum of the fast component
red shifted from 509 nm to 533 nm for [Cu(dnbp)(DPEPhos)]
BF, and from 507 nm to 529 nm for [Cu(ul)dppb],; the corre-
sponding lifetimes significantly increased, from 33 ps to 263 us
for [Cu(dnbp)(DPEPhos)|BF, and from 6.8 us to 210 us for
[Cu(ul)dppb],. This implies that the fast emission components
of these two Cu(I) complexes may arise from two interconvert-
ible excited states in thermal equilibrium. By applying a widely
adopted two-state model built on [Cu(dmp),]*,*) Tsuboyama et
al. demonstrated that the emission of [Cu(ul)dppb], arises from
two thermally equilibrated CT excited states, i.e., '(M+X)LCT
and }(M+X)LCT. The energy difference between these two states
was calculated to be approximately 0.8 eV (1.9 kcal mol™?) in the
solid state.’f] For the [Cu(dnbp)(DPEPhos)|BF, doped film, the
fast emission component at 80 K can be described as pure *CT
emission because the excited state population is largely frozen
in the triplet state at such a low temperature. To understand the
nature of the upper CT state in equilibrium with 3CT, its indi-
vidual lifetime and the energy separation between it and the
3CT state (AE) were analyzed using the two-state model. The
observed lifetimes (7,,s) of the fast component at various tem-
peratures from 300 K to 80 K was examined and is summarized
in Figure 3a. Assuming the two-state model (upper state 1 and
lower state 2) is used, the observed decay rate (kg = 1/7,5) can
be described as a Boltzmann average using Equation (1):

ki K + k;

kobs = 11K (1)

Herein, k; and k, are the individual decay rates of states 1
and 2, respectively, K = & exp(—AE/RT) and, here R, T, g,

g2

and g, denote the ideal gas constant, the absolute temperature,
the degeneracies of states 1 and 2, respectively. Given the sin-
glet character of the upper state (!CT), as is commonly thought,
then g; = 1 and g, = 3.°% An excellent fit for the kobs data in
the 80-300 K temperature range was obtained with values of
ky =38 x 10® s, k, = 44 x 10° s7! and AE = 0.10 eV
(Figure S3, Supporting Information). This AE value agrees
well with the energy difference between the emission maxima
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Figure 3. a) Dependence of the thermalized lifetime of [Cu(dnbp) (DPE-
Phos)]BF, in a PMMA film with 5 wt% concentration on the temperature.
The solid lines were calculated using Equation 1 with parameters listed
in the figure. b) The low-lying excited states for [Cu(dnbp) (DPEPhos)]BF,
in a PMMA matrix. This three-state model can also be used to describe
the photophysical properties of [Cu(ul)dppb], in a PMMA matrix. The
energy levels and individual lifetimes of the 'CT, 3CT, and 3LC states for
[Cu(ul)dppb], are 2.84 eV, 2.76 eV, and 2.48 eV and 0.1 us, 0.21 ms, and
7 ms, respectively.

at 80 K and 300 K (0.11 eV), indicating that the emission
at room temperature results principally from the upper
state by efficient up-conversion. The k, value corresponds
to a lifetime (7,=1/k,) of 0.26 ms that is in accord with the
experimental data for the 3CT component observed at 80 K.
However, the k, values are significantly less than those esti-
mated for [Cu(dmp),]* (2 x 107 s and [Cu(ul)dppb],
(1 x 10 s71)."fl The corresponding lifetime (t;) of 0.23 us is
not typical for a fluorescence (given the triplet character for
the upper state, then gy=g, and 7;=0.69 ps), indicating that
the emission of [Cu(dnbp)(DPEPhos)|BF, at room temperature
may not only be associated with !CT, but is also contributed
to by a second triplet level.> For convenience, we still desig-
nate this upper state to be !CT. Because the observed lifetime
of [Cu(dnbp)(DPEPhos)|BF, in a PMMA film at 300 K is about
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two orders of magnitude higher than the isolated lifetime for
the upper level, the 3CT state must be the predominant popula-
tion excited state between these two thermally equilibrated CT
excited states at room temperature.

