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Electrophosphorescent dendrimers are promising materials for highly efficient light-emitting diodes.
They consist of a phosphorescent core onto which dendritic groups are attached. Here, we present
an investigation into the optical and electronic properties of highly efficient phosphorescent
dendrimers. The effect of dendrimer structure on charge transport and optical properties is studied
using temperature-dependent charge-generation-layer time-of-flight measurements and current
voltage (-V) analysis. A model is used to explain trends seen inlth¥ characteristics. We
demonstrate that fine tuning the mobility by chemical structure is possible in these dendrimers and
show that this can lead to highly efficient bilayer dendrimer light-emitting diodes with neat emissive
layers. Power efficiencies of 20 Im/W were measured for devices containing a second-generation
(G2 Ir(ppy)s dendrimer with a 1,3,5-tr{i2-N-phenylbenzimidazolybenzene electron transport
layer. © 2004 American Institute of Physic§DOI: 10.1063/1.1633336

I. INTRODUCTION layer time-of-flight (CGL-TOF method (explained in Sec.
Il). For the conventional, bulk-excitation TOF method, a

Since early reports of organic electroluminesce(i®)  very thick (um dimensions film is usually necessary. For
in  small_ molecules, polymers; and conjugated solution processable materials, this often entails the produc-
dendrimers:* dramatic improvements in the efficiency and tion of a drop cast film. Two problems arise in using this
stability of these materials have been achieved. Now, extelatter technique. One is that the morphology of the sample
nal quantum efficiencieEQES of organic light-emitting di-  may be very different from that produced by spin coating,
odes(OLEDs) are of the order of 10%—20%and lifetimes ~ and mobility in organic materials has been shown to be
in excess of 10000 (Ref. 6 have been reported. In particu- heavily dependent upon the film morphology. The second is
lar, the development of electrophosphorescent delibas  that the mobility is measured upon a sample that is of much
allowed triplet harvesting and the production of highly effi- greater thickness than that used for OLEDs. In many cases of
cient devices. In this area, iridium-based phosphors have retispersive transport, a thickness dependence of the mobility
ceived much attention due to their highly efficient phospho4s observed and this may call into question the relevance of
rescence, color tunability, and relatively short excited statguch measurements to light-emitting devit&D) design. In
lifetime. Both evaporatédand solution processedlevices the present work, we overcome both these problems by uti-
have been reported. Our approach to solution processing @izing a spin-coated layer of~400 nm thickness and a
phosphorescent materials is to use conjugated dendrimegharge-generation layer of absorptive dye. This enables a
and we have developed highly efficient single and bilayefyell-defined charge generation point even in a thin sample. It
devices using this methdd:"* therefore allows the study of much thinner samples that can

Time of flight (TOF) mobility measurements are a pow- be produced by spin casting with morphological properties
erful technique for the investigation of charge transport inof direct relevance to LED structures. We have recently re-
organic materials. However, they have not yet been appliedorted measurements of nondispersive hole transport in a
to electrophosphorescent materials. Here, we apply the tecfluorescent blue-emitting dendrimer film using the above
nigue in the context of electrophosphorescent dendrimersechniquel_2
which give us scope for the tuning of properties, such as  Conjugated dendrimers consist of a light-emitting core,
interchromophore spacing and thus the mobility. An impor-dendrons, and surface groups. One of the great advantages of
tant feature of this work is the use of the charge-generationthis molecular framework is that each of the components can
be tuned independently to control the color of emission, de-
aElectronic mail: idws@st-and.ac.uk gree of intermolecular interaction, and solubility as required
PElectronic mail: paul.burn@chem.ox.ac.uk for different applications. Dendrimers can be synthesized in
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G1iplr G1mlr G2mir

FIG. 1. Structures of the three iridium dendriméii®m the left-hand sideG1plr, G1mlr, and G2mir.

an orderly manner such that the macromolecules are monain of perylene diimide charge-generation layer was evapo-
disperse and the structure is precisely known. Thus, there iated onto the device covering the whole substrate. The de-
little issue of batch to batch reproducibility. It has alreadyvice was completed by deposition of 100 nm of aluminum to
been shown that a dendrimer consisting of a fluorescent corgive an active pixel area of approximately 5 frfihe exci-
and wide band-gap dendrons behaves very much like a m@ation wavelength was chosen to pass through the bulk film
and accurately controlled interchromophore sepa}réﬁon. ~ carriers were generated within the perylene layer by excita-
Charge transport has been studied widely in solutionyjo from a 10 ns pulse of a frequency-doubled Nd:Yttrium
processmle_ conjugated polymers. .It is known .fpr these SYSa1uminum garnet laser at a wavelength of 532 nm. The
tems that dlfferent so!vepts and spinning COI’ldI'[IO'n'S can proE)acket of charge carriers was then swept through the device
duce very different thin-film morphologies. In addition, even A .
) ) . under an applied field, and the time for the packet to travel
in relatively ordered materials, such as ladder-type polymers

sample history has been shown to have a dramatic effect Oz%cross the device, known as the transit tirg fvas mea-

the measured charge transport and optical propéftiehis sured. The aluminum electrode was biased po;itively and the
may partly explain the wide range of mobilities measured fofPhotocurrent signal detected from the ITO using the(50
some of these material®. The mobility of carriers along input of a digital storage oscilloscope. The applied bias led to
polymer chains can be quite hifhand, in these cases, the the electrons photogenerated in the perylene diimide layer
rate-limiting step is the degree of disorder in the materialP€ing removed from the diode at the aluminum electrode and
This makes the optimization of the mobility within a neat holes being injected into the dendrimer from the perylene
organic layer relatively challenging for most spin-coated ma-dye and consequently swept across the device to be annihi-
terials. However, in contrast, dendrimers allow the precisdated at the ITO electrode. Thus, the measured photocurrent
control of the core separation. In this article, we demonstratéransients correspond to hole currents.

that by altering the generation numliger level of branchingy Single and bilayer LEDs were fabricated on solution
and attachment point of the dendron to the core we are abletched ITO substrates. The ITO was cleaned in ultrasonic
to fine tune the hole mobility and optical properties of thesenaths of acetone and 2-propanol, before oxygen plasma ash-

highly efficient iridium-based dendrimers. ing under a pressure of 16 mbar at 100 W for 5 min
(Emitech Model K-1050X Dendrimer films were spin
Il. EXPERIMENT coated from 20 mg/ml chloroform solutions to give film

thicknesses of 120 nm for single layer devices and 80 nm for
bilayer devices. Cathode evaporation of 20 nm of calcium

drons and 2-ethylhexyloxy surface groups. They are:(:apped with 100 nm of aluminum completed the single layer
G1-metalr(ppy); (hence referred to as @1r), Glpara devices. Bilayer devices were fabricated by evaporation of
I(ppy)s (G1plr), and G2metalr(ppy)s (G2mir). Their 50 nm of 1,3,5-tr|(52—N—phe_nbeen2|m|daz_olybenzene
structures are shown in Fig. 1. All are soluble in organic(TPBI) as an electron transporting/hole blocking layer and a
solvents, such as tetrahydrofuran, toluene, and chlorofornfathode of 1 nm LiF capped with 100 nm aluminum com-
G1mir has been previously used to give very high efficiencyPleted the device. In both cases, the pixel area was approxi-
solution processed OLED& mately 8 mnd.

CGL-TOF measurements were performed on 300-400 All EL measurements were performed under a vacuum
nm thick dendrimer films spin coated onto cleaned indium-using a Keithley 2400 source measure unit and calibrated
tin oxide (ITO) substrategsheet resistance 20/0) from 40  photodiode. Efficiency calculations were performed by mea-
mg/ml chloroform solutions of dendrimer. Subsequently, 10suring the light output in the forward directibnand bright-

The dendrimers studied here are based dacaris(2-
phenylpyridy) iridium (111) [Ir(ppy)s] core, phenylene den-
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The transients shown here are weakly dispersive at room
temperature, however an attempt to analyze them in terms of
the Scher—Montrotf theory was not successful. When plot-
ted on a double logarithmic scale, this theory relates the two
power-law regions of the transient before and after the transit
time by a disorder parametes;, as seen in Eq.2)

0.04 4

_t-(1-a)
0,02 I(t)~t (t<ty)

Photocurrent (AU)