As described above, for a 5 wt% [Cu(dnbp)(DPEPhos)]
BF,PMMA doped film, there is a third component with a
lifetime of 0.1-0.8 ms in the 300-80 K temperature range.
Because the spectrum of this middle component is very sim-
ilar to that of the fast component and the values of 7,,,/7 and
An/As are almost fixed (Table S1, Supporting Information),
these two components may arise from the same excited state
but with different nonradiative decay processes. Therefore, a
simplified three-state model can be used to describe the low
lying excited states of [Cu(dnbp)(DPEPhos)]BF,, including
intersystem crossing (ISC) and reverse intersystem crossing
(RISC) between !CT and 3CT, and internal conversion (IC)
between 3CT and *LC (Figure 3b). The latter can be viewed as
an intramolecular electron-transfer process (t — d) competing
with the thermalized population process *MLCT — 'MLCT).['®!
The zero-zero energy of the 3LC state can be estimated from the
highest energy vibronic component of its emission. In contrast,
the zero-zero energy of a CT state must be estimated using an
alternative method because its emission band is always broad
and unstructured. According to the Franck-Condon principle,
for fluorescent emission involving significant vibrational exci-
tation, the zero-zero band can be roughly defined from the
crossing point between absorption and emission (normalized
to the same height)'”! or the average of the energies of the
absorption and emission maxima.['®! Because these points are
always close to the onset of the emission spectrum, the emis-
sion onset has also been used to estimate the zero-zero energy
of a 3MLCT state.'¥] In fact, in the OLED field, the T; energy
level of some electron-transport materials with polar groups
has also been calculated from the onsets of their broad phos-
phorescence spectra.™ Thus, based on the onset of the 80 K
SMLCT emission band, the zero-zero energy of the SMLCT
state for [Cu(dnbp)(DPEPhos)|BF, is estimated to be 2.72 eV
in a PMMA film, which is equal to that of its 3LC state
(2.72 eV). This three-state model was also fitted to the [Cu(ul)
dppb], system, but the zero-zero energy of the 3(M+X)LCT state
(2.76 eV) is obviously higher than that of the >LC state (2.48 eV)
for this complex. Although the *LC state may be the lowest tri-
plet excited state for Cu(I) complexes, the 3CT component can
be the predominant state for low temperature phosphorescence
due to a structurally imposed barrier against internal conver-
sion in the rigid matrix.['8]

Time-dependent density functional theory (TD-DFT) calcu-
lations also provide some useful information for the nature of
electronic excited states,?” although the absolute value of the
charge populations depends sensitively upon the choice of the
basis set. Herein, the electronic ground states of [Cu(dnbp)(DPE-
Phos)]* were calculated based on its single-crystal structure using
the DFT (B3PW91) method. As shown in Figure 4a, the elec-
tron density in the highest occupied molecular orbital (HOMO)
is mainly associated with the Cu and P atoms, while that in the
lowest unoccupied molecular orbital (LUMO) is mainly contrib-
uted by the m*-antibonding orbital of the phenanthroline ligand,
suggesting a high MLCT characteristic with LLCT admixtures,
ie., (M+L)LCT.2! The S; and T, energy levels at the ground state

Adv. Funct. Mater. 2012, 22, 2327-2336
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Figure 4. a) The HOMO (lower image) and LUMO (upper image) orbitals
of [Cu(dnbp) (DPEPhos)]* with structures optimized in the ground state.
b) The hole (lower image) and electron (upper image) distributions of
[Cu(dnbp) (DPEPhos)]* with structures optimized in the lowest triplet
excited state.