() ~t= e (t>ty). 2

Thus, if a is constant before and after the transit time then
the slopes of the two regions should add-t@. At room
0.00 . ——— . — temperaturé298 K) for the iridium dendrimer systems stud-
60 o5 10 15 20 25 30 ied here, this is not the case. All transients for all generations
Time (us) add up to between-1.2 and—1.4. An example for Grlr is
shown in Fig. 2b). Deviations from the model have been
AN t b) observed in several systems, including molecularly doped
polymers® and conjugated polymer systerfs.
_________________ Monte Carlo simulations have shown that the initial
1 decay of the dispersive transient is associated with a certain
disorder. The slope of the initial decay for @lr (before the
transit time of —0.08 can be compared with simulated tran-
sients in Ref. 19 and translates into a Gaussian width of the
density of state$DOS), o of 4.0. ¢ is related to the experi-
mentally accessible via Eq. (3)

slope = -0.08

Photocurrent (AU)

slope = -1.23

o==. 3
0.01

-

Time (us) From ¢ of 4.0 andT=298 K, we obtain an estimate of

FIG. 2. (@ G1mlr transient photocurrent at 298 K and field of 1.2 =103 meV for GInlr. This is much higher than that mea-

X 166 V./cm. (b) The same tran‘;ient photocurrent plotted in a double Io.ga—sured for structurally well ordered conjugated polymers,

rithmic form. where ao of 52 meV was reported, but comparable to some
molecularly doped polymer systeniypically in the region
of 80—-100 meV** and more disordered conjugated materi-

ness measurements were cross checked with a Minolt%tls’ suqh as PPY) , )

LS-100 luminance meter. An important parameter in the understanding of charge
transport is the temperature dependence of the mobility and
its effect on the shape and the scale of the photocurrent tran-

Il. RESULTS AND DISCUSSION sients. The influence of temperature on the transients is
. shown in Fig. 3, measured upon a sample of 430 nm thick-
A. Mobility measurements ness. It can be seen from FigiaBthat at high temperatures

The CGL-TOF method was used to measure the mobili{343 K), the transit is nondispersive, with a visible plateau
ties of Glplr, G1mlr, and Ganlr iridium cored dendrimers region characteristic of Gaussian transport, followed by a
shown in Fig. 1. A typical transient for a &dIr film of 330  broad tail. The transient was measured at a field of 1.2
nm thickness at room temperature and an applied field oK 10> V/cm. However at low temperaturg®03 K) [Fig.
1.2x 10° V/cm is shown in Fig. Ba). It can be seen that the 3(b)], the transient is completely dispersive, since carriers do
transient is weakly dispersive. After the initial photocurrentnot attain dynamic equilibrium. The field in this case was
peak, there is a long photocurrent tail. The shoulder is clos8.25x 10° V/icm.
to the photocurrent peak because the sample is much thinner A transition from dispersive to nondispersive transport is
than the micron thicknesses usually used in TOF. The mobilhighly significant and can be interpreted in the framework of
ity can be calculated from the intersection of the asymptote€arlier simulations based on Monte Carlo methbdEhese
to the two power-law regions of the transiefiig. 2(b)]. provide a relation that enables calculation of the temperature
Using Eq. (1), we calculate a mobility of 4.5 atwhich such a transition should ocdiEq. (4)]

x107% cn?/V's Ak
" &z:(ﬁ) =44.8+6.7 logd, )
@ Cc
h= (1)

where o is the width of the DOST . is the transition tem-
Here u is the mobility,d the device thicknesg/ the applied perature, and is the sample thickness in cm. The transition
voltage and, the transit time. temperaturel . can be obtained from the change in slope of
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FIG. 3. (a) Transient photocurrent for Gdlr measured at 343 Kb) G1mir
transient at 203 K.

fields differing by more than an order of magnitude. In the

case of Gaussian charge carrier transport, the dispersion of a
the graph of the mobility at a given field versus (1003/ sheet of carriers migrating through the sample can be calcu-
Figure 4 shows the temperature dependence ahlBht a  lated from Eq.(5), assuming the validity of the Einstein re-
field of 1.2< 10° V/cm. The experimentally measurdd of  lation
293 K is much higher than that reported for a phenyl-amino
substituted PPV where a transition temperature of 153 Kwas = /ﬁ— (5)
measured? For a film thickness of 430 nm and a transition eU’

temperature of 2985 K, this translates to a Gaussian width \yherew is the dispersionT is the temperature in Kelvin, and

of DOS of 99.6-1.7 meV. U is the applied voltage in V. Using the values for the data in