were calculated to be 3.02 eV and 2.74 eV, respectively, based on
the TD-DFT approach. In this case, the latter is very close to the
experimental data determined from a 5 wt% PMMA doped film
(2.73 eV). However, the calculated energy gap between S; and T
(0.28 eV) is significantly larger than that determined from the
energy difference between the emission maxima at 300 K and
80 K, which is consistent with the previous theory that the upper
excited state that is thermally equilibrated with 3CT is not a pure
ICT state. The triplet excited states of [Cu(dnbp)(DPEPhos)]*
were also calculated based on an optimized geometry of the T;
state at the B3PW91 level. As shown in Figure 4b, the excited
electron is localized on the phenanthroline ligand, while the
hole resides on the Cu atom and on the phenanthroline ligand.
This agrees with the deduction that the 3CT and 3LC states for
[Cu(dnbp)(DPEPhos)|BF, have very similar zero-zero energy
levels in the excited state. The T, level of this complex at its triplet
excited state is found to be 1.99 eV, which is much lower than the
data calculated from the ground state because the excited state
geometry optimization simulates a thoroughly relaxed molecule
under vacuum conditions. Although such an unresisting relaxa-
tion cannot be found under ambient conditions, it implies the
seriousness of the Cu(I) — Cu(II) flattening distortion effect on
the excited state energy.

As shown by the unstructured spectra and the relatively long
observed lifetimes from [Cu(dnbp)(DPEPhos)|BF, and [Cu(ul)
dppb], at room temperature, their 3CT states must be the pre-
dominant population excited states among the three low lying
excited states and must play a key role in the energy transfer
between guest and host. Based on the onset of their *CT emis-
sion bands, the zero-zero energy of the 3CT states of these two
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Cu(I) complexes was estimated to be more than 2.7 eV, which is
considerably higher than that of Ir(ppy); (2.42 €V),22 and even
slightly higher than that of Flrpic (2.65 eV).?’l As a result, a
high triplet energy for the host material is essential for effec-
tive triplet energy confinement on these two Cu(I) complexes,
as shown by the case of Flrpic.l”>?* To determine the depend-
encies of their photophysical properties upon the triplet energy
levels of the host materials, films of 10 wt% Cu(I) complexes
in various carbazole hosts were fabricated by spin-coating. For
comparison, Ir(ppy); and Flrpic doped films were also prepared
in the same way. The T, levels of the selected hosts, i.e., CBP,
4,4’ 4”-tri(N-carbazolyl)triphenylamine ~ (TCTA),  1,3,5-tri(N-
carbazolyl)-benzene (TCB), m-bis(N-carbazolyl)benzene (mCP),
and 2,6-dicarbazolo-1,5-pyridine (PYD2), were found to be
2.56,1251 2.74,11 282,261 2.90,23 and 2.93 eV,?”] respectively. As
shown in Figure 5a, the PLQY of the doped film with a CBP
host is only 0.14-0.15 for these two Cu(I) complexes. Increasing
the Ty level of the host materials gradually enhanced the PLQY
of the doped films. In the PYD2 host, the PLQY values for
[Cu(dnbp)(DPEPhos)|BF, and [Cu(ul)dppb], are 0.56 and 0.50,
respectively, and are comparable to those for a 10 wt% Ir(ppy);
doped film (0.56). It seems that the dopant with higher triplet
energy is more sensitive to the triplet energy of the host. With
PYD?2 instead of CBP as a host, the PLQYs of the doped films
based on Ir(ppy)s, Flrpic, [Cu(dnbp)(DPEPhos)|BF,, and [Cu(ul)
dppb], increase by 8%, 76%, 260%, and 260%, respectively,
corresponding approximately with the order of their predomi-
nant energy levels. Herein, the PLQYs of the films doped with
10 wt% Ir(ppy); and Firpic are note to be lower than those of
the similar films fabricated by vacuum co-deposition, which are
approximate 90%. In fact, a relatively low PLQY has also been
found in a solution processed Ir(ppy);:CBP doped film in a pre-
vious report.?l We suspect that more dimers with lower triplet
energies may be formed in a solution-processed carbazole com-
pound film and quench the emission from the phosphorescent
complex, just as the case in a PVK film.[?% Further studies of
this phenomenon are in progress.

Transient PL decay characteristics and PL spectra of 10 wt%
[Cu(dnbp)(DPEPhos)|BF, doped in various hole transport mate-
rials are shown in Figure 5b,c. Two-component decay, i.e., a
fast decay process and a slow decay process, is observed in the
CBP and TCTA based films. The latter can be assigned to ther-
mally activated triplet-triplet energy transfer between the host
and the guest, which only exists in doped systems with a small
triplet energy difference between guest and host, such as the
Flrpic:CBP system.?324 However, no slow decay process was
observed in a FlIrpic:TCTA doped film (Figure S4, Supporting
Information), indicating a lower T; level in Flrpic as compared
to [Cu(dnbp)(DPEPhos)|BF,. For the [Cu(dnbp)(DPEPhos)|BF,
doped films, one unanticipated finding is a decreasing T, level
in the host from 2.93 eV to 2.56 eV, resulting in a gradual red
shift of the emission maximum from 511 nm to 535 nm, as
well as a decrease in its lifetime (fast component). This phe-
nomenon does not exist in Flrpic doped films, so it must be
associated with the characteristic excited distortion of the MLCT
Cu(I) complex. To explain this finding, we considered the com-
plex microenvironment of the Cu(I) complex in organic semi-
conductor films and noted that the allowed distortion degree for
Cu(I) complexes may be varied in these films. Consequently, in
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Figure 5. a) Dependence of PL quantum yield of 10 wt% luminescent
complex doped films on the triplet energy level of carbazole hosts.
b) Emission decay of 10 wt% [Cu(dnbp) (DPEPhos)|BF, doped in various
host layers. c) PL spectra of 10 wt% [Cu(dnbp) (DPEPhos)]BF, doped in
various host layers.
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organic semiconductor films, the energy level of the 3CT state
of a Cu(I) complex is not unique, but is multi-level. During the
energy transfer process, the higher triplet energy is more easily
transferred from the Cu(I) complex to the host, and this effect is
most noticeable when the energy gap between the triplet levels
of the guest and the host is relatively small, as described above.
Because the lower excitation energy corresponds to a larger
non-radiative decay and a shorter lifetime due to the energy gap
law, both the excitation energy and the lifetime decrease with
the decreasing T, energy level of the host. Similar delay com-
ponents and emission red shift characteristics (Figure S5 and
S6, Supporting Information) were observed in a 10 wt% [Cu(ul)
dppb],:CBP doped film (A,,, = 540 nm).