In Fig. 5a), transients for Gnlr are shown at two dif-  Fig 2, an applied voltage of 40 Yequivalent to a field of
ferent applied fields, scaled to the transit time. The shapes qf > 10f vicm) and a temperature of 298 K leads o

the transients are apparently independent of field, even over g 045 Experimentally, the dispersion can be obtained from
Eq. (6)

typo—t
E=1.2 x10° Vicm w= 22 ®)

(5773

wheret, is the carrier transit time ant},, is the time by
when the current has decayed to half of the plateau value,
From Fig. 2, we obtaiw=0.399, almost an order of mag-
nitude greater. If the tail broadening of the transients were
due to thermal diffusion as expected for Gaussian transport,
. an increase in field by an order of magnitude would result in
* . a decrease iw by a factor of over 3. This is clearly not seen
. here. Earlier simulations have shown that the anomalous
. . . —— broadening of tails in TOF signals is a characteristic of non-
10 20 30, 2 40 s0 dispersive transport, due to the Gaussian DOS in these
(1000/T)* (K™) : ) . . .
materials?! These simulations indicate that the degree of dis-
FIG. 4. Mobility vs (1000T)? for G1mir. order in the material is closely linked with the dispersion.

Mobility (cm?/Vs)
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FIG. 6. Transient photocurrents for @lt, G1mlr, and G2nlr all scaled by 10 ]

transit time.

The observation of nondispersive transport, albeit at higheré’ 10°4

temperatures, is in marked contrast to highly disordered ma- § ]

terials such as PP, _
We have so far examined the transport properties of a-’é m Gimir

first generation iridium cored phosphorescent dendrimer in=  4g¢ v Gipir

detail. We next consider the effect of changing generation, ] o G2mir

which changes the dendrimer core spacing, and investigatt

its impact on charge transport. Figure 6 shows traces of

G1mir and G2mlir normalized to the transit time. Gilr is 107 : : i :

also shown and will be discussed later. Remarkably, the pho- 0.0 05 _ 1.0 15

tocurrent transients are the same for both generations anu Field (Mv/em)

overlap when scgled by transit time. This _shows that the rolgg 7. (a) Poole—Frenkel plot of mobility v&EY2 for all three dendrimer

of the dendrons is to simply slow the carrier packet by sepastructures.(b) Mobility vs E for all three dendrimer structures. The lines

rating the core regions, and they have little effect on the taiPepict fits tol -V data(discussed in Sec. llIlC

broadening of the packet. This is a highly significant result

that illustrates the power of the dendrimer concept to inde- . :

. . s . __structure, which allows less perturbation to the morphology

pendently modify material parameters for individual applica- e . .