The PLQY of the emitting layer has a major influence on the
efficiency of an OLED, so one might anticipate that the EQE
of devices based on these two Cu(l) complexes can be greatly
improved by using a high triplet energy host material, similar
to the dramatic enhancement in their photoluminescence emis-
sion. For comparison, [Cu(dnbp)(DPEPhos)|BF, based OLEDs
were fabricated using hole-transporting CBP, TCTA, TCB,
mCP, or PYD2 as the host, with a structure of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene) (PEDOT; 40 nm)/10
wt% [Cu(dnbp)(DPEPhos)|BF,: host(30 nm)/SPPO1(50 nm)/
LiF(0.5 nm)/Al (Figure 1). The emitting layers containing
the Cu(I) complex and one of the small molecular hosts was
generated by spin-coating on a PEDOT-treated ITO substrate
with a work function of approximately —5.2 eV. Recently, Jou
et al. showed that small molecules can also form homoge-
neous films by spin-coating and achieve very high device effi-
ciency.2% Above the emitting layer, a 50 nm EBL was deposited
by vacuum evaporation and was then covered by the cathode.
2-(diphenylphosphoryl)spirofluorene (SPPO1) was used as a
multifunctional layer for hole and exciton-blocking and electron
transport because of its promising properties, including high
triplet energy (2.9 eV), a deep HOMO level, and good electron
mobility.3! The thickness of each organic layer has been care-
fully optimized. As the results given in Table 1 and Figure 6
show, the maximum EQE increased steeply for devices com-
posed of CBP, TCTA, TCB, mCP, and PYD2. The maximum
EQE and maximum brightness of the device based on the
PYD2 host were 8.7% and 13820 cd m~2, respectively. Both are
more than twice as high as the corresponding values for the
device based on a CBP host. Similar devices containing [Cu(ul)
dppb], were also fabricated with CBP and PYD2 hosts. As
expected, when PYD2 was used instead of CBP as the host, the
maximum EQE and brightness of the device increased dramati-
cally from 1.9% and 2000 cd m~2 to 4.9% and 15500 cd m~2,
respectively. For both Cu(I) complex based OLEDs, their emis-
sion maxima were blue shifted with PYD2 rather than CBP as
the host (Figure 7a,b), which is consistent with the case in PL.

Recently, other evidence has indicated that the high triplet
energy level of the EBL is also key for exciton confinement
in the PHOLEDs, considering that the holes and electrons
always recombine at the interface between electron- and hole-
transport layers.}'32] The experimental results summarized
in Table 1 and illustrated in Figure 5b also confirmed that a
10 wt% [Cu(dnbp)(DPEPhos)|BF:PYD2 based device using
SPPO1 or tris[3-(3-pyridyl)-mesityllborane (3TPYMB) as the
EBL had a higher maximum EQE relative to devices using the
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Table 1. Turn-on voltage (V7), maximum external quantum efficiency (EQE,,,,), maximum cur-
rent efficiency (¢ may), maximum power efficiency (1, max), maximum brightness (By,,), and
emission maximum () of the OLEDs with different luminescent complexes, hosts, and
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Ir(ppy)s, or Flrpic in a PYD2 layer were fab-
ricated and compared with the corresponding
devices using a SPPO1 layer. As predicted

EBLs.
from the photoluminescence, with DPEPO
Dopant Hoet p— Vi EQEm Moo o B . 1nstea(.1 of SPPO1 as the EEL, the max;mum
v 9  [dAY  [mW]  [dm? (nm] EQE increased from 8.6% to 15.0% for
Cu(dnb CBP SPPO1 8.0 3.4 1.6 3.6 5598 (19 V. 539 [Cu(dnbp)(DPEPhos)|BF,, from 4.9% to 9.1%
n . . . .
[(DuP(Eth)] (15 for [Cu(ul)dppb],, and from 14.2% to 18.3%
BF. TCTA SPPO1 6.4 39 133 5.5 2841 (18 V) 535 for FII’plC (see Table 1 and Figure Gb,C). The
TCB SPPO1 7.1 5.4 19.9 7.0 5317 (18 V) 538 EQEs of 15.0% and 18.3% are among the
mCP  SPPO1 6.7 6.6 213 83 10780 (19V) 528 best values for solution-processed electrolu-
. . 4]
PYD2  SPPOI 63 87 28.6 128 13820(18V) 524 minescent devices basecll on Cu(l) complex,
and Flrpic,3%3] respectively. In contrast, the
PYD2  BPhen 50 26 8.6 36 17680 (13V) 525 . .
maximum EQE of the Ir(ppy); based device
PYD2 TPBI >3 63 205 29 19940(14V) 520 only increased slightly, from 12.9% to 13.7%,
PYD2  3TPYMB 6.1 8.6 26.7 11.1 8980 (19 V) 511 when a DPEPO layer was used instead of
PYD2  DPEPO 56 150 495 223 3272(23V) 507 the SPPO1 layer. The rate of the maximum
[Cu(ul) cBP  spPO1 75 19 62 21 2014(19V) 545 EQE growth seems to agree with the depend-
dppb] ence shown in Figure 4a for the photolumi-
PPbL PYD2  SPPOI 6.1 4.9 16.2 63 15450(19V) 530
nescence case. It should be noted that the
PYD2  DPEPO 47 9.0 30.6 148 14400 (23V) 517 optimal doping concentration for the con-
Ir(Ppy)3 PYD2  SPPOI 40 129 49.5 242 32150(18V) 517 trol devices based on Ir(ppy); and Flrpic is
PYD2  DPEPO 39 137 515 209 26810(22V) 515 10 wt% and 5 wt%, respectively. Lowering the
Firpic PYD2  SPPOT 60 142 327 146 19200 (13V) 475,499 ~ doping concentration from 10 wt% to 5 wt%
for the Ir(ppy); based device will increase
PYD2  DPEPO 56 183 40.2 150 6262 (19V) 475,498

its maximum EQE slightly (Figure S8, Sup-

BPhen or 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI)
EBL. The T, level of 3TPYMB was reported to be higher than
2.9 eVl and is comparable to that of SPPO1, while BPhen
and TPBI have relatively low T, levels of 2.5 eV and 2.6 eV,
respectively. We note that triphenylphosphine oxide (TPPO), the
parent compound of SPPO1, has a high triplet energy exceeding
3.4 eV, and we find that the triplet energy of phosphine oxide
based electron transport materials (ETMs) can be further raised
by interrupting the direct phenyl-phenyl linkages in the mol-
ecules. The oxidation product of DPEPhos, DPEPO,?*®l looks
promising because of its short conjugation length and high
morphological stability (Figure S7, Supporting Information).
Xu et al. recently demonstrated that this high triplet energy (T;
= 3.00 eV) dimeric triphenylphosphine oxide can be used as a
host for blue PHOLEDs.’Y Herein, we found that the PLQY
values of 10 wt% [Cu(dnbp)(DPEPhos)|BE,, [Cu(ul)dppb], and
FIrpic in DPEPO films are as high as 0.59, 0.71, and 0.86, cor-
responding to those of 0.30, 0.41, and 0.70 in SPPO1 films,
respectively. These values are also significantly higher than
values for these films based on various commercially available
ETMs (Table S2, Supporting Information). One may wonder
why SPPO1 and 3TPYMB cannot confine the triplet exciton in
doped FlIrpic and Cu(l) complexes completely, given that they
possess a high triplet energy of 2.9 eV. As an explanation, the
ETMs with electron-withdrawing groups tend to form excimers
with low triplet energies in the solid state,** while DPEPO
can avoid such excimer formation by its special twisted struc-
ture. Since the theme of this paper is not the novel high triplet
ETMs, we will report our findings in detail in another paper.
Using electron-transporting DPEPO as the EBL, devices
containing 10 wt% [Cu(dnbp)(DPEPhos)|BF,, [Cu(ul)dppb],,
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porting Information). The replacement of the
SPPO1 layer with a DPEPO layer also led to a further blue shift
of the EL spectra of these two Cu(I) complexes, indicating that
the exciton recombination region is very close to the EBL, which
can be regarded as a second host for the emitter. Though the
DPEPO layer improved the device efficiency by triplet exciton
confinement, the current density of the DPEPO device is very
low compared to that of the SPPO1 based device at the same
voltage (Figure S9, Supporting Information). As reported previ-
ously, decreasing the m-conjugation of a charge transport mate-
rial inevitably decreases its charge mobility.*® In addition, the
high LUMO level of DPEPO (2.0 eV for DPEPO Vs. 2.7 eV for
SPPO1) also results in a high electron injection barrier between
electron transport layer and cathode.