. . . under an applied field. The field dependence of the mobility

tions. It can be seen from Fig.(H that transients from

Glplr at different fields also scale by transit time, howeververSUSE S plotted in Fig. -.(b)' Th_e line f'ts. are from a
. ; computational model that will be discussed in Sec. Il B.
the tails to these transients are much broader than those seen
for G1mir. This may indicate a greater level of disorder to B. Device modelin
the transport in this material. This can be seen more clearly” 9
when compared to thmetalinked dendrimers in Fig. 6. As the charge transport measurements using CGL-TOF
The electric-field dependence plotted in the Poole—are made on films of thickness relevant to LEDs, it is instruc-
Frenkel formalisrf® of the mobility versus£'? is shown in  tive to compare those results with measurements of current—
Fig. 7(a) for all three dendrimer structures. It can be seen thavoltage (—V) characteristics made on actual devices. Con-
all three materials give a good fit to this functional form. Thejugated dendrimers provide excellent systems upon which to
generation number and core configuration allow a fine constudy microscopic charge transport properties due to the abil-
trol of the mobility. Glplr displays a zero-field mobility ity to fine tune the mobility and the independence of mor-
(mo) (calculated by extrapolating the fit to the data to zerophology on preparation conditions. This can be used to test
field), of 1.9x107° cn?/V's. GImir has u, a factor of 2  device models of OLED® 3! A widely used model has
lower at 9.7 10" 7 cn?/V's. G2mlIr is three times lower still  been developed by Davidst al?® This model is different
with uq of 3.5x10 7 cn?/V's. However, the field depen- from the Gaussian disorder model, however, we use it here
dence of the three systems is different. Despite having thbecause it is simpler and still offers useful insight. A com-
highest zero-field mobility, the field dependence ofpg®lis bined treatment of thermionic emission over a barrier and
much lower than Gtlr, resulting in mobility values that tunneling is used to describe the injection of charge into the
cross at higher fields. G2Ir has a slightly lower field de- organic material, which yields the charge-carrier density at
pendence than Gilr. Yu et al?*?°have used a geometrical the electrode. The coupled Poisson, drift, and continuity
model to explain the origins of field dependence in conju-equations are then solved through the device using a Poole—
gated materials. Lower field dependericerrelating with an  Frenkel field dependent mobility of the form shown in
increased value oE,) is borne of a more rigid geometrical Eq. (7)

ty (
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400 TABLE I. Fitting parameters for modelling the 1-V characteristics of hole
| only devices.
3504 o Gimlr
| A G2mir Barrier height
N’g 300+ = Glplr Material (eV) 1o (CmPIV s) E, (V/icm)
§ 250 4 Glmir 0.47 9.3x1077 8.7x10"
E ] Glplr 0.47 2.0<10°¢ 1.5x10°
> 200- G2mir 0.48 3.5x10° 7 1.1x10°
g 1
3 150
E -
£ 100 the exact treatment conditions. The highest occupied molecu-
O 5ol lar orbital(HOMO) levels for all three dendrimers have been
] determined from cyclic voltammetry measurements to be
—— : : close to 5.6 eV? Hence, the barrier deduced is consistent
00 02 04 06 08 10 12 14 16 with plasma treated ITO and the measured dendrimer
Field (MV/cm) HOMO.

FIG. 8. 1-V curves and model fits for Gdlr, G1mir, and G2mir hole only The EL s_pectra_ of the three dend”mers are.‘ ShOWI’.l .m.Flg'
devices. 9. Systematic studies of the effect of conjugation on iridium
complexes have also shown that substitution onto the pyri-
dine ring affects the position of the lowest unoccupied mo-

M(E>=Moe“@E_°, 7) lecular orbital(LUMO), while the HOMO level has substan-

o . ~tial metal charactet® Thus, one possible explanation as to
whereuq andE, are the field independent mobility and field o origin of the 17 nm redshift for Gilr may be explained

dependence of the mobility, respectively. In our implementa«Dy the lowering of the LUMO level by 0.08 eV, with the

tion, the model is simplified by not accounting for the diffu- 4oMmo unaffected. The difference in-V characteristics is

sion of carriers, and we have previously shown good qualityhen attributable to the morphology of the samples and the
fits using this model on both a conjugated polyfiend  ettects of the dendron substitution to the core. The values for
fluorescent conjugated dendriméfsMobility parameters , obtained using the model are in very good agreement
determined in both of these cases were found to agree Wit\ﬁ/ith those measured by the Poole—Frenkel fits to the CGL-

experimenta; measurements  using TOF at  roOMroE gata, The model also correctly shows the reduced field
temperaturé’ This model has also been used to calculate th%ependence of GdIr.

temperature dependence of OLEDs as well as the effect of
oxidation on the mobility value® It has been shown previ-
ously that injection occurs into the core of the dendrither
and thus the barrier to injection is constant for all
generations. The three materials studied here allow subtle control of
In order to study hole transport in LEDs, we have pre-charge transport without major changes to the energy levels
pared hole only devices of neat films of each of the threedf the system. We achieve this by use of a single macromol-
dendrimers with ITO and gold electrodes. A positive voltageecule and so avoid the potential risk of phase separation that
was applied to the ITO and the measured current must be dug common in blend systems. Single layer devices were fab-
to holes as the barrier to electron injection is around 2.5 eVicated with 120 nm of neat dendrimer between plasma
from the gold electrode. Figure 8 shows theV character- etched ITO and calcium/aluminum electrodes. The EQEs are
istics of 100 nm thick devices. It can be seen that for fields
above 0.8 MV/cm, a given current density requires higher
fields in the sequence @&ilr, G1plr, G2mlIr. The lines in- 1.0
dicate the model fits to the data using the barrier height anc
the material parametefs, andE, as the fitting parameters. S o8-
<