As shown in Figure 6c, with PYD2 as the host and DPEPO as
the EBL, the EQE of a [Cu(ul)dppb], based device is lower than
that of an Ir(ppy); based device, although the PLQY values of
these two complexes are similar in a PYD2 film at a concentration
of 10 wt%. Using a photoelectron spectroscopy (AC-2) and coop-
erating with its optical bandgap, the HOMO and LUMO levels
of [Cu(ul)dppb], were determined to be -5.2 eV and -2.2 eV,
respectively. The former is equal to that of Ir(ppy);, while the
latter is much higher than the —2.8 eV for Ir(ppy)s. The ultrahigh
LUMO level of [Cu(ul)dppb], is unfavorable for electron capture
in the PYD2 host, which has a similar LUMO level of -2.2 eV,
leading to efficiency losses. As listed in Table 1, the turn-on volt-
ages of [Cu(dnbp)(DPEPhos)|BF, and Flrpic based devices are
higher than the corresponding values of Ir(ppy); and [Cu(ul)
dppb], based devices because the HOMO levels of [Cu(dnbp)
(DPEPhos)|BF, (-5.7 eV) and Flrpic (-5.8 eV) are comparable to
those of carbazole hosts (-0.57 to —0.61 eV) and cannot afford a
low barrier pathway for hole injection from the PEDOT layer to
the emitting layer, as in Ir(ppy); and [Cu(ul)dppb],. For [Cu(dnbp)
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Figure 6. The EQE-current density curves of the OLEDs with different
luminescent complexes, hosts, and EBLs. The general device structure
is shown in Figure 1.

(DPEPhos)|BF, and Flrpic based devices, the large barrier between
the PEDOT layer and the emitting layer (>0.5 eV) resulted in
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Figure 7. EL spectra of the OLEDs with different luminescent complexes,
hosts, and EBLs. The general device structure is shown in Figure 1.

unbalanced charge injection and a low EQE at low voltage. As dis-
cussed above, using high triplet energy charge transport materials
for the host and EBL means that the EL properties of these green
emissive Cu(I) complexes are finally comparable with those of
Flrpic, but still cannot compete with those of Ir(ppy)s. The large
bandgap of MLCT Cu(I) complexes limits their EL performance
because of poor charge capture in the device.

3. Conclusions

Two intramolecular charge transfer Cu(I) complexes, [Cu(dnbp)
(DPEPhos)|BF, and [Cu(ul)dppb],, have shown thermally acti-
vated emissions with broad band and large Stokes shifts. In
organic semiconductor films, the PL and EL efficiencies of
these Cu(I) complexes are a function of the triplet energies of
the host materials. According to their PL and EL performances
in various charge transport layers, the triplet energies of these
green emissive Cu(I) complexes were found to be even higher
than that of blue emissive Flrpic. Therefore, the triplet energy of
the intramolecular charge transfer complexes cannot be simply
determined from the peak of their phosphorescence spectra.
Instead, the onsets of the phosphorescence spectra may lead to

Adv. Funct. Mater. 2012, 22, 2327-2336
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a more comparable result. Although we can easily conclude that
green OLEDs containing charge-transfer Cu(I) complexes can
harvest both singlet and triplet excitons, and thus achieve very
high EQEs (15.0%) by effective triplet exciton confinement, we
must note that these Cu(I) complexes are not very favorable for
OLED applications due to their ultrahigh triplet energy and large
bandgap. Peters’ group recently reported a type of intraligand
charge transfer (ILCT) Cu(I) complexes with excited state proper-
ties that are comparable to Ir(ppy);.>*”) However, these arylami-
dophosphine complexes are sensitive to oxygen and water, and
their chemical stability under working conditions remains an
issue.l*”) Development of efficient and stable green emissive and
even blue emissive Cu(l) complexes with small electronic redis-
tribution in the excited state is a challenge for chemists. Whereas,
red emitting charge-transfer Cu(I) complexes with large Stokes
shifts are promising candidates for OLED applications because
their relatively high triplet energy levels can decrease non-radia-
tive decay, as predicted by the energy gap law.*!l