C. Controlling device performance
by chemical structure

The fits to the data qualitatively follow the experimeritaV
curves. At lower fields, there are some deviations and this iss.
believed to be due to the influence of space charge on theg

injection, which is not incorporated into the mod@l. 5 . glilr:r
The mobility parameters obtained by the model for Eq. & 0.4+ -

(7) agree very well with the CGL-TOF data. The fits are _, G2mir

shown as the solid lines in Fig(ly), and the mobility mea- W 024

sured by CGL-TOF as point data. This suggests that the
model can provide useful information on charge transport in
dendrimer LEDs. The mobility parameters obtained are
shown in Table I. The barrier height is essentially similar for
all three materials, at-0.47 eV. ITO is reported to have a

work function in the region of 4.8-5.2 eV, depending upon FIG. 9. EL spectra of each of the dendrimers under study.

450 500 550 600 650 700 750 800
Wavelength (nm)
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FIG. 10. EQE vs current density for @I, G1mir, and G2nir single layer

_ : In order to improve the efficiency of OLEDs a hetero-
devices with Ca/Al cathodes.

structure of hole and electron transporting materials is often
used! In addition to the greater charge carrier confinement
afforded by such a structure, a build up of charge at the
interface between the two materials leads to a feedback
double logarithmic plot§Fig. 10b)]. It can be seen that the mechamsm allowm_g easier injection of carriers into the de-
uantum efficiency of GAIr is the highest. while Gmir is V€& Thus, we fabricated bilayer devices from an 80 nm hole
q y gnest, . transporting layer of neat dendrimer and 50 nm of electron
greater than Gglr at low current densities but not at higher . . .
ones. It appears. therefore. that for a sinle laver device thtransportmg material, TPBI. A LiF/Al cathode completed the
' ppears, P 9 y » "§evice in this case. The EQEs and power efficiencies of these
lower the mobility of the carriers, the higher the quamumdevices are shown in Fig. 11. Again, it can be seen that the
efficiency. A single layer device has no confinement mecha- T '

nism for charge carriers thus it is logical to reason that thedendrlmer generation has a large effect on the performance

lower mobility of holes gives them more opportunity to re- of these devices. Galr shows double the EQE and power

combine with electrons before they reach the cathode. Thie.ffICIenCy of the G1 devices. l_—Iowever, m_thls Instance, th_e
ifference between the two first generation dendrimers is

has been shown by Blom and co-workéren a family of S
PPV derivatives, where the increased quantum efficiency o maller. Excellent power efficiencies of 20 Im/W for neat
y 2mir-based bilayers and 10 Im/W for neat @lr-based

;hueerlnocvr\lli?wrgTr?)tr)nm?r/\emcaatter{:)aclallse.IS attributed to a reduction in devices rgnder thesg hi.gh efﬁciencie.s for solution procegged
It can also be seen from Fig. @ that for both first- OL!EDs with neat emissive layers. This sh_ows that the.ab|l|ty
generation dendrimers, the EQE does not saturate with chg fine tun_e the charge transport by dendrimer generauqq and
; . ! . o structure is a useful tool for making balanced and efficient
rent density. This continual increase implies that the Charge&evices
carrier balance improves with increasing field. Thus, not only '
is the effect of increased generation to slow the mobility of
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ers, and the increase in efficiency with generation was attribelectrophosphorescent organic semiconductors. The materi-
uted to the improved balance of carrier transport, allowingals studied here are dendrimers closely relatefhteris(2-
relatively mobile holes more opportunity to meet with phenylpyridy) iridium (lIl) [Ir(ppy)s] which is widely used

trapped electron® in OLEDs. We find that we can fine tune the mobility by

shown in Fig. 10, in both semi-logarithmj€ig. 10a)] and
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