4. Experimental Section

Materials and Measurements: [Cu(dnbp) (DPEPhos)|BF,, [Cu(ul)dppb],,
PYD2, and DPEPO were synthesized using the following procedures
described previously.”#93542  Before device fabrication, the Cu(l)
complexes were recrystallized twice from a mixture of dichloromethane/
ether, while PYD2 and DPEPO were purified by sublimation after
recrystallization from dichloromethane/methanol and dichloromethane/
ether admixtures, respectively. PEDOT-PSS (CH8000) was purchased
from H.C. Stark. Ir(ppy)s, Flrpic, and other OLED materials used in this
work were purchased from Luminescence Technology Corporation and
used without further purification.

The samples of the luminescent complexes in the organic films were
prepared by spin-coating a mixture of the complex and the organic
material in dichloromethane onto a quartz glass slide. UV-vis absorption
and PL spectra were recorded using a Perkin-Elmer Lambda 950-PKA
UV/VIS spectrophotometer and a HORIBA Jobin-Yvon FluoroMax-4
spectrometer, respectivel. The HOMO energy levels were determined
by atmospheric UV photoelectron spectroscopy (Rikken Keiki AC-2). The
absolute PL quantum yield was measured with an integrating sphere
(€9920-02, Hamamatsu Photonics Co.) with a Xe lamp (A, = 380 nm)
as the excitation source and a multichannel spectrometer (Hamamatsu
PMA-11) as the optical detector. Variable temperature emission spectra
and emission decay were measured using a streak camera (C4334,
Hamamatsu Photonics Co.) with two different excitation sources. For
measurements of the long-lived emission component (¢ > 1 ms), the
samples were illuminated with a neodymium-doped yttrium aluminium
garnet (Nd:YAG) pulsed laser (A =266 nm, pulse width = 10 ns, repetition
rate = 10 Hz). For measurements of the short-lived emission component
(t <1 ms), a N, gas laser (MNL200, Laser Technik Berlin, A = 337 nm,
pulse width = 500 ps, repetition rate = 20 Hz) was used as the excitation
source. Atomic force microscopy (AFM) images were captured using a
scanning probe microscope (JEOL JSPM-5400) in tapping mode.

Quantum Chemical Calculations: TD-DFT calculations were performed
using the Gaussian 09 program package.] The B3PW91 (Becke three-
parameter exchange with Perdew—Wang-1991 correlation) functionall*4l
was used for both ground and excited state calculations. The LANL2DZ
effective core potentials and valence basis set*’! were used to describe
the valence electrons of Cu and I, with 6-31+G* applied for P and N,
6-31G* applied for C and O, and 6-31G applied for H.

Device Fabrication and Measurements: A 40 nm thick poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) layer was spin-
coated at 3000 rpm onto a pre-cleaned ITO glass substrate, followed by
drying at 200°C for 10 min. Next, a 30 nm thick film of the luminescent
complex and the carbazole compound was spin-coated at 1500 rpm
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onto the PEDOT layer from a filtered 5.5 mg mL™" CH,Cl, solution.
After the film was dried under a vacuum for 1 h at room temperature,
a 50 nm thick exciton-blocking layer was deposited in an inert chamber
under a pressure of <4 x 107 Pa. Finally, the cathode was fabricated
by thermal evaporation of a LiF layer (0.7 nm) followed by an Al layer
(100 nm). The intersection of the ITO and the metal electrodes gives
an active device area of 4 mm?. The current density (J), voltage (V), and
brightness (B) characteristics of the OLEDs were measured in ambient
air with a semiconductor parameter analyzer (E5273A, Agilent) and an
optical power meter (1930C, Newport). The EL spectra were recorded
using a multi-channel spectrometer (UBS2000, Ocean Optics).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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